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A B S T R A C T   

The objective of this study was to determine the effect of flavonoids on midostaurin disposition considering co- 
administration and metabolic enzyme gene polymorphism. Enzymatic incubation assays were performed in vitro, 
while in vivo experiments were conducted in Sprague–Dawley rats. The analytes were determined via UPLC-MS/ 
MS. We found that myricetin was the most potent among the investigated 10 flavonoids in suppressing the 
metabolism of midostaurin, with an IC50 at a low μM level. After co-administration of midostaurin and myricetin, 
the plasma concentration of midostaurin’s primary metabolite CGP62221 was reduced corresponding to myr
icetin exposure. Furthermore, CYP3A4 homologous rat protein CYP3A2 was reduced significantly in the co- 
administration group. Thereafter, the kinetic parameters of 23 recombinant human CYP3A4 variants were 
determined using midostaurin. The relative intrinsic clearance varied from 269.63% in CYP3A4.29–8.95% in 
CYP3A4.17. In addition, the inhibitory potency of myricetin was substantially different for CYP3A4.29 and 
CYP3A4.17 compared with wild type, with IC50 values of 9.85 ± 0.27 μM and 90.99 ± 16.13 μM, respectively. 
Collectively, our data demonstrated that flavonoids, particularly myricetin, can inhibit the metabolism of mid
ostaurin. Additionally, CYP3A4 genetic polymorphism may contribute to stratification of midostaurin blood 
exposure.   

1. Introduction 

Flavonoids are widespread natural substances that are abundant in 
food and herbs. According to their chemical structure, they can be 
divided into flavones, flavonols, flavanols, flavanones, anthocyanidins, 
and isoflavonoids (Li et al., 2018). Due to their diverse biological ac
tivities, flavonoids have become a research hot spot. There is growing 
body of data showing that flavonoids can interact with many drugs (for 
example, the interactions between myricetin and atomoxetine (Lan 
et al., 2017), quercetin and repaglinide (Kim et al., 2021), and apigenin 
and venlafaxine (Zhan et al., 2015)). Therefore, we need to be more 
cautious when combining flavonoids and drug therapy in clinical prac
tice to consider potential drug efficacy changes. 

Midostaurin is a first-generation FMS-like tyrosine kinase 3 inhibitor 
(Yin et al., 2008). It was approved on April 28, 2017, for the treatment of 
FLT3-mutant acute myeloid leukemia (Stansfield and Pollyea, 2017). 
Adverse reactions during the treatment with midostaurin include 

gastrointestinal toxicities, QTc extension, and interstitial lung disease 
(Abbas et al., 2019). According to related literature reports, the plasma 
exposure of midostaurin increases sharply by 6.1-fold when combining 
midostaurin and ketoconazole (Gu et al., 2018). In contrast, when 
co-administering midostaurin and rifampin, the blood concentration of 
midostaurin decreases by 94% (Gu et al., 2018). The efficacy stratifi
cation of the clinical drug is not only affected by drug-drug interactions 
(DDIs), but may also be impacted by the genetic polymorphism of 
metabolic enzymes. Midostaurin is a substrate of CYP3A4 and is pri
marily metabolized into CGP52421 and CGP62221 by hepatic CYP3A4 
(Yin et al., 2008). However, many physiological factors and pathological 
conditions can affect the expression and function of CYP3A4 (Congiu 
et al., 2009; Harvey and Morgan, 2014; Zhang et al., 2011). In partic
ular, genetic polymorphism may increase the clinical manifestations of 
adverse drug reactions through the changed catalytic reaction of 
CYP3A4. 

In this study, we screened the interaction between midostaurin and 
10 flavonoids, particularly myricetin. In addition, based on the novel 
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recombinant human CYP3A4 variants discovered in previous studies 
(Supplementary Table S1) (Hu et al., 2017), we explored the enzymatic 
kinetic characteristics of midostaurin and its metabolites. The results 
may help promote the clinical individualized precision therapy of mid
ostaurin and provide better medication service for patients. 

2. Materials and methods 

2.1. Chemical drugs and reagents 

Midostaurin was provided by Qisong Biotechnology Co., Ltd (Beijing, 
China). CGP52421 and CGP62221 were provided by Bailingwei Tech
nology Co., Ltd (Beijing, China). Flavonoids (myricetin, quercetin, api
genin, wogonin, kaempferol, genistein, silibinin, calycosin, baicalin, and 
baicalein) were purchased from Shanghai Chuangsai Technology Co., 
Ltd. (Shanghai, China). Diazepam was purchased from Beijing Sun
flower Technology Development Co., Ltd. (Beijing, China) and used as 
internal standard (IS). Pooled rat liver microsomes (RLMs) and human 
liver microsomes (HLMs) were purchased from Corning Life Sciences 
Co., Ltd. Recombinant human CYP3A4 and cytochrome b5 were pre
pared by our team (Fang et al., 2017). Reduced nicotinamide adenine 
dinucleotide phosphate (NADPH) was purchased from Roche Pharma
ceutical Ltd. (Basel, Switzerland). All other solvents and chemicals used 
were of analytical grade. 

