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Aim: We aimed to systematically examine the effects of enzymatic activity of 38 human 
CYP2C9 alleles and 21 human CYP3A4 alleles, including wild-type CYP2C9.1 and 
CYP3A4.1, which contain the 24 CYP2C9 novel alleles (*36–*60) and 6 CYP3A4 novel 
alleles (*28–*34) newly found in the Chinese population, on sildenafil metabolism through 
in vitro experiment.
Methods: The recombinant cytochrome P450 alleles protein of CYP2C9 and CYP3A4 
expressed in insect baculovirus expression system were reacted with 10–500 µM sildenafil 
for 30 minutes at 37°C, and the reaction was terminated by cooling to −80°C immediately. 
Next, we used ultra-performance liquid chromatography tandem mass spectrometry 
(UHPLC-MS/MS) detection system to detect sildenafil and its active metabolite 
N-desmethyl sildenafil.
Results: The intrinsic clearance (Vmax/Km) values of most CYP2C9 variants were sig-
nificantly altered when compared with the wild-type CYP2C9*1, with most of these variants 
exhibiting either reduced Vmax and/or increased Km values. Four alleles (CYP2C9*11, *14, 
*31, *49) exhibited no markedly decreased relative clearance (1-fold). The relative clearance 
of the remaining thirty-three variants exhibited decrease in different levels, ranging from 
1.81% to 88.42%. For the CYP3A4 metabolic pathway, when compared with the wild-type 
CYP3A4*1, the relative clearance values of four variants (CYP3A4*3, *10, *14 and *I335T) 
showed significantly higher relative clearance (130.7–134.9%), while five variants 
(CYP3A4*2, *5, *24, *L22V and *F113I) exhibited sharply reduced relative clearance values 
(1.80–74.25%), and the remaining nine allelic variants showed no statistical difference. In 
addition, the kinetic parameters of two CYP3A4 variants (CYP3A4*17 and CYP3A4*30) 
could not be detected, due to the defect of the CYP3A4 gene.
Conclusion: These findings were the first evaluation of all these infrequent CYP2C9 and 
CYP3A4 alleles for sildenafil metabolism; when treating people who carry these CYP2C9 
and CYP3A4 variants, there should be more focus on the relation of dose intensity, side 
effects and therapeutic efficacy when administering sildenafil. The study will provide 
fundamental data on effect of CYP2C9 and CYP3A4 allelic variation on sildenafil metabo-
lism for further clinical research.
Keywords: allelic variants, CYP2C9 polymorphisms, CYP3A4 polymorphisms, enzymatic 
activity, sildenafil, individual treatment

Introduction
Sildenafil is a novel inhibitor of phosphodiesterase type 5 enzyme (PDE5). It can 
increase levels of cyclic guanosine monophosphate (cGMP) by inhibiting its break-
down via PDE5. Ultimately, intracellular calcium levels decrease by these path-
ways, thereby smooth muscle cells will be relaxed.1,2 PDE5 is mainly distributed in 
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penile corpora cavernosa, which is the basis for the suc-
cess of sildenafil in the treatment of erectile dysfunction 
(ED).3 Sildenafil was the first oral medicine to treat male 
erectile dysfunction approved by the FDA. Additionally, 
numerous research has shown that besides the penis, PDE5 
is also distributed in cardiac, brain, vasculature, central 
nervous system (CNS) and so on, which implies that 
sildenafil is effective for pulmonary arterial hypertension 
(PAH), acute mountain sickness (AMS), Raynaud’s dis-
ease and stroke.4–6

Sildenafil is extensively metabolized to its active meta-
bolite, namely, N-desmethyl sildenafil (Figure 1). Plasma 
concentrations of this metabolite are approximately 40% of 
those seen for sildenafil.7 In vitro experiments showed that 
the N-desmethyl sildenafil has a similar selective character-
istic for PDE enzymes to sildenafil, but for PDE5, the 
activity of metabolite is 2.5-fold lower compared with 
sildenafil.8 Therefore, the metabolic rate of sildenafil affects 
the plasma drug concentrations, thus further leading to either 
reduced therapeutic efficiency or adverse drug reaction. 
Evidence from sildenafil metabolism in rat and human 
liver microsomes inferred that CYP3A4 and CYP2C9 are 
the major metabolic enzymes in the biotransformation.8

The cytochromes P450 (CYPs) are the most important 
drug metabolic enzymes in human liver, which are capable 
of catalyzing the oxidative biotransformation processes of 
~90% current therapeutic drugs.9 CYP2C9 belongs to the 
CYP2C subfamily and constitutes ~20% of the CYPs pro-
tein content in human liver microsomes, and it is responsi-
ble for clearing ~15% of clinical drugs that undergo Phase 
I metabolic reaction.10,11 CYP2C9 plays a major role in the 
hydroxylation metabolism processes of acidic or neutral 
drug, mainly including antihypertensives losartan, anticoa-
gulants warfarin, anticonvulsants phenytoin, hypoglycemic 
agents glimepiride and tolbutamide, anti-inflammatory 

drugs diclofenac and flurbiprofen.12 Like other CYP2C 
enzymes, CYP2C9 manifests prominent genetic poly-
morphisms, and it can lead to wide interindividual varia-
tions in drug metabolism.13 Up to now, a total of 60 allelic 
variants of CYP2C9 have been reported (http://www.cypal 
leles.ki.se/cyp2c9.htm). The most common allelic variants, 
CYP2C9*2 (Arg144Cys) and *3 (Ile359Leu), have been 
well studied a highly impact on its enzymatic activity both 
in clinical studies and in vitro.14,15 The CYP2C9 *2 variant 
has a C>T transition at position 432 of exon 3 encoding 
arginine, causing an exchange of cysteine at position 144 
(Arg144Cys) of CYP2C9 protein, while the analysis of the 
variant CYP2C9 *3 demonstrated A>T1077 transversion in 
exon 7 which encodes an amino acid exchanging isoleucine 
to leucine at position 359 (Ile359Leu).16 The CYP2C9*2 
and CYP2C9*3 allelic variants result in substantial decrease 
in CYP2C9 enzyme activity due to reduced interaction with 
NADPH-CYP-reductase or with CYP2C9 substrate, 
respectively.17–19 These loss-of-function mutations of 
CYP2C9 have been demonstrated to be less active in valpro-
ate metabolism than the wild type CYP2C9*1.20 

