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ABSTRACT: Dextromethorphan is used as a probe drug for assessing CYP2D6 and CYP3A4 activity in vivo and in vitro. A SIM
GC/MS method without derivatization for the simultaneous determination of dextromethorphan and its metabolites,
dextrorphan, 3-methoxymorphinan and 3-hydroxymorphinan, in human plasma, urine and in vitro incubation matrix was
developed and validated. Calibration curves indicated good linearity with a coefficient of variation (r) better than 0.995. The
lower limit of quantitation was found to be 10 ng/mL for all analytes in all matrices. Intra-day and inter-day precision for
dextromethorphan and its metabolites was better than 9.02 and 9.91%, respectively and accuracy ranged between 91.76 and
106.27%. Recovery for dextromethorphan, its metabolites and internal standard levallorphan was greater than 72.68%. The
method has been successfully applied for the in vitro inhibition of metabolism of dextromethorphan by CYP2D6 and CYP3A4
using known inhibitors of CYPs such as quinidine and verapamil. Copyright © 2009 John Wiley & Sons, Ltd.
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Introduction

Dextromethorphan is an N-methyl-D-aspartic acid (NMDA)

receptor antagonist, centrally acting non-narcotic codeine

analog, which is widely used as a safe antitussive and analgesic

drug (Woodworth et al., 1987; Siu and Drachtman, 2007).

Dextromethorphan is metabolized in humans by O-demethylation

to form its active metabolite dextrorphan primarily through

CYP2D6 and by N-demethylation to form 3-methoxymorphinan,

primarily through CYP3A4 (Barnhart, 1980; Pfaff et al., 1983;

Schmid et al., 1985; Küpfer et al., 1986; Larrey et al., 1987; Jacqz-

Aigrain et al., 1993; Gorski et al., 1994). The O-demethylation

pathway to dextrorphan is polymorphic and under CYP2D6 genetic

control, co-segregating with the well-described debrisoquine/

sparteine oxidation polymorphism (Küpfer et al., 1984; Schmid et al.,
1985; Küpfer et al., 1986; Larrey et al., 1987; Jacqz-Aigrain et al., 1993;

Gorski et al., 1994). Dextrorphan and 3-methoxymorphinan

undergo further N-demethylation and O-demethylation, respec-

tively through CYP3A4 and CYP2D6, to give 3-hydroxymorphinan

(Jones  et  al.,  1996).  After  O-demethylation,  dextrorphan  and

3-hydroxymorphinan undergo conjugation reactions with

glucuronic acid to give the corresponding glucuronides (Fig. 1)

(Duché et al., 1993). Although CYP2D6 is not a major CYP in

human liver, it is responsible for the metabolism of several

clinically important drugs (Eichenbaum and Gross, 1990). Subjects

with functional CYP2D6 are classified as extensive metabolizers,

those with defective CYP2D6 classified as poor metabolizers,

while ultrarapid metabolizers have more than one copy of the

functional CYP2D6 gene (Meyer et al.,  1990; Gonzalez and

Meyer, 1991; Dahl et al., 1995). CYP3A4 is predominantly

expressed in the liver and the small intestine and is involved in

the metabolism of a variety of drugs (Slaughter and Edwards,

1995; Spatzenegger and Jaeger, 1995). Dextromethorphan is

widely used as a suitable probe drug to assess simultaneously

human CYP2D6 and CYP3A4 activity both in vivo and in vitro,
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based on the determination of urine metabolic molar ratios of

dextromethorphan/dextrorphan and dextromethorphan/3-

methoxymorphinan, respectively (Yu and Haining, 2001;

Kawashima et al., 2002; Funk-Bretano et al., 2005; Kimiskidis et al.,
2005; Frank et al., 2007). Moreover, dextromethorphan is also

used as a probe drug for assessing in vitro and in vivo potential

drug interaction studies (Ducharme et al., 1996).

