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The aim of this study was to 1) investigate the effects of 27 CYP3A4 variants on the metabolism of osimertinib and 2) study the interactions between osimertinib and others as well as the underlying mechanism. A recombinant human CYP3A4 enzymatic incubation system was developed and employed to determine the kinetic profile of CYP3A4 variants. Ultra-performance liquid chromatography–tandem mass spectrometry (UPLC-MS/MS) was applied to detect the concentration of the main metabolite, AZ5104. The results demonstrated that the relative clearance rates of CYP3A4.19, 10, 18, 5, 16, 14, 11, 2, 13, 12, 7, 8, and 17 in catalyzing osimertinib were significantly reduced to a minimum of 25.68% compared to CYP3A4.1, while those of CYP3A4.29, 32, 33, 28, 15, 34, and 3 were obviously enhanced, ranging from 114.14% to 284.52%. The activities of the remaining variants were almost equal to those of CYP3A4.1. In addition, 114 drugs were screened to determine the potential interaction with osimertinib based on the rat liver microsome (RLM) reaction system. Sixteen of them inhibited the production of AZ5104 to 20% or less, especially proton pump inhibitors, among which the IC50 of rabeprazole was 6.49 ± 1.17 μM in RLM and 20.39 ± 2.32 μM in human liver microsome (HLM), with both following competitive and non-competitive mixed mechanism. In an in vivo study, Sprague–Dawley (SD) rats were randomly divided into groups, with six animals per group, receiving osimertinib with or without rabeprazole, omeprazole, and lansoprazole. We found that the AUC(0–t), AUC(0–∞), and Cmax of osimertinib decreased significantly after co-administration with rabeprazole orally, but they increased remarkably when osimertinib was administered through intraperitoneal injection. Taken together, our data demonstrate that the genetic polymorphism and proton pump inhibitors remarkably influence the disposition of osimertinib, thereby providing basic data for the precise application of osimertinib.
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INTRODUCTION
Osimertinib is an oral, potent, and irreversible epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor, which can selectively and irreversibly inhibit EGFR sensitive mutation of T790M resistant mutation (Planchard et al., 2016; Ricciuti et al., 2017). Currently, it is mainly used in the treatment of patients with non-small cell lung cancer, and it also exerts a good therapeutic effect in patients with resistance to other EGFR tyrosine kinase inhibitors such as gefitinib and afatinib (Jiang and Zhou, 2014; Jänne et al., 2015; Rajappa et al., 2019). It has been shown that osimertinib can significantly prolong the median overall survival of patients (Lee et al., 2021; Tanaka et al., 2021). However, individual differences in its blood concentration, which are mainly caused by genetic polymorphism of metabolic enzyme and drug–drug interactions (DDIs), are one of the most important factors contributing to drug efficacy stratification in the clinical setting.
CYP3A4, a member of cytochrome P450 (CYP450), is the main metabolic pathway involved in the disposition of osimertinib; it generates AZ5104 (desmethyl osimertinib), which accounts for nearly 10% of the prototype drug (Dickinson et al., 2016; Reddy et al., 2018). Any factors that change the metabolic profile of osimertinib would lead to the stratification of drug efficacy. The enzyme activity of CYP3A4 has obvious ethnic variations and is easily influenced by many factors, such as gender, age, and disease state; however, it is mainly influenced by genetic polymorphism, which is responsible for great variability of the enzyme activity among individuals, which further leads to sub-therapeutic phenomena or serious adverse reactions (Nicolas et al., 2009; Roco et al., 2012; Werk and Cascorbi, 2014). Therefore, establishing the association between the genotype and metabolic phenotype of osimertinib is helpful for individualized medication; however, to the best of our knowledge, there is still no related literature. Hitherto, there are 53 CYP3A4 variants that have been identified and named by the Human CYP Allele Nomenclature Committee website (http://www.cypalleles.ki.se/cyp3a4.htm). In this study, we aimed to systematically assess the catalytic activities of wild-type CYP3A4.1 and 26 CYP3A4 variants (including six novel variants discovered by Hu et al.) in the metabolism of osimertinib in vitro, so as to provide valuable information for further research (Hu et al., 2017).
DDIs are also an important factor that causes the differences in drug blood exposure. Cancer patients usually experience various complications, such as infections, cardiovascular diseases, and other diseases (Calvo et al., 2019; Ying et al., 2020). Therefore, they often receive multiple drugs concurrently, which may lead to DDIs. In this study, we screened a series of drugs to determine the effect of DDIs on the metabolism of osimertinib. Furthermore, we used rat liver microsomes (RLMs), human liver microsomes (HLMs), and Sprague–Dawley (SD) male rats to study the interaction between osimertinib and proton pump inhibitors (PPIs). The results were expected to provide basic data for promoting precise medical applications of osimertinib.
MATERIALS AND METHODS
Chemicals and Reagents
Osimertinib and AZ5104 were purchased from Beijing Sunflower and Technology Development Co., Ltd. (Beijing, China). Omeprazole, lansoprazole, and rabeprazole were purchased from Shanghai Canspec Scientific Instruments Co., Ltd. (Shanghai, China). Sorafenib was purchased from Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai, China). Pooled RLMs and HLMs were from Corning Life Sciences Co., Ltd. Recombinant human CYP3A4 and cytochrome b5 were prepared by our group as indicated previously (Zhou et al., 2019). Reduced nicotinamide adenine dinucleotide phosphate (NADPH) was purchased from Roche Pharmaceutical Ltd. (Basel, Switzerland). All other chemicals and solvents not mentioned were of analytical grade. The information on 114 drugs is presented in Supplementary Table S1.
Equipment and Operating Conditions
Ultra-performance liquid chromatography–tandem mass spectrometry (UPLC-MS/MS) equipped with a Waters Acquity UPLC BEH C18 column (2.1 mm × 50 mm, 1.7-μm particle size; Waters Corp., Millipore, Bedford, MA, USA) was used to detect the concentrations of osimertinib and AZ5104. The temperature of the column and autosampler rack was maintained at 40°C and 4°C, respectively.
The mobile phase consisted of 0.1% formic acid (A) and acetonitrile (B) with gradient elution at 0.4 ml/min for 3.0 min. The following stepwise gradient elution program was used: 90% A (0–0.5 min), 90%–10% A (0.5–1.0 min), 10% A (1–2 min), 10%–90% A (2–2.1 min), and 90% A (2.1–3.0 min). Quantitation was achieved by using a Waters XEVO TQD triple quadruple mass spectrometer. Multiple reaction monitoring (MRM) in the positive mode was selected for detecting the analytes. The monitoring transitions were m/z 500.3 → 385.2, m/z 486.4 → 413.3, and m/z 465.2 → 252.2 for osimertinib, AZ5104, and sorafenib, respectively.
Kinetic Study of Osimertinib Using Human Recombinant CYP3A4
The 200-μl incubation system consisted of 100 mM of Tris-HCl buffer (pH 7.4), 0.5 pmol of CYP3A4.1 or other CYP3A4 variants, 50 μg/ml of cytochrome b5, 1 mM of NADPH, and 1–100 μM of osimertinib. The mixture without NADPH was pre-incubated at 37°C for 5 min; then, 1 mM of NADPH was added to initiate the reaction. After incubation for 40 min, the reaction was immediately terminated by cooling to −80°C. Then, 400 μl of acetonitrile and 20 μl of sorafenib (100 ng/ml), an internal standard, were added to the mixture. After being vortexed for 2 min and centrifuged at 13,000 rpm for 10 min, the supernatant was obtained for UPLC-MS/MS analysis.
