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Cytochrome P450 (CYP)3A is involved in the oxidative metabo-
lism of a wide range of endogenous metabolites and exogenous 
compounds.1 More than 50% of therapeutic drugs are metabo-
lized by CYP3A;2 therefore, the possibility of drug–drug inter-
actions mediated by the inhibition and induction of CYP3A is 
critically important for the development of new therapeutics. 
CYP3A metabolism exhibits a high level of interindividual vari-
ation, which may result from the expression of the CYP3A4 and 
CYP3A5 isoforms and their regulation by endogenous metabolites 
or coadministered drugs. The dominant CYP isoform, CYP3A4, 
which is highly expressed in the liver and intestine, has several 
genetic variants, including CYP3A4*18 and CYP3A4*22, that 
can alter the protein levels or metabolic function of CYP3A.3–6 
CYP3A5 is expressed in most Africans but in few Caucasians and 
Asians. The wild-type, functional CYP3A5*1 allele is present in 
14% of Swedes, 33% of Koreans, and 74% of Tanzanians.7–9 The 
expression of CYP3A enzymes is regulated by nuclear receptors, 
including the pregnane X receptor (NR1I2), the vitamin D recep-
tor, and retinoid X receptor α, and different levels of regulation 
can cause high interindividual variation in CYP3A activity.10–12 
Therefore, phenotyping CYP3A activity is important for determin-
ing individual CYP3A metabolic activity and for characterizing the 
inhibitory or inducible features of a new drug.

Several endogenous markers of CYP3A activity have been 
reported, including the urinary level of 6β-hydroxycortisol, the 

urinary ratio of 6β-hydroxycortisol:cortisol, and the plasma 
level of 4β-hydroxycholesterol.9,13,14 4β-hydroxycholesterol is 
an endogenous CYP3A marker that is related to the CYP3A5 
genotype, and its plasma concentration correlates well with 
CYP3A activity.14 However, due to its long half-life (more than 
60 h)15 and low sensitivity,16 4β-hydroxycholesterol might not 
be a good marker for predicting the basal level or inhibition of 
CYP3A activity. The urinary 6β-hydroxycortisol:cortisol ratio 
has been used as an endogenous marker of CYP3A4 induction 
by rifampicin, but this marker was not found to be a reliable 
measure of actual CYP3A4 activity.17 Recently, the sum of the 
clearance (CL) of 6β-hydroxycortisol and 6β-hydroxycortisone 
was found to be a more useful indicator of CYP3A4 inhibition 
in vivo as compared with the CL of either 6β-hydroxycortisol or 
6β-hydroxycortisone alone.18 However, the efficacy of this sum 
for measuring CYP3A4 induction in vivo has not been evalu-
ated. Therefore, new approaches are needed to identify endog-
enous biomarkers of both the induction and the inhibition of 
CYP3A in vivo.

Metabolomics is an approach that allows for the simulta-
neous survey of all the low-molecular-weight molecules and 
metabolites present in bodily fluids.19 Because metabolites are 
sensitive to biological changes resulting from disease, genetic 
alterations, or environmental changes,20 a combination of the 
levels of metabolites (a metabolic signature) can be used as a 

This study aimed to evaluate endogenous metabolic markers of hepatic cytochrome P450 (CYP)3A activity in healthy 
subjects using a metabolomics approach. Twenty-four subjects received the following medication during the following 
three study periods: 1 mg of i.v. midazolam alone (control phase), 1 mg of i.v. midazolam after 4 days of pretreatment with 
400 mg of ketoconazole once daily (CYP3A-inhibited phase), and 2.5 mg of i.v. midazolam after 10 days of pretreatment 
with 600 mg of rifampicin once daily (CYP3A-induced phase). During each study period, 24 h before and after the 
administration of midazolam, urine samples were collected at 12-h intervals for metabolomic analyses. We derived an 
equation to predict midazolam clearance (CL) based on several of these markers. We demonstrated that a combination 
of the concentrations and ratios of several endogenous metabolites and the CYP3A5*3 genotype is a reliable predictive 
marker of hepatic CYP3A activity as assessed by i.v. administration of midazolam.
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more reliable biomarker of the cellular responses to biological 
changes. A recent study reported that four urinary metabolites 
could predict systemic exposure to tacrolimus, which has a nar-
row therapeutic range and high interindividual variation.21

In the current study, gas chromatography–mass spectrom-
etry (MS) was used to profile 47 steroids, including plasma 
4β-hydroxycholesterol and urinary 6β-hydroxycortisol and 
6β-hydroxycortisone, in plasma and urine samples obtained 
from healthy male volunteers who had been administered 
midazolam. By correlating the levels or ratios of metabolic 
markers, alone or in combination, with the CL of midazolam, we 
identified the markers that were associated with the induction 
or inhibition of CYP3A by midazolam. In addition, genetic 
polymorphisms were evaluated to assess their effects on the 
markers of CYP3A activity. Ultimately, we identified accurate 
and reliable biomarker combinations; using them, we generated 
an equation to predict midazolam CL related to the induction 
and inhibition of CYP3A.