CYP2C9*2 and CYP2C9*3 alleles thus lead to genetically 
determined poor metabolism of valproic acid. A separate 
study on individuals identified with variants CYP2C9 *2 
and CYP2C9 *3 showed significantly reduced enzymatic 
activity for phenytoin metabolism, as individuals who pre-
sented these variants had a reduction of 27–54% of the 
phenytoin metabolism, exhibiting a higher predisposition 
to phenytoin toxicity at the usual dosages.21–23 The preva-
lence of these two alleles displays inter-ethnic differences. 
CYP2C9*2 is almost absent in Asian and African popula-
tions, whereas it is present in 10–19% of Europeans. The 
frequency of CYP2C9*3 is 3–6% in Asians, 1–5% in 
Africans and 6–9% in Europeans.9,24,25 In a recent study, 
Dai et al sequenced all nine exons of CYP2C9 in 2127 

Figure 1 Chemical structure of the analytes and metabolic pathway of sildenafil.
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healthy Chinese people and discovered 37 sorts of new 
mutation sites, 21 of which could lead to amino acid coding 
change. Twenty-one sorts of new mutation sites have been 
nominated as new alleles CYP2C9*36-*56 by Human 
CYP450 Allele Nomenclature Committee.26 In subsequent 
studies, Luo et al further analyzed the CYP2C9 nine exons 
in previous 2127 healthy Chinese people and found three 
novel mutation positions that could result in amino acid 
variation, which have been named CYP2C9*58 (P337T), 
CYP2C9*59 (I434F) and CYP2C9*60 (L467P).27–29

CYP3A4 is another important and abundantly expressed 
CYP450 drug-metabolizing enzyme, which belongs to the 
human CYP3A subfamily and constitutes ~30% of the total 
CYPs in human liver.30 It is in charge of clearing approxi-
mately half of clinical drugs that experience phase 
I metabolic reaction, such as anticancer drugs (tamoxifen), 
Hypnotics (zolpidem), antibiotics (erythrocin), Hormone 
Drugs (prednisolone), anticonvulsants (carbamazepine), 
opioids (fentanyl), calcium channel blockers (nifedipine), 
antihistamines (loratadine) and so forth.31–33 Previous 
research suggested that the gene polymorphism of CYP3A4, 
leads to up to 60-fold different expression levels and enzyme 
activity of CYP3A4 between the individual human livers.34 

Finally, the different enzyme activity and expression 
levels may further lead to interindividual variations of sub-
strate metabolism, which would finally result in treatment 
failure or adverse medicine reactions. Therefore, the relation 
of individual CYP3A4 gene polymorphisms to metabolic 
effects of clinical drug will be meaningful for further studies.

Up to now, Human CYP Allele Nomenclature 
Committee has named 53 nonsynonymous mutations and 
34 variants of CYP3A4 (https://www.pharmvar.org/gene/ 
CYP3A4). In past research, Hu et al systematically ana-
lyzed all thirteen exons’ genetic sequence of CYP3A4 in 
1114 healthy Chinese people and found five sorts of allelic 
variants (1G, 4, 5, 18B, 23), which have been reported in 
other populations.35 In addition, seven novel allele variants 
were also identified and designated CYP3A4*28−*34. 25 
The frequency of these new allele variants was detected at 
only 0.04%. Whereas, based on nearly 14 hundred million 
Chinese population, it makes sense to study the relation-
ship of new allele variants and drug metabolism in guiding 
clinical medication.

However, little attention has been paid to the effect of 
CYP3A4 and CYP2C9 allele variants on sildenafil metabo-
lism. In the present study, we systematically assessed the 
enzymatic activities of 38 CYP2C9 and 20 CYP3A4 allele 
variants, including wild-type and their novel identified 

variants, toward the metabolism of sildenafil, to provide 
evidence for the individual therapy of this important vaso-
dilator in clinical application.

Materials and Methods
Chemicals and Reagents
Sildenafil (purity 99.0%), its metabolite N-desmethyl sil-
denafil (purity 99.0%), and the Internal Standard (IS) 
Midazolam (over 99% purity) were purchased from J&K 
Scientific Ltd. (Hong Kong, China). The NADPH-Na4 
was bought from Roche (Basel, Switzerland). Wild-type 
and recombinant human cytochrome P450 microsomes 
(CYP2C9 and CYP3A4) and CYP b5 expressed in insect 
baculovirus expression system were acquired from Beijing 
Hospital (Beijing, China). We got mass spectrometry ana-
lytical–grade methanol, acetonitrile and other organic sol-
vents from Merck (Darmstadt, Germany). The ultrapure 
water was gained via Merck Millipore Milli-Q Advantage 
10 system (Billerica, MA, USA). All other materials and 
reagents used were acquired from Sunflower and 
Technology Ltd. (Beijing, China). Spodoptera frugiperda 
(Sf)21 insect cells were purchased from Invitrogen 
(Carlsbad, CA, USA).