Determination of Drug–Drug Interactions Using Rat Liver Microsome and Human Liver Microsome
The 200-μl incubation system consisted of 100 mM of Tris-HCl buffer (pH 7.4), 0.2 mg/ml of RLM or HLM, 1 mM of NADPH, and 1–100 μM of osimertinib. When determining the inhibitory effects of 114 drugs on the metabolism of osimertinib, 100 μM of each drug was added to the incubation system, and the volume of buffer was adjusted to maintain the volume of 200 μl. The concentration of osimertinib was set at 25 μM, according to the corresponding Km (Michaelis–Menten constant) value. The following processing steps were the same as those in the abovementioned experiments. The drugs with an inhibitory rate ≥80% were validated by other independent experimental repeats to confirm the results.
Inhibitory Effect and the Underlying Mechanism of Proton Pump Inhibitors on Osimertinib in Rat Liver Microsome/Human Liver Microsome
The 200-μl incubation system consisted of osimertinib, PPIs (omeprazole, lansoprazole, and rabeprazole), 100 mM of Tris-HCl buffer (pH 7.4), 0.2 mg/ml of RLM or HLM, and 1 mM of NADPH. In the experiment of half-maximal inhibitory concentration (IC50) determination, the concentration of omeprazole or lansoprazole or rabeprazole was set at 0.01, 0.1, 1, 10, 25, 50, and 100 μM, while the concentration of osimertinib was set at 25 μM in RLM and at 40 μM in HLM (according to the corresponding Km value). To determine the mechanism underlying the inhibitory effect of rabeprazole on osimertinib, the concentration of osimertinib was set at 6.25, 12.5, 25, and 50 μM in RLM and at 10, 20, 40, and 80 μM in HLM according to the Km value, while the concentration of rabeprazole was set at 0, 3, 6, and 12 μM in RLM and at 0, 10, 20, and 40 μM in HLM according to the IC50 value. The following processing steps were the same as those in the abovementioned experiments.
The Effects of Proton Pump Inhibitors on Osimertinib in Sprague–Dawley Rats
SD male rats (270 ± 10 g) were purchased from the Shanghai Animal Experimental Center. Thirty-six SD rats were divided randomly into six groups (n = 6): 4.5 mg/kg of osimertinib by oral administration (Group A); 3.6 mg/kg of omeprazole and 4.5 mg/kg of osimertinib by oral administration (Group B); 2.7 mg/kg of lansoprazole and 4.5 mg/kg of osimertinib by oral administration (Group C); 1.8 mg/kg of rabeprazole and 4.5 mg/kg of osimertinib by oral administration (Group D); 2 mg/kg of osimertinib by intraperitoneal injection (Group E); and 1.8 mg/kg of rabeprazole by oral administration and 2 mg/kg of osimertinib by intraperitoneal injection (Group F). Before the experiments, the rats were fasted for 12 h, with free access to water. When the experiment started, omeprazole, lansoprazole, and rabeprazole, which were dissolved in oil, were orally administered in corresponding groups, while the same dose of oil was administered to Groups A and E. After 30 min, osimertinib was administered to all groups. Blood samples from the tail vein were collected at 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 10, 12, and 24 h in Groups A–D and at 0.33, 0.67, 1, 2, 3, 4, 5, 6, 8, 10, 12, and 24 h in Groups E–F after osimertinib administration. Next, 100 μl of plasma was mixed with 200 μl of acetonitrile and 20 μl of sorafenib (100 ng/ml); after being vortexed for 2 min and centrifuged at 13,000 rpm for 10 min, the supernatant was obtained for UPLC-MS/MS analysis.
Statistical Analysis
The IC50 and Lineweaver–Burk plot were obtained using GraphPad Prism 5.0 software. The pharmacokinetic profiles were explored by employing a non-compartmental analysis with Drug and statistics (DAS) software (Version 3.0, Bontz Inc., Beijing, China). The mean plasma concentration–time curve was generated using Origin 8.0. All data were presented as the mean ± SD and analyzed using SPSS 24.0. One-way ANOVA Dunnett’s test was used to compare parameters of wild-type CYP3A4.1 with those of other variants, and an unpaired t-test was applied to compare kinetic parameters among different groups. p < 0.05 was considered statistically significant.
RESULTS
Development of Ultra-Performance Liquid Chromatography–Tandem Mass Spectrometry to Determine Osimertinib and AZ5104
The liquid chromatogram obtained is shown in Supplementary Figure S1. The retention time of osimertinib, AZ5104, and sorafenib was 1.19, 1.14, and 1.48 min, respectively. All of the substances were effectively separated without mutual interference. The ranges of the standard calibration curves of osimertinib and AZ5104 were both 0.1–500 ng/ml, with correlation coefficients greater than 0.99. The lower limit of quantitation was 0.1 ng/ml for both osimertinib and AZ5104. For validation of the detection method, quality control samples at low, medium, and high concentrations were prepared in six replicates to assess the accuracy, precision, stability, extraction recovery, and matrix effect. The results are shown in Supplementary Tables S2–S4.
Characterization of the Activities of Recombinant Human CYP3A4 in Disposition of Osimertinib
The Michaelis–Menten curve and the Michaelis kinetic parameters of osimertinib in CYP3A4.1 and other CYP3A4 variants are shown in Figure 1 and Table 1, respectively. According to the alterations in the maximum velocity of the reaction (Vmax), we observed the following three situations: no obvious differences between CYP3A4.1 and CYP3A4.15, 16, 18, 23, and 24; significant increments in CYP3A4.2, 5, 7, 8, 17, 28, 29, 32, 33, and 34, ranging from 115.66% to 182.70%; and evident decrements in the remaining variants, ranging from 68.98% to 89.75%. According to the alterations in Km, there were also three situations: remarkable increment in CYP3A4.2, 5, 7, 8, 11, 12, 13, 14, 16, 17, and 18, ranging from 145.51% to 584.44% relative to CYP3A4.1; obvious decrements in CYP3A4.15, 29, and 31, ranging from 43.14% to 76.51% as compared with CYP3A4.1; and no significant difference in the remaining variants. The intrinsic clearance (CLint) is considered the evaluation criterion for CYP3A4 enzymatic activity. In this study, compared with CYP3A4.1, seven variants showed significant increment (114.14%–284.52%); 12 variants showed obvious decrements (25.68%–69.07%); and the remaining variants showed similar values. Additionally, the concentrations of AZ5104 could not be detected for CYP3A4.20.
[image: Figure 1]FIGURE 1 | Michaelis–Menten curves of the enzymatic activities of the wild-type CYP3A4 and other CYP3A4 variants in the metabolism of osimertinib (A–C) and relative clearance of CYP3A4 variants toward the metabolism of osimertinib compared with the wild type (D). Data are presented as the means ± SD, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.
TABLE 1 | Kinetic parameters for AZ5104 activity of CYP3A4.1 and other CYP3A4 variants in osimertinib metabolism.
[image: Table 1]Screening of the Drugs That Can Potentially Interact With Osimertinib
The Michaelis–Menten curve for osimertinib in RLM or HLM is shown in Supplementary Figure S2. The values of Vmax and Km in RLM were 0.03 ± 0.00 pmol/min/μg protein and 26.81 ± 2.85 μM, respectively. In HLM, the values of Vmax and Km were 0.05 ± 0.00 pmol/min/μg protein and 41.96 ± 4.39 μM, respectively. The results of an inhibitory effect between osimertinib and other drugs are shown in Figure 2. Among all of the selected drugs, the inhibition rate of the PPIs, namely, omeprazole, lansoprazole, and rabeprazole, on osimertinib reached 86.18%, 93.59%, and 88.33%, respectively, indicating that the combination of PPIs and osimertinib may have a high possibility of a drug interaction.
[image: Figure 2]FIGURE 2 | Comparison of the inhibitory effects of drugs (100 μM) on the metabolism of osimertinib in rat liver microsome (RLM). (A) All drugs screened. Data are presented as the means. (B) The drugs with the inhibition rate >80% are shown. Data are presented as the means ± SD.