RESULTS
Subjects
Twenty-six healthy male subjects were enrolled, but two subjects 
subsequently withdrew their informed consent. Therefore, 24 
subjects between 20 and 38 years of age (mean ± SD: 26.5 ± 4.6 
years) weighing 56.8–87.3 kg (69.2 ± 7.7 kg) completed the study. 
Safety profiles were completed for all 26 subjects, and pharma-
cokinetic (PK) and metabolomic analyses were performed for 
the 24 subjects who completed the study. There were no serious 
or unpredictable adverse events.

Genotyping results
The CYP3A5*3 (A6956G), CYP3A4*18 (T878C), and NR1I2 
(C-25385T) genotypes of the 24 subjects were evaluated. The 
minor allele frequencies of CYP3A5*3, CYP3A4*18, and NR1I2 
were 0.792, 0.0, and 0.292, respectively.

PK of midazolam in the CYP3A-inhibited and CYP3A-induced 
phases
To use the PK parameters of midazolam as the gold standard 
for predicting CYP3A activity, we performed PK analyses to 
determine the plasma concentrations of midazolam and its 
metabolites, 1′-hydroxymidazolam and 4-hydroxymidazolam, 
during the CYP3A-inhibited and CYP3A-induced experimental 
phases (Table 1).

When ketoconazole was administered before midazolam 
(CYP3A-inhibited phase), the midazolam exposure increased; 
the geometric mean ratio of the dose-normalized area under 
the plasma concentration–time curve extrapolated to infinity 
(AUCinf) (90% confidence interval) of midazolam was 2.89 
(2.57–3.25) as compared with the control phase, and the CL 
decreased from 30.08 (9.04) to 10.26 (2.59) l/h. Pretreatment 
with rifampicin decreased the midazolam exposure; the 
geometric mean ratio of the dose-normalized AUCinf (90% 
confidence interval) of midazolam was 0.46 (0.41–0.51) 
as compared with the control phase (Table 1), and the CL 
increased from 30.08 (9.04) to 64.16 (12.44) l/h. The mean 

metabolic ratios of both 1′-hydroxymidazolam:midazolam 
and 4-hydroxymidazolam:midazolam were reduced in the 
CYP3A-inhibited phase and were increased in the CYP3A-
induced phase. The dose-normalized AUCinf did not differ 
between the CYP3A5 genotype groups during any of the three 
study periods, with the exception of CYP3A5*3/*3, which 
exhibited a lower CL as compared with CYP3A5*1/*3 in the 
CYP3A-induced phase (P < 0.05) (Supplementary Table S1 
online).

Metabolic profiling
Endogenous metabolites from the predose urine and plasma 
samples collected at 12-h intervals in each treatment period 
were measured. The fold changes as compared with the 
control phase are listed in Supplementary Tables S2 and 
S3 online. All of the steroids measured were significantly 
reduced in the CYP3A-inhibited phase as compared with 
the control phase. In the CYP3A-induced phase, several 
metabolites were increased, others were reduced, and others 
remained unchanged as compared with the control phase. 
The largest increases were observed in the urinary levels of 
6β-hydroxycortisol, 6β-hydroxycortisone, and 16α-hydroxy-
dehydroepiandrosterone (16α-hydroxy-DHEA), with 4.22-, 
3.92-, and 2.20-fold increases, respectively. Among the plasma 
metabolites, 4β-hydroxycholesterol demonstrated the greatest 
increase (2.43-fold) in the CYP3A-induced phase.

Because the metabolite ratios (metabolite:parent) reflect the 
enzymatic activity in the metabolic pathway as compared with 
the concentration of each metabolite, we analyzed the metabolite 
ratios to identify changes in enzymatic activity (Tables 2–3). The 
changes in the urinary ratios of 16α-hydroxy-DHEA:DHEA, 
7β-hydroxy-DHEA:DHEA, 6β-hydroxycortisol:cortisol, 

Table 1  Pharmacokinetic parameters after a single intravenous 
administration of midazolam alone or concomitant dose with 
steady-state ketoconazole or rifampicin (n = 24)

Parameter
Midazolam  

alone
Midazolam + 
ketoconazole

Midazolam + 
rifampicin

AUCinf/dose  
(µg·h/l/mg)

36.21 ± 11.47 102.54 ± 22.48 16.15 ± 3.08

— 2.89 (2.57–3.25)a 0.46 (0.41–0.51)a

CL (l/h) 30.08 ± 9.04 10.26 ± 2.59 64.16 ± 12.44

— 0.35 (0.32 – 0.37)a 2.19 (1.99–2.40)a

t1/2 (h) 3.92 ± 1.40   9.61 ± 2.98 2.69 ± 0.70

— 2.48 (2.10–2.93)a 0.70 (0.61–0.81)a

Metabolic ratiob 0.21 ± 0.06   0.04 ± 0.02 0.06 ± 0.03

— 0.14 (0.13–0.16)a 0.27 (0.22–0.32)a

Metabolic ratioc 0.03 ± 0.005   0.02 ± 0.006   0.01 ± 0.003

— 0.72 (0.64–0.81)a 0.20 (0.16–0.25)a

Values are presented as arithmetic mean ± SD.