2.2. Ultra-high performance liquid chromatography tandem mass 
spectrometry (UPLC-MS/MS) condition 

A Waters Acquity ultra-performance liquid chromatography (UPLC) 
system (Milford, MA, USA) equipped with an Acquity BEH C18 column 
(2.1 mm × 50 mm, 1.7 μm; Milford, MA, USA) was used to detect the 
concentrations of midostaurin, CGP52421, CGP62221, and myricetin. 
Its column temperature was maintained at 40 ◦C. 

The mobile phases of gradient elution were 0.1% formic acid (solvent 
A) and acetonitrile (solvent B) with a flow rate of 0.40 mL/min. The 
elution process was as follows: 90% A from 0 to 0.5 min; 90%–10% A 
from 0.5 to 1.0 min; 10% A from 1.0 to 2.0 min; 10%–90% A from 2.0 to 
2.1 min, and 90% A from 2.1 to 3.0 min. The whole process of analysis 
took 3.0 min. The temperature of the auto-sampler was set at 4 ◦C, and 
the injection volume was 2.0 μL for each running process. Quantification 
was performed using a Waters XEVO TQD triple quadruple mass spec
trometer, and the analytes were detected by multiple reaction moni
toring (MRM) in positive mode. The ion transitions of midostaurin, 

CGP52421, CGP62221, myricetin, and IS were m/z 571.20 > 348.10, m/ 
z 587.40 > 363.87, m/z 557.09 > 245.89, m/z 318.94 > 152.88, and m/ 
z 284.91 > 153.90, respectively. 

2.3. Preparation of rat/human liver microsomes 

Liver was weighed and homogenized by adding 0.01 mM cold 
phosphate-buffered saline (PBS) containing 0.25 mM sucrose. The ho
mogenate was centrifuged at 10 000 × g for 30 min. Then, the super
natant was transferred to a new tube and centrifuged at 10 000 × g for 
30 min. Next, the supernatant was centrifuged at 10 000 × g for 1 h, and 
the precipitate was resuspended with 0.01 mM cold PBS. Finally, 
Pierce™ BCA protein assay kit (Thermo Scientific) was used to deter
mine the protein concentration (Wang et al., 2015). 

2.4. Preparation of recombinant human CYP3A4 enzyme 

The construction of expression vectors, expression of recombinant 
human CYP3A4 variant, and determination of protein concentration and 
protein expression level were carried out in line with the previous pro
cedures of our team (Fang et al., 2017). We used the dual-expression 
baculovirus vector pFastBac Dual, constructed the open-reading frame 
(ORF) fragments of each CYP3A4 variant through the overlap extension 
polymerase chain reaction (PCR) amplification, and finally obtained the 
dual-expression vector pFastBac-OR-CYP3A4. The constructed plasmid 
was confirmed by sequencing with CEQ DTCS rapid Start Kit (Beckman 
Coulter, Inc, Brea, CA, USA) and transfected into Sf21 insect cells in 
SF-900 ™III SFM insect culture medium containing 4 μg/mL heme to 
obtain recombinant baculovirus. Finally, a Pierce™ BCA protein assay 
kit (Thermo Scientific) and carbon monoxide (CO) difference spectra 
were used to determine the protein concentration and protein expres
sion level of recombinant CYP3A4 enzyme, respectively. 

2.5. Enzymatic reaction assay 

The 200-μL incubation system included 1 M PBS, 1 pmol CYP3A4.1 
or other CYP3A4 variants, 50 μg/mL cytochrome b5, 1 mM NADPH, and 
0.05–2 μM midostaurin. To determine the Clint (Km/Vmax) of different 
polymorphic enzymes, the concentration of midostaurin was set at 0.05, 
0.1, 0.2, 0.5, 1, and 2 μM. We used GraphPad Prism 6.0 software to 
obtain the Km of different polymorphic enzymes. Meanwhile, the cor
responding Vmax was expressed in pmol of analyte/min/pmol amount of 
CYP3A4. Then, we investigated the half-maximum inhibitory 