Microsomes’ Preparation
Wild-type and recombinant human CYP2C9 and CYP3A4 
microsomes and purified cytochrome b5 were prepared 
according to previously reported method.26,36–38 In brief, 
cDNAs encoding CYP2C9 and CYP3A4 allelic variants 
were amplified by overlap extension PCR using wild- 
type CYP2C9 and CYP3A4 cDNAs as template, and 
ligated to the previously constructed dual expression bacu-
lovirus vector pFastBac-OR so as to obtain the ultimate 
expression vector pFastBac-OR-CYP2C9 and pFastBac- 
OR-CYP3A4. To ensure that no errors were introduced 
during PCR amplification, all of the cDNA regions were 
confirmed by gene sequencing. We transfected the result-
ing pFastBac-OR-CYP2C9 and CYP3A4 plasmid into 
DH10Bac to get the corresponding recombinant Bacmid. 
The recombinant Bacmid containing fused CYPOR and 
CYP2C9 or CYP3A4 gene was confirmed by PCR and 
then transfected into Sf21 cells. Three days after transfec-
tion, Sf21 cells were collected. Then the target proteins 
were released from the cells by sonication and recombi-
nant microsomes were further collected by differential 
centrifugation. Finally, the microsomal preparations were 
quantified by measured difference spectra.
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Instrumentation
We implemented the compound analysis by liquid chro-
matographic system of Waters ACQUITY UPLC I-Class 
Plus (Waters Technologies, Milford, MA, USA) coupled to 
a Waters Xevo TQD Mass Spectrometer (Waters 
Technologies), equipped with a vacuum degasser, an auto-
matic injector, a column heating device and a binary gra-
dient pump. Waters Masslynx 4.1 workstation (Waters 
Technologies) was used for data collection and instrument 
control.

UPLC-MS/MS
N-desmethyl sildenafil and Midazolam (IS) were separated 
by an XBridge BEH C18 column (2.1 mm*50 mm, 1.7 µm 
particle size, Waters Corp.) at 40°C constant column tem-
perature. The temperature of the automatic injector was 
maintained at 4°C. The mobile phase of gradient elution 
was made up of acetonitrile (B) and 0.1% formic acid (A) 
at 0.3 mL/min solvent flow, and the injection sample size 
was 2 µL. The optimization gradient elution process was 
performed as follows: 35% B (0–0.4 minutes), solvent 
B increased linearly 35–90% (0.4–0.8 minutes), main-
tained at 90% B (0.8–1.5 minutes), then solvent 
B decreased linearly to 35% (1.5–1.8 minutes), and finally 
maintained at 35% B (1.8–2.5 minutes). The running time 
of the whole elution process was 2.5 min. After complete 
detection of each sample, autosampler and pipeline access 
road were washed (cleaning procedure: 50% methanol in 
water, 0.3 mL/min, 2.5 min). Under previously mentioned 
chromatography separating quantitative conditions, reten-
tion time of N-desmethyl sildenafil and Midazolam (IS) 
were 0.73 and 0.85 minutes, respectively. The 
N-desmethyl sildenafil was quantified by a seven point 
standard curve.

The multiple reaction monitoring mode and positive 
electrospray ionization (ESI) of XEVO TQD triple- 
quadrupole MS spectrometer (Waters Technologies) were 
used to detect target products, optimized instrument para-
meters were as follows: ionization source temperature 
150°C, desolvation temperature 500°C, capillary voltage 
3500 V, and 1000 liter/h nitrogen was applied to 
evaporate the solvent. The ions of target compound 
detected by multiple reaction monitoring were m/z 
461.0→283.0, m/z 326.2→291.0 for N-desmethyl sildena-
fil and Midazolam (IS), respectively. In addition, the colli-
sion energy for N-desmethyl sildenafil and Midazolam 
(IS) were set to 30, 40 V, respectively.

Conditions and Methods for Incubation
The reaction system contained the following ingredients: 5 
pmol wild-type CYP450 (CYP2C9*1 and CYP3A4*1) 
microsomes or 5 pmol other recombinant CYP450 
(CYP2C9 and CYP3A4) microsomes, 5 pmol prepared 
CYP b5 (0.21 μg/μL, P450/b5 = 1:1) and 4.74 µL 
Sildenafil in 100mM Tris–HCl buffer (pH7.4). Sildenafil 
standard was dissolved in methanol, and working solutions 
of respective concentration levels prepared by methanol 
diluting. The final content of sildenafil in the reaction 
system was determined from 10–500 µM according to 
pretest study. First, the prepared incubation mixture was 
preincubated in a 37°C shaking incubator for five minutes. 
Then we added the NADPH regenerating system into the 
incubation mixture to initiate the reaction, and the final 
volume of 200 µL, that this reaction was last for 30 min at 
37°C. Finally, the reaction was terminated by rapidly 
transferring to −80°C refrigerator. All experimental condi-
tions about the sildenafil N-demethylation activity assay 
were based on linearity range with reaction time, substrate 
and microsome protein concentration respectively, incuba-
tions were repeated three times for each substrate concen-
tration and the data are displayed as the mean ± S.D 
(standard deviation) from three experiments. 40 µL 
Midazolam (500 ng/mL) as the internal standard was 
added to the enzyme reaction mixture and then 400 µL 
acetonitrile was added for protein precipitation. Then the 
incubations were put under vortex movement for 2 min, 
and centrifuged to discard sediment at 14,000 rpm for 10 
min at 4°C. We used ultrapure water 1:1 diluting the 
supernatant and then 2 µL of the processed mixture was 
injected into the UPLC-MS/MS instrument for following 
quantitative analysis of Sildenafil and its metabolite.