Proton Pump Inhibitors Potently Inhibit the Metabolism of Osimertinib in Rat Liver Microsome/Human Liver Microsome With Competitive and Non-Competitive Mixed Mechanism
The IC50 curves and Lineweaver–Burk plots of rabeprazole on the metabolism of osimertinib are shown in Figures 3, 4. The results indicated that rabeprazole had a strong inhibitory effect on osimertinib, with the IC50 values of 6.49 ± 1.17 and 20.39 ± 2.32 μM in RLM and HLM, respectively. The results also showed that rabeprazole can inhibit the metabolism of osimertinib in a mixed way in both RLM and HLM. In addition, we determined the IC50 values of omeprazole and lansoprazole on osimertinib in RLM, and the results are shown in Supplementary Figure S3.
[image: Figure 3]FIGURE 3 | Various concentrations (0.01, 0.1, 1, 10, 25, 50, and 100 μM) of rabeprazole for half-maximal inhibitory concentration (IC50) in the activity of (A) rat liver microsome (RLM) and (B) human liver microsome (HLM). Data are presented as the means ± SD, n = 3.
[image: Figure 4]FIGURE 4 | Lineweaver–Burk plot, the secondary plot for Ki, and the secondary plot for αKi for the inhibition of osimertinib metabolism by rabeprazole with various concentrations in (A) rat liver microsome (RLM) and (B) human liver microsome (HLM). Data are presented as the means ± SD, n = 3.
Proton Pump Inhibitors Change the Main Pharmacokinetic Profile of Osimertinib in Sprague–Dawley Rats
The mean concentration–time curves of osimertinib and AZ5104 are shown in Figure 5, and the corresponding pharmacokinetic parameters are shown in Tables 2–5. When rabeprazole and osimertinib were both administered orally, compared with the control group, the values of AUC(0–t), AUC(0–∞), and Cmax decreased to 42.98%–57.08% for osimertinib, while the parameters of AZ5104 showed no significant difference. When osimertinib was administered by intraperitoneal injection and rabeprazole was orally administered, compared with the control group, the values of AUC(0–t), AUC(0–∞), and Cmax increased to 125.56%–162.77% for osimertinib and to 145.40%–151.20% for AZ5104. In addition, we also studied the effects of omeprazole and lansoprazole on osimertinib with all drugs administered orally, and the results are shown in Supplementary Figure S4, Supplementary Tables S5, S6. The results were similar to those of rabeprazole, indicating that the three drugs may have similar effects on osimertinib.
[image: Figure 5]FIGURE 5 | Mean concentration–time curve of osimertinib and AZ5104. (A) Osimertinib (p.o.) and osimertinib (p.o.) with rabeprazole (p.o.). (B) Osimertinib (i.p.) and osimertinib (i.p.) with rabeprazole (p.o.). Data are presented as the means ± SD, n = 6.
TABLE 2 | The main pharmacokinetic parameters of osimertinib in two groups of rats (N = 6).
[image: Table 2]TABLE 3 | The main pharmacokinetic parameters of AZ5104 in two groups of rats (N = 6).
[image: Table 3]TABLE 4 | The main pharmacokinetic parameters of osimertinib in two groups of rats (N = 6).
[image: Table 4]TABLE 5 | The main pharmacokinetic parameters of AZ5104 in two groups of rats (N = 6).
[image: Table 5]DISCUSSION
Lung cancer is one of the most common malignant tumors in the world. Non-small cell lung carcinoma accounts for about 80% of all lung cancers, and the survival rate of most patients is not high (Cao et al., 2021; Sung et al., 2021). Osimertinib is a third-generation highly selective EGFR mutant inhibitor, which has a significant therapeutic effect in patients with non-small cell lung carcinoma (Jänne et al., 2015; Zhao et al., 2018; Rajappa et al., 2019). However, the effects of osimertinib show obvious interindividual differences caused by metabolic enzyme genetic polymorphism. Osimertinib is mainly metabolized by CYP3A4 in the liver and is converted to AZ5104, which also has a certain pharmacological activity (Yates et al., 2016; Zheng et al., 2018). The significant interindividual variations in the activity of CYP3A4 mainly stem from genetic polymorphism, suggesting that CYP3A4 genetic polymorphism has a significant influence on the metabolism of osimertinib (Zanger et al., 2008; Zhou et al., 2011). In view of the widespread use of osimertinib, a wide range of adverse reactions, and lack of reports about the effects of CYP3A4 variants on osimertinib, we used wild-type CYP3A4.1 as a control to assess the catalytic activities of other 26 CYP3A4 variants in the metabolism of osimertinib in vitro.
In the incubation system, many variants (CYP3A4.2, 5, 7, 8, 10, 11, 12, 13, 14, 16, 17, 18, and 20) showed lower catalytic activities relative to CYP3A4.1. As previous research has reported, CYP3A4.20 cannot be incorporated into heme and is recognized as nonfunctional; thus, it has no catalytic activities for osimertinib. Similarly, two variants that were not included in our study (CYP3A4.6 and CYP3A4.30) prematurely terminate codons and also have no catalytic activity (Westlind-Johnsson et al., 2006; Apellániz-Ruiz et al., 2015; Hu et al., 2017; Lin et al., 2019). CYP3A4.17 also showed weak activity, which is similar to the results of brexpiprazole and regorafenib (Li et al., 2019; Chen et al., 2020). Thus, patients with these variants should be classified as poor metabolizers, and more attention should be paid to avoid serious adverse reactions.
Seven variants (CYP3A4.3, 15, 28, 29, 32, 33, and 34) showed higher catalytic activities than CYP3A4.1. Except for CYP3A4.3, the Vmax of the other variants increased significantly, which may be the main reason for the increase in catalytic activities. For CYP3A4.3, the decrease in Km is the main reason for the increase in catalytic activities. Patients with these variants should be classified as strong metabolizers, and more attention should be paid to avoid subtreatment. Although AZ5104 also has pharmacological activity, its concentration is only 10% of the substrate (Yates et al., 2016; Zheng et al., 2018). The remaining CYP3A4 variants (CYP3A4.4, 9, 19, 23, 24, and 31) showed similar catalytic activities to CYP3A4.1, as reflected in the lack of significant differences in their Vmax and Km. Taken together, our data suggest that CYP3A4 gene polymorphism does have varying degrees of influence on the metabolism of osimertinib. Although the experiment was only verified in vitro, it can still provide a reference for conducting clinical experiments.
Due to various complications, cancer patients often use combinations of multiple drugs, such as antidepressants, antiviral drugs, antibacterial drugs, and gastrointestinal drugs, which can easily lead to DDIs (Weiss et al., 2019). In this study, we examined the effects of 114 screened drugs on the metabolism of osimertinib in vitro and found that 16 drugs had a strong inhibitory effect on osimertinib (inhibition degree over 80%). Among these, we found that the PPIs (omeprazole, lansoprazole, and rabeprazole) showed a strong inhibitory effect on osimertinib. PPIs can effectively inhibit the secretion of gastric acid by inhibiting the activity of H+/K+-ATPase and are commonly used in the treatment of gastrointestinal diseases (Abuhelwa et al., 2019; Ochoa et al., 2020). However, PPIs are also the substrates of P450 and are usually metabolized by CYP2C19 and CYP3A4 (Ishizaki and Horai, 1999; Kim et al., 2003; Jana et al., 2018). PPIs and osimertinib share the same metabolic pathways, and previous studies have shown that PPIs have different degrees of inhibitory effects on CYP2C19 and CYP3A4, which increases the possibility of DDIs (Li et al., 2004; Liu et al., 2005). In view of the potential of osimertinib in the field of anticancer drugs and the extensive use of PPIs in clinical settings, it is meaningful to study the interaction between the two kinds of drugs.