Abbreviations 

AML Acute myeloid leukemia 
AUC area under the blood concentration–time curve 
CLint intrinsic clearance 
CLz/F blood clearance 
Cmax maximum blood concentration 
CMC-Na carboxymethylcellulose sodium salt 
CO carbon monoxide 
CYP450 cytochrome P450 
CYP3A4 cytochrome P450 3A4 
DAS Drug and statistics 
DDIs drug-drug interactions 
FLT3 FMS-like tyrosine kinase 3 
HLMs human liver microsomes 
IC50 half-maximal inhibitory concentration 
IS internal standard 
Ki inhibition constant 
Km Michaelis-Menten constant 

LDS lithium dodecyl sulfate 
MRM multiple reaction monitoring 
NADPH reduced nicotinamide adenine dinucleotide phosphate 
OPF open reading frame 
PBS phosphate buffered saline 
PCR polymerase chain reaction 
QTc Q-T interval 
RLMs rat liver microsomes 
S.D. standard deviation 
SD Sprague-Dawley 
t1/2z elimination half time 
TDI time-dependent inhibition 
Tmax peak time 
UPLC-MS/MS ultra-performance liquid chromatography–tandem 

mass spectrometry 
UV ultraviolet wavelength 
Vmax maximum velocity of the reaction 
Vz/F apparent volume of distribution  
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concentration (IC50) of myricetin in CYP3A4.29, CYP3A4.1, CYP3A4.17, 
with the concentration of myricetin set at 0, 0.01, 0.1, 1, 10, 25, and 50 
μM, and the concentration of midostaurin set at 0.5 μM (the corre
sponding Michaelis–Menten constant value). The mixture was pre
incubated at 37 ◦C for 5 min before addition of 1 mM NADPH to initiate 
the reaction. After 30 min of incubation, the reaction was terminated by 
immediate freezing to − 80 ◦C. Then, 400 μL acetonitrile and 20 μL 
diazepam (IS, 200 ng/mL) were added to the frozen mixture. After 
complete melting, the mixture was vortexed fully for 2 min and centri
fuged at 13 000 rpm for 10 min. Finally, we took 100 μL of the super
natant for UPLC-MS/MS analysis. 

To explore the DDIs in vitro, the enzymatic reaction was conducted 
which contained 1 M PBS, 0.2 mg/mL RLMs or HLMs, 1 mM NADPH, 10 
kinds of flavonoids (100 μM), and midostaurin (0.5 μM) to a final vol
ume of 200 μL. To ensure the accuracy of the results for drugs with an 
inhibition rate ≥80%, we repeated the results by other independent 
experiments. To determine IC50 of myricetin in RLMs or HLMs, the 
concentration of myricetin was set at 0, 0.01, 0.1, 1, 10, 25, 50, and 100 
μM, and midostaurin concentration was set at 0.5 μM. To examine the 
potential mechanism of myricetin’s effect on midostaurin, according to 
the value of IC50, the concentration of myricetin was set at 0, 0.5, 1, 2, 
and 4 μM in RLMs and 0, 1.25, 2.5, 5, and 10 μM in HLMs; according to 
the corresponding Michaelis–Menten constant value, the concentration 
of midostaurin was set at 0.125, 0.25, 0.5, and 1 μM. First, we used 
GraphPad Prism 6.0 software to draw the Lineweaver–Burk plot of 
midostaurin, and then we made secondary plots according to its slope 
(Km/Vmax versus inhibitor concentration) and the y-intercepts (1/Vmax 
versus inhibitor concentration) to obtain the inhibition constant (Ki) and 
αKi, respectively. To study the time-dependent inhibition, the concen
tration of myricetin was varied from 0 to 100 μM with or without 1 mM 
NADPH for 30 min at 37 ◦C. Thereafter, midostaurin (0.5 μM, the cor
responding Michaelis–Menten constant value) was added to the mixture 
and incubated for another 30 min. The subsequent processing steps were 
the same as those in the experiments mentioned above. 

2.6. Animal experiment 

Fifteen Sprague–Dawley rats (250 ± 20 g, purchased from the 
Shanghai Animal Experimental Center) were randomly divided into the 
following three groups (n = 5): group A, midostaurin (9 mg/kg, p.o.); 
group B, myricetin (50 mg/kg, p.o.) and midostaurin (9 mg/kg, p.o.); 
group C, myricetin (10 mg/kg, i.p.) and midostaurin (9 mg/kg, p.o.). 
Before the formal experiment, the rats were fasted for 12 h, but were 
allowed to drink water freely. At the beginning of the experiment, 
myricetin (50 mg/kg, dissolved in oil) was administered orally in group 
B, and myricetin (10 mg/kg, dissolved in Tween-80/absolute ethanol/ 
0.9% sodium chloride solution = 1:1:8, v/v/v) was intraperitoneally 
injected in group C. Thirty minutes later, all groups received mid
ostaurin orally (9 mg/kg, suspended in 0.5% carboxymethylcellulose 
sodium salt). Blood samples were collected from the tail vein at 1, 2, 3, 4, 
5, 6, 8, 10, 12, and 24 h after oral administration of midostaurin. For the 
preparation of plasma samples, 150 μL acetonitrile and 20 μL diazepam 
(IS, 200 ng/mL) were added to 50 μL of plasma. After being fully vor
texed and centrifuged, the supernatant was obtained for UPLC-MS/MS 
detection and analysis. 