Statistical Analysis
Michaelis-Menten analysis and enzyme kinetic parameters 
were performed by program Prism 8.0 (GraphPad Software 
Inc., SanDiego, CA, USA). The kinetic data of each CYP 
mutant allele recombinant microsome on sildenafil substrates 
are shown as mean ± S.D of 3 parallel tests. Differences 
among wild type and allelic mutants were compared with 
one-way ANOVA . Comparison between Vmax, Km and Clint 

of each variant was done with Dunnett’s test. All experimen-
tal results were analyzed with statistical analysis software 
SPSS version 17.0 (SPSS Inc., Chicago, IL, USA), and a p 
value lower than 0.05 means statistical significance.
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Results
To acquire the accurate catalytic activities of different geno-
types CYP2C9 on sildenafil metabolism, the catalytic activ-
ities of wild-type CYP2C9*1 and 37 allelic variants were 
assessed in this study. Michaelis-Menten equation plots of 
sildenafil for CYP2C9 wild-type and allelic variants are 

shown in Figure 2, and the details about the kinetic para-
meters of each variant are summarized in Table 1. As shown 
in Figure 2 and Table 1, the resulting enzyme kinetic para-
meters of Km, Vmax and CLint for sildenafil of wild type 
CYP2C9*1 were 42.75 µM, 0.75 pmol/min/pmol, 17.46 µL/ 
min/µmol. Almost all of the tested variants showed altered 

Figure 2 Michaelis–Menten curves of the enzymatic activity of the recombinant wild-type CYP2C9*1 and 37 variants toward sildenafil N-demethylation (each point 
represents the mean ±SD of three parallel experiments).
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values in Vmax or Km compared with CYP2C9*1, which 
resulted in change of the CLint (Vmax/Km) values of these 
variants for sildenafil metabolism. Thirty-seven allelic var-
iants could be divided into two groups according to their 
relative clearance for sildenafil compared with wild type: 
four variants (CYP2C9*11, *14, *31, *49) exhibited no 
significant difference by statistic analysis in CLint value; 
the remaining thirty-three alleles (CYP2C9*2, *3, *8, *13, 
*16, *19, *23,*27, *29, *34, *36, *37, *38, *39, *40, *41, 

*42, *43, *44, *45, *46, *47, *48, *50, *51, *52, *53, *54, 
*55, *56, *58, *59, *60) exhibited significant reduction of 
CLint values (1.81–88.42%). Five of the thirty-three variants 
(CYP2C9*2,*23, *27, *29, *38) showed higher or flat CLint 

values (71.05–88.42% relative clearance) compared with the 
most common allelic variant CYP2C9*2 (78.10% relative 
clearance), which showed approximately 20% declined 
activity for sildenafil metabolism in comparison with wild 
type, and was considered as the slight-reduction group; 

Table 1 Michaelis-Menten Kinetic Parameters for Demethylation Activities of Wild-Type CYP2C9*1 and 37 Mutant CYP2C9 Alleles 
Toward Sildenafil

Variants Vmax (pmol/min/pmol) Km (µM) CLint (µL/min/µmol) Relative Clearance (% of Wild Type)

