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Abstract

The objective of this study was to determine the effects of grapefruit juice and seville orange juice on
dextromethorphan (DM) pharmacokinetics. Eleven healthy volunteers were studied over a 3-week period
consisting of 5 study days each separated by a three-day washout. All subjects refrained from drinking
caffeine containing beverages (coffee, soda, etc.) 8 h before orally taking DM (30 mg) with 200 ml water,
200 ml grapefruit juice, 200 ml water, 200 ml seville orange juice, and 200 ml water on Study Days 1 to 5.
Aliquots of urine samples were assayed and analysed for DM, and the DM metabolites dextrorphan, 3-
methoxymorphinan and 3-hydroxymorphinan using a validated HPLC method employing a phenyl column
and a fluorescence detection. Results suggests that DM could provide some useful information on P-
glycoprotein or related membrane efflux protein activity in the human gastro-intestinal tract. Bioavailability
(F) of DM increased significantly with grapefruit and seville orange juice, but only returned to half the
baseline value after three days of washout. This confirms that grapefruit and seville orange juice are long-
lasting and perhaps irreversible inhibitors of gut CYP3A/P-glycoprotein. Grapefruit and seville orange juice
appeared to have the same overall effect on DM pharmacokinetics. In addition, this paper presents a novel
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method of phenotyping for CYP2D6, CYP3A and P-glycoprotein using DM as a probe. © 2002 Elsevier
Science Inc. All rights reserved.
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Introduction

The major phase I drug metabolizing enzyme in humans, CYP3A, and the membrane ATPase
transporter protein, P-glycoprotein, are found in high concentrations in the enterocytes of the small
intestine [1,2]. Intestinal CYP3A enzymes have been found to alter the bioavailability of many
drugs while P-glycoprotein is responsible for the multidrug resistance of many chemotherapeutic
agents [3,4,5]. In addition, a significant overlap in substrate specificity exists between CYP3A and
P-glycoprotein [6].

Many commonly used medications are substrates for the CYP3A enzymes. One of these medications
is the over-the-counter antitussive agent, dextromethorphan (DM) hydrobromide. DM is also a substrate
for CYP2D6 and it has been extensively used to probe drug phenotype subjects relative to the activity of
CYP2D6 [7]. While the use of DM for CYP2D6 phenotyping is clear, a controversy exists regarding the
usefulness of this agent for the determination of expressed CYP3A activity [8].

The metabolic disposition of DM and its metabolites has been studied in several species [9]. The
studies have demonstrated that DM is predominately metabolized via two major pathways: O-
demethylation by CYP2D6 enzymes to dextrorphan (DX) and N-demethylation by CYP3A enzymes
to 3-methoxymorphinan (3-MM). There is then further demethylation of 3-MM by CYP2D6 enzymes
and DX by CYP3A enzymes to a third metabolite, 3-hydroxymorphinan (3-OH) (Fig. 1).

It has been reported that the intake of certain food groups such as citrus juices can change the
bioavailability of drugs [10]. One of these citrus juices is grapefruit juice. Its effect on drug metabolism
has been extensively studied because it is often taken at breakfast concomitantly with many drugs. Since
there is an overlap between CYP3A and P-glycoprotein substrate specificity [6], Grapefruit juice also
affects drug transport in the intestinal wall. It has recently been established that certain components (such
as citrus psoralens) in grapefruit juice are responsible for the inhibition of p-glycoprotein [12].Grapefruit
juice has been shown to increase the oral bioavailability of many drugs, such as cyclosporine or
saquinavir, by inhibiting intestinal metabolism [11,12]. This was proven because no interaction was seen
when saquinavir or cyclosporine are administered intravenously and grapefruit juice was given orally
[11,12]. This effect appears to be specific to CYP3A enzymes and P-glycoprotein transporters that are
found in the gut wall of the intestine since grapefruit juice does not appear to significantly affect
enzymatic liver activity [11,12].

Another citrus juice that appears to affect drug bioavailability is the juice derived from seville oranges
(SQOJ). Seville orange juice is not usually consumed as a juice because of its sour taste, but it is found in
marmalade and other jams. Seville orange juice has been reported to be a possible inhibitor of CYP3A
enzymes without affecting P-glycoprotein when taken concomitantly with cyclosporine [13].