Next, to explore the inhibitory effect of myricetin on CYP3A2 in 
RLMs, we randomly divided six Sprague–Dawley rats into the following 
two groups (n = 3): group E, the control group; group F, myricetin (10 
mg/kg, dissolved in Tween-80/absolute ethanol/0.9% sodium chloride 
solution = 1:1:8, v/v/v) injected intraperitoneally. According to the 
pharmacokinetic results, when the concentration of myricetin reached 
the maximum in plasma, we extracted the liver tissue of the two groups 
of Sprague–Dawley rats. Next, the extracted livers were prepared into 
liver microsomes. 

2.7. Immunoblotting assay 

First, the liver samples were denatured by mixing with lithium 
dodecyl sulfate buffer (ThermoFisher, Waltham, MA, USA). Next, 10 μg 
of the sample was loaded into 10% polyacrylamide gel. After separation, 
it was electrically transferred to polyvinylidene fluoride membrane. 
Western blotting was then performed with CYP3A2 antibody. Finally, 
the protein bands were visualized and imaged using an enhanced 
chemiluminescence kit. 

2.8. Carbon monoxide difference spectra to determine the protein 
expression level 

The differential spectra of the microsomes were measured using a 
UV–visible spectrophotometer (Thermo Scientific, Waltham, MA, USA) 
and a 1-cm optical path test tube (Fang et al., 2017). First, the micro
somes were diluted in PBS to 1 mg/mL; about 1 mL of the microsomes 
were then placed into a 2-mL centrifuge tube to which CO gas was 
introduced for 120 s. Then, we added 5 mg sodium dithionite powder for 
reduction. After 2 min, the total amount of CYP450 of the microsomes 
was calculated by measuring the absorbance of the microsomes at 
450-nm and 490-nm UV wavelengths. 

2.9. Statistical analysis 

Experimental data were presented as mean ± standard deviation (S. 
D.). The Michaelis–Menten, IC50, Lineweaver–Burk plot, and the 
average plasma concentration–time curves were created using Graph
Pad Prism 6.0 software. Pharmacokinetic parameters were calculated by 
non-compartmental analysis using Drug and Statistics (DAS) software 
(version 3.0, Bontz Inc., Beijing, China). The parameters of CYP3A4.1 
and other variants were compared through one-way ANOVA Dunnett’s 
test (SPSS Inc., Chicago, IL, USA), and the kinetic parameters between 
different groups were compared by unpaired t-test. When the statistical 
result was P < 0.05, it was considered statistically significant. 

3. Results 

3.1. Mass spectrometry and chromatographic characterization of analytes 
determined by UPLC-MS/MS 

The liquid-chromatography results are shown in Supplementary 
Fig. S1. The retention times of metabolites and diazepam (IS) were 1.61 
and 1.68 min, respectively. The standard calibration curves of mid
ostaurin and metabolites were in the range of 0.01–50 ng/mL, and the 
lower limits of the quantification of midostaurin and metabolites were 
0.01 ng/mL. 

3.2. Identification of myricetin’s potent inhibition of midostaurin 
metabolism 

Fig. 1B and C shows the inhibitory effect of 10 different flavonoids 
(Fig. 1A) on midostaurin metabolism. According to the results, myricetin 
(100 μM) achieved 98.88% inhibition. Therefore, we next investigated 
the inhibitory potency and mode. The IC50 of myricetin in RLMs and 
HLMs was 1.69 ± 0.96 μM and 5.55 ± 0. 45 μM, respectively, as shown 
in Fig. 1D and E. Then, we determined enzyme kinetics. The results 
demonstrated that myricetin took a mixed mechanism in RLMs, with a 
Ki = 4.82 μM and αKi = 2.14 μM (Fig. 2A); however, myricetin showed 
an uncompetitive mechanism in HLMs, with a αKi = 4.05 μM (Fig. 2B). 
In addition, the IC50 shift assay was used to detect time-dependent in
hibition (TDI). As shown in Fig. 2C, the IC50(-NADPH) : IC50(+NADPH) ratio 
was 0.56. Based on the research of Stresser and Mao, a ratio (“shift”) of 
>1.3 is often used to classify a compound as a time-dependent inhibitor. 
Thus, myricetin was not a time-dependent inhibitor of midostaurin in 
RLMs (Stresser et al., 2014). 
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3.3. Myricetin significantly reduces the drug exposure of CGP62221 in 
rats 

