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The activity of cytochrome P450 2D6 (CYP2D6) is highly variable due to genetic and 

environmental influences.  Assessing CYP2D6 activity may aid in initial dosing of drugs 

metabolized by CYP2D6, help maximize therapeutic efficacy or minimize adverse events.  

Traditionally, probe drugs, such as dextromethorphan (DM), metoprolol and atomoxetine, are 

administered to determine CYP2D6 activity.  The primary aim of this dissertation was the 

discovery and evaluation of endogenous biomarkers of CYP2D6 activity as a non-invasive 

means of phenotyping.  We developed two liquid chromatography mass spectrometry methods to 
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quantify selected endocannabinoids and indolethylamines, previously reported as in vitro 

substrates of CYP2D6.  Preliminary results suggest no difference between plasma anandamide 

concentrations at baseline and following CYP2D6 inhibition in healthy adults (P=0.61), although 

a possible difference in 5-MT/serotonin ratio was observed between two urine samples.  With 

further refinement, these assays will allow evaluation of the endocannabinoid and 

indolethylamine substrates and metabolites as biomarkers of CYP2D6 and potentially other 

cytochromes P450 in clinical samples.  Using global metabolomics, we detected a novel ion 

(M1) with m/z 444.3 eluting at 6.5 min.  M1 was absent in the urine of CYP2D6 poor 

metabolizers and present in all other CYP2D6 phenotypes.  In adults, M1 decreased on average 

4- and 9-fold in plasma and urine, respectively after potent CYP2D6 inhibition and was 

negatively correlated with the DM parent-to-metabolite metabolic ratio (P=0.012).  Furthermore, 

urinary M1 was correlated with the oral clearance of metoprolol in women studied during 

pregnancy and postpartum, and atomoxetine in children with attention deficit hyperactivity 

disorder.  Our data suggest that M1 may be a product of a reaction catalyzed by CYP2D6.  

Following development of large-scale semi-purification of M1 in urine, characterization of M1 

by multiple stage mass spectrometry was performed.  Though the structure of M1 remains 

unknown, future efforts should focus on the identification of M1 and its parent.  Validation of the 

M1 biomarker alone or in combination with its parent may provide a useful endogenous 

biomarker of CYP2D6 activity.  Clinical application of endogenous biomarkers may have 

benefits of safety, cost, time and convenience over traditional phenotyping methods, and may 

permit the assessment of CYP2D6 activity in population-based studies. 
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Chapter 1. Introduction 

 

 Background 

 

Cytochromes P450 are a superfamily of enzymes that play a major role in the phase I 

metabolism of drugs.  Cytochrome P450 2D6 (CYP2D6) is one of these drug metabolizing 

enzymes (DME) involved in the biotransformation of many clinically used drugs, such as 

antidepressants, antipsychotics, opioid analgesics, antiarrhythmics, β-blockers, antihistamines, 

and selective estrogen receptor modulators [1, 2].  Although the hepatic content of CYP2D6 is 

only about one to four percent of the total cytochrome P450 protein, this enzyme is responsible for 

the primary elimination of approximately 15-20% of clinically used drugs primarily metabolized 

by this family of enzymes [3, 4].  CYP2D6 protein has also been observed in the brain [5-7] and 

small intestine [8], but at lower concentrations than in the liver.  

 

 CYP2D6 genetics 

 

CYP2D6 is highly polymorphic; there are more than 100 allelic variants and subvariants 

identified to date (www.cypalleles.ki.se/cyp2d6.htm).  The various genotypes result in four 

phenotypic categories: poor metabolizers (PM), carriers of null alleles that lack of function; 

intermediate metabolizers (IM), carriers of one functional allele or two partial activity alleles; 

extensive metabolizers (EM), who have the reference phenotype; and ultra-rapid metabolizers 

(UM), who have multiple copies of functional alleles.  About 5-10% of the European Caucasian 

population are poor metabolizers [9-11], whereas the frequency is lower among other ethnicities 

[12, 13].  The CYP2D6*4 allele, which harbors a splice site mutation, is the most common null 
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allele in Caucasians (20% in a Germans) [14], but is virtually absent in the Asian and African 

populations [12, 15].  Other common null alleles include frame shifts: CYP2D6*3 [16], and 

CYP2D6*6 [17], and a gene deletion: CYP2D6*5 [18].  Partially functional alleles occur in all 

major races.  The CYP2D6*10 and CYP2D6*17 are present in up to 30% of Africans and 50% of 

Asians, respectively [19, 20].  CYP2D6*41 is more common among Caucasians (10-15%) and 

results in only a fraction of correctly spliced mRNA due to an erroneous intron SNP [21].  Multiple 

copies of alleles occur in about 5% of Caucasians [22] and more frequently (~10-30%) in Arabian 

and Eastern African populations [23, 24].  However, not all duplications are comprised of 

functional genes, there can be duplications of partially functional and nonfunctional alleles [25]. 

 

 Genotype-to-phenotype predictions 

 

Restriction fragment length polymorphism (RFLP) in conjunction with polymerase chain 

reaction (PCR) is the reference standard for determining CYP2D6 genotype.  Commercial 

genotyping assays are available and the most comprehensive, the AmpliChip CYP450 Test 

(Roche), checks for the presence of 33 CYP2D6 alleles [26].   The highly polymporphic nature of 

CYP2D6 combined with the presence of pseudogenes, unexpected recombinations and failure to 

account for important variants due to ethnicity make genotype-to-phenotype predictions both 

challenging and complex.  In addition, the activity of the enzyme resulting from reduced functional 

alleles can be substrate specific.  For example, the turnover of metoprolol and codeine in 

homozygous African subjects [19] and haloperidol in vitro [27] by CYP2D6*17 was more rapid 

than what was expected based on other CYP2D6 substrates such as dextromethorphan.  The 

majority of CYP2D6 variants have not been evaluated for substrate specificity.  In addition, there 
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is a large degree of interindividual variability within each genotype, as subjects with identical 

genotypes may exhibit differences in enzyme activity which may span two orders of magnitude 

[28-30].  Gaedigk et al. proposed an activity score system to reduce the complexity of genotype 

data by combining genotypes into a small number of groups that include individuals with 

comparable predicted activities.  In a cohort of over 600 Caucasians and African American 

subjects, CYP2D6 activity score explained 55% of the variability in the urinary metabolic ratio of 

dextromethorphan, yet residual interindividual variability within each activity score remained [31]. 

 

 CYP2D6 phenotyping 

 

It has been proposed that environmental factors such as diet [24, 32] and disease [33-37] 

may play a role in CYP2D6 variability within the population.  DME phenotyping captures both 

genotype and environmental effects on enzyme activity.  Phenotyping of CYP2D6 activity is 

performed by the administration of exogenous substrates.  Enzyme activity is reflected in the 

clearance of a drug exclusively metabolized by CYP2D6 or in the partial clearance of the parent 

drug to the CYP2D6-mediated metabolite.   

Decreased clearance of debrisoquine and sparteine were first described in the late 1970s 

[9, 38, 39].  The distribution of debrisoquine and sparteine clearance in Caucasians was bimodal 

[38] and trimodal [40], respectively.  These drugs can be used as markers of CYP2D6 activity [41-

43], but their utility is limited as debrisoquine and sparteine are not approved for use in some 

countries.  More contemporary drugs used for CYP2D6 phenotyping include metoprolol and 

dextromethorphan.   

Metoprolol is primarily metabolized by CYP2D6 (70-90% of the dose) [44, 45].  The α-

hydroxylation of metoprolol occurs almost exclusively by CYP2D6, whereas the O-demethylation 
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occurs by CYP2D6 jointly with other enzymes [46].  Metoprolol is administered as a racemic 

mixture and metabolism of metoprolol by CYP2D6 EMs and PMs is stereoselective [47].  The 

metoprolol/α-hyrdoxymetoprolol or the S/R-metoprolol metabolic ratios have been used as 

markers of CYP2D6 activity [41, 47-50].  However, these metabolic ratios did not match 

debrisoquine results in some ethnic groups [51-53].  In addition, the metorpolol/α-

hyrdoxymetoprolol metabolic ratio may be influenced by urinary pH [54].   

Dextromethorphan (DM) is a well-established, over-the-counter drug that has been used 

with its O-demethylated product, dextrorphan (DX) for phenotyping [42, 43, 55].  The DM 

metabolic ratio (DM/DX), defined as the molar ratio of DM/[DX + DX glucuronide], has an anti-

mode at a value of 0.3, distinguishing IMs/EMs from PMs [55].  DM MR is well correlated with 

both debrisoquine and sparteine metabolic ratios (r2 = 0.78 and 0.82, respectively) [55, 56].  

However, there is some evidence that DM/DX and DM oral clearance are only weakly correlated 

[57] and urinary pH may be a significant source of variation in DM/DX [54]. 

 

 Common CYP2D6 substrates and reactions 

 

As reviewed by Wang et al., substrates of CYP2D6 are classically planar, aromatic, 

lipophilic bases with a protonatable (at physiological pH) nitrogen 5-7 Å from the active site [58].  

CYP2D6 has a well-defined active site approximately 540 Å3 in volume and has been described 

to appear in the shape of a right foot [59].  Common CYP2D6 reactions include hydroxylation (for 

desipramine and debrisoquine), and dealkylation, including demethylation (for codeine and 

dextromethorphan) [38, 58]. 
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 Inhibition and induction of CYP2D6 

 

CYP2D6 inhibitors may influence therapeutic outcomes of a co-administered drug [60].  

Potent inhibition of CYP2D6 is exhibited by drugs such as paroxetine, fluoxetine, fluvoxamine 

and quinidine in vivo, resulting in a change from EM to PM phenotypes in some subjects [61-63].  

While CYP2D6 is generally considered non-inducible by xenobiotics, there are conflicting reports 

of the effects of rifampin on CYP2D6 activity.  Caraco et al. reported a 2- to 12- fold increase in 

codeine O-demethylation in healthy adult subjects following a 3-week treatment of rifampin (600 

mg) [64].  However, others concluded that rifampin had little to no inductive effect on CYP2D6 

[39, 65].  CYP2D6 activity has been shown to be induced in pregnancy with reports of a 26-48% 

increase in dextromethorphan O-demethylation [66], and a 2- to 13-fold increase in the apparent 

oral clearance of metoprolol during the third trimester of pregnancy as compared to postpartum 

[67].   

 

 Endogenous substrates of CYP2D6   

 

In addition to the oxidation and dealkylation of many clinically used drugs, CYP2D6 may 

also be involved in the metabolism of endogenous substrates.  CYP2D6 has been implicated in the 

metabolism of trace amines found in the brain.  The metabolism of pinoline and 5-methoxy-N,N-

dimethyltryptamine (5-MeO-DMT) have been shown to be selectively catalyzed by recombinant 

CYP2D6 [68].  In addition, it was found that pinoline metabolism was well correlated with 

CYP2D6 activity and content (r2 = 0.93 and 0.82, respectively) and was inhibited by quinidine in 

human liver microsomes [69].  Similarly, CYP2D6 was responsible for the metabolism of 5-
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methoxytryptamine (5-MT) to serotonin in recombinant CYP2D6 and hepatic microsomes from 

wild-type and CYP2D6-humanized mice [70].  Anandamide, a neuroprotective, anti-inflammatory 

and anti-nociceptive fatty acid cannabinoid found in the brain and several other tissues [71-74], 

has been shown to be hydroxylated and epoxygenated by recombinant CYP2D6 and in brain 

microsomal and mitochondria preparations [75].  Recently, serotonin, 5-hydroxyindoleacetic acid, 

L-carnitine, acetyl-L-carnitine, pantothenic acid, 2’-deoxycytidine diphosphate, anandamide, and 

N-acetylglucosaminylamine have been shown to be up-regulated and stearoyl-L-carnitine was 

found to be down-regulated in CYP2D6-humanized mice as compared to control mice [76].  Other 

reported in vitro endogenous CYP2D6 substrates include tryptamine [77] and steroids such as 

testosterone [78], estrogens [79], and allopregnanolone [80].  Development and use of endogenous 

substrates for in vivo CYP2D6 phenotyping is still work in progress. 

 

 Pediatric drug metabolism 

 

In pediatric liver samples, CYP2D6 expression is detectable during fetal stages and 

increases with postnatal age [81].  By 2 weeks of age, CYP2D6 activity is significantly associated 

with genotype, suggesting that genotype is a greater determinant of CYP2D6 variability than is 

ontogeny [82].  However, knowledge of drug metabolism and appropriate therapeutic dosing in 

children lags far behind that of adults.  In 2009, it was estimated that only 41% of clinically used 

drugs had some pediatric labeling information [83].  Lack of pediatric dosing guidelines have led 

to allometric scaling based on body weight or surface area; however, studies have shown 

deficiencies in these methods [84, 85].   
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The pharmacokinetics of drugs may be subject to physiological changes in the pediatric 

population.  For example, renal function does not reach maturity until 1 year of age [86].  In 

addition, children have a higher ratio of total body water to fat as compared with adults [87].  

Gastric pH is higher in neonates and young children and does not decrease to adult levels until age 

2 [88-90]; this may affect acid labile drugs.  Understanding complexities such as physiological 

development and genetic variation in children may improve drug therapy. 

 

 Metabolomics for clinical applications 

 

Over the past two decades, advances in nuclear magnetic resonance (NMR) and mass 

spectrometry techniques has allowed the simultaneous measurement of a large number of analytes 

in a single biological sample [91].  These advances in analytical technology have been utilized in 

the field of metabolomics—the analysis of a complete set of small molecules in a biological sample 

under a given set of conditions [92, 93].  Metabolomics can capture the genetic, proteomic, 

metabolic and environmental interactions in a biological system [94].  The compounds in a 

metabolome may include endogenous and exogenous compounds such as amino acids, 

carbohydrates, sugars, vitamins, drugs and dietary components [93].  Using statistical analyses and 

chemometrics, differences in metabolomic profiles can be identified between perturbed and 

unperturbed states, such as case and control patients [91].  Metabolomics has been applied to 

studies in toxicology [95], plant research [96, 97], and biomarker discovery [98-101], and aided in 

understanding diseases [102, 103]. 
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 Dissertation aims 

 

The aim of this dissertation was to explore non-invasive biomarkers of CYP2D6 activity 

by evaluating previously reported endogenous CYP2D6 substrates and metabolites, as well as 

discovering novel CYP2D6 biomarkers.  Endogenous biomarkers of CYP2D6 activity have 

advantages over exogenous markers.  Biomarkers would eliminate the risk of adverse events that 

may come with the administration of drug probes currently used for phenotyping.  Phenotyping 

with endogenous biomarkers would be an attractive option in all populations, but especially for 

vulnerable populations such as children, pregnant women and the elderly.  In addition, endogenous 

biomarkers might be more convenient and cost-effective by eliminating the need for timed sample 

collections. 