The objective of this study was to investigate the effect of grapefruit and seville orange juice on the
activities of CYP2D6, CYP3A and P-glycoprotein and the resulting effect on the pharmacokinetics of
DM. The results of this study present differential effects of grapefruit and seville orange juice on DM
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pharmacokinetics. DM could provide some useful information on P-glycoprotein or related membrane
efflux protein activity in the human gastro-intestinal tract.

Methods and Materials

Clinical Methods

This study was conducted over a three-week period and included 11 healthy volunteers (5 females
and 6 males). Subjects ranged from 14 to 43 years of age (median of 32 years). Each patient’s
demographic, medical and sample data were recorded on a case report sheet. Grapefruit juice was
prepared by diluting 1 part 100% pure concentrated frozen (Minute Maid ™) juice with 3 parts of
water. Seville orange juice was prepared by squeezing fresh fruit. For each individual volunteer, 200
ml of water and juice was measured in a plastic container. There were 5 study days, each separated by
3 days of washout. A dose of 30 mg of DM hydrobromide (contained in 10 ml of the over-the-counter
cough medicine Balminil DM®) was taken on each study day before bedtime. Volunteers took the
DM followed by 200 ml of water (Study Day 1), by 200 ml of grapefruit juice (Study Day 2), by 200
ml of water (Study Day 3), by 200 ml seville orange juice (Study Day 4) and by 200 ml of water
(Study Day 5). On each of the 5 days, a spot urine sample was obtained before administration of DM
and the 8-h complete urine output was collected in the morning. Consumption of any caffeine
containing beverages (such as coffee, soda, etc....) was prohibited for at least 8§ h before taking any
dose of DM.

Analytical Method

Aliquots of the hydrolysed urine samples were assayed according to the method developed by
Wenk et al. [14]. Briefly, urine blanks were spiked with a concentration (38 ug/ml) of the internal
standard, levalorphan, and concentrations of DM, DX, 3-MM, 3-OH to form a calibrated standard
curve. The urine samples were incubated at 37 °C for 18 h with 20 ul of B-glucuronidase and 0.75 ml
0.1 M sodium acetate (pH 5.0). Bond-Elut 1 ml C,g solid-phase extraction columns (Analytichem Int.,
Harbor City, Ca., USA) were pre-conditioned with (6 ml) methanol and (6 ml) water and 4 ml 0.1 M
sodium carbonate (pH 9.2). Deconjugated urine samples (0.25 ml) and 2 ml of 0.1 M sodium
carbonate buffer (pH 9.2) were deposited onto the columns. Volumes were aspirated under a light
pressure and columns were sequentially washed with 2 ml of water and 2 ml of acetonitrile. DM and
metabolites were then eluted with a mixture of 3 ml of methanol-acetonitrile-2% phosphoric acid
(5:3:2, v/v/v) and evaporated to dryness using a Speed Vac. The resulting residues were reconstituted
in 0.01 M hydrochloric acid and an aliquot was injected onto the HPLC system for analysis. The
HPLC column used in the analysis was a Rexchrome S5u, 100 A° phenyl (15 cm X 4.6 mm i.d.)
column, coupled with a phenyl guard column (Regis Technologies, IL, USA). The chromatographic
system was composed of a Thermo Separations (SP) p4000 quaternary pump, a SP automatic injector
and a SP (FL 3000) fluorescence detector. The optimum wavelength for detection was N\ = 238 nm
with no cut off for emission. The mobile phase consisted of acetonitrile:potassium phosphate buffer
[10 mM, pH 3.5] (35:65, v/v) applied as an isocratic gradient with a flow rate of 0.8 ml/min for 5
minutes and then 1.0 ml/min for the rest of the 25 minutes run.
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Validation of the analytical assay

The analytical assay was validated for linearity and precision. Blank urine samples were spiked
with all four analytes at a concentration range of 0.5 to 49.0 ug/ml. Linearity was assessed by
calculating the linear regression coefficient (R) of the parent compound (DM) and the metabolites DX,
3-OH and 3-MM. Calibration curves were produced using peak area of the analyte over peak area of
the internal standard (levalorphan) versus the analyte concentration. The linear regression coefficient
(R) for the following compounds tested were: DM: R = 0.945, DX: R = 0.978, 3-OH: R = 0.864, 3-
MM: R = 0.959.