Fig. 3A–C shows the average concentration–time curves of 
CGP62221, CGP52421, and midostaurin, and Tables 1–3 show the cor
responding pharmacokinetic parameters. Compared with group A 
(midostaurin, 9 mg/kg, p.o.), group B (myricetin, 50 mg/kg, p.o. +
midostaurin, 9 mg/kg, p.o.) showed no significant differences in phar
macokinetic parameters of CGP62221, CGP52421, and midostaurin. 
However, the AUC(0-t) of midostaurin in group C (myricetin, 10 mg/kg, i. 
p. + midostaurin, 9 mg/kg, p.o.) decreased by about 2.38-fold, while 
AUC(0-t) of CGP62221 in group C (myricetin, 10 mg/kg, i.p. + mid
ostaurin, 9 mg/kg, p.o.) was significantly reduced to 51.45%. Moreover, 
as shown in Fig. 3D, compared with group B, the blood concentration of 
myricetin in group C was significantly higher, indicating that the 
administration of intraperitoneal injection had made the absorption of 
myricetin more complete. 

Next, we investigated the effect of myricetin on the liver. As shown in 
Fig. 4A–C, the total amount of CYP450 in RLMs (isolated from livers of 
the rats in group E and group F) decreased significantly after adminis
tration of myricetin. At the same time, according to Fig. 4E, myricetin 
significantly reduced the expression of CYP3A2 in RLMs (isolated from 
livers of the rats in group E and group F), which may be attributed to the 
significant decrease in CYP450 abundance. 

3.4. The catalytic activity of recombinant human CYP3A4 as evaluated 
by midostaurin metabolism 

In this study, midostaurin was used as a substrate to verify the 

catalytic activity of CYP3A4.1 and other 23 variants, and the intrinsic 
clearance (CLint) was considered to assess the enzyme activity of each 
variant. Fig. 5 and Table 4 show the Michaelis–Menten curve and the 
Michaelis kinetic parameters of midostaurin after metabolism by wild- 
type CYP3A4.1 and other variants. According to Table 4, there were 
two main situations for the change in the maximum velocity of the re
action (Vmax): compared with CYP3A4.1, CYP3A4.4, .5, .7, .8, .10, .12, 
.13, .14, .15, .16, .17, .18, .19, .20, .23, .28, .31, .32, and .34 showed a 
decrease in Vmax, ranging from 6.53% to 87.04%; while CYP3A4.2, .3, 
.29, .33 were significantly increased in Vmax, ranging from 126.29% to 
236.03%. There were two main changes in Km value: compared with 
CYP3A4.1, CYP3A4.29 showed no significant difference (no change); 
CYP3A4.2 and CYP3A4.3 showed an increased Km, ranging from 
147.75% to 189.71%; and the other variants showed significantly 
reduced Km, ranging from 22.33% to 92.75%. There were also three 
categories in CLint value as follows: compared with CYP3A4.1, 
CYP3A4.2, .14, .18, and .34 showed no significant difference; CYP3A4.4, 
.5, .10, .15, .16, .19, .23, .28, .29, .31, .32, and .33 showed a marked 
increase, with CLint ranging from 101.61% to 253.31%; the other vari
ants showed a decrease, with CLint ranging from 10.54% to 95.75%. To 
further study the influence of CYP3A4 variants on myricetin’s inhibitory 
efficacy, the IC50 values of myricetin in CYP3A4.29, CYP3A4.1, and 
CYP3A4.17 were determined. They were 9.85 ± 0.27 μM, 4.44 ± 0.12 
μM, and 90.99 ± 16.13 μM respectively, as shown in Fig. 5E–G. 