CYP2C9*1 0.75±0.02 42.75±2.45 17.46±0.45 100.00

CYP2C9*2 0.88±0.05 64.75±6.99 13.71±0.79 78.10

CYP2C9*3 0.30±0.01** 89.98±3.22** 3.30±0.07** 18.89
CYP2C9*8 0.35±0.00* 153.73±0.06** 2.25±0.01** 12.87

CYP2C9*11 1.13±0.01** 60.71±0.60 18.55±0.23 106.20

CYP2C9*13 0.11±0.01 155.23±12.01* 0.74±0.02** 4.21
CYP2C9*14 0.96±0.13 57.48±22.69 17.72±3.96 100.72

CYP2C9*16 0.47±0.00* 45.96±8.98 10.58±0.12 60.64
CYP2C9*19 0.19±0.06* 280.63±114.29 0.70±0.08** 3.96

CYP2C9*23 0.54±0.01* 42.57±1.45 12.60±0.13* 72.09

CYP2C9*27 0.92±0.02* 59.77±1.89* 15.44±0.29 88.42
CYP2C9*29 0.96±0.20 85.60±48.25 12.49±3.53 71.05

CYP2C9*31 0.76±0.03 39.48±3.94 19.30±1.18 110.66

CYP2C9*34 0.39±0.03** 111.70±8.74* 3.51±0.16** 20.05
CYP2C9*36 0.07±0.00** 224.97±12.59* 0.32±0.00** 1.82

CYP2C9*37 0.51±0.09 73.53±33.54 7.69±2.54 41.00

CYP2C9*38 0.31±0.03** 20.47±5.50 15.59±3.01 87.04
CYP2C9*39 0.28±0.03** 46.46±14.72 6.24±1.44* 34.91

CYP2C9*40 1.17±0.12 140.93±26.79 8.36±0.69** 47.83

CYP2C9*41 1.13±0.12 178.47±52.69 6.63±1.40* 37.11
CYP2C9*42 0.07±0.00** 83.50±31.53 0.89±0.25*** 5.00

CYP2C9*43 0.46±0.23 1,044.00±540.35 0.45±0.03** 2.38

CYP2C9*44 0.82±0.16 142.40±68.39 6.37±1.93 34.98
CYP2C9*45 0.18±0.02*** 54.15±13.77 3.39±0.54*** 19.17

CYP2C9*46 0.29±0.02** 66.54±11.44 4.48±0.51*** 25.62

CYP2C9*47 0.25±0.04** 52.47±15.16 4.91±0.69** 27.95
CYP2C9*48 0.70±0.06 193.07±33.91 3.68±0.29*** 20.97

CYP2C9*49 1.11±0.01** 63.31±2.64 17.51±0.53 100.15

CYP2C9*50 0.28±0.00** 70.54±3.24* 3.94±0.11** 22.56
CYP2C9*51 0.20±0.00** 51.84±2.83 3.89±0.15** 22.27

CYP2C9*52 0.19±0.01** 62.53±6.19 3.00±0.16** 17.13

CYP2C9*53 0.29±0.02** 47.46±1.69 6.09±0.18** 34.84
CYP2C9*54 0.22±0.01** 60.71±5.28 3.61±0.22** 20.69

CYP2C9*55 0.26±0.00** 49.92±3.98 5.18±0.32*** 29.64

CYP2C9*56 0.37±0.02** 76.22±7.41 4.83±0.20** 27.64
CYP2C9*58 0.41±0.02** 129.13±12.93 3.18±0.15** 18.24

CYP2C9*59 0.10±0.00** 231.80±33.88 0.45±0.04** 2.54

CYP2C9*60 0.25±0.04* 156.97±58.23 1.64±0.27*** 9.20

Notes: *Significantly different from wild-type CYP2C9, *p < 0.05, **p < 0.01, ***p < 0.001. 
Abbreviation: N.D., not determined.
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sixteen variants (CYPC29*16, *34, *37, *39, *40, *41, *44, 
*46, *47, *48, *50, *51, *53, *54, *55, *56) exhibited lower 
CLint values (20.05–60.63% relative clearance) than 
CYP2C9*2, but higher than another common allelic variant 
CYP2C9*3 (18.89% relative clearance), and then, they could 
be considered as the moderate-reduction group; the remain-
ing twelve variants (CYP2C9*3, *8, *13, *19, *36, *42, 
*43, *45**52, *58, *59, *60) exhibited lower CLint values 
(1.82–19.17% relative clearance) than CYP2C9*3 and could 
be considered as the significant-reduction group.

As Table 1 shows, fourteen allelic variants had a lower 
Vmax value than wild-type (CYP2C9*16, *23, *37, *39, *45, 
*46, *47, *50-*56), and the value of Km having no obvious 
variation (1-fold), therefor these variants showed lower CLint 
than wild-type. Meanwhile, the CLint values of six variants 
(CYP2C9*40, *41, *43, *44, *48, *58) were lower compared 
with the wild type CYP2C9*1 due to high level of Km values 
and Vmax values of these variants having no significant 
difference (1-fold). As a result, the Vmax values of ten 
variants (CYP2C9*2, *14, *29, *31, *37, *40, *41, *43, 
*44, *48) showed no significant difference compared with 
the CYP2C9*1, whereas the Km values of seven variants 
(CYP2C9*3, *8, *13, *27, *34, *36, *50) showed 
a significant difference compared with the CYP2C9*1 
(P<0.05). The CLint values of twenty-six variants for silde-
nafil metabolism (CYP2C9*3, *8, *13, *19, *23, *34, *36, 

*39, *40, *41, *42, *43, *45, *46, *47, *48, *50-*56, *58, 
*59, *60) showed significant difference compared with the 
CYP2C9*1 (*P<0.05, **P<0.01, ***P<0.001).

Michaelis-Menten equation plots of sildenafil for 
CYP3A4 wild-type and allelic variants are shown in 
Figure 3, and the details about the kinetic parameters of 
each variant are displayed in Table 2. The N-desmethyl 
sildenafil was not detected in CYP3A4*17, which indicated 
that the enzyme activity was too weak to result in any 
sildenafil metabolism. The resulting enzyme kinetic para-
meters of Km, Vmax and CLint for sildenafil of wild type 
CYP3A4*1 were 64.02 µM, 9.29 pmol/min/pmol, 0.15 µL/ 
min/µmol. As shown in Table 2, except for the variant of 
CYP3A4*17, almost all of the allelic variants showed 
changed Vmax values compared with the wild-type, the 
five variants (CYP3A4*5, *24, *L22V, *H324Q and 
*F113I) exhibited decreased Vmax values (36.1–98.8%), 
the remaining thirteen variants displayed increased Vmax 
values compared to CYP3A4*1 (229.3–106.2%), 
CYP3A4*14 and *F113I are the only variants that had no 
statistical difference with the wild-type on Vmax values. 
Meanwhile, most CYP3A4 allelic variants presented sig-
nificant alterations of values in Km: eight variants 
(CYP3A4*2, *5, *9, *11, *23, *24, *I427V and *F113I) 
showed considerably higher Km values (1.11–20.58 fold) 
compared with CYP3A4*1, while only two variants, 

Figure 3 Michaelis–Menten curves of the enzymatic activity of the recombinant wild-type CYP3A4*1 and 22 variants toward sildenafil N-demethylation (each point 
represents the mean ±SD of three parallel experiments).
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CYP3A4*H32Q and *14, exhibited decreased Km values: 
80.7% and 83.7%, and the remaining eight variants 
showed no statistical difference in Km value. Therefore, 
based on the CLint values of sildenafil metabolism, allelic 
variants were classified into three categories. Four variants 
(CYP3A4*3, *10, *14 and *I335T) showed significantly 
higher CLint values (130.7–134.9%) compared with the 
CYP3A4*1. Five variants (CYP3A4*2, *5, *24, *L22V and 
*F113I) exhibited sharply reduced CLint values (1.80–-
74.25%) compared with the CYP3A4*1, particularly, 
CYP3A4*24 whose CLint values were extremely 
decreased to 1.80% compared with the CYP3A4*1. The 
remaining nine allelic variants (CYP3A4*4, *9, *11, *15, 
*19, *23, *H324Q, *I427V and *A370S) exhibited no 
statistical difference in CLint values compared with the 
CYP3A4*1.

Discussion
Owing to the fact that the carriers of these low-frequency 
CYP450 mutations are hard to find, it is difficult to carry 
out metabolism evaluations in vivo; therefore, targeted 
drug in vitro metabolic study is a great way to identifythe 
metabolic enzyme activities of variation individual. The 

evidence so far suggests that genetic polymorphisms in 
CYP450 is a main reason of individual variation in drug 
reactions, perhaps resulting in the problems of medica-
tions’ effectiveness and adverse reactions. So, our 
research is crucially important for reflecting complicated 
pharmacogenetics in clinical individualized medication. 
Sildenafil has robust efficacy in vasodilatation; patients 
with defective CYP450 on long-term treatment with sil-
denafil may have higher risks of ADRs (adverse drug 
reaction), such as renal toxicity and induce or worsen 
heart. Precision medicine can achieve clinical individua-
lized medication based on enzyme metabolic abilities of 
each CYP450 genotype. Patients with increased CYP450 
enzymatic activity should up their doses, while patients 
with decreased enzymatic activity should use smaller 
doses or extend dosing interval.