In vitro, we mainly analyzed the effects of rabeprazole on the metabolism of osimertinib. The results showed that rabeprazole had a strong inhibitory effect on osimertinib in both RLM and HLM in a mixed way. In addition, we partially studied omeprazole and lansoprazole, and the results were similar to those of rabeprazole. Interestingly, as a third-generation PPI, rabeprazole, is rarely metabolized by P450 enzymes in the liver, so it is considered that its possibility of interaction is rather low. However, we still found that it had a strong inhibitory effect on osimertinib, which is primarily metabolized by CYP3A4. The reason is probably that a small part of rabeprazole is still metabolized by CYP3A4, which has a certain competitive binding effect with osimertinib. Moreover, previous reports have shown that rabeprazole thioether, a major metabolite of rabeprazole, has a stronger inhibitory potency to the activity of CYP3A4 than rabeprazole (Ishizaki and Horai, 1999; Li et al., 2004; Shirasaka et al., 2013). This may provide some explanations for the inhibition of osimertinib by rabeprazole.
To further study the interaction between PPIs and osimertinib, we carried out related experiments in SD rats. We found that when osimertinib and PPIs were both administered orally, the AUC(0–t), AUC(0–∞), and Cmax of osimertinib decreased to varying degrees, with no significant differences in AZ5104. These findings show that rabeprazole actually reduces the exposure to osimertinib in rats. When osimertinib was administered by intraperitoneal injection and rabeprazole was administered orally, the AUC(0–t), AUC(0–∞), and Cmax of osimertinib and AZ5104 increased to varying degrees, indicating that rabeprazole can inhibit the metabolism of osimertinib in vivo.
We believe that the underlying mechanism involves the inhibition of gastric acid secretion and increase in pH by PPIs, which influences the absorption and blood exposure to osimertinib. This is consistent with some related reports (Vishwanathan et al., 2018; Yasumuro et al., 2018; Lima et al., 2021). When osimertinib is administered by intraperitoneal injection, most of it is directly absorbed into the blood, so the effect of PPIs to inhibit gastric acid secretion may have little influence on osimertinib. Therefore, to avoid drug interactions, the two kinds of drugs should not be administered orally at the same time. In addition, we found that the concentration of osimertinib after oral administration was much higher than that after intraperitoneal injection, which can provide a reference for the formulation of this kind of drug.
In conclusion, this study evaluated the effects of CYP3A4 gene polymorphism and drug interactions, especially the PPIs, on the metabolism of osimertinib. According to our results, CYP3A4 gene polymorphism does have different effects on the metabolism of osimertinib, which can provide some reference for the subsequent establishment of the genotype–phenotype relationship in a clinical setting. In addition, we found that rabeprazole had a strong inhibitory effect on osimertinib in RLM and HLM, with a competitive and non-competitive mixed mechanism. In vivo, due to the acid-inhibiting effect of PPIs, their influence on the absorption, rather than on the metabolism, of osimertinib may be stronger, leading to the low concentration of osimertinib in the blood. Moreover, the concentration of osimertinib can reach a higher level by oral administration than by intraperitoneal injection. As osimertinib and PPIs are widely used in clinical practice, our research can provide a precise application basis for the combined use of osimertinib and PPIs.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by the Ethics Committee of Wenzhou Medical University.
AUTHOR CONTRIBUTIONS
This work was carried out in collaboration with all authors. GH, JC, and JQ contributed to the literature search and study design. GH, JQ, and NG participated in the drafting of the article. NG, XZ, XH, and QK carried out the experiments and analysis. GH and JQ revised the manuscript. All authors contributed to data analysis, drafting, or revising the article; agreed on the journal to which the article will be submitted; and have agreed to be accountable for all aspects of the work.
FUNDING
This work was supported by the National Key Research and Development Program of China (2020YFC2008301) and the National Natural Science Foundation of China (81973397 to XH).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.794931/full#supplementary-material
ABBREVIATIONS
AUC, area under the blood concentration–time curve; CLz/F, blood clearance; Cmax, maximum blood concentration; CYP450, cytochrome P450; DDIs, drug–drug interactions; DAS, drug and statistics; EGFR, epidermal growth factor receptor; HLM, human liver microsomes; IC50, half-maximal inhibitory concentration; Ki, inhibition constant; Km, Michaelis–Menten constant; MRT, mean retention time; NADPH, nicotinamide adenine dinucleotide phosphate; PPIs, proton pump inhibitors; RLM, rat liver microsomes; SPSS, Statistical Package for Social Sciences; Tmax, peak time; t1/2z, elimination half time; UPLC-MS/MS, ultra-performance liquid chromatography–tandem mass spectrometry; Vmax, maximum velocity of the reaction; Vz/F, apparent volume of distribution.
REFERENCES
 Abuhelwa, A. Y., Mudge, S., Upton, R. N., and Foster, D. J. R. (2019). Mechanistic Assessment of the Effect of Omeprazole on the In Vivo Pharmacokinetics of Itraconazole in Healthy Volunteers. Eur. J. Drug Metab. Pharmacokinet. 44 (2), 201–215. doi:10.1007/s13318-018-0519-1
 Apellániz-Ruiz, M., Inglada-Pérez, L., Naranjo, M. E. G., Sánchez, L., Mancikova, V., Currás-Freixes, M., et al. (2015). High Frequency and Founder Effect of the CYP3A4*20 Loss-Of-Function Allele in the Spanish Population Classifies CYP3A4 as a Polymorphic Enzyme. Pharmacogenomics J. 15 (3), 288–292. doi:10.1038/tpj.2014.67
 Calvo, E., Lee, J. S., Kim, S. W., Moreno, V., deCastro Carpeno, J., Weilert, D., et al. (2019). Modulation of Fexofenadine Pharmacokinetics by Osimertinib in Patients with Advanced EGFR-Mutated Non-small Cell Lung Cancer. J. Clin. Pharmacol. 59 (8), 1099–1109. doi:10.1002/jcph.1403
 Cao, W., Chen, H. D., Yu, Y. W., Li, N., and Chen, W. Q. (2021). Changing Profiles of Cancer burden Worldwide and in China: a Secondary Analysis of the Global Cancer Statistics 2020. Chin. Med. J. (Engl) 134 (7), 783–791. doi:10.1097/CM9.0000000000001474
 Chen, B., Zhang, X. D., Wen, J., Zhang, B., Chen, D., Wang, S., et al. (2020). Effects of 26 Recombinant CYP3A4 Variants on Brexpiprazole Metabolism. Chem. Res. Toxicol. 33 (1), 172–180. doi:10.1021/acs.chemrestox.9b00186
 Dickinson, P. A., Cantarini, M. V., Collier, J., Frewer, P., Martin, S., Pickup, K., et al. (2016). Metabolic Disposition of Osimertinib in Rats, Dogs, and Humans: Insights into a Drug Designed to Bind Covalently to a Cysteine Residue of Epidermal Growth Factor Receptor. Drug Metab. Dispos 44 (8), 1201–1212. doi:10.1124/dmd.115.069203
 Hu, G. X., Dai, D. P., Wang, H., Huang, X. X., Zhou, X. Y., Cai, J., et al. (2017). Systematic Screening for CYP3A4 Genetic Polymorphisms in a Han Chinese Population. Pharmacogenomics 18 (4), 369–379. doi:10.2217/pgs-2016-0179
 Ishizaki, T., and Horai, Y. (1999). Cytochrome P450 and the Metabolism of Proton Pump Inhibitors-Eemphasis on Rabeprazole. Aliment. Pharmacol. Ther. 3, 27–36. doi:10.1046/j.1365-2036.1999.00022.x
 Jana, K., Bandyopadhyay, T., and Ganguly, B. (2018). Stereoselective Metabolism of Omeprazole by Cytochrome P450 2C19 and 3A4: Mechanistic Insights from DFT Study. J. Phys. Chem. B 122 (22), 5765–5775. doi:10.1021/acs.jpcb.8b01179
 Jänne, P. A., Yang, J. C., Kim, D. W., Planchard, D., Ohe, Y., Ramalingam, S. S., et al. (2015). AZD9291 in EGFR Inhibitor-Resistant Non-small-cell Lung Cancer. N. Engl. J. Med. 372 (18), 1689–1699. doi:10.1056/NEJMoa1411817