Precision of the analytical method was measured for repeatability and reproducibility of the analyte
concentrations within assays (intra-day) and between days (inter-day). The intra-day assay variabilities
(n=5) were determined to be (CV%; coefficient of variation): DM = 14.5 and 7.4% (3.9 and 1.3 ug/ml);
3-MM = 14.2 and 6.2% (5.2 and 1.7 ug/ml); 3-OH = 15.5 and 22% (3.1 to 1.0 ug/ml); DX =15 and
10.5% (6.5 and 2.2 ug/ml). The inter-day assay variabilities over a three day period for high and low
concentrations were determined to be: DM = 5.1 and 4%; 3-MM = 6.9 and 2.2%; 3-OH = 7 and 10% and
DX = 9.4 and 5%.The limit of quantification of the analytical method (LOQ) was at 0.1 ug/ml for the
four analytes.

Analysis of the Data

Excreted amounts of DM and metabolites in the urine

The complete elimination of DM and its 3 metabolites was determined in each volunteer by
multiplying the urinary concentrations by the total urine volume. Since all excretion pathways were
accounted for, the amount of DM and its excreted metabolites in the urine indicated how much of the
oral dose was absorbed.

Bioavailability (F) or the fraction of the ingested dose of a drug that is available to the systemic
circulation in the human body after oral administration of a drug [15,16] is the product of the fraction
that is absorbed (F,); the fraction of drug that is absorbed and not metabolized in the gut wall (Fg), and
the fraction of the absorbed drug that escapes metabolism in the gastrointestinal tract and liver (Fy).
Hence, [F = Fo X Fg X Fy].

Since systemically available DM is almost exclusively metabolized by the liver, the total clearance
approximates the hepatic clearance (CLy = Clyt). Fy can therefore, be estimated by the following
equation: Fg = 1 - (CLg/Qpg), assuming a normal hepatic blood flow of 1.5 L/min. In rats, the
bioavailability of DM has been reported to be 10% on average [17]. We set F to that value because no
human data is available on the bioavailability of DM and it is therefore the most proper value to use.
It was then possible to calculate F, for all the study days since we had the total percent of DM and
metabolites excreted in the urine in each volunteer for every study day. We assumed for simplicity
purposes, that grapefruit juice on Study day 2 completely inhibited P-glycoprotein activity in the gut
wall allowing 100% absorption of DM (Fy = 1). This assumption is reasonable since the total
excretion of DM increased by more than 2.5 fold when taken with grapefruit juice. Regardless of the
value that one starts at, the results and interpretation would be the same since they are based on the
observation that the absorption is increased by 2.5 fold with GJ. F5 on Study Day 1 was then easily
calculated by dividing the fraction absorbed (1.0) by the ratio of the total % excreted on Study day 2
(ie., 1.0/(14.1/4.04) = F,). The bioavailability parameters for the other study days may then be
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calculated by multiplying 1 by the ratio of total % excreted on that study day by the total % excreted
on study day 2 (eg., Study day 3: Fo = 1/(9.2/14.1)).

Since, F, Fy and F5 were each estimated on Study Day 1, Fg was simply calculated by the formula
Fg = F/Fo * Fy. Because CYP3A enzymes are present in the gut wall and are the most important
contributors to gut wall metabolism of DM, the Fg parameter for all the other study days were
calculated using the relative CYP3A enzymatic activity (see below) for that study day compared to the
Study Day 1 : Fg pay i = FGg (Day 1) * CYP3A activity (Day 1)/CYP3A activity (Day 1) (e.g., FG ay 2)
= 0.349 * 0.14/0.09).

Determination of partial metabolic clearances

The phenotypic activity of CYP2D6 and CYP3A for each volunteer were determined by using two
approaches. It is well known that poor metabolizers (PM) of CYP2D6 have an abundance of
unmetabolized DM with very little of its metabolites present in the urine after several hours following
the administration of a single oral dose [17]. On the other hand, individuals classified as EM have the
ability to metabolize DM to its respective metabolite (DX) by CYP2D6 enzymes with very little trace
of DM excreted unchanged in the urine. It was therefore, directly evident from the amount of DM/
DX excreted in urine, which subject was a poor or extensive metabolizer of CYP2D6. This status was
merely qualitative and did not provide a “quantitative” measure of how active CYP2D6 enzymes
were in each of these subjects. It was therefore, important to derive and provide a robust method to
calculate the relative activity of CYP2D6 and CYP3A in these subjects. This was done using the
pharmacokinetic information hidden in the urinary excretion of DM and of its 3 metabolites over an
8-h period.