A number of endogenous indolethylamines, such as 5-MT, 5-MeO-DMT and pinoline, and 

the fatty acid, anandamide have been shown to be metabolized by CYP2D6 in vitro.  However, to 

our knowledge, there have been no human studies investigating the ability of these compounds to 

reflect changes in CYP2D6 activity.  To support this assessment, our first goal was to develop 

analytical methods for the evaluation of reported CYP2D6 substrates and products as biomarkers 

of human CYP2D6 activity.  In Chapter 2, we developed an analytical LC-MS/MS method capable 

of simultaneously quantifying anandamide and two in vitro CYP2D6 products, 20-

hydroxyeicosatetraenoic acid ethanolamide (20-HETE-EA) and 14,15-epoxyeicosatrienoic acid 

ethanolamide (14,15-EET-EA) in human plasma.  We used this method to analyze clinical plasma 

samples from adults at baseline and following CYP2D6 inhibition.  In parallel, as described in 

Chapter 3, we developed an LC-MS/MS method to analyze three reported CYP2D6 substrates, 5-

MT, 5-MeO-DMT and pinoline, and two metabolites, serotonin and bufotenine, in human urine.   
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In Chapter 4, we used a global metabolomics approach to detect M1, a novel endogenous 

biomarker, in CYP2D6-phenotyped and genotyped children.  An independent set of children was 

used to validate M1 as a biomarker of CYP2D6.  Moreover, we assessed the effect of CYP2D6 

inhibition by multiple doses of fluoxetine on urinary M1 concentrations in adult subjects.  In 

Chapter 5, we ascertained the relationships between M1 and various CYP2D6 probes.  The 

association of M1 and metoprolol clearance was evaluated in urine samples from women during 

pregnancy and postpartum.  Second, we compared plasma and urinary M1 concentrations with 

dextromethorphan clearance and its urinary metabolic ratio in adult subjects participating in a 

drug-drug interaction study with fluoxetine.  Third, we evaluated the association of M1 with 

atomoxetine clearance and CYP2D6 activity score in children with attention deficit hyperactivity 

disorder.   

Finally, in Chapter 6, we describe our attempts to semi-purify M1 from human urine using 

large-scale liquid-liquid extractions and semi-preparative column chromatography.  We used 

various techniques, such as high-resolution mass spectrometry, multiple stage mass spectrometry 

(MSn) and NMR, to yield information about the accurate m/z of M1 and to obtain clues of the 

identity of M1.  
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Chapter 2. Development of a liquid chromatography-tandem mass 

spectrometry assay to support the evaluation of endogenous ethanolamides as 

phenotypic indicators of CYP2D6 

 

 Introduction 

 

The importance of cytochrome P450 2D6 (CYP2D6) in the metabolism of clinically used 

drugs has been widely recognized [1-3].  Variations in an individual’s CYP2D6 activities may in 

part determine the outcome of therapy for drugs primarily eliminated by this enzyme [4-6].  

However, the in vivo involvement of CYP2D6 in the metabolism of endogenous substrates is not 

well understood.  Suggested endogenous substrates of CYP2D6 include a number of compounds 

found in the brain, such as 5-methoxytryptamine, 5-methoxy-N,N-dimethyltryptamine, pinoline, 

tyramine, tryptamine and progesterone [7-13].  CYP2D6 is one of the major cytochrome P450 

enzymes in the human brain [14-16], but it is present at lower levels in this tissue than in the liver 

[16].  In the brain, differences in the catalytic activities between wild-type and variant CYP2D6 

could lead to altered product formation from endogenous substrates and neurological function.  If 

an endogenous compound is found to be circulating in the body, it may be used as an indicator of 

hepatic CYP2D6 phenotype. 

Anandamide (AEA), also known as arachidonyl ethanolamide, circulates at low nanomolar 

concentrations [17] and is highly bound to albumin (fu ~ 0.01) [18]. It is an endogenous, fatty acid 

cannabinoid that has physiological roles which include neuroprotective, anti-nociceptive, anti-

inflammatory, cardiovascular and immunologic functions [19-22].  As ascertained in vitro, AEA 

undergoes oxidation by a number of cytochromes P450 (Figure 2-1).  These reactions include 

hydroxylation at C-20 (20-hydroxyeicosatetraenoic acid ethanolamide (20-HETE-EA)) and 
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epoxidation at carbon double bonds (5,6-epoxyeicosatrienoic acid ethanolamide (5,6-EET-EA), 

7,8-epoxyeicosatrienoic acid ethanolamide (7,8-EET-EA), 11,12-epoxyeicosatrienoic acid 

ethanolamide (11,12-EET-EA), and 14,15-epoxyeicosatrienoic acid ethanolamide (14,15-EET-

EA))  [23-27].  Several investigators demonstrated that altering CYP2D6 activity resulted in 

decreased AEA metabolism.  Formation of AEA ethanolamide products in human brain 

mitochondrial preparations were decreased upon incubation with an inhibitory antibody against 

CYP2D6 [24].  Sridar et al. reported decreased formation of 14,15-EET-EA and 20-HETE-EA 

from AEA for an expressed variant of CYP2D6, CYP2D6.34 (C296A), compared to wild-type 

CYP2D6 protein: products were greatly reduced in an incubation with the variant[25].  In a recent 

in vivo metabolomics analysis involving CYP2D6 humanized mice, investigators reported that 

AEA levels were higher in the cerebrospinal fluid of CYP2D6 humanized mice as compared to 

wild-type mice [28].  The authors suggested that higher AEA in the CYP2D6 humanized mice as 

compare to the wild-type mice may be due to the relatively minor role that CYP2D6 plays in the 

metabolism of AEA in comparison with hydrolysis by fatty acid amide hydrolase [28].  The major 

products of AEA metabolism by expressed CYP2D6 are the hydroxylation and epoxidation 

products, 20-hydroxyeicosatetraenoic acid ethanolamide (20-HETE-EA) and 14,15-

epoxyeicosatrienoic acid ethanolamide (14,15-EET-EA), respectively [25, 27].  We hypothesized 

that the parent-to-metabolite metabolic ratio of AEA to 14,15-EET-EA or 20-HETE-EA might be 

an indicator of CYP2D6 phenotype if these reactions occurred in vivo and if the metabolites were 

measurable in accessible biofluids.  As reviewed by Zoerner et al., the majority of reports indicate 

that AEA concentrations in human plasma are below 5 nM [17] and it is unknown if 14,15-EET-

EA and 20-HETE-EA are circulating metabolites in vivo.  Anandamide is low (< 0.004 nM) [29] 

or not detectable in human urine [30]. 
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We sought to develop an LC-MS/MS method for the simultaneous quantification of AEA, 

14-15-EET-EA and 20-HETE-EA in human plasma.  In our search for endogenous biomarkers of 

CYP2D6 activity, we investigated anandamide and two of its ethanolamide metabolites to 

determine whether these parent and CYP2D6 metabolites are altered in individuals after receiving 

multiple doses of fluoxetine, a potent CYP2D6 inhibitor. 

 

 Materials and Methods 

 

2.2.1 Chemicals and materials 

 

AEA (50 mg/mL), 14,15-EET-EA (100 µg/mL), 20-HETE-EA (100 µg/mL) and d8-AEA 

(1 mg/mL) were purchased as methanolic solutions from Cayman Chemical (Ann Arbor, MI).  

HPLC-grade ethyl acetate, methyl tert-butyl ether (MTBE), hexane, toluene, methanol, water, 

glacial acetic acid, and potassium phosphate (monobasic and dibasic) were purchased from Fisher 

Scientific (Pittsburg, PA).  Bovine serum albumin was purchased from Sigma-Aldrich (St. Louis, 

MA).  Phosphate-buffered saline was purchased from Thermo Fisher Scientific (Waltham, MA).  

Blank plasma was obtained from the centrifugation of expired whole blood that was purchased 

from the Puget Sound Blood Center (Seattle, WA). 

 

2.2.2 Method development and selection of chemical extraction solvent  

 

Ethyl acetate, MTBE, toluene and hexane were selected as potential organic solvents for 

AEA, 14,15-EET-EA and 20-HETE-EA plasma extraction.  In order to compare the extraction 

efficiency of the organic solvents, extraction of blank human plasma (human plasma that was not 

spiked) and spiked human plasma (final concentrations: 14.4 nM AEA, 13.7 nM 14,15-EET-EA 
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and 13.7 nM 20-HETE-EA) was conducted using each solvent.  The deuterated internal standard, 

d8-AEA (10 ng), was added to 2 mL of blank and spiked plasma samples.  A double extraction 

was performed.  We added 2 mL of ice-cold organic solvent to each sample.  Samples were placed 

in a horizontal shaker for 10 min at low speed and centrifuged at 1700 x G at 4°C for 5 min.  The 

organic layer was transferred to a polypropylene tube and set on ice.  Another 2 mL of cold organic 

was added to each sample and samples were vortexed for 30 seconds.  The samples were 

centrifuged at 1700 x G at 4°C for 5 min and the organic layer was transferred to the tube 

containing the first organic layer.  Combined organic layers were evaporated under a gentle stream 

of nitrogen.  Samples were reconstituted in 10 µL DMSO, followed by 40 µL of 5:1:4 of 

water:methanol:acetonitrile. Samples were analyzed by LC-MS/MS as described below. 

 

2.2.3 Selection of calibration and quality control sample matrix 

 

Samples of AEA, 14,15-EET-EA and 20-HETE-EA (0, 1.5, 2.5 and 5 nM) were prepared 

in 2 mL of water, phosphate-buffered saline, bovine serum albumin (30 mg/mL), potassium 

phosphate buffer (0.1 M, pH 7.4), or plasma.  D8-AEA (7.03 nM, final concentration) was added 

as internal standard to each sample.  Each sample was extracted and analyzed as described below 

on an AB Sciex (Framingham, MA) LC-MS/MS system. 

 

2.2.4 Ethanolamide calibration and quality control samples 

 

All standard stock dilutions were prepared in methanol.  Intermediate stock solutions of 

1.44 µM AEA, 1.37 µM 14,15-EET-EA, and 20-HETE-EA were made.  These stock solutions 

were used for a mix of AEA and 20-HETE-EA each at a concentration of 100 nM and subsequently 
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used for working standards at final concentrations of 0.05, 0.1, 0.5, 2 and 5 nM in blank human 

plasma.  The 14,15-EET-EA standard curve working standards were created separately at 0.05, 

0.1, 0.5, 2 and 5 nM.  The 2 and 5 nM 14,15-EET-EA standards were used to measure accuracy 

on day 1, but not used during other experiments or sample analysis.  Quality controls (QCs) were 

prepared in blank plasma with 1 nM AEA, 0.2 nM 14,15-EET-EA and 1 nM 20-HETE-EA.  These 

working standards and QCs were aliquoted for single use and stored at -80°C in 15 mL conical 

polypropylene centrifuge tubes.  A working internal standard (IS) solution of 500 nM d8-AEA was 

prepared in methanol.  Small aliquots were stored at -80°C in amber, conical polypropylene 

microcentrifuge tubes for single use.  A neat solution containing 5 nM AEA, 5 nM 14,15-EET-

EA, 5 nM 20-HETE-EA and 50 nM d8-AEA was prepared for the purpose of direct repeat 

injections over multiple days of analysis.  These instrument QC aliquots were stored at -80°C until 

analysis. 

 

2.2.5 Clinical samples 

 

Ten healthy adults (five females, five males) were recruited at the University of 

Washington for a drug-drug interaction study to evaluate the effects of fluoxetine and 

norfluoxetine on CYP3A4, CYP2D6 and CYP2C19.  Study procedures, patient demographics and 

results were previously described in detail [31].  Briefly, participants were genotyped to exclude 

CYP2D6 poor metabolizers.  Subjects were administered a phenotyping probe cocktail that 

contained dextromethorphan, a CYP2D6 probe, on Days 1 and 16 of the study.  Subjects received 

a 20 mg oral dose of fluoxetine on Day 5 and 60 mg daily doses on Days 6 through 18.  Plasma 

samples were obtained during the control and treatment phases (Days 1 and 16).  Secondary 
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analysis of these samples was approved by the University of Washington Human Subjects Review 

Board. 

 

2.2.6 Ethanolamide sample extraction 

 

Working standards, QCs, study plasma samples and IS were thawed on ice.  Study plasma 

samples (1 mL) were aliquoted into a 15 mL conical polypropylene centrifuge tubes.  Internal 

standard (10 µL) was spiked into each standard, QC and study sample.  Samples were extracted 

using 2 mL of ice-cold toluene and tubes were agitated on a horizontal shaker at low speed for 15 

minutes.  Samples were centrifuged at 1700 x G at 4°C for 5 min.  The organic layer was 

transferred to a polypropylene culture tube on ice.  An additional 2 mL of ice-cold toluene was 

added to the remaining aqueous layer.  Samples were agitated on a horizontal shaker at low speed 

for 10 min and centrifuged at 1700 x G at 4°C for 5 min.  The organic layer was transferred to the 

tube containing the first organic layer.  The combined organic layers were evaporated under a 

gentle stream of nitrogen.  Samples were reconstituted in 50 µL of 5:1:4 of 

water:methanol:acetonitrile and subsequently transferred to a polypropylene LC insert in an amber 

LC vial.  Analysis by LC-MS/MS was performed immediately following sample preparation. 

 

2.2.7 Ethanolamide LC-MS/MS Analysis 

 

All AEA, 14,15-EET-EA and 20-HETE-EA analyses were performed using a Waters 

(Milford, MA) Acquity UPLC coupled to a Waters Xevo TQ-S QqQ MS, except for initial method 

development and stability experiments, which were performed on an AB Sciex API 4000 triple 

quadrupole (QqQ) MS.  Samples were separated using a Waters Cortecs UPLC C18 (50 x 2.1 mm 
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x 1.6 µm) column fitted with a Phenomenex (Torrance, CA) SecurityGuard C18 precolumn.  The 

mobile phases consisted of 0.05% acetic acid in water (mobile phase A) and 0.05% acetic acid in 

4:1 methanol:acetonitrile (mobile phase B).  The method employed a flow rate of 0.3 mL/min 

throughout and a gradient elution of 50% B for 1.5 min, then an increase to 100% B by 5 min 

holding until 6 min, followed by a rapid decrease to 50% B by 6.1 min, and finally re-equilibration 

to initial conditions until 8 min.  Samples were maintained at 4°C in the autosampler and 20 µL 

was injected.  Analyte signal intensities were measured in positive electrospray ionization mode 

(ESI) with unit resolutions in Q1 and Q3.  Multiple reaction monitoring transitions and voltages 

are listed in Table 2-1.  MS acquisition parameters were set as the following: capillary voltage 3.5 

kV, source offset 50 V, source temperature 150°C, desolvation temperature: 500°C, cone gas flow 

150 L/hr, desolvation gas flow 1000 L/hr, collision gas flow: 0.15 mL/min, nebulizer gas flow: 7 

bar, and dwell time: 32 msec. 

 

2.2.8 Ethanolamide analyte accuracy, precision and stability  

 

QCs were used to evaluate the accuracy of the AEA, 14,15-EET-EA and 20-HETE-EA 

standard curve.  Accuracy was estimated using QC samples on three separate days for 1 nM AEA 

and 1 nM 20-HETE EA,  The accuracy for 14,15-EET-EA was only estimated on two days at 1 

nM (day 1) and 0.2 nM (day 3).  Standard curves on these days ranged from 0 - 5 nM for each 

analyte, except on day 3, for which 14,15-EET-EA standard curve ranged from 0 - 0.5 nM.  Due 

to limited sample volume of the extracted QC, separate repeat injections of neat instrumental QCs 

were used to measure intraday precision.  Accuracy was calculated as percent error: 

|𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑−𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑|∗100

𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑
 |, and precision was calculated as percent relative standard deviation 
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(RSD): 
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛∗100

𝑚𝑒𝑎𝑛
.  Acceptable error and RSD criteria was less than or equal to 15%.  

Stability of the ethanolamides in the plasma matrix was assessed after five hours by repeated 

injections of the same samples.  The samples were analyzed immediately following sample 

preparation and the samples were kept at 4°C in the autosampler. 