 Jiang, T., and Zhou, C. (2014). Clinical Activity of the Mutant-Selective EGFR Inhibitor AZD9291 in Patients with EGFR Inhibitor-Resistant Non-small Cell Lung Cancer. Transl Lung Cancer Res. 3 (6), 370–372. doi:10.3978/j.issn.2218-6751.2014.08.02
 Kim, K. A., Kim, M. J., Park, J. Y., Shon, J. H., Yoon, Y. R., Lee, S. S., et al. (2003). Stereoselective Metabolism of Lansoprazole by Human Liver Cytochrome P450 Enzymes. Drug Metab. Dispos 31 (10), 1227–1234. doi:10.1124/dmd.31.10.1227
 Lee, C. S., Milone, M., and Seetharamu, N. (2021). Osimertinib in EGFR-Mutated Lung Cancer: A Review of the Existing and Emerging Clinical Data. Onco Targets Ther. 14, 4579–4597. doi:10.2147/OTT.S227032
 Li, X. Q., Andersson, T. B., Ahlström, M., and Weidolf, L. (2004). Comparison of Inhibitory Effects of the Proton Pump-Inhibiting Drugs Omeprazole, Esomeprazole, Lansoprazole, Pantoprazole, and Rabeprazole on Human Cytochrome P450 Activities. Drug Metab. Dispos 32 (8), 821–827. doi:10.1124/dmd.32.8.821
 Li, Y. H., Lin, Q. M., Pang, N. H., Zhang, X. D., Huang, H. L., Cai, J. P., et al. (2019). Functional Characterization of 27 CYP3A4 Protein Variants to Metabolize Regorafenib In Vitro. Basic Clin. Pharmacol. Toxicol. 125 (4), 337–344. doi:10.1111/bcpt.13246
 Lima, J. J., Thomas, C. D., Barbarino, J., Desta, Z., Van Driest, S. L., El Rouby, N., et al. (2021). Clinical Pharmacogenetics Implementation Consortium (CPIC) Guideline for CYP2C19 and Proton Pump Inhibitor Dosing. Clin. Pharmacol. Ther. 109 (6), 1417–1423. doi:10.1002/cpt.2015
 Lin, Q. M., Li, Y. H., Liu, Q., Pang, N. H., Xu, R. A., Cai, J. P., et al. (2019). Functional Characteristics of CYP3A4 Allelic Variants on the Metabolism of Loperamide In Vitro. Infect. Drug Resist. 12, 2809–2817. doi:10.2147/IDR.S215129
 Liu, K. H., Kim, M. J., Shon, J. H., Moon, Y. S., Seol, S. Y., Kang, W., et al. (2005). Stereoselective Inhibition of Cytochrome P450 Forms by Lansoprazole and Omeprazole In Vitro. Xenobiotica 35 (1), 27–38. doi:10.1080/00498250400026472
 Nicolas, J. M., Espie, P., and Molimard, M. (2009). Gender and Interindividual Variability in Pharmacokinetics. Drug Metab. Rev. 41 (3), 408–421. doi:10.1080/10837450902891485
 Ochoa, D., Román, M., Cabaleiro, T., Saiz-Rodríguez, M., Mejía, G., and Abad-Santos, F. (2020). Effect of Food on the Pharmacokinetics of Omeprazole, Pantoprazole and Rabeprazole. BMC Pharmacol. Toxicol. 21 (1), 54. doi:10.1186/s40360-020-00433-2
 Pilla Reddy, V., Walker, M., Sharma, P., Ballard, P., and Vishwanathan, K. (2018). Development, Verification, and Prediction of Osimertinib Drug-Drug Interactions Using PBPK Modeling Approach to Inform Drug Label. CPT Pharmacometrics Syst. Pharmacol. 7 (5), 321–330. doi:10.1002/psp4.12289
 Planchard, D., Brown, K. H., Kim, D. W., Kim, S. W., Ohe, Y., Felip, E., et al. (2016). Osimertinib Western and Asian Clinical Pharmacokinetics in Patients and Healthy Volunteers: Implications for Formulation, Dose, and Dosing Frequency in Pivotal Clinical Studies. Cancer Chemother. Pharmacol. 77 (4), 767–776. doi:10.1007/s00280-016-2992-z
 Rajappa, S., Krishna, M. V., and Narayanan, P. (2019). Integrating Osimertinib in Clinical Practice for Non-small Cell Lung Cancer Treatment. Adv. Ther. 36 (6), 1279–1290. doi:10.1007/s12325-019-00917-6
 Ricciuti, B., Baglivo, S., Paglialunga, L., De Giglio, A., Bellezza, G., Chiari, R., et al. (2017). Osimertinib in Patients with Advanced Epidermal Growth Factor Receptor T790M Mutation-Positive Non-small Cell Lung Cancer: Rationale, Evidence and Place in Therapy. Ther. Adv. Med. Oncol. 9 (6), 387–404. doi:10.1177/1758834017702820
 Roco, A., Quiñones, L., Agúndez, J. A., García-Martín, E., Squicciarini, V., Miranda, C., et al. (2012). Frequencies of 23 Functionally Significant Variant Alleles Related with Metabolism of Antineoplastic Drugs in the Chilean Population: Comparison with Caucasian and Asian Populations. Front. Genet. 3, 229. doi:10.3389/fgene.2012.00229
 Shirasaka, Y., Sager, J. E., Lutz, J. D., Davis, C., and Isoherranen, N. (2013). Inhibition of CYP2C19 and CYP3A4 by Omeprazole Metabolites and Their Contribution to Drug-Drug Interactions. Drug Metab. Dispos 41 (7), 1414–1424. doi:10.1124/dmd.113.051722
 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A. Cancer J. Clin. 71 (3), 209–249. doi:10.3322/caac.21660
 Tanaka, K., Asahina, H., Kishimoto, J., Miyata, Y., Uchida, T., Watanabe, K., et al. (2021). Osimertinib versus Osimertinib Plus Chemotherapy for Non-small Cell Lung Cancer with EGFR (T790M)-Associated Resistance to Initial EGFR Inhibitor Treatment: An Open-Label, Randomised Phase 2 Clinical Trial. Eur. J. Cancer 149, 14–22. doi:10.1016/j.ejca.2021.02.019
 Vishwanathan, K., Dickinson, P. A., Bui, K., Cassier, P. A., Greystoke, A., Lisbon, E., et al. (2018). The Effect of Food or Omeprazole on the Pharmacokinetics of Osimertinib in Patients with Non-small-cell Lung Cancer and in Healthy Volunteers. J. Clin. Pharmacol. 58 (4), 474–484. doi:10.1002/jcph.1035
 Weiss, A., Le Roux-Bourdieu, M., Zoetemelk, M., Ramzy, G. M., Rausch, M., Harry, D., et al. (2019). Identification of a Synergistic Multi-Drug Combination Active in Cancer Cells via the Prevention of Spindle Pole Clustering. Cancers (Basel) 11 (10), 1612. doi:10.3390/cancers11101612
 Werk, A. N., and Cascorbi, I. (2014). Functional Gene Variants of CYP3A4. Clin. Pharmacol. Ther. 96 (3), 340–348. doi:10.1038/clpt.2014.129
 Westlind-Johnsson, A., Hermann, R., Huennemeyer, A., Hauns, B., Lahu, G., Nassr, N., et al. (2006). Identification and Characterization of CYP3A4*20, a Novel Rare CYP3A4 Allele without Functional Activity. Clin. Pharmacol. Ther. 79 (4), 339–349. doi:10.1016/j.clpt.2005.11.015
 Yasumuro, O., Uchida, S., Kashiwagura, Y., Suzuki, A., Tanaka, S., Inui, N., et al. (2018). Changes in Gefitinib, Erlotinib and Osimertinib Pharmacokinetics under Various Gastric pH Levels Following Oral Administration of Omeprazole and Vonoprazan in Rats. Xenobiotica 48 (11), 1106–1112. doi:10.1080/00498254.2017.1396379
 Yates, J. W., Ashton, S., Cross, D., Mellor, M. J., Powell, S. J., and Ballard, P. (2016). Irreversible Inhibition of EGFR: Modeling the Combined Pharmacokinetic-Pharmacodynamic Relationship of Osimertinib and its Active Metabolite AZ5104. Mol. Cancer Ther. 15 (10), 2378–2387. doi:10.1158/1535-716310.1158/1535-7163.MCT-16-0142
 Ying, Z., Wei, J., Liu, R., Zhao, F., Yu, Y., and Tian, X. (2020). An UPLC-MS/MS Method for Determination of Osimertinib in Rat Plasma: Application to Investigating the Effect of Ginsenoside Rg3 on the Pharmacokinetics of Osimertinib. Int. J. Anal. Chem. 2020, 8814214. doi:10.1155/2020/8814214
 Zanger, U. M., Turpeinen, M., Klein, K., and Schwab, M. (2008). Functional Pharmacogenetics/genomics of Human Cytochromes P450 Involved in Drug Biotransformation. Anal. Bioanal. Chem. 392 (6), 1093–1108. doi:10.1007/s00216-008-2291-6
 Zhao, H., Cao, J., Chang, J., Zhang, Z., Yang, L., Wang, J., et al. (2018). Pharmacokinetics of Osimertinib in Chinese Patients with Advanced NSCLC: A Phase 1 Study. J. Clin. Pharmacol. 58 (4), 504–513. doi:10.1002/jcph.1042
 Zheng, X., Wang, W., Zhang, Y., Ma, Y., Zhao, H., Hu, P., et al. (2018). Development and Validation of a UPLC-MS/MS Method for Quantification of Osimertinib (AZD9291) and its Metabolite AZ5104 in Human Plasma. Biomed. Chromatogr. 32 (12), e4365. doi:10.1002/bmc.4365
 Zhou, Q., Yu, X., Shu, C., Cai, Y., Gong, W., Wang, X., et al. (2011). Analysis of CYP3A4 Genetic Polymorphisms in Han Chinese. J. Hum. Genet. 56 (6), 415–422. doi:10.1038/jhg.2011.30
 Zhou, X. Y., Hu, X. X., Wang, C. C., Lu, X. R., Chen, Z., Liu, Q., et al. (2019). Enzymatic Activities of CYP3A4 Allelic Variants on Quinine 3-Hydroxylation In Vitro. Front. Pharmacol. 10, 591. doi:10.3389/fphar.2019.00591
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Gao, Zhang, Hu, Kong, Cai, Hu and Qian. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-794931-g005.gif
R