AUCinf, area under the plasma concentration vs. time curve extrapolated to infinity; 
AUClast, area under the plasma concentration vs. time curve from the last measurable 
time; CL, clearance; t1/2, terminal half-life.
aRatio of geometric means (90% confidence interval). bAUClast of 1′-hydroxy 
midazolam/AUClast of midazolam. cAUClast of 4-hydroxy midazolam/AUClast of 
midazolam.
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and 6β-hydroxycortisone:cortisone and in the plasma level 
of 4β-hydroxycholesterol that were observed in the control, 
CYP3A-inhibited, and CYP3A-induced phases are presented in 
Figure 1. The utility of these metabolites as endogenous markers 
of CYP3A activity requires further assessment by comparing the 
individual midazolam CL associated with each.

Prediction of midazolam CL
A univariate analysis of the studied metabolites and metabolite 
ratios was used to identify the covariates associated with indi-
vidual midazolam CL and to develop an equation for predicting 
hepatic CYP3A activity. The urinary ratios of 16α-hydroxy-
DHEA:DHEA (r2 = 0.572; P < 0.001), 7β-hydroxy-DHEA:DHEA 
(r2 = 0.407; P < 0.001), 6β-hydroxycortisone:cortisone (r2 = 
0.646; P < 0.001), and 6β-hydroxycortisol:cortisol (r2 = 0.440; P < 
0.001) and the plasma level of 4β-hydroxycholesterol (r2 = 0.381; 
P < 0.001) were highly correlated with midazolam CL (Figure 2).

To identify a more reliable CYP3A activity marker, the 
metabolites and metabolite ratios found to be correlated 
with midazolam CL were included in the midazolam CL 
equation. This equation was developed using multivari-
ate linear regression models to identify the lowest Akaike’s 
information criterion value. Using this equation, the com-
bination of the most significant covariates was selected 
(Supplementary Table S4 online). Ultimately, CYP3A5*1/*3 
genotype, DHEA level, 7β-hydroxy-DHEA:DHEA ratio, and 
6β-hydroxycortisone:cortisone ratio were selected as the most   

informative covariates. The midazolam CL predicted using 
this model correlated well with the observed midazolam CL 
(Figure 3). The following equation was developed:

ln (CL) = 2.1539 + 0.2724 × I + 0.0101 × DHEA 
  + 0.0910 × R1 + 0.6502 × R2,

where I is 1 for CYP3A5*1/*3 and is 0 for CYP3A5*3/*3; 
R1 is the 7β-hydroxy-DHEA:DHEA ratio; and R2 is the 
6β-hydroxycortisone:cortisone ratio.

The metabolite levels did not differ between the four urine 
collection time points (at 12-h intervals) for each study period. 
Therefore, the first 12-h-interval sample from each period was 
used for the phenotype analysis. The data for two representative 
metabolites, 6β-hydroxycortisol and 6β-hydroxycortisone, from 
each urine collection period are presented in Supplementary 
Figures S1 and S2 online. No significant differences between 
the metabolites were found with regard to the CYP3A5 or NR1I2 
genotypes during each treatment phase (data not shown).

DISCUSSION
We developed an integrative approach for the prediction of indi-
vidual CL that reflected the hepatic CYP3A activity in both the 
CYP3A-inhibited and CYP3A-induced phases. We generated 
midazolam PK data and urinary and plasma metabolite profiles 
for the control, CYP3A-inhibited, and CYP3A-induced phases. 
Using a statistical analysis, we identified metabolites that were 
highly correlated with midazolam CL, and we developed an 
equation to predict midazolam CL that included the significant 
covariates of urinary metabolite levels/ratios and CYP3A5 geno-
types. This was the first study to use metabolomic profiling to 

Table 2  Fold change of mean urinary metabolite ratios in the 
CYP3A inhibition phase and induction phase as compared with 
the control phase

Metabolite ratio

Fold  
change 

(inhibition 
phase)

Fold 
change 

(induction 
phase)

6β-Hydroxycortisol/cortisol   0.18   5.88

6β-Hydroxycortisone/cortisone   0.21   5.01

16α-Hydroxy-DHEA/DHEA   1.01   3.97

16α-Hydroxyandrostenedione/androstenedione   0.72   2.74

4-Hydroxyandrostenedione/androstenedione   0.71   2.10

7β-Hydroxy-DHEA/DHEA   0.34   1.88

6β-Hydroxyandrostenedione/androstenedione   1.05   1.39

16α-Hydroxytestosterone/testosterone   0.62   0.90

2-Hydroxyestrone/estrone   1.06   1.14

2-Hydroxyestradiol/estradiol   0.76   1.10

11β-Hydroxyandrosterone/androsterone   0.59   1.07

11β-Hydroxyetiocholanolone/etiocholanolone   1.24   1.00

11β-Hydroxyandrostenedione/androstenedione   0.72   1.47

11β-Hydroxytestosterone/testosterone   0.43   0.87

Data are presented as fold change as compared with control phase; increased with 
statistical significance (    P < 0.05) in the inhibition state, decreased with statistical 
significance (    P < 0.0001,    P < 0.05) in the inhibition state, increased with statistical 
significance (    P < 0.0001,    P < 0.05) in the induction state, decreased with statistical 
significance (    P < 0.0001,   P < 0.05) in the inhibition state.