 

2.2.9 Data analysis 

 

Peak integration was performed using Waters MassLynx with QuanLynx software (version 

4.1).  The peak area of AEA, 14,15-EET-EA and 20-HETE-EA were normalized to the d8-AEA 

IS to determine peak area ratios (PARs).  In order to correct for endogenous AEA in the blank 

plasma matrix used for the working standards and QCs, the AEA/d8-AEA PAR in the 0 nM 

standard was subtracted from each calibration point PAR.  No correction was made for endogenous 

14,15-EET-EA and 20-HETE-EA.  The lower limit of quantitation (LLOQ) was determined as the 

lowest calibration with a back calculated error ≤ 15%.  A quadratic equation was used to estimate 

the relationship between PARs and the molar concentration of each analyte, and subsequently used 

to calculate the concentration in the clinical plasma samples.  GraphPad Prism (version 5.04, 

GraphPad Software, San Diego, CA) was used to compare AEA concentration between baseline 

and treatment groups in paired, two-tailed t-tests.  P < 0.05 was considered significant. 

 

2.2.10 In vitro-in vivo predictions of metabolism of AEA to AEA metabolites 

For each AEA metabolite, in vitro Vmax and Km values determined in recombinant enzyme 

or human liver microsome incubations were obtained from published literature (Table 2-6).  

Assuming S << Km, intrinsic clearance was calculated as:   
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𝐶𝐿𝑖𝑛𝑡,𝑖𝑛 𝑣𝑖𝑡𝑟𝑜 =
𝑉𝑚𝑎𝑥

𝐾𝑚
        (Equation 1) 

 

To scale in vitro intrinsic clearance to hepatic clearance:   

 

𝐶𝐿𝑖𝑛𝑡,𝑖𝑛 𝑣𝑖𝑣𝑜 = 𝐶𝐿𝑖𝑛𝑡,𝑖𝑛 𝑣𝑖𝑡𝑟𝑜 × 𝑀𝑃𝑃𝐺𝐿 × 𝑙𝑖𝑣𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡,   (Equation 2) 

 

where milligrams of protein per gram liver (MPPGL) was set to 50 mg protein/g liver and the liver 

weight was 2100 g liver/kg body weight, and a 70 kg individual was assumed.  Reference values 

for the liver expression of various cytochromes P450 (CYP3A4, CYP2D6, CYP2B6 and CYP4F2 

in Caucasians) were obtained from the literature [32, 33].  Metabolism of AEA by CYP4X1 was 

not accounted for due to the lack of a liver abundance scaling factor for this isoform.  The well-

stirred model was used to scale the in vivo intrinsic clearance to hepatic clearance (CLH): 

 

 𝐶𝐿𝐻 =
𝑄∙𝑓𝑢∙𝐶𝐿𝑖𝑛𝑡,𝑖𝑛 𝑣𝑖𝑣𝑜 

𝑄+𝑓𝑢∙𝐶𝐿𝑖𝑛𝑡,𝑖𝑛 𝑣𝑖𝑣𝑜 
,      (Equation 3) 

 

where Q is hepatic blood flow (1.5 L/min) and fu is the fraction unbound (~0.01) [18].  For each 

AEA metabolite, the fraction metabolized (fm) by each cytochrome P450 isoform was calculated 

by dividing CLH for that enzyme by the total CLH (sum of the scaled clearances).   

 

 Results 

 

2.3.1 Ethanolamide method development 

 



28 

 

A variety of bioanalytical LC-MS/MS methods, including those that use liquid-liquid 

extractions, have been reported for the analysis of AEA in human plasma.  These liquid-liquid 

extraction methods use a variety of solvents including acetonitrile, chloroform, methanol, heptane, 

ethyl acetate, and toluene, either as pure solvent or as a mixture [30, 34-38].  In order to select an 

appropriate solvent to use for simultaneous extraction of AEA, 14,15-EET-EA and 20-HETE-EA, 

we explored a variety of water immiscible solvents with a spectrum of polarities.  Listed from most 

polar to least polar, ethyl acetate, MTBE, toluene and hexane were selected as potential extraction 

solvents.  All ethanolamide analytes were detectable in spiked plasma when using ethyl acetate, 

MTBE and toluene.  AEA and 14,15-EET-EA were detectable and 20-HETE-EA was undetectable 

in spiked plasma when using hexane.  In blank plasma samples, AEA was detectable using toluene 

and hexane, whereas 14,15-EET-EA and 20-HETE-EA were absent irrespective of the solvent 

used.  Samples extracted using hexane emulsified during the shaking process and only a small 

amount of organic was recovered.  Ultimately, toluene was chosen as the extraction solvent due to 

the practicality of sample preparation and the detection of all analytes in spiked plasma and AEA 

in blank plasma. The recovery from spiked urine was calculated for the extraction with toluene.  

The recovery was estimated to be 238%, 74% and 7% for AEA/d8-AEA, 14,15-EET-EA and 20-

HETE-EA, respectively.   

Consistent with previously reported methods of LC-MS/MS quantitation of AEA [39-43], 

all analytes were sufficiently ionized in ESI+ mode.  Analytes ionized poorly in ESI- mode (data 

not shown).  The dynamic range of the assay standard curve (0.05 - 5 nM) was chosen based on 

literature reports of plasma AEA concentrations in this range [17, 29, 39, 44, 45].  Pilot standard 

curves and QCs lacked linearity and accuracy on the original AB Sciex API 4000 MS platform 

used for method development.  Thus, the method was transferred to a more sensitive Waters Xevo 
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TQ-S MS system using the same LC-MS/MS parameters.  Figure 2-2 shows a representative 

chromatogram of each analyte in a spiked plasma sample.  Satisfactory chromatographic resolution 

of all analyte peaks was achieved.  The elution times were 2.68 min for 20-HETE-EA, 3.68 min 

for 14,15-EET-EA, and 4.72 min for both AEA and d8-AEA.  The LLOQ from a 20 µL injection 

of prepared spiked plasma was 0.05 nM for 14,15-EET-EA and AEA, and 0.1 nM for 20-HETE-

EA using the final method described herein (Supplemental Figure 2-1). 

 

2.3.2 Calibration curve and QC samples 

 

We tried to find an ethanolamide-free source of plasma or an alternative matrix to plasma 

for the preparation of calibration curves and QC samples to account for matrix effects in sample 

extraction.  Stock ethanolamides (0, 1.25, 2.5 and 5 nM) and IS were spiked into different matricies 

(water, 30 mg/mL bovine serum albumin, 0.1 M potassium phosphate buffer and PBS); the slopes 

or quadratic coefficients of the PAR-concentration curve were compared between the alternative 

matrix and spiked plasma.  None of the alternative matrices produced comparable coefficients to 

the spiked plasma, indicating reasonably similar extraction (Figure 2-3).  Therefore, we prepared 

stock calibration curves and QCs in a lot of blank plasma (Supplemental Figure 2-2) that contained 

acceptably low levels of AEA (between LLOD and LLOQ), and aliquots were stored at -80°C until 

use.  The AEA PAR in the 0 nM calibration point was subtracted from the PAR of each of the 

AEA calibration points and quality control samples in order to obtain corrected calibration points.  

14,15-EET-EA and 20-HETE-EA were <LLOD in the blank calibration and QC matrix so 

correction for endogenous concentrations for these analytes was unnecessary.  Representative 

calibration curves for each ethanolamide analyte are presented in Figure 2-4.  Injection of a 

prepared water sample showed no peaks at analyte retention times (Supplemental Figure 2-3). 
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2.3.3 Intraday accuracy, precision and stability   

 

Intraday accuracy (Table 2-2) was determined using QC samples prepared alongside a 

calibration curve on three different days.  On Day 2, 14,15-EET-EA was inadvertently left out of 

the analysis.  Intraday bias ranged between -2.86 to -4.79%, +6.47 to +10.7%, and -5.25 to +14.5% 

for AEA, 14,15-EET-EA and 20-HETE-EA, respectively.  Data from at least three injections over 

the course of a run are needed in order to calculate intraday precision.  This was not feasible in the 

QC samples due to the limited volume following reconstitution and the relatively large injection 

volume used.  Therefore, a neat solution of the ethanolamide analytes and IS was prepared and 

repeatedly injected on two separate days (days 2 and 3) for the determination of RSD of the 

instrument.  Intraday precision (Table 2-2) was acceptable for AEA, 14,15-EET-EA and 20-

HETE-EA, on days 2 and 3 respectively.  The accuracy and precision of each ethanolamide analyte 

were within the acceptable 15% bias and RSD criteria set for this assay. 

Bench-top stability of ethanolamides and IS in the plasma matrix at 4°C was assessed after 

5 hours.  This length of time was chosen to encompass the time needed to analyze the clinical 

samples.  As shown in Table 2-3, no appreciable degradation was observed for any of the analytes; 

however, an appreciable increase in 20-HETE-EA and d8-AEA was observed after 5 hours.  

Preliminary experiments suggest that the ethanolamide analytes were not stable after 24 hours 

(data not shown), and additional stability studies are needed for run times greater than 5 hours. 

 

2.3.4 Quantitation of ethanolamides in clinical samples 
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AEA concentrations for each individual at baseline and following CYP2D6 inhibition by 

oral fluoxetine treatment are reported in Table 2-4.  14,15-EET-EA and 20-HETE-EA were not 

detected in the plasma of any subject (Supplemental Figure 2-4).  The mean AEA fold-change of 

treatment phase/baseline was 1.0 ± 0.46.  Plasma AEA concentrations of healthy adult volunteers 

did not differ between baseline and treatment phases (P=0.61, Figure 2-5). 

 

2.3.5 Prediction of intrinsic and hepatic clearances 

Based on anandamide metabolism in human liver microsomes reported by Snider et al. 

2007 [23], 8,9-EET-EA, 20-HETE-EA and 5,6-EET-EA are the major products formed by 

cytochrome P450 oxidation (Table 2-5).  11,12-EET-EA and 14,15-EET-EA were predicted minor 

metabolites.   

As shown in Table 2-6, the predicted hepatic clearance of AEA suggests CYP3A4 is 

primarily responsible for oxidation to 8,9-EET-EA, 11,12-EET-EA and 14-15-EET-EA (fmCYP3A4 

were 0.76, 0.67 and 0.94, respectively).  CYP2B6 is also involved to a lesser extent in the 

metabolism of 8,9-EET-EA and 11,12-EET-EA.  CYP3A4 and CYP2B6 were predicted equal 

contributors to the formation of 5,6-EET-EA in vivo.  The predicted metabolism of AEA to 20-

HETE-EA is mediated mostly by CYP4F2 with a minor contribution by CYP2D6 (fmCYP4f2 = 0.92 

and fmCYP2D6 = 0.08).  The predicted relative clearance pathways of AEA metabolism by 

cytochrome P450 enzymes is summarized in Figure 2-6. 

 

 Discussion 

 



32 

 

We developed an LC-MS/MS assay for the simultaneous quantification of AEA, 14,15-

EET-EA and 20-HETE-EA using a double liquid-liquid extraction method for sample preparation.  

Overall, the interday and intraday variability was acceptable for all analytes (<15%).  One 

limitation of the study is that we did not detect 14,15-EET-EA and 20-HETE-EA in plasma 

samples.  Only one paper has reported the detection of 20-HETE-EA in serum of healthy adults 

(0.021 ± 0.013 nM) [46].  These results suggest that these metabolites may not be circulating in 

plasma as the detection of 14,15-EET-EA has not been reported, or could be present at low fM 

concentrations.  It is possible that the sensitivity of our assay (LLOQ = 0.05 and 0.1 nM for 14,15-

EET-EA and 20-HETE-EA, respectively) was not sufficient for the quantitation of these AEA 

metabolites.  An additional factor may be that anandamide has been shown to readily adsorb to 

plastic more than glass in a temperature dependent manner [47] and therefore it is plausible the 

metabolites might also have adsorbed to the plastic tubes used.  Further studies may be required to 

improve the LC-MS/MS conditions or extraction efficiency to optimize the detection of 14,15-

EET-EA and 20-HETE-EA. 

Our goal was to determine if anandamide might be a suitable biomarker of CYP2D6 

activity.  Sager et al. reported an average 27-fold increase in dextromethorphan AUC after 

fluoxetine treatment, indicative of potent inhibition of CYP2D6 in these subjects [31].  Plasma 

AEA concentrations were not altered by CYP2D6 inhibition.  Despite strong in vitro evidence that 

AEA is metabolized by CYP2D6 [25] and in vivo support that cerebrospinal fluid AEA 

concentrations differ between wild-type and humanized CYP2D6 mice [28], our findings suggest 

that plasma AEA concentrations alone are not sufficient for phenotypic differentiation of CYP2D6 

activity.  A likely explanation for the lack of association is that CYP2D6 represents a minor 

pathway of AEA metabolism compared to other metabolizing enzymes after scaling to hepatic 
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clearance [23-27].  The in vitro-in vivo predictions suggest that 14,15-EET-EA and 20-HETE-EA 

are primarily formed by CYP3A4 and CYP4F2.  Therefore the partial clearance of AEA to either 

of these metabolites is unlikely to be a suitable in vivo CYP2D6 biomarker.  However, plasma 

metabolite-to-parent ratios of 8,9-EET-EA, 11,12-EET-EA, or 14,15-EET-EA to AEA, may be 

useful in vivo biomarkers of CYP3A4.  Additionally, plasma 20-HETE-EA/AEA might be an in 

vivo endogenous marker of CYP4F2.  The contribution of CYP4X1 to the formation of 14,15-

EET-EA could not be accounted for due to the lack of a scaling factor.  As the in vitro intrinsic 

clearance estimate for CYP4X1 is relatively small, the contribution of CYP4X1 in vivo is likely to 

be insignificant.  A major limitation of these in vivo predictions is that they only account for hepatic 

cytochrome P450 metabolism.  Extraheptic metabolism of AEA may occur in organs such as the 

brain and kidneys.  Microsomes from these tissues have been shown to metabolize AEA [23].  In 

addition, AEA is extensively hydrolyzed by fatty acid amide hydrolase [48] and also undergoes 

oxidation mediated by certain cyclooxygenases [49, 50] and lipoxygenases [51].   

The method described herein provides a basis for simultaneous analytical quantitation of 

AEA, 14,15-EET-EA and 20-HETE-EA in plasma.  Although 14,15-EET-EA and 20-HETE-EA 

were undetectable using this methodology, plasma AEA levels could be quantified.  Further work 

is needed to demonstrate whether AEA and its metabolites are endogenous human biomarkers of 

cytochrome P450 enzymes, other than for CYP2D6, and whether alterations in anandamide levels 

were an artifact of transgenic mouse studies reported previously [28].  In addition, clinical studies 

should be performed to ascertain if AEA is sensitive to CYP3A induction or inhibition.  The search 

for endogenous compounds for use as a CYP2D6 biomarker is still ongoing. 
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 Tables and Figures 

 

 Multiple reaction monitoring ion transitions and voltages for ethanolamide 

analytes 

 

Analyte Q1 (m/z) Q3 (m/z) CE (V) CV (V) 

AEA 348.3 287.3* 14 18 

 348.3 203.2 12 18 

 348.3 91.0 38 18 

 348.3 62.1 16 18 

14,15-EET-EA 364.3 346.3* 10 18 

 364.3 91.0 38 18 

 364.3 62.1 14 18 

20-HETE-EA 364.3 346.3 10 58 

 364.3 91.0* 44 58 

 364.3 62.1 12 58 

d8-AEA 356.2 62.2* 38 18 

 356.2 63.2 38 18 

Q1, quadrupole 1; m/z, mass-to-charge ratio; Q3, quadrupole 3; CE, collision energy; CV, cone 

voltage; AEA, anandamide; 14,15-EET-EA, 14,15-epoxyeicosatrienoic acid ethanolamide; 20-

HETE-EA, 20-hydroxyeicosatetraenoic acid ethanolamide; * transition monitored for 

quantification 
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 Intraday accuracy and precision 

 

    AEA/ d8-AEA 14,15-EET-EA/  

d8-AEA 

20-HETE-EA/  

d8-AEA 

day 1 mean - - - 

  SD - - - 

  %RSD - - - 

  %Bias -4.79 +10.7 +14.5 

       

day 2 mean 11.2 29.0 26.0 

  SD 0.846 2.95 1.75 

  %RSD 7.55 10.2 6.74 

  %Bias -3.69 -* -5.25 

       

day3 mean 12.0 27.7 20.4 

  SD 1.48 3.69 2.50 

  %RSD 12.3 13.3 12.2 

  %Bias -2.86 +6.47 +9.51 

* Accuracy for 14,15-EET-EA was not determined due to inadvertent failure to include the 

calibration curve during analysis. 