4. Discussion 

Acute myeloid leukemia (AML), a clonal hematopoietic disease that 
affects hematopoietic stem and progenitor cells, is the most common 

Fig. 1. Screening for flavonoids that may interact with midostaurin. (A) The structure of 10 flavonoids in this study. (B)–(C) Inhibitory effect of flavonoids (100 μM) 
on the metabolism of midostaurin in RLMs (B) and HLMs (C), respectively. (E)–(F) The half-maximum inhibitory concentration (IC50) of myricetin in RLMs (E) and 
HLMs (F), respectively. Data are presented as the means ± S.D. 
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acute leukemia in adults (its median age at diagnosis is 67 years) (Fer
rara and Schiffer, 2013; Siegel et al., 2017); however, the prognosis of 
patients with FLT3 mutation is poor (Stansfield and Pollyea, 2017). 
Midostaurin, a multitarget kinase inhibitor for the treatment of newly 
diagnosed FLT3-mutant AML (Kim, 2017), has been shown to signifi
cantly improve overall survival in AML patients (Stansfield and Pollyea, 
2017; Yin et al., 2008). However, some adverse reactions of midostaurin 
can occur during treatment, such as gastrointestinal toxicities, corrected 
Q-T interval (QTc) extension, and interstitial lung disease (Abbas et al., 
2019). The efficacy of midostaurin shows obvious individual differ
ences, and variation of drug blood exposure may be one of the reasons. 
Genetic polymorphisms of metabolic enzymes and DDIs often affect drug 

blood concentrations. 
Midostaurin is mainly metabolized by CYP3A4 into CGP52421 and 

CGP62221 in the liver (Yin et al., 2008). Hence, we used CGP52421 (the 
incubation response value of CGP62221 was too low) as an analyte to 
investigate the influence of CYP3A4 genetic polymorphism on disposi
tion of midostaurin. In vitro, the catalytic activity of CYP3A4.3, 
CYP3A4.7, CYP3A4.8, CYP3A4.12, CYP3A4.13, CYP3A4.17, 
CYP3A4.20, and CYP3A4.34 variants was significantly lower than that 
of CYP3A4.1, which may be due to the premature stop codons and 
generation of truncated proteins (Zhou et al., 2011). Meanwhile, many 
variants (CYP3A4.4, .5, .10, .15, .16, .19, .23, .28, .29, .31, .32, .33) 
showed a higher catalytic activity than CYP3A4.1. Among them, the 

Fig. 2. The potential mechanism of myricetin’s effect on midostaurin. (A) Lineweaver–Burk plot, the secondary plot for αKi, and the secondary plot for Ki in the 
inhibition of midostaurin metabolism by myricetin with various concentrations in RLMs. (B) Lineweaver–Burk plot and the secondary plot for αKi in the inhibition of 
midostaurin metabolism by myricetin with various concentrations in HLMs. (C) The inhibition curves of myricetin in RLMs with or without NADPH. Data are 
presented as the means ± S.D.; n = 3. 

R.-a. Xu et al.                                                                                                                                                                                                                                   



Food and Chemical Toxicology 174 (2023) 113669

6

Vmax values of CYP3A4.2, CYP3A4.3, CYP3A4.29, and CYP3A4.33 var
iants were significantly increased, which may be the main reason for the 
increase in their catalytic activity, while the Km value of the other var
iants was significantly decreased, which may be the primary reason for 
the increase in their catalytic activity. Moreover, the catalytic activity of 
other CYP3A4 variants (CYP3A4.2, .14, .18, .34) was similar to that of 
CYP3A4.1 without significant difference. Although the clinical 

relevance of CYP3A4 genotype and metabolic phenotype is still under 
discussion, existing data demonstrated that the median trough concen
tration of tacrolimus in CYP3A4*22 (rs35599367) carrier was observ
ably higher than that of CYP3A4*1/*1 at the third month 
post-transplantation (Ebid et al., 2022). In short, CYP3A4 genetic 
polymorphism may impact the metabolism of midostaurin to different 
degrees. Thus, it may be advantageous to further explore the impact of 

Fig. 3. Effect of myricetin on midostaurin in vivo. (A) The average concentration–time curves of CGP62221 in three groups. (B) The average concentration–time 
curves of CGP52421 in three groups. (C) The average concentration–time curves of midostaurin in three groups. Data are presented as the means ± S.D.; n = 5. (D) 
The blood concentration of myricetin in two groups. Data are presented as the means. 
(A)–(C) Compared with group A, the plasma exposure of CGP62221 and midostaurin was significantly lower in group C; nevertheless, there was no significant 
difference relative to group B. In addition, the plasma exposure of CGP52421 was almost the same in the three groups. (D) The plasma concentration of myricetin in 
group B was lower than that in group C. 

Table 1 
Main pharmacokinetic parameters of CGP62221 in three groups of rats (n = 5).  

Parameters Midostaurin (9 
mg/kg, p.o.) 

Midostaurin (9 mg/ 
kg, p.o.) + Myricetin 
(50 mg/kg, p.o.) 

Midostaurin (9 mg/ 
kg, p.o.) + Myricetin 
(10 mg/kg, i.p.) 