CYP3A, cytochrome P450 3A; DHEA, dehydroepiandrosterone.

Table 3  Fold change of mean plasma metabolite ratios in the 
CYP3A inhibition phase and induction phase as compared to the 
control phase

Metabolite ratio

Fold 
change 

(inhibition 
phase)

Fold 
change 

(induction 
phase)

4β-Hydroxycholesterol/cholesterol 1.07 2.40

11-Deoxycortisol/cortisol 1.95 1.14

16α-Hydroxytestosterone/testosterone 0.97 0.76

11β-Hydroxytestosterone/testosterone 0.92 0.76

6β-Hydroxycortisol/cortisol 1.04 1.48

6β-Hydroxyandrostenedione/androstenedione 1.14 0.80

24-Hydroxycholesterol/cholesterol 1.73 0.98

7β-Hydroxycholesterol/cholesterol 1.45 1.07

11β-Hydroxyandrostenedione/androstenedione 0.62 0.95

17α-Hydroxypregnenolone/pregnenolone 0.54 1.03

6β-Hydroxycortisone/cortisone 0.90 0.96

27-Hydroxycholesterol/cholesterol 0.47 0.97

Data are presented as fold change as compared with control phase; increased with 
statistical significance (    P < 0.0001,   P < 0.05) in the inhibition state, decreased with 
statistical significance (   P < 0.0001,    P < 0.05) in the inhibition state, increased with 
statistical significance (    P < 0.0001,    P < 0.05) in the induction state, decreased with 
statistical significance (    P < 0.05) in the inhibition state.

CYP3A, cytochrome P450 3A.
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assess individual CYP3A activity during consecutive CYP3A-
inhibited and CYP3A-induced phases.

Consistent with previous reports,22,23 we found that uri-
nary 6β-hydroxycortisol levels, 6β-hydroxycortisone:cortisone 
rat ios ,  and plasma 4β-hydroxycholesterol  levels 
reflected CYP3A activity. Midazolam CL was highly 

correlated with known CYP3A markers, including the uri-
nary ratios of 6β-hydroxycortisol:cortisol (r2 = 0.440) 
and 6β-hydroxycortisone:cortisone (r2 = 0.646), as well 
as the plasma level of 4β-hydroxycholesterol (r2 = 0.381). 
Furthermore, the correlations between midazolam CL and 
both the 7β-hydroxy-DHEA:DHEA ratio (r2 = 0.407) and the 

Figure 1  Individual (a) 16α-hydroxy-DHEA:DHEA, (b) 7β-hydroxy-DHEA:DHEA, (c) 6β-hydroxycortisone:cortisone, and (d) 6β-hydroxycortisol:cortisol ratios; (e) 
4β-hydroxycholesterol levels after the administration of midazolam alone and after pretreatment with ketoconazole and rifampicin (first collection interval). 
DHEA, dehydroepiandrosterone.
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16α-hydroxy-DHEA:DHEA ratio (r2 = 0.572) were higher than 
the correlation between midazolam CL and the plasma level of 
4β-hydroxycholesterol, a known CYP3A marker. Using a multi-
variate linear regression analysis of the significant covariates, we 
developed an equation to predict midazolam CL. The r2 value 

(0.7046) for this equation was higher than the r2 value for each 
individual covariate. Therefore, the combination of metabolite 
levels and ratios produced a more reliable prediction of the indi-
vidual PK of CYP3A substrates in both the CYP3A-inhibited and 
CYP3A-induced phases. The remaining 30% could be attributed 

Figure 2  Correlations between midazolam CL and (a) 16α-hydroxy-DHEA:DHEA ratio, (b) 7β-hydroxy-DHEA:DHEA ratio, (c) 6β-hydroxycortisone:cortisone 
ratio, (d) 6β-hydroxycortisol:cortisol ratio, and (e) 4β-hydroxycholesterol level (first collection interval). Solid circles, control phase; open circles, CYP3A-inhibited 
phase; open triangles, CYP3A-induced phase. CL, clearance; CYP, cytochrome P450; DHEA, dehydroepiandrosterone.
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to interindividual variability from other factors that were not 
included as covariates.