OPS/images/fphar-13-794931-t001.jpg
Variants Vimax (Pmol/min/pmol P450) Km (UM)

3A4.1 4.839 + 0.149 27.890 + 2857
3A4.2 6.348 + 0.256" 75.620 + 6.067*
3A4.3 4.343 £ 0.002 21.830 + 0.151
3A4.4 4.285 + 0.162 23970+ 0.726
3A4.5 5.327 £ 0.208 53.797 + 0.190"
3A4.7 6.442 £ 0.076" 86.803 + 0.829"
3A4.8 8.530 £ 0.144 119.533 + 3.553"*
3A4.9 4.189 = 0.154 22,643 + 0.621
3A4.10 3.821 + 0.221 31.790 + 2619
3A4.11 4.005 + 0.023 45.783 + 0.118
3A4.12 4.084 + 0.282 51.800 + 2.822"
3A4.13 3.338 + 0.178" 40.583 + 3.561
3A4.14 3.888 + 0.031 42.720 + 0.406
3A4.15 4.998 + 0.129 20.770 + 0.095
3A4.16 5.909 + 0.818 60.857 + 8.839
3A4.17 7.300 + 0.437 163.000 + 2.587***
3A4.18 5.075 + 0.002 47.750 + 0.524
3A4.19 4.245 + 0.176 28.183 + 1.260
3A4.20 ND ND
3A4.23 4.642 + 0.062 24657 + 0.346
3A4.24 4.918 + 0.186 32.283 + 4.603
3A4.28 5.697 + 0.003 22.807 + 0.123
3A4.29 5.968 + 0.063* 12.033 + 0.070*
3A4.31 3.967 + 0.036 21.340 £ 1.352"
3A4.32 8.841 + 0.212** 22280 + 0.398
3A4.33 8340 £ 0.181* 21413+ 0528
3A4.34 7.266 + 0.597 34.657 + 3.845