AUC(0-t) (ng/ 
mL*h) 

9.30 ± 1.25 6.87 ± 2.83 4.51 ± 2.48 * 

AUC(0-∞) 

(ng/mL*h) 
11.27 ± 2.87 15.55 ± 13.21 8.54 ± 5.62 

t1/2z (h) 9.24 ± 6.41 34.20 ± 60.45 3.79 ± 3.65 
Tmax (h) 4.40 ± 0.89 3.80 ± 1.64 8.80 ± 3.03 * 
Vz/F (L/kg) 9860.68 ±

4733.40 
16417.92 ± 18656.3 7530.88 ± 5748.44 

CLz/F (L/h/ 
kg) 

845.27 ±
231.25 

807.04 ± 349.44 1665.76 ± 1263.77 

Cmax (ng/ 
mL) 

1.04 ± 0.20 0.78 ± 0.41 0.67 ± 0.37 

Notes: AUC, area under the blood concentration–time curve; t1/2z, elimination 
half time; Tmax, peak time; Vz/F, apparent volume of distribution; CLz/F, blood 
clearance; Cmax, maximum blood concentration. *P < 0.05, compared with the 
control group. 

Table 2 
Main pharmacokinetic parameters of CGP52421 in three groups of rats (n = 5).  

Parameters Midostaurin (9 
mg/kg, p.o.) 

Midostaurin (9 mg/ 
kg, p.o.) + Myricetin 
(50 mg/kg, p.o.) 

Midostaurin (9 mg/ 
kg, p.o.) + Myricetin 
(10 mg/kg, i.p.) 

AUC(0-t) (ng/ 
mL*h) 

620.90 ±
161.08 

459.52 ± 229.38 583.37 ± 166.16 

AUC(0-∞) 

(ng/mL*h) 
627.08 ±
166.62 

482.13 ± 212.02 1196.09 ± 1147.35 

t1/2z (h) 2.83 ± 0.79 2.62 ± 0.32 8.38 ± 7.86 
Tmax (h) 4.40 ± 1.14 5.20 ± 0.45 12.4 ± 6.70 
Vz/F (L/kg) 59.48 ± 9.22 81.65 ± 37.12 99.86 ± 83.83 
CLz/F (L/h/ 

kg) 
15.45 ± 5.28 21.53 ± 8.38 12.00 ± 6.72 

Cmax (ng/ 
mL) 

73.16 ± 21.40 62.94 ± 23.04 48.93 ± 17.82 

Notes: AUC, area under the blood concentration–time curve; t1/2z, elimination 
half time; Tmax, peak time; Vz/F, apparent volume of distribution; CLz/F, blood 
clearance; Cmax, maximum blood concentration. *P < 0.05, compared with the 
control group. 

R.-a. Xu et al.                                                                                                                                                                                                                                   



Food and Chemical Toxicology 174 (2023) 113669

7

CYP3A4 polymorphisms on exposure to midostaurin in AML patients. 
Flavonoids are natural substances that are widely found in our daily 

foods and herbal medicines, such as fruits, vegetables, tea, and soybeans 
(Aherne and O’Brien, 2002; Higdon and Frei, 2003; Kalaiselvan et al., 
2010; Lopez-Lazaro, 2009). They have anti-inflammatory, antibacterial, 
anticancer, antilipidemic, antihyperglycemic, and other biological ac
tivities (Cazarolli et al., 2008; Cushnie and Lamb, 2011; Friedman, 2007; 
Wang et al., 2014; Woo and Kim, 2013). At present, people prefer using 
natural products to synthetic drugs to enhance physical fitness. Flavo
noids show little toxicity and are consumed in large quantities in our 
daily life (Li et al., 2018). As flavonoids are often used by patients as 

dietary supplements, food additives, and medicines, increasing attention 
should be paid to their drug interactions. In this study, we systematically 
screened 10 flavonoids to determine the effect of DDIs on midostaurin 
metabolism. We found that myricetin (100 μM) achieved 98.88% inhi
bition. Modern pharmacological studies have shown that myricetin has a 
variety of biological activities, such as anti-inflammatory (Hou et al., 
2018), antitumor (Jiang et al., 2019; Stoll et al., 2019), antibacterial 
(Jiang et al., 2020), and cardioprotective activities (Wang et al., 2019); 
thus, it is widely used as food additive. It may be possible to administer 
myricetin during clinical treatment of patients with AML. In this study, 
we mainly explored the effect of myricetin on midostaurin metabolism. 
According to our results, myricetin is not a time-independent inhibitor 
of midostaurin. It is worth noting that myricetin has different potential 
inhibitory mechanisms. For example, myricetin showed a mixed inhib
itory mechanism in RLMs, with a Ki = 4.82 μM and αKi = 2.14 μM, and 
an uncompetitive inhibitory mechanism in HLMs, with an αKi = 4.05 
μM. As shown in our in vivo experiment from the variation in the blood 
concentration of myricetin between group B and group C, intraperito
neal administration resulted in increased the exposure of myricetin more 
than oral administration did. Meanwhile, compared with a single oral 
dose of midostaurin, the AUC(0-t) of CGP62221 and midostaurin signif
icantly decreased after co-administering an intraperitoneal injection of 
myricetin and an oral dose of midostaurin. Nevertheless, when 
co-administering myricetin and midostaurin orally, there was no sig
nificant difference in CGP62221 and midostaurin. These observations 
suggest that different administration methods could affect the absorp
tion of myricetin and that the lower metabolite exposure was due to the 
lower exposure to midostaurin, which may be related to lower absorp
tion. Thus, myricetin might not have an inhibitory effect solely on 
CYP3A4 in vivo. Indeed, it has been reported that flavonoids affect in
testinal peristalsis (Gharzouli and Holzer, 2004). Furthermore, the 