DHEA is a cholesterol derivative produced by a series of CYP 
enzyme– and hydroxysteroid dehydrogenase–dependent reac-
tions.24 16α-Hydroxy-DHEA and 7β-hydroxy-DHEA are the 
major metabolites of DHEA, and CYP3A4 and CYP3A5 are 
responsible for their production in human liver microsomes.25 
In a previous study, 7β-hydroxy-DHEA was used as a biomarker 
to compare CYP3A4 and CYP3A7 activities in pediatric and 
adult human liver microsomes.26

Several pharmacometabolomic studies have provided proof of 
concept for therapeutic drugs. Clayton et al.27 developed a pre-
dose predictor for urinary drug metabolites that included values 
such as the acetaminophen glucuronide:acetaminophen ratio and 
found an association between predose urinary metabolites and 
the extent of liver damage in rats. In another study, Clayton et 
al.28 used predose urinary p-cresol sulfate as a marker of human 
liver toxicity after acetaminophen administration. Winnike et 
al.29 suggested that metabolomics could be used to distinguish 
between acetaminophen responders and nonresponders (thus 
predicting liver injury) earlier than could changes in alanine ami-
notransferase. Moreover, pharmacometabolomics can be used to 
predict metabolic phenotypes for drug-metabolizing enzymes. 
Although this study produced CYP3A5-genotyping results, our 
goal was to identify phenotypic metabomarkers of CYP3A activity 
using steroid profiling. Although predicting midazolam CL using 
a multivariate regression equation with endogenous metabolites 
results in an unexplained variance of ~30%, the inhibition or 
induction of CYP3A could be anticipated without probe drug 
treatment or serial blood sampling for PK analyses. This method 
may also be useful for predicting interactions between drugs that 
are metabolized by CYP3A. Furthermore, this approach may 
provide more accurate predictions of CYP3A inhibition and 

induction in early-phase clinical trials of new drugs as compared 
with the less powerful in vitro experiments and animal studies 
currently available.

Before the study period, we considered the ramifications of dif-
ferent urine collection intervals and subject diets. To identify the 
optimal urine collection interval for our study design, we evaluated 
four intervals for each study period. There were no differences 
among the four urine collection intervals in each treatment phase, 
suggesting that the timing of urine collection within a given study 
period is not critical. We assessed the metabolites from a 12-h col-
lection period; however, measurements of the metabolites from 
spot urine samples from each treatment phase would be helpful for 
applying our results to other study designs or clinical applications. 
A controlled diet was necessary for this study because CYP3A inhi-
bition and induction can be influenced by dietary compounds.30 
The same standard diet was provided to all the subjects during the 
urine collection period of each treatment phase to control for the 
effects of food on endogenous metabolite levels. Lifestyle factors 
other than diet can also affect endogenous metabolites; therefore, 
these factors should be controlled for in metabolomics studies.

The study population was limited to healthy male volunteers. 
The utility of the selected metabolites should be confirmed in 
other patient populations, such as elderly subjects or women. 
For example, women exhibit a 20–50% higher CL of CYP3A-
metabolized drugs than do men.31,32 An exploratory study should 
be performed to determine whether gender affects metabolic pro-
files or predictive markers of CYP3A activity. Although only three 
representative single-nucleotide polymorphisms in each of the 
CYP3A4, CYP3A5, and NR1I2 genes were analyzed here, genetic 
polymorphisms in CYP3A4/5- and CYP3A-modulating nuclear 
receptors, such as the constitutive androstane receptor, glucocor-
ticoid receptor, and the estrogen receptor, were not assessed.33

In conclusion, we identified endogenous metabolites associ-
ated with CYP3A activity in both the inhibited and induced states 
of the enzyme. We developed an equation to predict midazolam 
CL based on 7β-hydroxy-DHEA:DHEA ratios, 6β-hydroxy-
cortisone:cortisone ratios, and CYP3A5 genotypes. Using this 
equation to predict midazolam CL, CYP3A activity may be antici-
pated without drug treatment or serial blood sampling for PK 
analyses. Therefore, a pharmacometabolomics approach can be 
used to generate predictive markers of CYP3A activity and further 
insights into variations in CYP-mediated drug metabolism.

METHODS
Subjects. Healthy male volunteers who were aged 20–50 years, weighed 
over 50 kg, and had body mass indexes of 17–28 kg/m2 were eligible for 
participation in the study. The subjects were determined to be healthy 
based on screening examinations that were performed within 3 weeks 
before the first administration of the investigational drugs. These exami-
nations included a medical history, physical examination, vital signs, 
12-lead electrocardiography, urinary drug screening, serology, and 
clinical laboratory tests (hematology, chemistry, and urinalysis). Any 
subjects who had ingested any drugs immediately before the study were 
excluded. The consumption of grapefruit, grapefruit products, or caf-
feinated beverages was not permitted from 3 days before the first drug 
administration until the final day of the study. The study protocol was 
approved by the institutional review board of Seoul National University 
Hospital, and it was registered with the US National Institutes of Health 