To further investigate the effect of the CYP2C9 allele on 
the metabolism of sildenafil, the recombinant insect micro-
somes were utilized to screen the 38 CYP2C9 variants. Among 
these variants, some exhibited lower enzyme activity than 
wild-type CYP2C9*1, in agreement with previous research 
findings, while some led to no change in enzyme activity, 
a finding that was not corroborated by previous studies.

Table 2 Michaelis-Menten Kinetic Parameters for Demethylation Activities of Wild-Type CYP3A4*1 and 22 Mutant CYP3A4 Alleles 
Toward Sildenafil

Variants Vmax (pmol/min/pmol) Km (µM) CLint (µL/min/µmol) Relative Clearance (% of Wild Type)

CYP3A4*1 9.29±0.45 64.02±5.07 0.15±0.02 100.03

CYP3A4*2 13.39±0.43*** 169.77±11.26*** 0.08±0.00** 55.54

CYP3A4*3 10.68±0.17** 56.99±3.79 0.19±0.01* 132.00
CYP3A4*4 10.91±0.10** 71.13±1.20 0.15±0.00 107.79

CYP3A4*5 6.01±0.43** 147.87±26.30** 0.04±0.00** 28.91

CYP3A4*9 10.82±0.14** 85.07±6.63* 0.13±0.01 89.53
CYP3A4*10 12.88±0.15*** 67.05±1.03 0.19±0.00* 134.97

CYP3A4*11 21.31±0.74*** 167.87±16.17*** 0.13±0.01 89.56
CYP3A4*14 9.87±0.20 53.13±3.69* 0.19±0.01* 130.70

CYP3A4*15 10.06±0.10* 62.29±3.60 0.16±0.01 113.64

CYP3A4*17 ND ND ND ND
CYP3A4*19 10.65±0.29* 62.22±2.04 0.17±0.00 120.34

CYP3A4*23 11.33±0.30** 76.10±4.29* 0.15±0.00 104.76

CYP3A4*24 3.36±0.56*** 1,317.67±298.59** 0.00±0.00*** 1.80
CYP3A4*28 5.91±0.13*** 68.89±5.69 0.09±0.01** 60.47

CYP3A4*29 9.18±0.03 86.90±2.89** 0.11±0.00* 74.25

CYP3A4*30 ND ND ND ND
CYP3A4*31 7.49±0.02** 51.67±3.65* 0.15±0.01 102.20

CYP3A4*32 13.20±0.31*** 69.34±2.67 0.19±0.00* 133.84

CYP3A4*33 10.45±0.33* 60.64±3.97 0.17±0.01 121.15
CYP3A4*34 11.78±0.40** 77.36±5.91* 0.15±0.01 107.11

Notes: *Significantly different from wild-type CYP3A4, *p < 0.05, **p < 0.01, ***p < 0.001. 
Abbreviation: ND, not determined.
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CYP2C9*2 and CYP2C9*3, two widely investigated 
variants, are present in approximately 8–14% and 
10–15% of Caucasian individuals, but are not as prevalent 
in Asian and black populations. The amino acid change 
Arg144Cys exists on the external surface of the protein 
CYP2C9*2. Using recombinant insect microsomes, Wang 
et al and Xia et al observed that CYP2C9*2(R144C) had 
lower CLint values for flurbiprofen and diclofenac, about 
61.36% and 89.48% of wild type, respectively.39,40 

Compared with CYP2C9*1, its enzyme activity was only 
slightly reduced. In this study, CYP2C9*2 resulted in 
a small increase in Vmax (1.2 times) and Km (1.5 times) 
for the catalysis of sildenafil, thereby leading to a small 
decrease in clearance rate. This finding was consistent 
with previous studies. Our research also adds to previous 
empirical evidence by showing that, compared to wild- 
type CYP2C9*1, CYP2C9*3 sildenafil Clint was signifi-
cantly reduced. Blaisdell et al demonstrated that compared 
to wild-type CYP2C9*1, there was a marked decrease in 
enzyme activity in tolbutamide metabolism for CYP2C9*8 
(R150H). However, Wang et al and Pan et al found that 
CYP2C9*8 was associated with lower CLint values for 
flurbiprofen and carvedilol.39,41,42 In our study, we found 
that CYP2C9*8 showed significant reduction in Vmax 
(46%) and 3.6-fold higher Km, which caused 
a significantly lower clearance rate for sildenafil. 
Apparent discrepancies of CYP2C9*8 might be explained 
by the R150H substitution altering an essential interaction 
between the CYPs enzyme and the NADPH-CYP450 
reductase.

Some studies on tolbutamide and carvedilol metabo-
lism have shown that compared with the wild-type 
CYP2C9*1, the CYP2C9*11 (R335W) allele is linked to 
a decrease in enzyme activity.28,29 However, in some other 
studies, it has been noted that CYP2C9*11 may have little 
to do with the dosage requirements of warfarin, and that it 
shows a significant increase in the enzyme activity of 
bosentan metabolism.43,44 In this study, the catalytic activ-
ity of the CYP2C9*11 allele on sildenafil was not signifi-
cantly different from that of the wild type. First identified 
in a Chinese poor metabolizer of lornoxicam, CYP2C9*13 
(Leu90Pro) is a variant that occurs among roughly 2% of 
the Chinese population.45,46 The catalytic activity of 
CYP2C9*13 on diclofenac and tolbutamide decreases in -
vitro.47 In our study, CYP2C9*13 had lower Vmax, higher 
Km, and lower CLint enzyme activity than the CYP2C9*1 
allele. However, this non-synonymous mutation of 
CYP2C9 was located in the non-heme binding region and 

is far away from the substrate binding pocket. Therefore, it 
is unclear why there was CYP2C9*13-mediated reduction 
in catalytic activity.