Partial metabolic clearances, which in the case of DM are reflective of CYP3A and CYP2D6
activities, were therefore calculated according to a modified version of the equations proposed by
Lessard et al. [18]. The partial metabolic clearance of DM to the O-demethylated metabolites is an index
of CYP2D6 enzyme activity while the partial metabolic clearance of DM to the N-demethylated
metabolites is an index of CYP3A activity (Fig. 1).

Equations to phenotype for CYP2D6 and CYP3A enzymatic activities

CL(CYP2D6) = [(Aepx*2) + Aes_on]/4)/ Total excreted (1)

CL(CYP34) = [(Aes—ou™*2) + Aes_yn]/4)/ Total excreted (2)

Where Aepx represents the excreted amount (umoles) of DX arising from the metabolism of DM by
CYP2D6 enzymes (O-demethylation) while Aesoy is the excreted amount (umoles) of 3-OH arising
from the metabolism of 3-MM by CYP2D6 enzymes. In Eq. (2), Aes_v represents the excreted amount
(umoles) of 3-MM arising from the metabolism of DM by CYP3A enzymes, while Ae;oy represents the
excreted amount (umoles) of 3-OH arising from the metabolism of DX by CYP3A enzymes. Since
CYP3A enzymes are present in the gut wall and in the liver, contrary to CYP2D6 enzymes which are
located primarily in the liver, an adjustment had to be incorporated in the formula to account for the fact
that DM and its metabolites are “in contact” with CYP3A enzymes twice as often as with CYP2D6. In
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Fig. 1. Chemical structures of DM and of its O- and N-demethylated metabolites.

the formulas, total excreted represents the total amount of DM, 3-OH, DX and 3-MM excreted in the
urine during the 8-h period.

Statistical Analyses

Statistical analysis was performed with SYSTAT for Windows (V5.03, SYSTAT, Evanston IL,1993).
Differences between treatment groups in the amount excreted of DM and its metabolites were

Table 1

PK Parameters of DM when administered with HO, GJ and SOJ in volunteers who are EM

PK parameters CTL Day 1 GJ Day 2 CTL Day 3 SOJ Day 4 CTL Day 5
(Mean) (Mean) (Mean) (Mean) (Mean)

Total % Excreted (+SD) 4.04 + 5.0 14.1 £ 6.3* 92 + 3.6 13.3 £ 8.1* 10 £ 2.57

F 0.10 0.54* 0.29 0.46* 0.29

Fu 0.99 0.99 0.99 0.99 0.99

Fa 0.29 1.0 0.65 0.94 0.71

Fg 0.35 0.54 0.44 0.49 0.41

Note: F: bioavailability [F = Fy X Fg X Fal; Fg: (CYP3A/CYP2D6) escaping metabolism by the liver where Fy = 1 - (CLy/
Qp) and CLy = CLy and Qg assumed 1.5 L/min; Fg: (CYP3A) fraction escaping metabolism in the intestinal gut wall; F,: (P-
glycoprotein) fraction that is absorbed; CTL: control days when DM was taken with water.

P value <0.05 when all 5 treatments are compared between each other. * Day 2 and Day 4 are not significantly different from
each other.



Table 2

M.P. Di Marco et al. / Life Sciences 71 (2002) 1149-1160

1155

Partial metabolic clearances of DM to O- and N-demethylated metabolites as indexes of CYP2D6 and CYP3A activities

obtained after oral administrations of DM with H,O, GJ and SOJ in individuals who are EM

DAYS EM (n=9)
O-DEM CYP2D6 (L/h) N-DEM CYP3A (L/h)
1 (H,0) 0.43 + 0.02 0.14 + 0.04
2 (G]) 0.46 + 0.01 0.09 + 0.03
3 (H,0) 0.45 + 0.01 0.11 + 0.04
4 (SOJ) 0.42 + 0.04 0.10 + 0.01
5 (H,0) 0.44 + 0.02 0.12 + 0.01

determined using a one way analysis of variance (ANOVA) for repeated measures. If a statistical
difference was found between groups (P < 0.05), contrast testing was performed to see where the
differences between the study days occurred.