Figure 3  Scatter plot of the predicted midazolam CL values derived from 
the equation ln(CL) = (2.1539 + 0.2724 × I + 0.0101 × DHEA + 0.0910 × R1 + 
0.6502 × R2) vs. the measured midazolam CL values for the 24 subjects (I = 
1 for CYP3A5*1/*3 and I = 0 for CYP3A5*3/*3; R1 = 7β-hydroxy-DHEA:DHEA 
ratio and R2 = 6β-hydroxycortisone:cortisone ratio). CL, clearance; DHEA, 
dehydroepiandrosterone.
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clinical trials database (ClinicalTrials.gov: NCT01215214). The study 
was conducted at the Clinical Trials Center of Seoul National University 
Hospital. All the procedures were performed in accordance with the 
International Conference on Harmonisation of Technical Requirements 
for Registration of Pharmaceuticals for Human Use–Good Clinical 
Practice guidelines and the Declaration of Helsinki recommendations 
for biomedical research involving human subjects. Each subject pro-
vided written informed consent before participating in the study.

Chemicals. Reference standards of all steroids examined in this study 
were obtained from Sigma (St Louis, MO), Steraloids (Newport, 
RI), or NARL (Pumble, Australia). The internal standards used were 
as follows: 16,16,17-d3-testosterone and methyltestosterone for 22 
androgens; 2,4,16,16-d4-estradiol for 18 estrogens; 9,11,12,12-d4-cor-
tisol for 15 corticoids; 2,2,4,6,6,17α,21,21,21-d9-progesterone and 
2,2,4,6,6,21,21,21-d8-17α-hydroxyprogesterone for 13 progestins; 
and 2,2,3,4,4,6-d6-cholesterol for 2 sterols. All internal standards were 
purchased from NARL or C/D/N Isotopes (Pointe-Claire, Quebec, 
Canada). For solid-phase extraction, an Oasis HLB cartridge (3 ml, 
60 mg; Waters, Milford, MA) was preconditioned with 3 ml of metha-
nol followed by 3 ml of deionized water. Sodium acetate (reagent 
grade), acetic acid (glacial, >99.99%), and l-ascorbic acid (reagent 
grade) were obtained from Sigma. A solution of β-glucuronidase/aryl-
sulfatase from Helix pomatia was purchased from Roche Diagnostics 
(Mannheim, Germany). The trimethylsilylating agent, N-methyl-N-
trifluorotrimethylsilyl acetamide, NH4I, and dithioerythritol were 
purchased from Sigma. All organic solvents used were of analytical or 
high-performance liquid chromatography grade and were purchased 
from Burdick & Jackson (Muskegon, MI). Deionized water was pre-
pared using a Milli-Q purification system (Millipore, Billerica, MA).

Study design. This was an open-label, fixed-sequence crossover study 
that was divided into the following three phases: phase I, the control 
phase, which evaluated the PK of midazolam (i.v., 1 mg); phase II, the 
CYP3A-inhibited phase, which explored the changes in midazolam (i.v., 
1 mg) PK caused by pretreatment with ketoconazole; and phase III, the 
CYP3A-induced phase, which assessed the effects of rifampicin pretreat-
ment on midazolam (i.v., 2.5 mg) PK (Figure 4). For the metabolomic 
analyses, plasma samples were obtained before each administration of 
midazolam, and urine samples were collected 24 h before and after each 
midazolam administration, at 12-h intervals. The subjects were admit-
ted to the study center in the evening 2 days before the administration 
of the first study drug (day −2). Beginning on the morning of day −1 
(9.00 am), urine samples were collected for 48 h. On day 1, at ~9.00 am, a 
single, i.v. dose of 1 mg of midazolam (Bukwang Pharmaceutical, Seoul, 
Korea) was administered. The subjects were discharged on the morn-
ing of day 2. From day 5 through day 7, each subject received 400 mg of 
ketoconazole (Spike, Choong Wae Pharm, Seoul, Korea) once daily at 
~9.00 am. The subjects were admitted again on the evening of day 7 for 

the second administration of midazolam. On day 8, the subjects were 
administered 1 mg of midazolam 1 h after the pretreatment dose of keto-
conazole. The blood sampling schedule for the subjects was modified 
to account for the increased exposure to midazolam, and they were dis-
charged on day 10. On day 13 through day 21, each subject arrived in the 
morning and received 600 mg of rifampicin (Rifodex, Chong Kun Dang 
Pharmaceutical, Seoul, Korea) once daily. All the subjects were hospi-
talized on the evening of day 20 for the third administration of mida-
zolam. On day 22, the subjects were concurrently administered 600 mg 
of rifampicin and 2.5 mg of midazolam, and the analysis of midazolam 
PK described for phase I (control) was repeated. During the outpatient 
period with drug administration, the subjects visited the clinical trials 
center each morning. The same meals were provided on the urine col-
lection days of all three study phases (days −1 to 1, days 7–8, and days 
21–22) to control for the effects of diet on the metabolomic data.