Various analytical methods for the determination of dex-

tromethorphan and/or its metabolites in biological matrices

have been reported, such as high-performance liquid chromato-

graphy combined with fluorescence detection (East and Dye,

1985; Johansson and Svensson, 1988; Chen et al., 1990; Lam

and Rodriquez, 1993; Hartter et al., 1996; Bartoletti et al., 1996;

Kimiskidis et al., 1996; Bendriss et al., 2001; Hendrickson et al.,
2003; Afhsar et al., 2004; Lin et al., 2007) or ultraviolet detection

(Park et al., 1984; Vielnascher et al., 1996), capillary electrophoresis

(Kristensen, 1998), gas chromatography coupled with different

detectors (Pfaff et al., 1983; Bauman and Jonzier-Perey 1988; Wu

et al., 2003; Bagheri et al., 2005; Rodriques et al., 2008) and liquid

chromatography–mass spectrometry (Vengurlekar et al., 2002;

Arellano et al., 2005; Constanzer et al., 2005). GC/MS in the SIM

mode and LC-MS/MS are the preferred methods in terms of

sensitivity and selectivity. Most of the reported analytical

methods were only validated for the simultaneous determination

of dextromethorphan and its main active metabolite dextrorphan

in urine, some require time-consuming procedures, some are

unsuitable for application in pharmacokinetic studies and for

the in vitro and in vivo determination of CYP2D6 and CYP3A4

activity due to sensitivity limitations and interferences from

endogenous peaks in biological matrices, and some require

complex and expensive instrumentation.

The aim of the present study was the development and

validation of a simple, sensitive, selective, accurate and precise

SIM GC/MS analytical method for the simultaneous deter-

mination of dextromethorphan and its metabolites, dextrorphan,

3-methoxymorpinan and 3-hydroxymorphinan, in different

biological matrices, suitable for the conduct of pharmacokinetic

studies and for the determination of CYP2D6 and CYP3A4 activity

in humans, as well as for the investigation of in vitro metabolic

drug interaction studies using dextromethorphan as probe

drug. The method has been successfully applied for the in vitro
inhibition of metabolism of dextromethorphan by CYP2D6 and

CYP3A4 using known inhibitors of CYPs such as quinidine and

verapamil.

Figure 1. Chemical structures of dextromethorphan, its metabolites and levallorphan (internal standard) and metabolic

pathways of Phase I (O-demethylation and N-demethylation) and Phase II (glucuronidation) reactions.
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Experimental

Chemicals and Reagents

Dextromethorphan hydrobromide, dextrorphan tartrate, 3-

methoxymorphinan hydrobromide, 3-hydroxymorphinan hydro-

bromide, levallorphan tartrate (internal standard), quinidine,

verapamil, β-glucuronidase/sulfatase (crude solution from Helix
pomatia,  type  HP-2,  G7017),  NADP+,  glucose-6-phosphate

and glucose-6-phosphate dehydrogenase (suspension in 2.6 M

MgCl2) were purchased from Sigma (St Louis, MO, USA). GC/MS-

grade methanol, acetone, ethyl acetate and n-hexane were

obtained from Merck (Darmstadt, Germany). Recombinant human

cytochromes using baculovirus expression system and micro-

some preparation for control were purchased from Gentest. All

other chemicals and reagents used were of analytical grade.

GC/MS Instrumentation and Conditions

The development and validation of the GC/MS analyses was

carried out using a Shimadzu GC/MS-QP2010 system (Shimadzu,

Germany) consisting of a model GC-2010 gas chromatographer

connected to a model QP-2010 electron impact (EI) mass spec-

trometer and a model AOC-20S autosampler. Data acquisition

and control of the GC/MS-QP2010 system was carried out using

the GCMSsolution software.

Samples were separated on an Equity-5 fused silica capillary

column (30 m × 0.25 mm, film thickness 1 μm). The carrier gas

was ultrahigh purity helium at a flow rate of 1.20 mL/min and a

split ratio 1:1. The temperature on the injector set at 250°C and

the temperature on the interface set at 280°C. The column

temperature was initially held at 120°C for 1 min, then raised at

270°C with a rate of 20°C/min and held for 10 min. The injection

volume was 1 μL and the total run time was 28.5 min.

Mass spectra were scanned from 50–300 m/z at a rate of 1.5

scans/s and the electron impact ionization energy was 70 eV. For the

quantification of the analytes selective ion monitoring (SIM) mode

was used. The typical parent ions at m/z 271 for dextromethorphan,

m/z 257 for dextrorphan and 3-methoxymorphinan, m/z 243

for 3-hydroxymorphinan and m/z 283 for levallorphan (internal

standard) were monitored.