AEA, anandamide; 14,15-EET-EA, 14,15-epoxyeicosatrienoic acid ethanolamide; 20-HETE-EA, 

20-hydroxyeicosatetraenoic acid ethanolamide 
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 Stability of ethanolamides after 5 hours in extracted human plasma at 4° C 

 

 AEA 14,15-EET-

EA 

20-HETE-EA d8-AEA 

Percent of initial injection 103% 157% 96.9% 116% 

Percent loss - - 3.14% - 

 

AEA, anandamide; 14,15-EET-EA, 14,15-epoxyeicosatrienoic acid ethanolamide; 20-HETE-EA, 

20-hydroxyeicosatetraenoic acid ethanolamide 
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 Anandamide concentrations in subjects at baseline and after treatment with a 

CYP2D6 inhibitor (fluoxetine) 

 

Subject 

Anandamide 

concentration during 

baseline phase (nM) 

Anandamide 

concentration during 

treatment phase (nM) 

Fold change 

comparing 

treatment/baseline 

1 1.25 0.92 0.74 

2 0.98 2.14 2.18 

3 1.26 1.21 0.96 

4 1.93 1.18 0.61 

5 1.23 1.37 1.12 

6 1.75 1.12 0.64 

7 1.08 1.03 0.96 

8 1.57 1.00 0.64 

9 1.11 1.23 1.10 

10 1.31 1.34 1.02 

Mean 1.35 ± 0.31 1.25 ± 0.34 1.00 ± 0.46 

    

%RSD 22.8 27.3 46.0 
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 Predicted intrinsic and hepatic clearance of anandamide to various metabolites in 

human liver microsomes based on literature values 

 

Metabolite a 

Vmax
b 

(pmol/min/mg 

protein) 

Km
b 

 (μM)  

CLint, in vitro 

(mL/min/mg 

protein) 

CLint, in vivo 

(L/min) 

CLH 
c 

(L/min) 

5,6-EET-EA 184 ± 24 5.1 ± 1.9 0.0361 3.8 0.04 

8,9-EET-EA 480 ± 56 4.4 ± 1.4 0.109 11.5 0.11 

11,12-EET-EA 44  ± 4 4.2 ± 1.6 0.0105 1.1 0.01 

14,15-EET-EA 48  ± 6 5.6  ± 2.3 0.00857 0.9 0.01 

20-HETE-EA 266  ± 26 2.4  ± 0.6 0.111 11.6 0.11 

     0.27 
a AEA, anandamide; 5,6-EET-EA, 5,6-epoxyeicosatrienoic acid ethanolamide; 8,9-EET-EA, 8,9-

epoxyeicosatrienoic acid ethanolamide; 11,12-EET-EA, 11,12-epoxyeicosatrienoic acid 

ethanolamide;14,15-EET-EA, 14,15-epoxyeicosatrienoic acid ethanolamide; 20-HETE-EA, 20-

hydroxyeicosatetraenoic acid ethanolamide 
b Values obtained from Snider et al. (2007) [23] 
c Bolded value is the sum of estimated CLH 
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 Predicted intrinsic and hepatic clearance of anandamide (AEA) to various AEA 

metabolites by recombinant enzymes 

 

Metabolitea 
Vmax

b  

(pmol/min/pmol) 

Km
b 

(μM)  

CLint, in vitro 

(mL/min/nmol) 

CLint, in vivo
c 

(mL/min) 

CLH d 

(L/min) 
fm 

5,6-EET-EA      

CYP3A4 41.4 118 0.35 4089 0.04 0.50 

CYP2D6 --e -- -- -- -- -- 

CYP2B6 4.6 1.32 3.48 4025 0.04 0.50 

CYP4F2 -- -- -- -- -- -- 

CYP4X1 -- -- -- -- -- -- 

       

8,9-EET-EA      

CYP3A4 51 48 1.06 12383 0.11 0.76 

CYP2D6 1.6 2.1 0.76 640 0.01 0.04 

CYP2B6 3.12 1.21 2.58 2978 0.03 0.19 

CYP4F2 -- -- -- -- -- -- 

CYP4X1 -- -- -- -- -- -- 

       

11,12-EET-EA      

CYP3A4 154 118 1.31 15211 0.14 0.67 

CYP2D6 1.1 2.6 0.42 355 0.00 0.02 

CYP2B6 7.56 1.32 5.73 6615 0.06 0.31 

CYP4F2 -- -- -- -- -- -- 

CYP4X1 -- -- -- -- -- -- 

       

14,15-EET-EA      

CYP3A4 128 80 1.60 18648 0.17 0.94 

CYP2D6 1.3 2.8 0.46 390 0.00 0.02 

CYP2B6 2.04 3.6 0.57 655 0.01 0.04 

CYP4F2 -- -- -- -- -- -- 

CYP4X1 0.065 65 -- -- -- -- 

       

20-HETE-EA      

CYP3A4 -- -- -- -- -- -- 

CYP2D6 3.7 1.3 2.85 2391 0.02 0.08 

CYP2B6 -- -- -- -- -- -- 

CYP4F2 11.5 0.7 16.43 31050 0.26 0.92 

CYP4X1 -- -- -- -- -- -- 
a AEA, anandamide; 5,6-EET-EA, 5,6-epoxyeicosatrienoic acid ethanolamide; 8,9-EET-EA, 8,9-

epoxyeicosatrienoic acid ethanolamide; 11,12-EET-EA, 11,12-epoxyeicosatrienoic acid 

ethanolamide;14,15-EET-EA, 14,15-epoxyeicosatrienoic acid ethanolamide; 20-HETE-EA, 20-

hydroxyeicosatetraenoic acid ethanolamide 
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b Reference for kinetic parameters: CYP3A4 [52], CYP2D6 [24], CYP2B6 [25], CYP4F2 [23], 

CYP4X1 [26] 
c Mean liver P450 abundance for scaling: 111 pmol of CYP3A4  per mg protein [32], 8 pmol of 

CYP2D6 per mg protein [32], 11 pmol of CYP2B6 per mg protein [32], 18 pmol of CYP4F2 per 

mg protein [33], no values of CYP4X1 abundance in the literature 
d Bolded value is the sum of estimated CLH for each AEA metabolite 
e Not reported 
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Figure 2.1 Chemical structures of anandamide (AEA) and its primary cytochrome P450 

mediated metabolites observed in vitro [23-26]. 
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Figure 2.2 Representative LC-MS/MS chromatograms of a spiked plasma sample after 

liquid-liquid extraction.  MRM transitions are shown for A) anandamide (AEA), B) d8-

anandamide (d8-AEA), C) 14,15-epoxyeicosatrienoic acid ethanolamide (14,15-EET-EA) and D) 

20-hydroxyeicosatetraenoic acid ethanolamide (20-HETE-EA).    
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Figure 2.3 The effect of plasma, potassium phosphate buffer (KPi, 0.1 M, pH 7.4), water, 

phosphate-buffered saline (PBS), and bovine serum albumin (BSA, 30 mg/ml) matrices on 

ethanolamide analytes.  Peak area ratio (PAR) of A) anandamide (AEA), B) 14,15-

epoxyeicosatrienoic acid ethanolamide (14,15-EET-EA) and C) 20-hydroxyeicosatetraenoic acid 

ethanolamide (20-HETE-EA) to the internal standard d8-anandamide (d8-AEA) were A) linearly 

or B and C) quadratically regressed against the concentration of each analyte.   
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Figure 2.4 Ethanolamide calibration curves prepared in the plasma matrix.  Peak area ratios 

(PAR) of A) anandamide (AEA), B) 14,15-epoxyeicosatrienoic acid ethanolamide (14,15-EET-

EA) and C) 20-hydroxyeicosatetraenoic acid ethanolamide (20-HETE-EA) to the internal 

standard, d8-anandamide are shown.  The AEA calibration curve was corrected for endogenous 

AEA presence in the matrix.   Calibration curves were calculated using a quadratic equation.  
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Figure 2.5 The effect of CYP2D6 inhibition on anandamide in plasma.  Each subject is 

represented as a closed circle for anandamide concentration at baseline and after multiple dose 

fluoxetine treatment.  Statistical analyses were performed using paired, two-tailed t-tests. 
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Chapter 3. Bioanalytical method development for the detection of urinary 

indolethylamines, potential biomarkers of CYP2D6 activity 

 

 Introduction  

 

Unlike some other drug metabolizing enzymes, the population distribution of cytochrome 

P450 2D6 (CYP2D6) phenotype is typically bimodal or trimodal [1-3].  CYP2D6 phenotypes are 

assigned based on the plasma clearance of a probe drug or a urinary parent-to-metabolite metabolic 

ratio.  Examples of widely used probe drugs include: debrisoquine, metoprolol, dextromethorphan, 

desipramine and atomoxetine [4, 5].  Individuals with little to no CYP2D6 activity are categorized 

as poor metabolizers (PM), whereas individuals with extremely rapid CYP2D6 activity are 

assigned to the ultra-rapid metabolizer (UM) group [2, 6-9].  Individuals with activities between 

these two extremes are classified as intermediate metabolizers (IM) or extensive metabolizers 

(EM), having reduced or normal activities, respectively [2, 6-9].  Genetic differences among 

individuals [10], in combination with environmental influences such as concomitant drugs or 

comorbidities [11], result in a range of catalytic activities within the population [6].  Even among 

people with the same genotype, CYP2D6 activity can range over two orders of magnitude [12]. 

Given the diversity of CYP2D6 genetics and resulting activity, it is clear that variation in CYP2D6 

was not selected against during human evolution.  Thus, the function of CYP2D6 in human health 

and disease is still under investigation. 

CYP2D6 protein is found in the liver, but also in other tissues such as the brain [11, 13-

15].  A number of studies suggest that CYP2D6 may be involved in neurological function.  

Personality differences between CYP2D6 EM and PM subjects have been proposed [16-18]. 

Investigators found a positive association between CYP2D6 genotype and neural activity during 
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cognitive tests [19].  Zackrisson et al. found that a higher number of individuals who committed 

suicide had multiple copy numbers of CYP2D6 as compared to those who died of natural causes 

(7% and 3%, respectively; P = 0.007) [20].  In addition CYP2D6 genotype may affect the 

prevalence of diseases which affect the brain.  Lower frequencies of CYP2D6 PMs have been 

found among schizophrenic patients as compared to controls [21].  Finally, a small, but 

significantly higher proportion of individuals with CYP2D6 poor metabolizer genotypes was 

observed among patients with Parkinson’s Disease as compared to healthy controls in a meta-

analysis of 13 studies (odds ratio of 1.47) [22]. Since CYP2D6 is expressed in the brain and may 

influence neurological function and/or disease progression, research has focused on identifying 

endogenous compounds in the brain which are CYP2D6 substrates.  Yu et al. investigated a 

number of trace indolethylamine compounds as possible endogenous substrates of CYP2D6 [23, 

24].  These investigators showed that 5-methoxytryptamine (5-MT), 5-methoxy-N,N-dimethyl-

tryptamine (5-MeO-DMT) and pinoline were metabolized to their O-demethylated products, 

serotonin, bufotenine and 6-hydroxy-1,2,3,4-tertahydro-β-carboline (6-OH-THBC), respectively, 

only by recombinant CYP2D6 in a panel of 15 cytochrome P450s.  In addition, they found 16-, 

35- and 11-fold higher O-demethylation of 5-MT, 5-MeO-DMT and pinoline, respectively, in liver 

microsomes from humanized CYP2D6 mice as compared to the wild-type mice [23, 24].  More 

recently, in vitro experiments demonstrated that human liver microsomes with wild-type CYP2D6 

genotypes were able to form serotonin from 5-MT more efficiently than CYP2D6*4/*4 variants 

(greater than 40-fold increase in Vmax/Km) [25].  In addition to CYP2D6’s involvement in the 

biotransformation of endogenous compounds in the brain [26], hepatic CYP2D6 may play a role 

in the metabolism of endogenous compounds, such as those described above, and this activity may 

be detectable in blood or urine samples.   
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Parent-to-metabolite ratios of endogenous compounds may serve as surrogate phenotypic 

indicators, functioning much like probe drugs.  The use of endogenous metabolite ratios, such as 

5-MT/serotonin, 5-MeO-DMT/bufotenine and pinoline/6-OH-THBC, would avoid the 

administration of an exogenous substance to determine phenotype.  Estimating these urinary 

indolethylamine metabolic ratios might provide a novel and non-invasive means of phenotyping 

for CYP2D6 activity.  To our knowledge, there have been no reported assays for the simultaneous 

quantification of these compounds in biological samples.  We sought to develop a bioanalytical 

assay to simultaneously measure these compounds (except for 6-OH-THBC, which is not 

commercially available) in urine.   

 

 Materials and Methods 

 

3.2.1 Chemicals and reagents 

 

Chemicals.  Bufotenine (1 mg/mL) was purchased from Cerilliant (Round Rock, TX).  

HPLC-grade ethyl acetate, methyl tert-butyl ether (MTBE), hexane, methanol, acetonitrile, water, 

and sodium hydroxide were purchased through Fisher Scientific (Pittsburg, PA).  Pinoline and 

serotonin were purchased in powder form as 6-methoxy-1,2,3,4-tetrahydro-9H-pyrido[3,4-

b]indole hydrochloride and serotonin hydrochloride, respectively from Sigma-Aldrich (St. Louis, 

MO).  5-MeO-DMT and 5-MT were also purchased from Sigma-Aldrich.  5-methoxytryptamine-

α,α,β,β-d4 and serotonin-α,α,β,β-d4 creatinine sulfate were purchased from C/D/N Isotopes 

(Pointe-Claire, Quebec, Canada).  
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Synthetic urine.  Artificial synthetic urine was prepared as previously described [27].  Urea, 

sodium chloride, potassium chloride, sodium phosphate (monobasic), creatinine and bovine serum 

albumin were purchased from Sigma-Aldrich.   

 

3.2.2 Sample preparation method selection 

 

Stock solutions of 0.1 mg/mL 5-MeO-DMT, 1 mg/mL 5-MT, 0.25 mg/ml pinoline, 0.1 

mg/mL bufotenine, 1 mg/mL serotonin and 1 mg/mL d4-5-MT were prepared in methanol.  d4-

serotonin was not tested.  Spiked samples in urine and synthetic urine were prepared with 1% of 

the stock solutions. 1% methanol in urine and synthetic urine were used as blank controls samples.  

Neat solutions in water were prepared with 1% of the stock solutions for the assessment of 

compound extraction and recovery.  

Filter method. A Millipore Amicon (Billerica, MA) ultra 3 kDa centrifugal filter device 

was used to remove proteins from 500 µL of sample (urine, synthetic urine or water).  The device 

was centrifuged for 10 min at 14,000 x G at 25°C to recover filtrate. 

Protein precipitation.  400 µL of ice-cold acetonitrile was added to 200 µL sample (urine, 

synthetic urine or water) in order to precipitate proteins.  The sample was centrifuged at 20,000 x 

G for 10 min at 4°C.  The supernatant was transferred to plastic culture tubes and evaporated to 

dryness under a gentle stream of nitrogen.  The sample was reconstituted in 200 µL water.  Sample 

was reconstituted in the starting sample volume in order to compare relative analyte concentrations 

across preparation methods. 