Pharmacogenomic assessments. On day −1, 1-ml blood samples were 
stored in cryotubes at −70 °C. DNA was extracted from the blood sam-
ples using the QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany) 
and was stored at −20 °C. Genotypes were determined using TaqMan 
Genotyping Assays (Applied Biosystems, Foster City, CA) and a 7500 
Real-Time PCR System (Applied Biosystems). A 10-µl PCR reaction 
mixture was prepared that contained the following components: 5 µl of 
TaqMan Genotyping Master Mix (Applied Biosystems), 0.5 µl of 20× 
Drug Metabolism Genotyping Assay Mix (Applied Biosystems), 3.5 µl 
of DNase-free water, and 1 µl of genomic DNA. Real-time PCR was per-
formed using TaqMan SNP Genotyping Assays (CYP3A5*3 A6956G, 
CYP3A4*18 T878C, and NR1I2 C-25385T) and a genomic DNA tem-
plate. The real-time PCR parameters included 50 cycles of holding at 95 
°C for 10 min, denaturation at 92 °C for 15 s, annealing at 60 °C for 1 min, 
and extension at 60 °C for 1 min. The data were analyzed using 7500 
Real-Time PCR System Software (version 2.0.1; Applied Biosystems).

PK assessments. To assess the PK of midazolam, 6-ml blood samples 
were collected during each phase at the following times with respect to 
the administration of midazolam: before dosing (0 h), and at 10 min, 
20 min, 0.5 h, 1 h, 2 h, 3 h, 4 h, 6 h, 8 h, 12 h, 24 h, and 48 h* (*phase II 
only) after dosing. Plasma was obtained by centrifugation at 2,000g at 
4 °C for 10 min, and the plasma was immediately stored at −70 °C until 
use. Following a protein precipitation with acetonitrile, the plasma lev-
els of midazolam, 1′-hydroxymidazolam, and 4-hydroxymidazolam 
were analyzed with validated liquid chromatography coupled with tan-
dem MS. Midazolam, 1′-hydroxymidazolam, 4-hydroxymidazolam, 
and flumazenil (as an internal standard) were separated using high-
performance liquid chromatography (Agilent 1290 Infinity series; 
Agilent Technologies, Santa Clara, CA) and were detected with tandem 
MS (Agilent 6490 Triple Quad; Agilent Technologies) in turbo negative-
ion mode and multiple reaction-monitoring mode (m/z = 326.0 > 291.1 
for midazolam, 342.1 > 202.8 for 1′-hydroxymidazolam, 342.1 > 325.0 

Figure 4  Study schedule and treatment regimens. Midazolam was intravenously administered on days 1, 8, and 22. A 400-mg tablet of ketoconazole was 
administered on days 5 and 7 and 1 h before midazolam administration on day 8. A 600-mg tablet of rifampicin was administered on days 13–22 (concomitant 
with midazolam on day 22). d, days.
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for 4-hydroxymidazolam, and 304.1 > 258.0 for flumazenil). Briefly, 200 
µl of a well-mixed, thawed plasma sample was mixed thoroughly with 
50 µl of the internal standard solution (flumazenil). After the addition of 
1 ml of methyl tert-butyl ether and 10 min of vortexing, the mixture was 
centrifuged at 12,000 rpm for 5 min and was frozen at −20 °C for 35 min. 
The sample was dried in a Speedvac (Thermo Scientific, Rockford, IL) 
for 90 min at 45 °C and reconstituted with 70% methanol. After the sam-
ple was centrifuged at 12,000 rpm for 3 min, the supernatant was injected 
into the high-performance liquid chromatography–tandem MS system. 
The lower limits of quantification of midazolam, 1′-hydroxymidazolam, 
and 4-hydroxymidazolam were 0.1, 0.02, and 0.02 ng/ml, respectively. 
The standard calibration curves were linear over the range of 0.1–50 ng/
ml (coefficients of determination, r2 ≥ 0.9993), 0.02–10 ng/ml (coeffi-
cients of determination, r2 ≥ 0.9962), and 0.02–10 ng/ml (coefficients of 
determination, r2 ≥ 0.9990) for midazolam, 1′-hydroxymidazolam, and 
4-hydroxymidazolam, respectively. The intra- and interday accuracy lev-
els ranged from 96.61to 99.61% and from 99.43 to 102.0%, respectively, 
and the intra- and interbatch precision levels, expressed as the coefficient 
of variation (%), were <10%. Noncompartmental methods were used 
to determine the individual PK parameters using Phoenix (version 6.0; 
Pharsight, Cary, NC). The PK parameters of midazolam included the 
following: the AUC from time 0 to the last measurable time (AUClast) 
and from time 0 to infinity (AUCinf, AUCinf = AUClast + Clast/λz, where 
Clast is the last measurable concentration and λz is terminal slope), the 
CL (determined as dose/AUCinf), and the terminal half-life. The AUClast 
values of 1′-hydroxymidazolam and 4-hydroxymidazolam were calcu-
lated. The metabolic ratios were calculated as the AUClast of 1′-hydroxy-
midazolam or as the AUClast of 4-hydroxymidazolam divided by the 
AUClast of midazolam.