Results

Pharmacokinetic Results

Bioavailability (F) calculations are presented numerically in Table 1. Computations of Fy (an
index of CYP3A4/CYP2D6 activity in the liver), Fo (an index of P-glycoprotein activity in the

Partial metabolic CL of DM via CYP2Dé6

0.5 1

0.4

0.3

0.2

0.1

—
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Partial metabolic CL of DM via CYP3A

0.0

1

Fig. 2. Comparison of partial metabolic CL of A) CYP2D6 and B) CYP3A activities for EM and PM individuals that were

calculated on Study Day 1.
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intestinal gut wall) and Fg (an index of CYP3A activity in the intestinal gut wall) are also
presented in Table 1. The P-glycoprotein nomenclature in this study does not necessarily mean that
it is “the P-glycoprotein” that transports DM and/or its metabolites, since it may be the other
analogous transport proteins yet to be named. We are referring to it as P-glycoprotein for readability
purposes, and because most substrates of CYP3A are also substrates of P-glycoprotein. The results
in Table 1 show that Fy remained constant (0.99) throughout the 5 study days, suggesting that
grapefruit and seville orange juice had no influence on the enzymatic activity of CYP2D6/CYP3A
enzymes found in the liver. The fraction of the administered dose of DM that escaped first pass
metabolism (Fg and F,) were found to increase significantly when grapefruit or seville orange juice
were taken with DM on study days 2 and 4, respectively. As Table 1 demonstrates, grapefruit and
seville orange juice significantly increase the excretion of DM and its metabolites (P < 0.05). In
comparison, no differences were noted between the different control days when DM was
administered with water (P = 0.79).

After analysis of the urine samples, it was evident that 2 out of the 11 volunteers in this study
had a CYP2D6 PM phenotype while the remaining 9 had EM phenotypes. The results obtained
from the proposed phenotyping calculations are presented numerically in Table 2.

Fig. 2 graphically demonstrates the comparison of EM vs. PM calculated phenotyping results that
were obtained for study Day 1 using the previously proposed equations. The average calculated
metabolic CL via CYP2D6 was 0.43 + 0.02 for EM and 0.06 £ 0.02 L/h for PM. The average
calculated metabolic CL via CYP3A was 0.14 + 0.04 for EM and 0.11 £ 0.02 L/h for PM.

Discussion

DM has been considered by many to be a suitable probe for phenotyping subjects as either EM
or PM relative to CYP2D6 activity [19,20]. It has been reported that unmetabolized DM is the
major component excreted in urine by individuals that are PM [17]. In this study, 2 out of the 11
volunteers were determined to be PM of CYP2D6 enzymes after an 8-h urine collection where the
excretion of DM and its 3 metabolites were quantified. In addition, since PM subjects do not
metabolize DM, they have larger circulating plasma concentrations of DM which makes them
drowsy. This side effect was observed in the 2 PM subjects.

Individuals who were determined to have an EM phenotype excreted DX as the major metabolite in
the urine. This finding is in agreement with other published studies for individuals who are EM [17]. As
the schematic diagram of the metabolism of DM in Fig. 3 illustrates, DM is metabolized in the liver by
CYP2D6 enzymes to form the DX metabolite. This metabolite is active and has been found to be the one
that is responsible for a large proportion of the antitussive effect of DM [20].

In previous papers, phenotypic determinations of CYP2D6 or CYP3A were usually carried out with
the administration of DM and measuring the concentrations of DM, DX and 3-MM in a ‘““spot” urine
sample to derive a simple metabolic ratio. However, since DX and 3-MM are further metabolized to 3-
OH by another enzyme, this method of calculating the metabolic ratio may not be robust [20,21]. We are
proposing another method to calculate the activity of CYP2D6 and CYP3A in subjects by taking into
account further demethylation to 3-OH by DX and 3-MM in the equation presented in this paper (Data
Analysis section in “Determination of partial metabolic clearances™). Very little change was observed
(Table 2) on all 5 study days when DM was O-demethylated to DX via CYP2D6 enzymes found in the
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Fig. 3. Model depicting first pass metabolism of DM and elimination of DM and its metabolites from the circulatory system
(plasma) into urine.

liver in volunteers who were deemed EM. This confirms the lack of inhibition of CYP2D6 enzymes by
GJ and SOJ. PM were also found to have a much lower CYP2D6 activity than EM (eg., 0.43 L/h for EM
vs. 0.06 L/h for PM on Study day 1, a finding supporting the proposed formulas.