Liquid-liquid extraction.  A 3:1 organic-to-aqueous ratio was used to extract compounds 

out of the sample (urine, synthetic urine or water). Three different organics: MTBE, hexane and 

ethyl acetate, were tested.  In a borosilicate tube, 3000 µL of organic was added to 1000 µL of 
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sample.  Samples were agitated for 15 min on a horizontal shaker and subsequently centrifuged at 

3000 x G for 20 min at 4°C.  The supernatant was transferred to plastic culture tubes and 

evaporated to dryness under a gentle stream of nitrogen.  Samples were reconstituted in 1000 µL 

of water.   

Solid phase extraction. Solid phase extraction (SPE) was performed as previously 

described by Karkkainen et al. with slight variations [28].  Briefly, 5 mL of 4% ammonium 

hydroxide was added to 5 mL of sample and centrifuged at 3500 x G for 10 min at 4°C.  The 

supernatants were added to Oasis HLB SPE cartridges (3 cc, 60 mg, 30 µm, Waters, Milford, MA) 

which were conditioned with 2 mL of methanol and then 2 mL of water.  After sample was allowed 

to flow through, columns were washed twice with 2 mL of 5% methanol and 2% ammonium 

hydroxide, and washed once with 2 mL 50% methanol and 2% ammonium hydroxide.  Sample 

was eluted twice with 1.5 mL of methanol.  The sample flow rate was approximately 1 mL/min.  

The resulting eluents were evaporated to dryness with nitrogen at room temperature and 

subsequently reconstituted with 5 mL water. 

 

3.2.3 LC-MS/MS analysis 

 

All analyses were performed using a Waters (Milford, MA) Xevo Tq-S QqQ MS.  A 

Waters Acquity UPLC HS T3, 2.1 x 100 mm x 1.8 µm analytical column with in-line filter unit 

(0.2 µm stainless steel filter) was used to separate the samples.  The injection volume was 10 µL 

and the autosampler was maintained at 4°C.  The mobile phase consisted of A: 0.1% formic acid 

in water and B: 0.1% formic acid in methanol.  The LC gradient was 0% B for 1 min; linear 

increase to 25% B by 6 min; rapid increase to 100% B by 7 min which was held until 8.5 min; re-
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equilibration at 0% between 8.6 – 12.5 min.  The flow rate was 0.6 mL/min and the total run-time 

was 12.5 min.   

Positive electrospray ionization (ESI+) mode and multiple reaction monitoring (MRM) 

was used to quantitate the analytes.  Individual MRM transitions, cone voltages and collision 

energies along with the approximate retention times are listed in Table 3-1.  MS acquisition 

parameters were set as follows: capillary voltage 3.5 kV, source offset 50 V, source temperature 

150°C, desolvation temperature: 500°C, cone gas flow 150 L/hr, desolvation gas flow 1000 L/hr, 

collision gas flow: 0.15 mL/min, nebulizer gas flow: 7 bar, and dwell time: 27 msec. 

 

3.2.4 Solid phase extraction method development 

Selection of sample volume and Oasis HLB barrel cartridge capacity.  Absolute LC-

MS/MS signal and variability were compared between 2.5 mL and 5 mL urine volumes for use 

with Oasis HLB 3 cc (60 mg, 30 µm) sample extraction cartridges and also between the Oasis 

HLB 3cc and 6 cc (150 mg, 30 µm) cartridges.   

A stock analyte solution of 0.03 µg/mL 5-MeO-DMT, 8 µg/mL 5-MT, 0.002 µg/mL 

pinoline, 0.01 µg/mL bufotenine and 25 µg/mL serotonin was prepared in a solution of 50:50 

water:methanol.  Separately, a stock internal standard solution of 0.08 µg/mL d4-5-MT and 15 

µg/mL d4-serotonin was prepared in a solution of 50:50 water:methanol.  We prepared 45 mL of 

a spiked synthetic urine sample of 1% analyte solution and 0.4% internal standard.  To test the 

limit of detection in real urine samples, 45 mL of a blank urine sample of 1% 50:50 water:methanol 

and 0.4% internal standard was prepared.  2.5 mL or 5 mL of sample were tested using the 3 cc 

cartridges, and 5 mL of sample was tested using the 6 cc cartridges.  Samples were prepared in 

triplicate by the addition of an equal volume 2% ammonium hydroxide to the sample.  Samples 
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were centrifuged and extracted as described previously, except that the 6 cc cartridges were 

equilibrated with 3 mL methanol, and then 3 mL of water, and the sample was eluted twice with 2 

mL of methanol.  Samples were dried for one hour at room temperature under a gentle stream of 

nitrogen and then vortexed in order to pull down any residue on the upper sides of the tubes.  The 

remaining sample was evaporated to dryness and then reconstituted in 50 or 100 µL of 50:50 

water:methanol for starting volumes of 2.5 mL and 5 mL, respectively. 

Variability. Variability in sample preparation and analytical reproducibility was 

determined.  Five replicates of spiked synthetic urine and spiked urine samples were prepared.  

Each set of five samples was injected four or five times and analyzed by LC-MS/MS.  For one of 

the spiked synthetic urine samples, there were no detectable peaks in the bufotenine MRM 

channels, whereas other analytes had detectable peaks in this sample.  We could not explain this 

discrepancy and this sample was excluded from the analysis.  Variability was expressed as percent 

relative standard deviation ( %RSD =  
standard deviation∗100

mean
 ).  The mean %RSD for each analyte 

was obtained by averaging %RSD for the LC-MS/MS run.  Five replicates were compared to 

determine the variability in sample preparation.  For each sample, the results from multiple 

injections were compared to determine the analytical reproducibility.   

Sample solvent selection.  A neat sample of 0.011 µg/mL 5-MeO-DMT, 2.9 µg/mL 5-MT, 

0.00071 µg/mL pinoline, 0.0036 µg/mL bufotenine, 8.9 µg/mL serotonin, 0.14 µg/mL d4-5-MT 

and 2.1 µg/mL d4-serotonin was prepared in a 50:50 water:methanol solution or a 75:25 

water:methanol solution.  Further dilutions were prepared as needed during the analysis.  In order 

to obtain a sample with a 87:13 water:methanol proportion, a 2-fold dilution of the neat sample 

was prepared by combining 20 µL of the sample in 75:25 water:methanol with 20 µL of nanopure 

water.  In order to obtain a sample with a 99:1 water:methanol proportion, a 100-fold dilution of 
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the neat sample was prepared by combining 10 µL of the sample in 75:25 water:methanol with 

990 µL of nanopure water.  Unless otherwise stated, 10 µL of these neat solutions were analyzed 

by LC-MS/MS. 

 

3.2.5 Preparation of calibration curve and quality control (QC) samples 

 

Stock concentrations of 1 mg/mL 5-MeO-DMT, 1 mg/mL 5-MT, 1 mg/mL pinoline, 5 

mg/mL serotonin, 1 mg/mL d4-5-MT and 0.5 mg/mL d4-serotonin and intermediate stock solutions 

of 0.25, 2.5 and 25 µg/mL 5-MeO-DMT, 1 and 10 µg/mL pinoline, and 1 and 10 µg/mL bufotenine 

were prepared in methanol.  These stock solutions were used to create the highest stock standard 

of 0.03 µg/mL 5-MeO-DMT, 40 µg/mL 5-MT, 0.02 µg/mL pinoline, 0.05 µg/mL bufotenine, and 

250 µg/mL serotonin in a solution of 50:50 water:methanol.  As shown in Table 3-2, eight 

sequential stock standards, were made by a serial dilution with 50:50 water:methanol.  A stock 

low and high QC were prepared at concentrations shown in Table 3-2.  These stock calibration 

points and QCs were stored at -80°C.  A stock internal standard solution of 1 µg/mL d4-5-MT and 

15 µg/mL d4-serotonin was prepared in 50:50 water:methanol.  Urine samples from two healthy 

adult donors were pooled (total volume 400 mL).  Pooled urine was aliquoted and stored at -20°C 

for use as the matrix for the calibration curve and QC samples. 

 

3.2.6 Preparation and extraction of samples 

 

Pilot urine samples.  Urine samples from one healthy adult female and one healthy male 

child were obtained.  Urine samples were extracted as previously described, except that 20 µL of 

stock internal standard was added to 2.5 mL of urine and then combined with 2.5 mL of 4% sodium 
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hydroxide.  Samples were extracted using the Waters Oasis HLB 3 cc cartridges.  Following 

extraction and evaporation, including vortexing half way through the drying process, samples were 

reconstituted in 50 µL of water. 

Calibration standards and QCs. Calibration standard and QC samples were prepared in 

the same manner as the pilot urine samples except that 25 µL of working standard and 20 µL of 

stock internal standard were added to 2.475 mL of pooled urine and prepared with 2.5 mL of 4% 

ammonium hydroxide.  Carry-over was analyzed by injecting a blank water sample after each of 

the three highest standards and the high QC.  Carry-over was calculated as the percentage of the 

peak area in the blank divided by the peak area in the preceding sample. 

 

3.2.7 Data analysis 

 

Peak integrations were performed using Waters MassLynx with QuanLynx (version 4.1).  

Peak areas or peak area ratios (PARs) resulting from the matrix in the 0 ng/mL calibration points 

were subtracted from each of the higher calibration points and QCs in order to correct for 

endogenous analytes present in the pooled urine matrix.  Calibration curves were determined by 

linear regression of concentration vs. corrected peak areas of 5-MeO-DMT or bufotenine, or 

corrected PARs of 5-MT/d4-5-MT, pinoline/d4-5-MT or serotonin/d4-serotonin.  Quadratic 

equations were also evaluated, but these did not fit the data well.  The points included in the low 

and high concentration curves were determined by minimization of the back calculated 

concentration error.  Acceptable criteria were ≤ 15% for accuracy, and precision. 
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 Results 

 

3.3.1 Sample preparation method selection: recovery 

 

After developing an appropriate LC-MS/MS protocol to monitor the indolethylamine 

analytes, we focused on urine sample preparation.  Blank synthetic urine was used as a control to 

detect any interfering peaks in the LC-MS/MS method.  We tested a filter, protein precipitation, 

three liquid-liquid extraction, and SPE methods.  Using all of the extraction methods, most analytes 

with the exception of serotonin, were undetectable (Table 3-3).  The serotonin peak area was 

highest in the SPE method (4% of the peak area in the neat sample) and negligible (1 to 2%) for 

all other extraction methods.   

To determine whether blank urine would contribute a baseline signal to the analytes and as 

a test of the various extraction procedures, blank urine samples were prepared and analyzed.  

Similar to the blank synthetic urine, the peak area of most analytes were minimal compared to the 

neat sample (undetectable to 1% of the neat sample) using any of the extraction methods with the 

exception of serotonin (Table 3-3). Serotonin as a percentage of the neat sample ranged from 1 to 

2% using liquid-liquid extraction methods, 6% using SPE, 13% using the protein precipitation 

method, and 14% using the filter method. 

In spiked synthetic urine, recovery of analytes using MTBE, ethyl acetate, and hexane was 

poor (undetectable to 2%, Table 3-3).  Recovery of the analytes from spiked synthetic urine using 

the filter method and protein precipitation method ranged from 50% to 106%.  Recovery of the 

analytes from spiked synthetic urine using SPE ranged from 6% to 59%.  Recovery of 5-MeO 

DMT and 5-MT was roughly 2-fold higher when using the filter and protein precipitation methods 
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(106% and 50% for 5-MeO-DMT and 5-MT, respectively) as compared to the SPE method (59% 

and 24% for 5-MeO-DMT and 5-MT, respectively).    

Similar to extraction from spiked synthetic urine, analyte extraction from spiked urine 

using MTBE, ethyl acetate, or hexane was poor (undetectable to 9%, Table 3-3).  Extraction of 

analytes in the spiked urine ranged from 3% to 43% for the filter method, 3 to 34% for the protein 

precipitation method, and 8% to 67% for the SPE method.   

The error between the spiked synthetic urine and spiked urine (based on % of peak area of 

the neat) was calculated to ascertain whether there was a matrix effect on the recovery of the 

analytes.  As shown in Table 3-3, the overall extraction of the analytes was most similar for the 

spiked synthetic urine and spiked urine when using the SPE method (0 to 45% error) as compared 

to the filter method (120 to 2361% error) or the protein precipitation method (70 to 3200% error).  

As a confirmation that analyte was not lost during the evaporation or reconstitution steps, neat 

samples were dried, reconstituted and injected.  The recovery from evaporation and reconstitution 

alone was 96%, 93%, 99%, 96%, and 93% for 5-MeO-DMT, 5-MT, pinoline, bufotenine and 

serotonin, respectively.  Thus, it is unlikely that the evaporation and reconstitution steps led to 

significant loss of analyte.   

SPE was selected as the sample preparation method as it was least influenced by 

differences in matrix (spiked synthetic urine vs. spiked urine), had relatively comparable recovery 

of the analytes to the other extraction methods in spiked urine, and would be more amenable to 

accommodating larger volumes of urine.   
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3.3.2 Selection of sample volume and SPE cartridge  

 

Spiked synthetic urine and blank urine were tested using two different SPE barrel capacities 

(3 cc and 6 cc cartridges) and using two different sample volumes (2.5 and 5 mL) for the 3 cc 

cartridge.  Analyte peak areas were integrated and normalized to the internal standard, d4-5-MT.   

Peak area ratio (PAR) results are summarized in Table 3-4.  Reconstitution volumes accounted for 

the difference in starting volumes of sample (e.g., 2.5 mL of sample was reconstituted in 50 μL 

and 5 mL of sample was reconstituted in 100 μL) permitting the comparison of PAR.  

Analyte PARs were slightly higher for the larger volume of the spiked synthetic urine (5 

mL vs 2.5 mL) on the 3 cc cartridge.  The percent difference between the PAR of the two volumes 

ranged from 8% for pinoline to 45% for bufotenine.  On the 3cc cartridge, variability in analyte 

PARs ranged from 10% to 44% for the 2.5 mL spiked synthetic urine, whereas it ranged from 30% 

to 63% for the 5 mL spiked synthetic urine.  Although the smaller sample volume of the spiked 

synthetic urine resulted in lower variability, %RSD was only acceptable (< 15%) for bufotenine 

and serotonin.  The analyte PAR were substantially different when comparing 5 mL of spiked 

synthetic urine on the 3 cc and 6 cc cartridges (percent difference ranging 59% to 179%).  The use 

of 5 mL of spiked synthetic urine on the 6 cc cartridge appeared to have pronounced decreased 

recovery of all analytes.  Variability in analyte PARs ranged from 16% to 42% for 5 mL of spiked 

synthetic urine on the 6 cc cartridge.  

The extraction of blank urine using two SPE capacities and two different sample volumes 

was also compared (Table 3-4).  Analyte mean PARs, except for bufotenine mean PARs, were 

comparable within 2-fold across barrel sizes and sample volumes.  For bufotenine, the percent 

difference was 182% comparing 2.5 and 5 mL on the 3 cc cartridge and 67% comparing 5 mL on 



63 

 

the 3 cc and 6 cc cartridges.  Variability for all analyte PARs was acceptable using 2.5 mL of blank 

urine on the 3 cc cartridge.  Variability in analyte PARs was acceptable for most compounds, 

except for bufotenine (89%) and 5-MT (17%) using 5 mL of blank urine on the 3 cc cartridge.  

Variability in analyte PARs was acceptable for most compounds, except for bufotenine (19%) 

using 5 mL of blank urine on the 6 cc cartridge.   

For further work, the 2.5 mL sample volume and 3 cc SPE cartridge was chosen due to 

increased reproducibility and unexpected greater analyte recovery of spiked synthetic urine as 

compared to the 5 mL sample volume on the 6 cc cartridge. 