Note. Compared to wild type, *p < 0.05: *'p < 0.01: ***p < 0.007.

Vinax/Km (HI/min/pmol P450)

0.174 £ 0.012
0.084 + 0.003"
0.199 + 0.006
0.179 £ 0.002
0.099 + 0.004
0.074 + 0.000*
0.071 + 0.001*
0.185 + 0.006
0.120 £ 0.006
0.087 + 0.001
0.079 + 0.001
0.082 + 0.004*
0.091 + 0.001
0.241 £ 0.007
0.097 + 0.008
0.045 + 0.002*
0.106 + 0.001
0.151 + 0.001
ND
0.189 + 0.003
0.154 £ 0.015
0.245 + 0.008
0.496 + 0.004*
0.186 + 0.011
0.397 + 0.003*
0.389 + 0.002™*
0.210 + 0.006
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Parameters Osimertinib (i.p) Osimertinib (i.p) +
Rabeprazole (p.0)

AUC(-y (g/Lh) 160.690 + 28.593 240.983 + 27.971""
AUCio-) (/L) 222,818 + 43.503 279.758 + 30.903"
MRT 0.y () 10293 + 0735 9.858 = 0.453
MRT(.e () 18.572 + 3.763 13.477 = 2.564"
ez () 11.070 + 2396 7.198 £ 2.976"
Trnex () 5.833 + 1.169 7.000 + 2.000
Vorr (Lkg) 145.372 + 28.071 73.554 + 31.172"
CLur (Utvkg) 9.255  1.728 7229 £ 0.870°
Crnax (MO/L) 13.543 + 2.965 22.044 + 4,633