Standard Solutions

Stock solutions of dextromethorphan, dextrorphan, 3-

methoxymorphinan, 3-hydroxymorphinan and levallorphan

(internal standard) were prepared by dissolving appropriate

amounts of the compounds in water to achieve concentrations

of 5 mg/mL for all compounds and kept at −20°C until analysis.

From the stock solutions appropriate dilutions made with water

to prepare the working solutions containing 100, 500, 1000,

2000, 4000, 5000 and 8000 ng/mL of dextromethorphan,

dextrorphan, 3-methoxymorphinan and 3-hydroxymorphinan.

The stock solution of internal standard was also diluted with

water to prepare the working solution of internal standard

containing 20,000 ng/mL.

Calibration standard samples were freshly prepared in 0.5 mL

drug-free plasma, urine, and in vitro incubation matrix (omitting

recombinant CYPs), by spiking with 50 μL of the working

solutions containing all analytes and 20 μL of the internal

standard working solution (400 ng/mL) to yield concentrations

corresponding to 10, 50, 100, 200, 400, 600 and 800 ng/mL

for dextromethorphan, dextrorphan, 3-methoxymorphinan

and 3-hydroxymorphinan.

Quality Control Samples

Three levels of quality control concentrations, one low at

50 ng/mL, one medium at 400 ng/mL and one high at 800 ng/

mL, were prepared for all analytes. A 0.5 mL aliquot of drug-free

plasma, urine and in vitro incubation matrix was spiked with

appropriate volumes of working solutions of dextromethorphan,

dextrorphan, 3-methoxymorphinan and 3-hydroxymorphinan in

order to obtain quality control samples containing 50, 400 and

800 ng/mL and placed at −20°C pending analysis. These quality

control samples were used for the estimation of accuracy, preci-

sion and recovery of the analytical method.

Sample Preparation

Calibration standard samples, quality control samples and collected

plasma and urine samples (0.5 mL) were spiked with 20 μL of

internal standard working solution. Afterwards, 0.5 mL of satu-

rated sodium carbonate solution and 5 mL of a mixture of ethyl

acetate/hexane (1:1, v/v) were added, followed by vortex for 30 s

and by shaking for 30 min. After centrifugation at 2000g for

10 min the organic phase was transferred to a clean dried tube

containing 100 mg of anhydrous sodium sulfate in order to

capture any traces of water. After vortex for 30 s and centrifuga-

tion at 2000g for 10 min the organic phase was transferred in

another clean tube and evaporated to dryness at 35°C with the

help of a gentle stream of dry air. After addition of 100 μL of ace-

tone the supernatant was transferred to the GC/MS autosampler

vials from which 1 μL was injected to the GC/MS system for anal-

ysis. Plasma and urine samples after spiking with 20 μL of inter-

nal standard solution were incubated under continuous shaking

with 50 μL of 1 M sodium acetate buffer (pH = 5) and 10 μL of β-

glucuronidase/sulfatase (aqueous solution from Helix pomatia,

type HP-2, G7017) for 18 h at 37°C.

In Vitro and in Vivo Application

The GC/MS method developed was applied to a typical in vitro
inhibition study using known inhibitors such as quinidine for

CYP2D6 and verapamil for CYP3A4. Incubations were carried

out in KH2PO4/K2PO4 (pH = 7.4, 100 mM) buffer containing 10 pmol

of CYP2D6 or CYP3A4, 1.3 mM of NADP+, 3.3 mM of glucose-6-

phosphate, 0.4 U/mL of glucose-6-phosphate dehydrogenase,

3.3 mM of MgCl2, dextromethorphan in concentrations ranging

from 0 to 2000 μM for CYP3A4 and from 0 to 1000 μM for CYP2D6

and quinidine and verapamil at concentrations 1 and 10 μM,

respectively, in a final volume of 0.5 mL. A pre-incubation

period at 37°C was applied for 10 min before the addition of

dextromethorphan and enzyme. After the addition of dextro-

methorphan and enzyme the reactions were incubated at 37°C

for 10 min for CYP3A4 and for 5 min for CYP2D6. The reactions

were terminated with the addition of 100 μL of acetonitrile and

the incubation mixtures were centrifuged at 10,000g for 10 min

and transferred to clean test tubes and stored at −20°C until

analysis.