 

3.3.3 Matrix effects 

 

Reproducibility in SPE sample preparation.  Variability in the peak areas of each analyte 

in spiked synthetic urine (n = 4) and spiked urine (n = 5) was determined (Table 3-5).  Samples 

were reinjected in the multiple cycles and the mean %RSD was calculated.  In the spiked synthetic 

urine samples, mean %RSD was greater than 15% for most analytes except for 5-MeO-DMT and 

bufotenine (6.8% and 15%, respectively).  In the spiked urine samples, mean %RSD of 5-MeO-

DMT, bufotenine, serotonin and d4-serotonin were acceptable (3.6%, 8.9%, 12% and 7.9%, 

respectively), whereas 5-MT, pinoline and d4-5-MT were greater than 15% (20%, 26%, and 17%, 

respectively).  For all analytes, mean %RSD were lower in spiked urine as compared to spiked 

synthetic urine.   

Analytical reproducibility.  Each spiked synthetic urine (n = 4) and spiked urine (n = 5) 

was injected five times to determine the analytical reproducibility (Table 3-6).  In the spiked 

synthetic urine, mean %RSD was acceptable for 5-MeO-DMT, 5-MT, and d4-5-MT (12%, 5.7%, 
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and 6.6%, respectively).  In the spiked synthetic urine, mean %RSD for pinoline, bufotenine, 

serotonin, d4-serotonin was high (27%, 22%, 18%, and 18%, respectively).  In the spiked urine 

samples, mean %RSD was less than 15% for all analytes.  Overall, the variability in spiked urine 

samples was less than in the spiked synthetic urine samples.  The %RSD to determine the analytical 

reproducibility for spiked synthetic urine and spiked urine samples was high.  In a separate 

experiment, instrument variability was determined to be ≤10% for all analytes over five 

consecutive injections of spiked synthetic urine (data not shown).  The high %RSD for both the 

sample preparation and analytical replicates may be a result of the difficulty in integrating the 

unusually shaped analyte peaks.  

 

3.3.4 Effect of sample reconstitution solvent on chromatography 

 

Based on visual inspection, the chromatography peak shape was poor for the neat sample 

reconstituted in 50:50 water:methanol.  All analytes, except pinoline, had broad, fronting or 

multiple peaks (Figure 3-1).  As the initial conditions for chromatography (0% organic) differed 

from the reconstitution solvent, we increased the aqueous component of the reconstitution solvent.  

An overall improvement in peak shape was observed when the neat sample was reconstituted in 

75:25 water:methanol (Figure 3-2).  As a result of this change, the 5-MeO-DMT, 5-MT, d4-5-MT 

and d4-serotonin peaks improved from double to single peaks, though some were still broad or 

tailing.  The bufotenine and serotonin peaks were still broad or had double peaks.  As shown in 

Figure 3-3, the peak shape improved further when the neat sample was reconstituted in 87:13 

water:methanol, improving peak symmetry for bufotenine and reducing tailing of the d4-serotonin 

peak.  However, tailing, broad and double peaks were observed for d4-5-MT, 5-MT and serotonin.  

It is worth noting that the concentration of analytes in this sample was half that of the concentration 
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of analytes in 50% and 75% water.  A 10-fold lower injection volume (1 µL) resulted in improved 

peak symmetry for d4-5-MT, 5-MT, and serotonin by the elimination of tailing, broad and double 

peaks (Figure 3-4).  Symmetrical peaks were observed for all analytes, except for pinoline, when 

the neat sample in 75:25 water:methanol was diluted to 99:1 water:methanol (Figure 3-5).  Pinoline 

may have been below the limit of detection at this dilution.  The sample preparation method was 

amended to reconstitute samples in 100% water to improve the peak shapes. 

 

3.3.5 Calibration curve, QC and pilot urine samples 

 

We determined whether the high analyte concentrations could result in carry-over.  Carry-

over was undetectable for 5-MT, d4-5-MT, bufotenine, serotonin, and d4-serotonin.  In blank 

samples following injection of calibration curve samples 8, 9, 10 and the high QC, carry-over of 

5-MeO-DMT was 2%, 3%,  6%, and 4% , and pinoline was 6%, 7%, 8% and 10% of the preceding 

sample, respectively. 

Calibration curves in pooled urine matrix were created by linear regression of peak area or 

peak area ratio (PAR) of each analyte and the known concentration (Table 3-2 and Figure 3-6).  

For the analytes, the selection of either d4-serotonin or d4-5-MT as the internal standard was made 

empirically or by structural similarity to the undeuterated compound.  PARs for 5-MT and pinoline 

were calculated with d4-5-MT.  PARs for serotonin were calculated with d4-serotonin.  Based on 

various comparisons, normalization of 5-MeO-DMT and bufotenine by either internal standard 

introduced more error in the calibration curve, thus peak area was used to construct the calibration 

curves for 5-MeO-DMT and bufotenine.  Calibration curves were empirically split into low and 

high concentration ranges by minimization of the back calculated concentration error.  Table 3-7 

shows the back calculated accuracy error for each calibration point and QC.  Overall, the 
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calibration curves were well behaved for 5-MeO-DMT (r2 = 1.0 for low and high curves), 5-MT 

(r2 = 0.99 for low and high curves), bufotenine (r2 = 0.98 and 1.0 for the low and high curves), 

pinoline (r2 = 0.99 for the overall curve), and serotonin (r2 = 0.99 and 1.0 for low and high curves).   

The lower limit of quantification (LLOQ) was determined by error less than 15% for the 

back calculated accuracy (Table 3-7).   The LLOQ was 3.13 and 20 ng/mL for 5-MT and serotonin, 

and 3.9, 4.7, and 130 pg/mL for bufotenine, 5-MeO-DMT, and pinoline, respectively.  Most of the 

QC samples did not have an acceptable accuracy and may need to be prepared again.   

The goal of developing this assay was to quantitate urinary concentrations of various 

indolethylamines with in vitro evidence supporting their use as CYP2D6 biomarkers.  We prepared 

two urine samples (one adult and one child).  In these samples, 5-MeO-DMT and pinoline were 

undetectable by LC-MS/MS and bufotenine was detectable, but below the lower limit of 

quantitation (Table 3-8).  Serotonin and 5-MT were within the ranges of quantitation in both urines.  

5-MT and serotonin are the substrate and product, respectively, of a CYP2D6 demethylation 

reaction.  The urinary molar parent-to-metabolite ratio was 1.32 and 0.27 for the subjects.   

 

 Discussion 

 

Our goal was to develop a LC-MS/MS assay for the simultaneous quantification of 

previously reported in vitro CYP2D6 substrates and related products, specifically, 5-MT and 

serotonin, 5-MeO-DMT and bufotenine, and pinoline and 6-OH-THBC.  The O-demethylated 

product of pinoline, 6-OH-THBC, was not included in the development of the assay as it was not 

commercially available.   

The sample extraction was tested using filter, protein precipitation, liquid-liquid extraction 

and SPE methods (Table 3-3).  The analytes were poorly extracted when using a variety of liquid-
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liquid extraction approaches.  This is perhaps due to the relatively hydrophilic nature of the 

compounds that may result in the analytes preferentially partitioning into the aqueous phase rather 

than the organic phase.  The overall analyte recovery from spiked synthetic urine and spiked urine 

samples was highest when using a filter, protein precipitation or SPE approach.  Bufotenine was 

the most poorly extracted analyte in the spiked samples which was surprising as the SPE method 

was adapted from published reports measuring bufotenine in biofluids, including urine [28].  

Spiked synthetic urine sample was used for much of the method development because it was 

assumed to be free of the analytes and thus, presumably a superior choice to a urine matrix for 

calibration curve and QC samples.  With this in mind, we chose to go forward with the SPE method 

over the filter or protein precipitation methods because analyte recovery was most consistent 

between spiked synthetic urine and spiked urine samples using SPE.  Based on the experimental 

results, we selected a 3 cc SPE cartridge with 2.5 mL of sample as the most reliable sample 

preparation method. 

The sample preparation variability (Table 3-4) and analytical reproducibility (Table 3-5) 

was lower in spiked urine compared to spiked synthetic urine.  The urine matrix could affect 

sample preparation due to protein binding, pH differences or buffering, however it is unclear why 

the urine matrix would affect analytical reproducibility. These injections to assess analytical 

reproducibility were performed over about 16 hours and the reinjections of a sample did not occur 

consecutively.  In a separate experiment, instrument variability was determined to be ≤10% for all 

analytes over five consecutive injections of spiked synthetic urine.  Thus it is possible that the poor 

peak shape due to samples being reconstituted in 50:50 water:methanol or degradation of analytes 

over time may have occurred when assessing the variability.  The use of synthetic urine was 

abandoned as we discovered that the overall variability of analytes was reduced in urine, and blank 
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synthetic urine contained a small interfering peak with MRM and retention time similar to 

serotonin.  A pooled urine sample was prepared and used for subsequent construction of calibration 

curves and QC samples. 

The chromatography was drastically improved from the poor peak shapes in the neat 

sample reconstituted in 50:50 water:methanol (Figure 3-1) by increasing the percentages of 

aqueous in the reconstitution solvent (Figure 3-2 and 3-3).  To address the question of column 

overloading, 10 µL and 1 µL of the neat sample reconstituted in 87:13 water:methanol were 

injected (Figures 3-3 and 3-4).  A decreased injection volume improved the peak shapes of the 

problematic analytes.  The increased percentage of aqueous in the reconstitution solvent to match 

the mobile phase initial conditions, and an awareness of column overloading, was beneficial for 

optimal analyte peak shapes.  Following this conclusion, we adjusted our sample preparation 

methodology to include reconstitution of the samples with 100% water. 

Two urines were prepared to test whether the analytes were quantifiable with this newly 

developed assay.  The accuracy of the calculated concentrations of the pilot urines may be 

questionable as only a few of the QCs had acceptable error. Nevertheless, serotonin and 5-MT 

were quantifiable in these urines.  Serotonin concentrations in the urines were similar between the 

subjects (~100 ng/mL).  Literature reports of serotonin concentrations vary between 7.05 -21.2 

ng/mL/mM creatinine [29], 4.58 - 10.0 ng/mL [30], and 45-450 ng/mL [31] which are generally 

lower than what we observed.   

There was greater than 4-fold difference in urinary 5-MT concentrations between the two 

urines studied.  Haddox et al. reported the urinary excretion of 31-79 µg 5-MT over 24 hours in 

patients with Rheumatic heart disease, but 5-MT was not detected in healthy controls [32].  These 
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findings are inconsistent with measured 5-MT concentrations of 29 and 135 ng/mL in the two 

subjects. 

A detectable, but not quantifiable peak for bufotenine was observed in our urines.  This 

was surprising because urinary bufotenine concentrations have been reported to range from less 

than 0.05 ng/mL, and up to 9.1 ng/mL [28].  In addition, bufotenine has been found to be higher 

among psychiatric patients (1.88 µg/g creatinine) compared to healthy controls (0.37 µg/g 

creatinine) [33].  These concentrations are at or exceed our higher calibration curve points for 

bufotenine.   

5-MeO-DMT and pinoline were not detected in our urine samples.  Previously reported 

urinary 5-MeO-DMT levels range between not detected to 1.90 µg excreted over 24 hrs [34].  

Consistent with our findings, pinoline has not been detected in the urine [35].  However, pinoline 

has been reported to range from 0.202 to 3.03 ng/mL in human plasma [36].  Serum pinoline 

concentrations are not related to sex or age [36], but may enter the body through diet [37] and 

therefore may contribute to endogenous levels.   

Additional studies should be conducted to confirm our results in a larger set of human urine 

samples and reconcile the discrepancies from the literature reports of the urinary concentrations 

for serotonin, 5-MT, and 5-MeO-DMT.  Clearly the accuracy and lower limit of quantitation of 

this assay, particularly for bufotenine, needs to be improved.  A sample preparation method with 

increased analyte recovery or a more sensitive LC-MS/MS method might suffice.  Once the 

bioanalytical assay is optimized, clinically relevant ranges of these indolethylamines can be 

determined.  Of the detectable analytes, urinary molar 5-MT-to-serotonin ratios were calculated as 

1.23 and 0.25 for the two subjects.  This may indicate that the subjects had differing CYP2D6 

activities, or that the production of urinary 5-MT may differ in children and adults, despite having 
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similar urinary serotonin levels.  Testing and validation in an appropriately designed clinical study 

with a fully developed analytical method could determine the utility of these parent-to-metabolite 

indolethanolamine metabolic ratios as in vivo biomarkers of CYP2D6 activity.   
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 Tables and Figures 

 Multiple reaction monitoring ion transitions and retention times for 

indolethylamine analytes 

 

Compound Retention Time (min) Parent ion m/z Product ion m/z Cone (V) CE (V) 

5-MeO-DMT 7.28 219.2 174.1 6 12 

   58.0 6 10 

      

5-MT 7.26 191.0 174.1 22 10 

   159.1 30 18 

   130.2 30 30 

      

Pinoline 7.42 203.0 174.1 26 10 

   131.0 26 28 

      

d4-5-MT 7.22 195.1 178.1 20 10 

      

Bufotenine 4.98 205.1 160.0 16 12 

   58.0 18 10 

      

Serotonin 4.61 177.1 160.1 60 8 

   115.0 60 22 

      

d4-serotonin 4.58 181.1 164.1 60 8 

5-MeO-DMT, 5-methoxy-N,N-dimethyltryptamine 

5-MT, 5-methoxytryptamine 

CE, collision energy 
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 Indolethylamine calibration curve and quality control final sample concentrations  

 

Calibration 

Point 

5-MeO-DMT 

(pg/mL) 

5-MT 

(ng/mL) 

Pinoline 

(pg/mL) 

Bufotenine 

(pg/mL) 

Serotonin 

(ng/mL) 

Cal 1 0.0 0.0 0.0 0.0 0.0 

Cal 2 1.17 1.56 0.781 1.95 9.77 

Cal 3 2.34 3.13 1.56 3.91 19.5 

Cal 4 4.69 6.25 3.13 7.81 39.1 

Cal 5 9.38 12.5 6.25 15.6 78.1 

Cal 6 18.8 25.0 12.5 31.3 156 

Cal 7 37.5 50.0 25.0 62.5 313 

Cal 8 75.0 100 50.0 125 625 

Cal 9 150 200 100 250 1250 

Cal 10 300 400 200 500 2500 

      

Low QC 20.0 20.0 10.0 50.0 200 

High QC 100 150 100 200 1000 

5-MeO-DMT, 5-methoxy-N,N-dimethyltryptamine 

5-MT, 5-methoxytryptamine 
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 Assessment of extraction and recovery of indolethylamines from blank and spiked 

matrices (synthetic urine and human urine) as compared to a neat solution of the analyte  

 

 5-MeO-DMT 5MT Pinoline d4-5-MT Bufotenine Serotonin 

Filter       

Blank Synthetic Urine -- -- -- -- -- 1% 

Blank Urine -- -- -- -- -- 14% 

Spiked Synthetic Urine 106% 50% 53% 56% 73% 94% 

Spiked Urine 12% 11% 9% 6% 3% 43% 

Error between spiked 800% 340% 520% 860% 2400% 120% 

       

Protein Precipitation       

Blank Synthetic Urine -- -- -- -- -- 1% 

Blank Urine -- -- -- -- -- 13% 

Spiked Synthetic Urine 106% 50% 61% 64% 96% 58% 

Spiked Urine 14% 14% 12% 7% 3% 34% 

Error between spiked 660% 260% 390% 820% 3200% 70% 

       

MTBE LLE       

Blank Synthetic Urine -- -- -- -- -- 2% 

Blank Urine -- -- -- -- -- 1% 

Spiked Synthetic Urine 2% -- -- -- -- 1% 

Spiked Urine 1% -- -- -- -- 1% 

Error between spiked nc nc nc nc nc nc 

       

Ethyl acetate LLE       

Blank Synthetic Urine -- -- -- -- -- 2% 

Blank Urine -- 1% -- -- -- 2% 

Spiked Synthetic Urine -- -- -- -- -- 1% 

Spiked Urine 9% 8% 7% 5% 1% 2% 

Error between spiked nc nc nc nc nc nc 

       

Hexane LLE       

Blank Synthetic Urine -- -- -- -- -- 1% 

Blank Urine -- -- -- -- -- 1% 

Spiked Synthetic Urine -- -- -- -- -- 1% 

Spiked Urine -- -- -- -- -- 1% 

Error between spiked nc nc nc nc nc nc 

       

Solid phase extraction       

Blank Synthetic Urine -- -- -- -- -- 4% 

Blank Urine -- -- -- -- -- 6% 

Spiked Synthetic Urine 59% 24% 64% 10% 7% 6% 

Spiked Urine 58% 33% 67% 10% 8% 11% 

Error between spiked 1% 27% 4% 0% 12% 45% 

--, not detected 

nc, not calculated 

LLE, liquid-liquid extraction 

MTBE, methyl tert-butyl ether  



78 

 

 Indolethylamine peak area ratios and variability using different solid phase extraction barrel capacities and sample 

volumes.  Reported as mean ± standard deviation of triplicate measurements. 