CYP2C9*14, CYP2C9*16, and CYP2C9*19 were all 
first discovered in Southeast Asians,47 and the CLint of 
tolbutamide metabolism appears to be moderately or sig-
nificantly reduced in vitro.48 However, in this study, there 
was no significant difference in the CLint value of 
CYP2C9*14 for sildenafil. Compared with the wild type, 
only the CLint value of sildenafil for CYP2C9*19 was 
significantly reduced (3.9%), which resulted from 
a 3.9-fold reduction in Vmax, a 6.5-fold increase in Km 
value, and a 25.3-fold reduction in CLint. These findings 
are consistent with those of previous studies.

In spite of the fact that the enzymatic function of 
CYP2C9*23 was not ascertained from Veenstra et al’s 
study,49 our study showed that allelic variation leads to 
a reduction in the clearance of sildenafil, while Km has no 
significant change. CYP2C9*27 (Arg150Leu) and 
CYP2C9*29 (Pro279Thr) were originally found in the 
Japanese population, but compared with the CYP2C9*1, 
these two alleles showed similar enzymatic activities 
against diclofenac.50 In our study, there was no significant 
change in the clearance rate of sildenafil by these two 
alleles, which is consistent with the results of previous 
studies. CYP2C9*31 was considered to be a functionally 
defective allelic variant,51 but our research shows that 
there was no significant change in the clearance rate of 
CYP2C9*31. CYP2C9*34 was first discovered in 724 
Japanese subjects. Compared with wild type CYP2C9*1, 
the catalytic activity of CYP2C9*34 showed no significant 
change.52 Our results discovered that CYP2C9*34 signifi-
cantly reduced the CLint value of sildenafil metabolism.

CYP2C9*36 has an M1V amino acid substitution that 
results from 1A>G nucleotide substitution. This alteration 
leads to a decrease in the expression level of CYP2C9 
protein. In this study, CYP2C9*36 resulted in 
a significant decrease in Vmax of Sildenafil metabolism 
(9.3%) and a significant increase in Km value (5-fold), 
leading to a significant reduction in clearance rate. 
Therefore, we infer that CYP2C9*36 will have an effect 
on its enzymatic activity due to its low protein expression. 
Our results indicated that CYP2C9*42(R124Q) and 
CYP2C9*43(R124W) also significantly reduced the CLint 
of sildenafil in vitro, a finding consistent with the study by 
Dai et al.36 Our results demonstrated that compared with 
wild type CYP2C9*1, CYP2C9*37, *39, *41, *46, *47, 
*48, *50, *51, *52, *53, *55 and *56 showed lower CLint 
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values for sildenafil in vitro. Similarly, these findings were 
also corroborated by Dai et al.36 However, when sildenafil 
was used as a substrate, the relative catalytic activity 
between these CYP2C9 allelic variants appeared to be 
completely different. For example, CYP2C9*40(F110S) 
and CYP2C9*54(S343R) are both predicted to be rapidly 
metabolizing allele variants,36 but our results showed that 
the activity of either of them was reduced. CYP2C9*38 
(G96A) and CYP2C9*49(I222V) showed impaired 
CYP2C9 activity in the study by Dai et al.53 However, 
we found that it had no effect on the enzyme activity of 
sildenafil metabolism compared with wild-type 
CYP2C9*1. The two variants CYP2C9*44 (T130M) and 
CYP2C9*45 (R132W) are similar new coding allelic var-
iants, which were first discovered in Chinese populations 
and showed similar reduced activity in vitro.36 In contrast, 
our results showed that the CLint value was much lower 
for CYP2C9*45 than for CYP2C9*44.

For the newly discovered variants CYP2C9*58 
(P337T), CYP2C9*59 (I434F), and CYP2C9*60 (L467P), 
all showed significantly lower CLint. We believe that the 
different characteristics of these substrates might be the 
main reason for this discrepancy of enzymatic activity, 
because previous research has indicated that decrease in 
the CLint of nine various substrates could change from 
3-fold for diclofenac 4-hydroxylation to 27-fold for pirox-
icam 5-hydroxylation in vitro for the typical allele variant 
CYP2C9*3.36

We carefully analyzed 22 CYP3A4 variants and the 
wild-type CYP3A4*1 to display reliable and complete 
data with regard to the effects of CYP3A4 allele on the 
metabolism in vitro of sildenafil. The metabolic activity of 
wild-type CYP3A4*1 was chosen as the positive contrast. 
Dai et al constructed the CYP3A4 *17 and identified the 
enzymatic activity by metabolizing chlorpyrifos and tes-
tosterone in an Escherichia coli system, results showed 
that CYP3A4*17 had an F189S substitution in exon 7 
that caused decreased metabolic activity of chlorpyrifos 
and testosterone compared with the wild type.54 Our 
results were consistent with past research, CYP3A4*17 
exhibited remarkably low enzymatic activity toward silde-
nafil that no metabolites had been detected. Similar to 
CYP3A4 *17, the novel allelic variant CYP3A4*30 had 
premature termination codon mutation that produces trun-
cated protein, resulting in the metabolites of CYP3A4*30 
not being detectable and it means that the CYP3A4*30 
had no metabolic activity on sildenafil. Therefore, people 
who carry these two CYP3A4 alleles can be categorized as 

PMs (poor metabolizers) for sildenafil and much more 
attention should be paid to sildenafil-caused adverse 
reactions.