The SIM GC/MS method developed was used to measure the

plasma and urine concentrations of dextromethorphan and its

three metabolites in a healthy male subject. The subject received

an oral dose of 10 mg of dextromethorphan hydrobromide
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along with 250 mL of water. Blood samples were collected

in heparinized test tubes immediately before (0 h) and 4 h after

the administration. Blood samples were immediately separated

by centrifugation at 3000g for 10 min and plasma was kept

at −20°C until analysis. Urine was collected in one time inter-

val 0–8 h after drug administration. The volume of urine was

measured and an aliquot of 10 mL was kept at −20°C pending

analysis.

Results and Discussion

Chromatographic Separation

Figure 2(A–D) shows typical GC/MS chromatograms, obtained in

SIM mode, from hydrolyzed and extracted drug-free plasma and

urine and from plasma and urine samples obtained from a

healthy male subject 4 h and 0–8 h, respectively, after an oral

Figure 2. Examples of SIM GC/MS chromatograms: (A) extract of 0.5-ml drug-free plasma sample; (B) extract of plasma sample obtained from a

healthy subject 4 h after oral administration of 10 mg dextromethorphan hydrobromide; (C) extract of 0.5-ml drug-free urine sample; (D) extract of

urine sample collected for 0-8 h obtained from a healthy subject after oral administration of 10 mg dextromethorphan hydrobromide; (E) incubation

matrix sample from the in vitro metabolism of dextromethorphan by CYP3A4; (F) incubation matrix sample from the in vitro metabolism of dex-

tromethorphan by CYP2D6. Peaks: 1 = Dextromethorphan, 2 = 3-Methoxymorphina, 3 = Dextrorphan, 4 = 3-Hydroxymorphinan, IS = Internal standard

(Levallorphan).
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dose of 10 mg of dextromethorphan hydrobromide. Figure 2(E, F)

shows representative GC/MS chromatograms from non-hydrolyzed

and extracted incubation matrix samples of the in vitro inhibition

study assessing CYP2D6 and CYP3A4 activity. The chromatograms

were clean with no interfering endogenous components of the

matrix, or from the reagents and inhibitors added at the retention

time of the analytes and internal standard, clearly demonstrating

the good selectivity of the method. All chromatograms exhibited

excellent resolution between eluting compounds and symmetrical,

sharp and well-defined peaks for all analytes and internal standard.

The retention time was 14.19 min for dextromethorphan, 14.42 min

for 3-methoxymorphinan, 14.72 min for dextrorphan, 15.98 min

for 3-hydroxymorphinan and 18.50 min for internal standard,

levallorphan.

Linearity

The linearity of the method was demonstrated in concentrations

ranging from 10 to 800 ng/mL for all analytes in all biological

matrices, by assaying seven calibration standards and three

quality control samples in duplicate. Calibration curves were

constructed from the peak area ratios of each analyte to internal

standard vs nominal concentrations of the calibration standards

in spiked matrices using a 1/x2 weighted linear least squares

regression model. The regression analysis showed that the

correlation coefficients (r) were higher than 0.995, indicated

good linearity and for each point on the calibration curve the

concentration back-calculated from the regression equation was

constantly below 15% of the nominal value. Concentrations of

quality control and unknown samples were calculated by inter-

polation from the calibration curves.

Accuracy and Precision

Intra-day precision was determined by calculating the %RSD for

six determinations at each concentration of three quality control

samples (50, 400 and 800 ng/mL) and was found to be less than

9.02% for all analytes in all matrices. The intra-day accuracy,

assessed by calculating the estimated concentrations as a per-

cent of the nominal concentrations, ranged from 95.22 to

103.78%. Inter-day precision and accuracy were assessed by

assaying three quality control samples in triplicate on three

separate occasions. Inter-day precisions were all less than 9.91%

and inter-day accuracy ranged between 91.76 and 106.27%

(Table 1). The results indicated that the assay had very good

reproducibility with reasonable accuracy and precision.

Recovery from Biological Matrices

The extraction recoveries of all analytes were determined by

direct comparison of the mean analyte peak areas obtained

from six processed quality control samples in three separate

concentrations of low (50 ng/mL), medium (400 ng/mL) and

high (800 ng/mL) with the mean analyte peak areas of unproc-

essed standard solutions at the same concentration. Recovery of

internal standard was determined in the same samples simulta-

neously. Mean recovery values for dextromethorphan were

higher than 86.43%, for dextrorphan were higher than 75.91%,

for 3-methoxymorphinan were higher than 72.68%, and for 3-

hydroxymorphinan were higher than 72.87%, in all biological

matrices. Mean recovery values for internal standard at 400 ng/

mL were higher than 81.29%.