 

    5-MeO-DMT 5-MT Pinoline Bufotenine Serotonin 

Conditions 
Urine 

Volume 
PAR ± SD %RSD PAR ± SD %RSD PAR ± SD %RSD PAR ± SD %RSD PAR ± SD %RSD 

Spiked synthetic urine           

3 cc 2.5 mL 35 ± 13 37 2.1 ± 0.91 44 2.3 ± 0.95 41 1.7 ± 0.25 14 6.4 ± 0.67 10 

3 cc 5 mL 40 ± 25 63 3.0 ± 1.8 60 2.5 ± 1.6 62 3.1 ± 1.3 41 7.0 ± 2.1 30 

6 cc 5 mL 4.6 ± 1.9 42 0.32 ± 0.07 24 0.17 ± 0.06 35 0.56 ± 0.09 16 3.8 ± 0.67 17 

           

Blank urine           

3 cc 2.5 mL 4.4 ± 0.44 10 0.51 ± 0.01 2.9 0.13 ± 0.00 3.1 0.21 ± 0.01 6.1 2.5 ± 0.21 8.5 

3 cc 5 mL 3.2 ± 0.23 7.2 0.47 ± 0.08 17 0.21 ± 0.02 8.1 0.01 ± 0.01 89 2.1 ± 0.14 6.6 

6 cc 5 mL 3.1 ± 0.05 1.5 0.49 ± 0.03 5.7 0.24 ± 0.01 3.1 0.02 ± 0.00 19 2.3 ± 0.16 6.9 

5-MeO-DMT, 5-methoxy-N,N-dimethyltryptamine 

5-MT, 5-methoxytryptamine 

PAR, mean peak area ratio (compound/d4-5-MT) 

%RSD, percent relative standard deviation 
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 Sample preparation reproducibility as determined by peak areas of analytes in spiked synthetic urine (n = 4) and spiked 

urine (n = 5) cycled for repeated injections 

 

 5-MeO-DMT 5-MT Pinoline d4-5-MT Bufotenine Serotonin d4-Serotonin 

Cycle PA %RSD PA %RSD PA %RSD PA %RSD PA %RSD PA %RSD PA %RSD 

Spiked Synthetic Urine*             

1 492 ± 47 9.6 70 ± 18 25 9.1 ± 3.5 38 51 ± 14 28 25 ± 4.2 17 291 ± 57 20 57 ± 14 24 

2 458 ± 39 8.6 63 ± 18 28 8.9 ± 3.9 44 49 ± 12 24 20 ± 3.3 16 286 ± 70 25 52 ± 11 22 

3 431 ± 25 5.9 63 ± 16 25 8.7 ± 3.6 41 49 ± 12 24 19 ± 2.5 13 268 ± 57 21 47 ± 10 20 

4 391 ± 18 4.5 62 ± 16 25 4.8 ± 0.4 8.3 45 ± 13 29 16 ± 1.8 11 228 ± 49 21 44 ± 13 29 

5 362 ± 19 5.2 63 ± 15 24 5.2 ± 1 19 46 ± 11 24 14 ± 2.1 15 186 ± 48 26 36 ± 8 22 

Mean %RSD 6.8  26  30  26  15  23  24 

               

Spiked Urine             

1 489 ± 28 5.8 125 ± 25 20 2.2 ± 0.6 27 101 ± 21 20 29 ± 2.1 7.1 296 ± 33 11 47 ± 4.9 10 

2 455 ± 13 2.9 114 ± 23 21 2.0 ± 0.5 27 98 ± 15 16 28 ± 2.8 10 284 ± 34 12 45 ± 1.8 4.1 

3 449 ± 10 2.1 111 ± 23 21 2.1 ± 0.5 23 95 ± 14 15 25 ± 1.7 6.9 266 ± 32 12 44 ± 4.4 10 

4 423 ± 16 3.7 110 ± 21 19 2.2 ± 0.6 28 97 ± 18 19 22 ± 2.5 12 248 ± 27 11 37 ± 2.7 7.2 

Mean %RSD 3.6  20  26  17  8.9  12  7.9 

* Only samples 1 through 4 included in each cycle; one sample was excluded. 

5-MeO-DMT, 5-methoxy-N,N-dimethyltryptamine 

5-MT, 5-methoxytryptamine 

PA, peak areas (x 103) are reported as mean ± standard deviation 

%RSD, percent relative standard deviation 
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 Analytical reproducibility as assessed by peak areas of analytes in spiked synthetic urine (n = 4) and spiked urine (n = 

5) samples injected five times 

 

 5-MeO-DMT 5-MT Pinoline d4-5-MT Bufotenine Serotonin d4-Serotonin 

Sample PA %RSD PA %RSD PA %RSD PA %RSD PA %RSD PA %RSD PA %RSD 

Spiked Synthetic Urine             

1 512 ± 74 14 67 ± 5.0 7.5 8.6 ± 3.8 44 50 ± 4.3 8.6 18 ± 5.5 30 197 ± 51 26 37 ± 10 26 

2 569 ± 84 15 82 ± 3.8 4.7 9.8 ± 3.6 37 60 ± 3.0 5.0 22 ± 5.0 22 293 ± 52 18 54 ± 12 23 

3 534 ± 62 12 67 ± 3.1 4.6 6.5 ± 1.2 18 51 ± 2.1 4.2 18 ± 3.9 21 305 ± 54 18 58 ± 9.0 15 

4 519 ± 43 8.2 42 ± 2.6 6.2 4.5 ± 0.3 7.5 31 ± 2.6 8.5 17 ± 2.2 13 213 ± 24 11 39 ± 2.2 5.8 

Mean %RSD 12  5.7  27  6.6  22  18  18 

               

Spiked Urine             

1 461 ± 35 7.7 134 ± 9.6 7.2 3.0 ± 0.1 2.8 114 ± 7.4 6.5 25 ± 4.8 19 304 ± 26 8.4 43 ± 6.7 16 

2 441 ± 32 7.4 113 ± 7.0 6.2 1.7 ± 0.1 8.1 103 ± 3.1 3.0 27 ± 3.4 13 287 ± 19 6.5 46 ± 6.5 14 

3 439 ± 11 2.6 102 ± 5.7 5.6 1.7 ± 0.1 4.8 88 ± 1.8 2.1 25 ± 2.2 8.8 277 ± 10 3.8 43 ± 3.0 6.8 

4 466 ± 29 6.3 86 ± 5.4 6.4 2.3 ± 0.2 10 73 ± 2.8 3.8 29 ± 4.0 14 229 ± 13 5.5 39 ± 2.8 7.0 

5 463 ± 35 7.6 142 ± 7.4 5.2 2.0 ± 0.3 16 110 ± 5.6 5.0 23 ± 3.5 15 270 ± 46 17 44 ± 4.7 11 

Mean %RSD 6.3  6.1  8.4  4.1  14  8.3  11 

5-MeO-DMT, 5-methoxy-N,N-dimethyltryptamine 

5-MT, 5-methoxytryptamine 

PA, peak areas (x 103) are reported as mean ± standard deviation 

%RSD, percent relative standard deviation
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 Low and high calibration curve ranges, lower quantitation limits and percent error 

for each calibration curve point and low and high QC samples 

 

Calibration Curve  5-MeO-DMT 5-MT Pinoline Bufotenine Serotonin 

Lower range (ng/mL) 0 - 0.075 0 - 6.25 -- 0 - 0.016 0 - 625 

Higher range (ng/mL) 0.075 - 0.30 6.25 - 400 0 - 0.20 0.016 - 0.50 625 - 2500 

LLOQ (ng/mL) 0.0047 3.13 0.013 0.0039 20 

      

Percent error calculations 

Cal 1 -- -- -- -- -- 

Cal 2 61 24 820 60 58 

Cal 3 28 1.6 560 2.8 4.6 

Cal 4 8.3 1.9 240 14 9.8 

Cal 5 15 14 140 2.5 3.3 

Cal 6 5.0 25 4.0 18 12 

Cal 7 1.0 7.3 8.0 2.8 16 

Cal 8 0.8 12 3.3 0.68 3.5 

Cal 9 4.7 17 17 0.14 2.6 

Cal 10 0.78 3.6 3.8 0.07 0.4 

      

Low QC 20 9 150 4.1 17 

High QC 66 20 17 12 14 

5-MeO-DMT, 5-methoxy-N,N-dimethyltryptamine 

5-MT, 5-methoxytryptamine 

QC, quality control 

LLOQ, lower limit of quantitation 
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 Indolethylamine concentrations in two urine samples 

 

Urine 

Sample 

5-MeO-DMT 

(ng/mL) 

5-MT 

(ng/mL) 

Pinoline 

(ng/mL) 

Bufotenine 

(ng/mL) 

Serotonin 

(ng/mL) 

1 < LLOD 135 < LLOD < LLOQ 102 

2 < LLOD 29.1 < LLOD < LLOQ 106 

5-MeO-DMT, 5-methoxy-N,N-dimethyltryptamine 

5-MT, 5-methoxytryptamine 

LLOD, lower limit of detection 

LLOQ, lower limit of quantification 
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Figure 3.1 Representative chromatograms of a neat sample reconstituted in 50:50 water:methanol (10 μL injection).  Analyte 

concentrations are listed in the Materials and Methods.  Abbreviations: 5-MeO-DMT, 5-methoxy-N,N-dimethyltryptamine; 5-MT, 5-

methoxytryptamine 
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Figure 3.2 Representative chromatograms of a neat sample reconstituted in 75:25 water:methanol (10 μL injection).  Analyte 

concentrations are listed in the Materials and Methods.  Abbreviations: 5-MeO-DMT, 5-methoxy-N,N-dimethyltryptamine; 5-MT, 5-

methoxytryptamine 
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Figure 3.3 Representative chromatograms of a neat sample reconstituted in 87:13 water:methanol (2-fold dilution injected at 10 

μL).  Analyte concentrations are listed in the Materials and Methods.  Abbreviations: 5-MeO-DMT, 5-methoxy-N,N-

dimethyltryptamine; 5-MT, 5-methoxytryptamine
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Figure 3.4 Representative chromatograms of a neat sample reconstituted in 75:25 water:methanol (2-fold dilution injected at 1 

µL).  Analyte concentrations are listed in the Materials and Methods.  Abbreviations: 5-MeO-DMT, 5-methoxy-N,N-

dimethyltryptamine; 5-MT, 5-methoxytryptamine 
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Figure 3.5 Representative chromatograms of a neat sample reconstituted in 99:1 water:methanol (100-fold dilution injected at 10 

µL).  Analyte concentrations are listed in the Materials and Methods.  Abbreviations: 5-MeO-DMT, 5-methoxy-N,N-

dimethyltryptamine; 5-MT, 5-methoxytryptamine 
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Figure 3.6 Low and high calibration curves for A) 5-methoxy-N,N-dimethyltryptamine (5-

MeO-DMT) , B) 5-methoxytryptamine (5-MT), C) pinoline, D) bufotenine and E) serotonin. 
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 Introduction 

 

In various pediatric populations, a substantial percentage (10 to 65%) [1] of drugs are 

prescribed off-label, primarily because of lack of study information in this age group [2].    

Although the number of drugs with some pediatric dosing information doubled from 22% in 1975 

to 41% in 2009 [3], available information remains inadequate to provide effective safety and 

dosing guidances for all pediatric age groups.  Studies conducted in the past two decades show 

major deficiencies with pediatric dosing methods built on allometry [4-8]. Optimal drug safety and 

efficacy in this vulnerable population requires an increased understanding of the impacts of 

physiological maturation and genetic variation on drug-metabolizing enzymes [9-11].  One such 

enzyme, cytochrome P450 2D6 (CYP2D6), participates in the elimination of approximately 15% 

of clinically used drugs metabolized by cytochrome P450s [12], including antipsychotics and 

antidepressants, beta-blockers, opioid analgesics [13, 14], and the antitussive dextromethorphan 

(DM) [15].  

CYP2D6 activity is determined, in significant part, by genetic variation.  More than 100 

allelic variants and sub-variants of this highly polymorphic enzyme are defined 

(http://www.cypalleles.ki.se/cyp2d6.htm), including gene deletions and, non-functional, reduced-

function, and multiple-copy-number alleles [16, 17].  The various allele combinations result in a 

continuum from little or no activity and poor metabolizer (PM) phenotype, reduced function and 

intermediate metabolizer phenotype, “wild-type” activity and extensive metabolizer phenotype, 

and, in the case of gene duplications, increased CYP2D6 expression and ultra-rapid metabolizer 

phenotype [17-19].  Gaedigk et al. proposed using these genetic factors to predict individual 

CYP2D6 activity scores [18, 20].   
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Substantial interindividual variation in CYP2D6 activity exists within each category of 

CYP2D6 phenotype [20-22].  Factors such as ontogeny, drug-drug interactions (DDIs), diet and 

disease may contribute to patient variation in drug disposition. Thus, phenotyping may be 

necessary to determine CYP2D6 activity when personalizing drug therapy [23] or evaluating DDIs 

[24].  Traditional phenotyping studies involve the administration of a probe drug or drug cocktail.  

The administration of such drugs to children, pregnant women and the elderly may be a concern.  

Phenotyping using endogenous biomarkers is an alternative method of assessing CYP2D6 

activity that may eliminate risks of exogenous drug administration in CYP2D6 DDI studies or 

when evaluating altered activity in special patient populations.  Additionally, retrospective 

analyses of banked samples may be conducted without prior knowledge of an individual’s 

CYP2D6 phenotype.  If biomarker measurements from a spot urine sample could be used, that 

could eliminate the need for prolonged clinical visits in which the patient must provide timed 

sample collections.  For example, CYP2D6 activity can be measured using a four-hour urine 

collection following dextromethorphan administration.  Several endogenous substrates have been 

proposed as CYP2D6 substrates.  They include 5-methoxy-N,N-dimethyltryptamine [25], pinoline 

[26], progesterone [27], anandamide [28, 29], and a number of compounds up- or down-regulated 

in CYP2D6-transgenic mice [30].  However, the identification and validation of endogenous 

biomarkers for CYP2D6 phenotyping, particularly in humans, is immature.   

 The goal of this study was to discover endogenous biomarkers of CYP2D6 activity.  