Hsieh et al sequenced all thirteen exons of CYP3A4 in 
102 Taiwanese Chinese people and discovered three sorts 
of new mutation sites including CYP3A4*4 and 
CYP3A4*5.55 By studying the ratio of free cortisol to 
6beta-hydroxycortisol, it was confirmed that these muta-
tions obviously decreased the activity of CYP3A4. But for 
the sildenafil metabolism, we discovered only CYP3A4*5 
exhibited reduced activity, the CYP3A4*4 showed no sta-
tistical difference in CLint values compared with the wild 
type.

Eiselt et al indicated that compared with CYP3A4*1, 
CYP3A4*9 and CYP3A4*10 exhibited no obviously differ-
ent catalytic activity in steroid hydroxylase, whereas the 
catalytic activity of CYP3A4*11 was decreased 
significantly.56 In our study, we found that CYP3A4*9 
and CYP3A4*11 showed no statistical difference in CLint 
values, while CYP3A4*10 exhibited slight increment in 
Vmax (1.38-fold), which caused a higher clearance rate 
for sildenafil. For apparent CYP3A4*10 and *11 difference 
might be interpreted by the activity of substrate-dependent, 
D174H and T363M substitution potentially leading to 
a change in an essential interaction between NADPH and 
CYP3A4 in oxidative drug metabolism.

The CYP3A4*2 (S222P) and CYP3A4*3 (M445T) var-
iant alleles make up approximately 2.7% and 4% of 
Caucasians, respectively.57 Miyazaki et al’s research 
showed reduced metabolic activity toward midazolam, 
testosterone and nifedipine in the Escherichia coli protein 
expression system.58 In the present study, in agreement 
with previous research, CYP3A4*2 exhibited 
a significantly higher Km and slightly higher Vmax, 
which induced lower CLint (55.54%) compared with wild- 
type. For CYP3A4*3 (M445T) carried genetic mutation of 
1334T>C in exon twelve, which is located in heme bind-
ing section, and may promote the heme binding of 
CYP3A4.57 Consequently, compared with CYP3A4*1, 
CYP3A4*3 exhibited a slight increment in CLint value 
(1.32-fold of CYP3A4*1) with increased Vmax and 
reduced Km value.

Two variations, CYP3A4*14 and *15, were first 
detected in liver donors (fifty-three Caucasians and 
twenty-one African-Americans).59 The allelic frequency 
of CYP3A*14 (L15P) in different races was between 3% 
and 4.2%, the allelic frequency of CYP3A*15 (R162Q) 
was 2%, but only detected in Black populations.59 
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Lamba et al used midazolam as substrate to measure the 
enzyme activities of CYP3A4*14 and CYP3A4*15, and 
found metabolic activity of midazolam hydroxylation 
was not substantially altered compared with wild-type.59 

Our study showed that CYP3A4*14 showed higher CLint 
values of sildenafil (130.7%) in vitro, whereas 
CYP3A4*15 exhibited no obvious changes.

Drögemöller et al sequenced all the coding exons, flank-
ing intronic regions of CYP3A4 in 159 South Africans from 3 
South African population groups, and detected 2 novel non- 
synonymous variants (R162W and Q200H), named 
CPY3A4*23 and CPY3A4*24.60 Our previous study also 
identified CYPY3A4*23, for the first time in Chinese 
populations.35 Although the allelic variant function of 
CYP2C9*23 was not revealed by Veenstra’s study (2005), 
our research showed that CPY3A4*24 caused a massive 
reduction in clearance value (close to 0% of wild type) with 
significantly decreased Vmax (36%) and sharply increased 
Km (20-fold), relative to wild type, whereas CYP2C9*23 
showed no significant changes in enzymatic functions.

In the present study, CYP3A4*32 (I335T) exhibited 
a slightly increased Vmax value (1.42-fold of wild-type) 
and the km value was not increased significantly, which 
caused a higher CLint rate for sildenafil compared with 
wild-type in vitro. Our result showed that CYP3A4*28 and 
CYP3A4*29 exhibited various degrees of decreased rela-
tive clearance rate for sildenafil with a lower Vmax value 
but a higher Km value when compared with CYP3A4*1. 
The remaining three allelic variants (CYP3A4*31, 
CYP3A4*33 and CYP3A4*34) exhibited both Vmax and 
Km values pointing toward the same trend, as the meta-
bolic activities of these variants for sildenafil showed no 
significant change compared with CYP3A4*1. These 
results are not consistent with our previous study for 
amiodarone, lidocaine and Ibrutinib.37,38,61 We thought 
the metabolic activities among CYP3A4 variants were 
influenced by affinity differences when using different 
substrates.

Conclusion
In summary, the present study provides another way to 
analyze drug metabolism in vitro, and functionally 
assessed the enzymatic activity of wild-type, 37 variants 
of CYP2C9 and 20 variants of CYP3A4 in the metabolism 
of sildenafil, including 30 recently detected new coding 
variants. For all we know, this is the first academic thesis 
to systematically study all these rare allele variants for 
sildenafil metabolism. Although gene frequency of these 

rare CYP genetic variations in the Chinese population are 
minimum 0.1% and maximum 1.8%, against the back-
ground of more than 1.4 billion people in China, getting 
accurate data for rare CYP alleles in the Chinese popula-
tion and exploring effects of alleles on drug metabolism 
and activity, will be valuable and important in clinical 
treatment. These data provide new insights about 
CYP2C9 and CYP3A4 gene polymorphisms and their 
impact on enzymatic activity, offer better comprehension 
of pharmacogenomics that will help to understand diver-
sity of sildenafil dose–response relationship, and may con-
tribute to offer treatment in an effective and safe manner, 
and these results can be used as the theoretical basis for 
individualized medication in Chinese populations.
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