Steroid profiling. The quantitative steroid profiling analyses in urine 
and plasma were evaluated using previously validated methods.34,35 
Briefly, urine samples (2 ml) spiked with 20 µl of the seven internal 
standards (d3-testosterone and d4-estradiol: 1 µg/ml; d4-cortisol and d8-
17α-hydroxyprogesterone: 5 µg/ml; and methyltestosterone, d9-proges-
terone, and d6-cholesterol to 10 µg/ml) were extracted with Oasis HLB 
solid-phase extraction cartridges coupled to a peristaltic pump. After 
loading a sample onto a cartridge, the cartridge was washed with 2 ml 
water and eluted twice with 2 ml of methanol. The combined methanol 
eluates were evaporated under a stream of nitrogen and then 1 ml of 
0.2 mol/l acetate buffer (pH 5.2), 100 µl of aqueous 0.2% ascorbic acid, 
and 50 µl of β-glucuronidase/arylsulfatase were added. After incuba-
tion at 55 °C for 3 h, the solution was extracted twice with 2.5 ml of ethyl 
acetate:n-hexane (2:3, vol/vol). Combined organic solvents were evapo-
rated using a N2 evaporator at 40 °C and further dried in a vacuum desic-
cator over P2O5-KOH for at least 30 min. Finally, the dried residue was 
derivatized with N-methyl-N-trifluorotrimethylsilyl acetamide/NH4I/
dithioerythritol (40 µl; 500:4:2, vol/wt/wt) at 60 °C for 20 min, and 2 µl 
of the resulting mixture was subjected to gas chromatography–MS in 
selected-ion monitoring mode.

For plasma steroids, the sample (0.4 ml) was diluted with 2.6 ml of 
acetate buffer (0.2 mol/l, pH 5.2) and subjected to Oasis HLB purification 
and ethyl acetate:n-hexane extraction steps without enzymatic hydrolysis, 
according to the urinary analysis mentioned above.

Statistical analysis. The statistical analysis was performed with SAS 
version 9.3 (SAS Korea, Seoul, Korea). The targeted steroids were ana-
lyzed using a mixed-effects model with the treatment as the fixed effect 
and the subject as the random effect on the relative, log-transformed 
concentrations of the metabolites. The effects of CYP3A genotype 
and urine collection time on the metabolite levels or metabolite ratios 
were evaluated with a mixed model. The PK parameters were analyzed 
descriptively and are presented as mean and SD. The effects of ketocon-
azole or rifampicin pretreatment on the midazolam PK were explored 
using an analysis of variance model. The analysis of variance model was 
designed as a mixed model with the treatment as the fixed effect and 
the subject as the random effect on the following log-transformed PK 

parameters: AUCinf, CL, and terminal half-life. The administration of 
midazolam alone served as the reference treatment, and the coadmin-
istration of ketoconazole or rifampicin with midazolam was the test 
treatment. Geometric mean ratios and 90% confidence intervals were 
calculated for the AUCinf between the test and reference treatments. 
All the metabolites shown to correlate (with P < 0.2) with midazolam 
CL in the univariate analysis were entered into multivariate linear 
regression models. The restricted maximum likelihood method was 
used to analyze the significant covariates of midazolam CL. CYP3A5 
genotype, NR1I2 genotype, the 6β-hydroxycortisol:cortisol ratio, the 
6β-hydroxycortisone:cortisone ratio, the 7β-hydroxy-DHEA:DHEA 
ratio, and the 16α-hydroxy-DHEA:DHEA ratio were the covariates ulti-
mately evaluated as possible influences on midazolam CL.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper at 
http://www.nature.com/cpt
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

33 Urinary 6β-hydroxycortisol, 6β-hydroxycortisone, and 
plasma 4β-hydroxycholesterol are considered to be 
predictable markers of CYP3A activity.

WHAT QUESTION DID THIS STUDY ADDRESS?

33 More predictive hepatic CYP3A activity phenotypes 
could be identified using a pharmacometabolomics 
approach.

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE

33 We found that the 16α-hydroxy-DHEA:DHEA and 
7β-hydroxy-DHEA:DHEA ratios were highly corre-
lated with hepatic CYP3A activity and that midazolam 
CL could be predicted using a combination of uri-
nary DHEA levels, 7β-hydroxy-DHEA:DHEA ratios, 
6β-hydroxycortisone:cortisone ratios, and CYP3A5 
genotype.

HOW THIS MIGHT CHANGE CLINICAL PHARMACOLOGY 
AND THERAPEUTICS

33 The proposed equation for midazolam CL, which 
includes the 7β-hydroxy-DHEA:DHEA ratio, the 
6β-hydroxy-cortisone:cortisone ratio, and the CYP3A5 
genotype, would be helpful for predicting CYP3A-
mediated inhibition or induction without the necessity 
of drug treatment or serial blood sampling for pharma-
cokinetic analyses.
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