Table 3 
Main pharmacokinetic parameters of midostaurin in three groups of rats (n = 5).  

Parameters Midostaurin (9 
mg/kg, p.o.) 

Midostaurin (9 mg/ 
kg, p.o.) + Myricetin 
(50 mg/kg, p.o.) 

Midostaurin (9 mg/ 
kg, p.o.) + Myricetin 
(10 mg/kg, i.p.) 

AUC(0-t) (ng/ 
mL*h) 

155.48 ± 53.35 106.83 ± 154.63 65.21 ± 20.70 ** 

AUC(0-∞) 

(ng/mL*h) 
162.03 ± 51.90 321.93 ± 293.79 96.94 ± 47.96 

t1/2z (h) 2.34 ± 1.04 4.74 ± 7.50 4.51 ± 2.76 
Tmax (h) 3.60 ± 1.34 3.60 ± 0.55 7.60 ± 2.19 ** 
Vz/F (L/kg) 190.47 ± 63.33 162.52 ± 107.12 608.85 ± 186.62 *** 
CLz/F (L/h/ 

kg) 
60.22 ± 18.71 51.96 ± 39.46 108.37 ± 41.18 

Cmax (ng/ 
mL) 

25.14 ± 4.78 40.80 ± 21.52 8.77 ± 2.85 *** 

Notes: AUC, area under the blood concentration–time curve; t1/2z, elimination 
half time; Tmax, peak time; Vz/F, apparent volume of distribution; CLz/F, blood 
clearance; Cmax, maximum blood concentration. **P < 0.01, ***P < 0.001, 
compared with the control group. 

Fig. 4. Effects of myricetin on total amount of CYP450 and CYP3A2 expression in RLMs isolated from livers of the rats in group E and group F. The chromatogram 
(A–B) and the total amount of CYP450 (C) in RLMs quantified using the CO quantitative method in two groups. The immunoblotted and the gray-scale value of RLMs 
was quantified (D) in the two groups. Data are presented as the mean ± S.D.; n = 3. 
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results of immunoblotting and CO difference spectra showed that myr
icetin could inhibit the expression of CYP3A2 and reduce the total 
amount of CYP450 in RLMs. Mechanistically, the reduction of the drug 
exposure of CGP62221 in rats was probably due to the remarkable 
decrease in CYP450 abundance, especially CYP3A2. However, the in vivo 
effect for midostaurin showed the opposite of the expected, and the 
reason that the plasma exposure to midostaurin decreased when 
co-administering myricetin and midostaurin needs to be further 
investigated. 

5. Conclusion 

Flavonoids can inhibit the metabolism of midostaurin. Attention 
should be paid when clinically combining the use of midostaurin with 
flavonoid-enriched nutritional supplements, fruit, or traditional Chinese 
medicine. In particular, myricetin should be avoided. In addition, 

CYP3A4 genetic polymorphism may affect midostaurin metabolism, 
which provides a certain reference for establishing genotype–phenotype 
relationships in clinical drug application. 
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Michaelis kinetic parameters of midostaurin after metabolism of recombinant 
human CYP3A4.1 and other variants.  

Variants Vmax (pmol/min/ 
pmol P450) 

Km (μM) CLint (Vmax/Km) (μl/min/ 
pmol P450) 

3A4.1 3.026 ± 0.079 0.692 ± 0.063 4.392 ± 0.343 
3A4.2 4.770 ± 0.019 **** 1.313 ± 0.016 

**** 
3.632 ± 0.037 
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**** 

4.205 ± 0.754 **** 
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**** 
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*** 
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**** 
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**** 
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**** 
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**** 
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0.0001. ND, not determined. 
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