Note. AUC, area under the blood concentration-time curve; MRT, mean retention time;
{2z, elimination half time; T, peak time; V., apparent volume of distribution; CLors
blood clearance; Gy, maximum blood concentration.

W < 0.05: *p < 0.01: *"p < 0.001 int comparison with the contral group.
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Parameters Osimertinib (p.0.)

AUCio.y (g/Lh) 1,106,401 + 548.833
AUCo-) (/L) 1,208,097 + 590.583
MRTio-y (M) 8.268 + 1.148
MRT(o-. () 10.085 = 2.744
b2z (M) 5198 £ 2.771
T (1) 5.333 £ 1.033
Vorr (LUkg) 30.519 + 14.042
Clyr (Uhvkg) 4.513 +2.040
Crrax (UO/L) 163.042 + 66.742

Osimertinib (p.0.) +
rabeprazole (p.0)

563.775 + 229.764"
689.543 + 195.231*
9.203 + 2.251
12.110 £ 2499
4.533 + 2.559
6.833 £ 0.753
42.479  21.852
6.999 + 2.060
70.079 + 16.770*

Note. AUC, area under the blood concentration-time curve; MRT, mean retention time;
ty/22, @limination half time; Tma, peak time; V., apparent volume of distribution; CLr,

blood clearance; rax maximum blood concentration.

' < 0.05, in comparison with the control group.
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Parameters Osimertinib (p.o.) Osimertinib (p.0.) +
rabeprazole (p.0)

AUC(-y (Ug/Lh) 1,044,596 + 260978 1,092,676 + 420.960
AUC(-) (Hg/Lh) 1,118.363 + 301951 1,100.872 + 322,543
MRTo- () 9537 + 0.905 9.967 + 0.279
MRTo-w () 10.912 £ 1.657 13901 = 6.240
tizz () 5010+ 1.197 4740 £ 0.779
T (1) 6.667 = 1.633 8.167 = 1.602
V. (Lkg) 30.203 = 7.879 27.969 + 15.391
Clor (UNVKg) 4.267 + 1.003 3.921 = 1.839
Cora (HO/L) 103.368 + 20.188 94.829 + 28.781

Note. AUC, area under the blood concentration-time curve; MRT, mean retention time;
ti/2z, elimination half time; T, peak time; Vo, apparent volume of distribution; CL.,
blood clearance; C,,.., maximum blood concentration.
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Parameters Osimertinib (i.p)

AUC(-y (g/Lh) 258478 + 35516
AUCo-w) (/L) 311775 £ 34.419
MRT(o (M) 10.253 + 0.653
MRT(o-..) () 14,863 + 2136
ez () 8379 +2.608
Trvax (1) 7.000 £ 2.757
Varr (Ukg) 79.233 + 30.668
Clr (L/vkg) 6.484 +0.749
Crnax (HO/L) 19.267 + 2.541

Osimertinib (i.p) +
rabeprazole (p.o.)

375.839 + 118.065"
471.414 + 164.251
10.289 + 0.763
15.364 £ 2.210
8674 + 1.685
5.667 + 2.658
56.896 + 14.144
4.822 +2.088
28007 + 10.030

Note. AUC, area under the blood concentration-time curve; MRT, mean retention time;
{2z, elimination half time; T, peak time; V., apparent volume of distribution; CLors

blood clearance; rax maximum blood concentration.

% < 0.05, in comparison with the control group.
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