Lower Limit of Quantification

The lower limit of quantification (LLOQ), defined as the lowest

quantifiable concentration on the calibration curve at which

both accuracy and precision should be within the maximum tol-

erable of CV 20%, was deemed to be 10 ng/mL for all analytes in

0.5 mL of all three biological matrices. The lower limit of quanti-

fication is considered sufficient to determine concentrations for

all analytes in all three biological matrices with an acceptable

accuracy and precision, in pharmacokinetic studies using dex-

tromethorphan as probe drug to assess CYP2D6 and CYP3A4

activity both in vivo and vitro.

In Vitro and in Vivo Application

A typical inhibition metabolic study, using human recombinant

cytochromes CYP2D6 and CYP3A4 was conducted for the

estimation of the basic enzyme kinetic parameters for dextro-

methorphan metabolism. The CYP2D6-mediated formation of

dextrorphan was inhibited by the potent CYP2D6 inhibitor

quinidine at concentration of 1 μM and the CYP3A4-mediated

formation of 3-methoxymorphinan was inhibited by the potent

CYP3A4 inhibitor verapamil at concentration of 10 μM. The

enzyme kinetic parameters for CYP2D6 O-demethylation of

dextromethorphan were estimated to be Km = 5.8 ± 2.7 μM and

Vmax = 11.80 pmol/pmol P450/min and for CYP3A4 N-demethylation

were estimated to be Km = 122.40 ± 5.1 μM and Vmax = 39.54 pmol/

pmol P450/min. Typical inhibition of metabolism of dextro-

methorphan was observed in both cases of the inhibitors used.

Inhibition of metabolism by quinidine was complete in concen-

trations of dextromethorphan below 5 μM.

The present method was also applied to perform the quanti-

tative determination of the plasma and urine concentrations of

dextromethorphan and its three metabolites, after oral adminis-

tration of 10 mg of dextromethorphan hydrobromide to a

healthy adult male subject. Dextromethorphan and its

metabolites were quantified in plasma and urine after hydrolysis

of samples with β-glucuronidase/sulfatase and therefore the

results represent total (free + conjugated) concentrations. At 4 h

after drug administration the plasma concentrations were deter-

mined to be 274.28 ng/mL for dextromethorphan, 198.77 ng/mL

for dextrorphan, 25.89 ng/mL for 3-methoxymorphinan and

34.41 ng/mL for 3-hydroxymorphinan. The concentrations of

analytes in the urine sample, collected for a time interval of 0–

8 h after drug administration, were estimated to be 245.84 ng/

mL for dextromethorphan, 768.77 ng/mL for dextrorphan,

40.78 ng/mL for 3-methoxymorphinan and 557.41 ng/mL for

3-hydroxymorphinan. Based on the total (free + conjugated)

concentrations of dextromethorphan and dextrorphan in urine

and by using the published antimode value for Caucasians

(Duché et al., 1993) the subject was characterized as ‘extensive

metabolizer’.

Conclusion

In conclusion, a SIM GC/MS assay without derivatization for

the simultaneous determination of dextromethorphan and its

metabolites dextrorphan, 3-methoxymorphinan and 3-

hydroxymorphinan in plasma, urine and incubation matrix using

recombinant human CYPs was developed and validated. The

method was simple, selective, sensitive, accurate and precise,

and was found to be suitable for the conduct of pharmacokinetic
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studies and for the in vivo and in vitro determination of CYP2D6

and CYP3A4 activity in humans, as well as for the investigation

of drug interaction studies assessing potential CYP2D6 and

CYP3A4 inhibition using dextromethorphan as a probe drug. To

our knowledge, this is the first validated SIM GC/MS method

without derivatization for the simultaneous quantification of

dextromethorphan and all three metabolites in biological

matrices. The method has been successfully applied for the in
vitro inhibition of metabolism of dextromethorphan by CYP2D6

and CYP3A4 isoforms using known inhibitors of CYPs such as

quinidine and verapamil and for the quantification of plasma

and urine concentrations of dextromethorphan and its meta-

bolites, and studies are currently ongoing.
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