Previous papers have reported that GJ is an inhibitor of intestinal CYP3A enzymes found in the
gut but not CYP3A enzymes found in the liver [11]. In that study the administration of GJ with
cyclosporine, was shown to affect F without affecting Fy. Meaning that GJ affects gut wall
metabolism but not liver CYP3A activity. In the present study, N-demethylated metabolites (DM to
3-MM) formed via CYP3A were affected by the consumption of grapefruit or seville orange juice.
On the other hand, no change was seen on the formation of 3-OH from DX, further demonstrating
that these citrus juices only affect CYP3A enzymes and/or transporters in the intestinal gut wall and
not liver CYP2D6 activity (Table 2). When CYP2D6 and CYP3A activity were calculated for
volunteers who were determined to be PM, a remarkable difference was observed compared to
volunteers determined to be EM. Subjects that were deemed as PM cleared very little of the drug
(DM and metabolites) as compared to EM on all 5 days of the study.

The total per cent excretion of the drug was calculated using the urinary concentrations of DM and all of
the DM metabolites after administration of DM with GJ, SOJ and water. The only source of an increase in
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the total per cent excreted was an increase in the absorption process (F,) of the drug through the gut wall.
When the volunteers with an EM phenotype were concomitantly administered DM and grapeftuit juice
(Study Day 2) there was an increase in F (54%) as compared to the value of F (10%) observed after the
concomitant administration of DM and water (Study Day 1). The increase in the absorption process (Fa)
suggests inhibition of P-glycoprotein activity in the intestinal gut wall by GJ or SOJ.

After the concomitant administration of DM and grapeftruit juice (Study Day 2), there was a 3-day
washout period. The subjects were then concomitantly administered DM and water (Study Day 3).
However, the observed F, (65%) did not completely decrease to the baseline value (29%) observed on
Study Day 1. This indicates that grapefruit juice may have produced an irreversible or quasi-irreversible
inhibition of P-glycoprotein and CYP3A activity in the gut wall. The administration of grapefruit and
seville orange juice in each volunteer were separated by 7 days. We believe that this “washout “ was
sufficient to ensure the return to baseline of P-glycoprotein and CYP3A activity before seville orange
juice was administered. This is in agreement with another study that reported that the inhibitory effect of
grapefruit juice disappears after 3 to 7 days [22]. The administration of seville orange juice with DM
(Study Day 4) produced an identical effect on the DM pharmacokinetic profile as was observed with the
concomitant administration of DM and grapefruit juice. This suggests that grapefruit and seville orange
juice contain the same type of inhibitors. This study also demonstrates that grapefruit and seville orange
juice have long lasting inhibitory properties requiring at least a seven-day washout period.

In this study, grapefruit and seville orange juice have been found to contribute to the increase in
bioavailability and absorption of DM by affecting first pass metabolism and absorption through the
intestinal gut wall. This increase suggests inhibition of CYP3A (Fg) and P-glycoprotein or related
membrane efflux protein (F,) activities. Other reports have demonstrated that DM undergoes a marked
first pass elimination due to the enzymatic activity of CYP3A and CYP2D6, but not due to the influence
of P-glycoprotein proteins [16]. This paper contradicts this finding and demonstrates that an increase in
the absorption of DM is seen with grapefruit and seville orange juice. The only possible way that the
total excreted amounts of DM and its metabolites increased is that the activity of the P-glycoprotein
transport protein is affected by grapefruit and seville orange juice [23]. These results suggest that DM
appears to be a substrate of P-glycoprotein or related membrane efflux protein activities in the human
gastro-intestinal tract.

In conclusion, we have demonstrated the inhibitory effect of grapefruit and seville orange juice on the
pharmacokinetics of DM by showing an inhibition of CYP3A activity as well as P-glycoprotein. The
increase in the fraction absorbed (Fo) when GJ or SOJ was taken with DM caused a simultaneous
irreversible or quasi-irreversible inhibition of P-glycoprotein and CYP3A activity in the gut. We propose
to phenotype subjects using partial metabolic clearances as indexes of CYP2D6 and CYP3A activity,
while the total amount of DM and metabolites excreted will be a relative activity index between subjects
for the P-glycoprotein activity. The equations proposed in this paper may therefore, be a more robust
way of calculating the activities of CYP2D6, CYP3A and P-glycoprotein simultaneously in individuals
using DM as the probe drug.
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