Children were phenotyped for CYP2D6 activity using a urinary dextromethorphan-to-dextrorphan 

metabolic ratio (DM/DX) [20, 31], and a global metabolomics approach was used to detect 

endogenous, urinary metabolites capable of predicting DM/DX in a pediatric training set group.  

A targeted analytical approach was used to further analyze the relationship between a candidate 
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biomarker and CYP2D6 activity, and these results were validated in urine from a second group of 

children.  Furthermore, the change in metabolite levels and CYP2D6 activity was assessed in 

adults during CYP2D6 inhibition. 

 

 Patients & Methods  

 

4.2.1 Subjects 

 

Healthy pediatric subjects (N = 189) between 6 to 15 years of age on the date of study 

enrollment were recruited at Children's Mercy Hospitals and Clinics (CMH), Kansas City, MO for 

a longitudinal study of CYP2D6 activity.  Results from the first study visit are presented.  

Following an overnight fast, subjects received a single oral 0.5 mg/kg dose of DM (Robitussin® 

Pediatric).  Urine was collected predose (spot sample) and throughout the next 4 hours following 

DM administration (timed sample).  Samples were stored at -80°C until analysis.  Subjects were 

randomized into training and validation sets based on their CYP2D6 phenotype (PM or non-PM) 

so there was equal representation between the two sets.   

Studies were approved by the Institutional Review Boards at CMH and the University of 

Washington, Seattle, WA.   The study population was slightly skewed towards males due to an 

additional study aim to recruit children diagnosed with attention deficit hyperactivity disorder 

(ADHD), an aim not explored here.  Exclusion criteria included: i) current therapy with 

medications metabolized by or known to inhibit CYP2D6 (although atomoxetine was permitted 

for the ADHD component of the overall study); ii) inability or unwillingness to fast 4 hours prior 

to the study session; iii) existence of diagnoses that may influence absorption and gastric emptying, 

such as reflux, inflammatory bowel disease, or Crohn’s disease; iv) a demonstrated adverse 
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reaction to previous dextromethorphan exposure; v) impaired hepatic or renal activity, or physical 

examination as determined by pediatrician sub-investigator’s discretion; vi) pregnancy; vii) body-

mass index (BMI) <5th or > 95th percentile.  Subjects were given a complete medical examination 

including assessment of Tanner stage and blood samples were taken for liver function testing and 

DNA testing at the screening visit. 

Ten healthy adults (5 females and 5 males) were enrolled in a study to evaluate the complex 

DDI of fluoxetine on CYP2D6, CYP3A4, and CYP2C19 activities.  A detailed description of the 

study design, demographics, and results has been reported elsewhere [24].  All subjects included 

in the study were genotypic CYP2D6 extensive metabolizers.  Each subject was given an oral probe 

drug cocktail, which included 30 mg DM, at baseline (day 1) and during a two-week multiple-dose 

fluoxetine treatment (day 16).  Urine was collected 0-12 and 12-24 hours on days 1-4 and 16-19.  

Secondary use of the samples in this study was approved by the University of Washington Human 

Subjects Review Board.  

 

4.2.2 Genotype analysis and assignment of activity score of pediatric subjects 

 

CYP2D6 genotype analysis of greater than 20 allelic variants was performed at Children’s 

Mercy Hospitals and Clinics.  Genomic DNA was isolated from whole blood with a QIAamp DNA 

Blood Mini kit (Qiagen, Valencia, CA).  Genotype analysis was performed using long-range (XL) 

PCR coupled with commercially available TaqMan (Life Technologies, Carlsbad, CA) and 

restriction fragment length polymorphism (RFLP) assays.  The following allelic variants were 

assessed: CYP2D6*2, *3, *4, *5 (gene deletion), *6, *7, *9, *10, *11, *12, *13 (2D7/6 hybrid 

genes), *15, *17, *29, *31, *35, *36, *41, *42, *45 or *46 and *59.  Analysis included XL-PCR-

based detection of gene deletions, duplications/multiplications and CYP2D7/6 hybrid gene 
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arrangements.  Gene duplications were characterized for their allelic variation (*1xN, *2xN, *4xN, 

etc.) and gene copy number assessed at four gene loci by quantitative multiplex PCR.  Additional 

XL-PCR testing in conjunction with DNA sequencing was applied to resolve complex cases or 

cases with ambiguous results.   

Genotyping procedures and assignment of CYP2D6 activity scores have been described 

previously [20, 32-35].  Non-functional, reduced function, fully functional and gain-of-function 

CYP2D6 alleles were given values of 0, 0.5, 1 and 1.5, respectively; alleles with duplications 

received double the value assigned to the single counterparts.  The CYP2D6 activity score was 

obtained by summing the two alleles for each individual.   

 

4.2.3 Analysis of dextromethorphan (DM) and metabolites 

 

Pediatric urine samples were analyzed for dextromethorphan and its metabolites at 

Children’s Mercy Hospitals and Clinics [36].   Briefly, urine samples were adjusted to a pH of 4.5 

to 5.0 and subsequently incubated with β-glucuronidase at 37°C overnight prior to analysis.  

Concentrations of dextromethorphan (DM) and total deconjugated dextrorphan (DX) were 

determined using reverse-phase high-performance liquid chromatography (HPLC) with 

fluorescence detection.  The urinary dextromethorphan metabolic ratio was calculated as the molar 

ratio of DM/DX.  Urine samples were analyzed for DM and total dextrorphan concentrations.  

Based on the DM metabolic ratio (DM/DX), subjects were assigned to PM (DM/DX ≥ 0.3) or non-

PM phenotypes (DM/DX < 0.3) as described previously [20, 31].  Analytical details for the urinary 

analysis of DM and its metabolites in the adult study are described by Sager et al. [24].   
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4.2.4 Determination of creatinine concentrations 

 

Creatinine was quantified on an Agilent 1100 series HPLC in line with an Agilent 1050 

series UV detector set to monitor absorbance at 234 nm.  Urine was diluted 100-fold with 10 mM 

potassium phosphate buffer, pH 6.5, and 10 µL were injected onto a Waters Symmetry C18 5 µm, 

4.6 x 1.5 mm, 300 Å analytical column using 10 mM potassium phosphate buffer, pH 6.5, with 

0.1% acetonitrile for mobile phase A and 100% acetonitrile for mobile phase B.  The flow rate was 

0.5 mL/min with a linear gradient consisting of 0% B until 5 min, a linear increase to 100% B from 

5.0 min until 5.5 min, 100% B until 6.5 min, a linear decrease to 0% B from 6.5 to 7 min, and re-

equilibration with 0% B for 8 min. 

 

4.2.5 Global metabolomics analysis of pediatric training set by LC-QTOF   

 

Samples were prepared for metabolomics analysis by adding 800 μL of ice-cold acetonitrile 

to 200 μL of urine to precipitate proteins.  Following centrifugation (20,000 x G for 10 min, 4°C), 

the supernatant was evaporated under nitrogen gas.  The resulting residue was reconstituted in 40 

μL of methanol followed by 40 μL of 0.4% (v/v) acetic acid. 

Global metabolomic analyses of samples were performed using an Agilent (Santa Clara, 

CA) 1200 HPLC coupled to an Agilent 6520 LC-QTOF mass spectrometer.  Samples (2 µL 

injection) were separated chromatographically using a 3.5 μm, 2.1 x 30 mm Agilent Zorbax SB-

C8 guard column and a 1.8 μm, 2.1 x 50 mm Agilent Zorbax SB-Aq analytical column heated to 

60°C.  The flow rate was 0.6 mL/min, and the mobile phase consisted of A: 0.2% acetic acid in 

water and B: 0.2% acetic acid in methanol utilizing the following gradient profile: 2% to 98% B 

in 13 min, 98% B until 19 min followed by re-equilibration for 6.5 min.  The source temperature 
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was maintained at 350°C with a nitrogen gas flow rate of 12 L/min and a capillary voltage of 3500 

V.  Scans were obtained between m/z 100 and 1000 at an acquisition rate of 3 spectra/sec.  Data 

were collected in centroid mode for ESI+ and ESI- modes.   

 

4.2.6 Global metabolomics data processing and statistical analysis  

 

For the pediatric training set, raw LC-QTOF mass spectral data from each ionization mode 

were aligned using the Bioconductor R-package XCMS [37, 38].  Raw data files were exported to 

mzData format using MassHunter Qualitative Analysis (Agilent, B.05.00) with a minimum peak 

height of 1000 counts. Feature detection was performed using the Bioconductor R-package XCMS 

[37, 38]. Peak picking was performed using the centWave algorithm, requiring within-peak m/z 

deviations of less than 15 ppm, 5 consecutive scans above 500 counts, and peak widths between 4 

and 12 seconds. The default peak integration method was used, and the peaks were fit to a Gaussian 

shape with a Mexican-hat wavelet for integration. The peaks were grouped using the “density” 

method with a mass accuracy requirement of 0.007 m/z and a peak width at half height of 4 (before 

retention time correction) or 2 (after retention time correction) seconds. A retention time correction 

was performed using the method “obiwarp”, and peaks were recursively filled.  Subsequently, ion 

signals were normalized to the sum of all mass feature abundances in that sample as a surrogate 

marker for urine concentration, and finally log-transformed.   

Statistical analyses were performed on each spot and timed dataset and ionization mode 

independently.  Log-transformed DM/DX was regressed on each ion with no additional covariates.  

To account for possible dependencies among siblings and to avoid assuming homoscedasticity, we 

used a generalized estimating equation approach implemented in the R package “gee” 

(http://cran.r-project.org/web/packages/gee/index.html).  P values were adjusted for multiple-
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hypothesis testing using the Benjamini-Hochberg method as implemented in the R stats package’s 

p.adjust function. This methodology addresses the multiple hypothesis testing problem without 

using excessively conservative approaches to control the family-wise error, such as a Bonferroni 

correction.  Adjusted P-values < 0.01 were considered to be significant.   

 

4.2.7 LC-QTOF spectral fragmentation 

 

Ions of interest were analyzed as described for global metabolomics except that the 

quadrupole selected the precursor ion and the TOF mass analyzer scanned product ions.  Selected 

precursor ions (1.3 amu isolation width, 0.5 min allowable retention time shift) were fragmented 

at fixed collision energies of 10, 20, 40 and 80 V in ESI+ mode.  The MS/MS scan rate was 4 

spectra/sec. 

 

4.2.8 Database Queries 

 

For significant ions, we attempted to determine identities by querying major metabolomics 

databases using the accurate mass (within 20 ppm), and MS/MS fragmentation spectra or retention 

time, when available.  Databases queried included the Scripps METLIN Metabolite Database [39] 

(http://metlin.scripps.edu), the Human Metabolome Database [40] (version 3.6, 

http://www.hmdb.ca) and in-house databases.  

 

4.2.9 Relative quantification of M1 by LC-QqQ 

 

http://metlin.scripps.edu/
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MRM MS was performed on an Agilent 1290 Infinity HPLC coupled to an Agilent 6460 

Triple Quadrupole (QqQ) to quantify the relative abundance of M1 in urine samples.  A similar 

method as described for LC-QTOF was employed but with a shortened total run time of 6 min and 

a fixed collision energy of 40 V in ESI+ mode.  We injected 5 µL and up to 15 µL for pediatric 

non-PM and PM samples, respectively.  Two non-PM samples from the pediatric timed urine set 

were not analyzed due to insufficient sample volume.  Peak areas for the mass transition of m/z 

444.3 → 98.1 were divided by creatinine concentration (mM) to account for urine concentration 

differences.  A value of 5, approximately the value of noise, was assigned to missing values.  For 

the adult samples, creatinine normalized signals (m/z 444.3 → 98.1) for 0-12 and 12-24 hr urine 

samples from days 3-4 (without fluoxetine) and days 18-19 (with fluoxetine) were summed to 

obtain a composite 0-24 hr value.   

 

4.2.10 General statistical analyses 

 

GraphPad Prism (version 5.04, GraphPad Software, San Diego, CA) was used for general 

statistical analyses.  Univariate regression was used to compare log (creatinine/M1) and log 

(DM/DX).  Univariate regression was also used to model log M1 given creatinine, age, or urinary 

pH; and creatinine given age or urinary pH.  A two-tailed t-test was used to determine whether log 

(DM/DX), log M1 or creatinine differed between genders.  One-way analysis of variance 

(ANOVA) was used to determine the relationship between log (DM/DX) and Tanner stage or 

activity score, and to determine the relationship between log (creatinine/M1) and activity score.  

Spearman rank correlation was used to determine the relationship between log (DM/DX) and log 

(creatinine/M1) in adult subjects.  P < 0.05 was considered significant.  

 



99 

 

 Results 

 

4.3.1 Demographic characteristics of pediatric subjects 

 

Healthy pediatric volunteers (N=189), some of whom were related, were recruited for a 

longitudinal study of CYP2D6 activity.  A spot urine sample was collected predose and a timed 

urine sample was collected from 0-4 hours after DM administration for determination of DM/DX.  

Based on DM/DX, 10 subjects were phenotypic CYP2D6 PMs and the remaining 179 were 

classified as non-PMs (intermediate, extensive or ultra-rapid metabolizers).  PMs and non-PMs 

were randomly assigned to training or validation sets.  Demographics for the training (n = 94, 5 

PMs) and validation sets (n = 95, 5 PMs) are presented in Table 4-1.  The subjects ranged from 7 

to 16 years of age.  Pubertal development was determined by the assignment of Tanner stage scores 

on a scale of 1 (pre-pubertal) to 5 or 6 (full maturation) for breast size and pubic hair, respectively.  

Log (DM/DX) did not differ by gender, age or measures of pubertal development (data not shown, 

manuscript in preparation).  However, there was a negative correlation between log (DM/DX) and 

urinary pH (P < 0.0001, N=189).  

 

4.3.2 Selection of CYP2D6 endogenous biomarkers in pediatric subjects 

 

Identification of CYP2D6 biomarker candidates by global metabolomics in the pediatric 

training set.  Spot and timed urine collection samples in the pediatric training set were analyzed 

by global metabolomic profiling using liquid chromatography quadrupole-time of flight (LC-

QTOF) mass spectrometry (MS) in electrospray ionization positive (ESI+) and negative (ESI-) 

modes.  Ions were aligned, normalized and log-transformed as described in Patients & Methods.  
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The LC-QTOF data contained 3839 and 2883 ions in ESI+ and ESI- modes, respectively.  For 

selecting ions associated with CYP2D6 phenotype, a generalized-estimating equation approach 

was used to linearly regress log ion intensities against log (DM/DX).  An independent correlation 

structure was used in this approach to account for subject relatedness.  As summarized in Figure 

4-1 and Table 4-2, in ESI+ data, one and six ions (Benjamini-Hochberg (BH) corrected P-value < 

0.01) were found in the spot and timed urine samples, respectively; in ESI- data, eight ions (BH 

corrected P < 0.01) were observed in the timed urine samples.  As listed in Table 4-2, some 

significant ions found only in timed urine samples are likely dextromethorphan metabolites, such 

as dextrorphan glucuronide and oxo-dextrorphan-glucuronide [41].  Significant ions found in both 

urine-collection time points would likely result in fewer false positives and would exclude DM 

metabolites.  For these reasons, only significant ions found both before and after DM 

administration (spot and timed urine samples, respectively) were further investigated.  One ESI+ 

ion with a m/z of 444.3102 and eluting at 6.5 min, which we will refer to as M1, was found to be 

significant in both spot and timed urine samples.  We focused on this candidate biomarker in 

subsequent experiments.  A negative correlation existed between M1 abundance and log (DM/DX) 

(Table 4-2) suggesting that it may be the product of a reaction catalyzed by CYP2D6.   

Fragmentation of M1.  Fragmentation of M1 in a representative urine sample at 20 V by 

LC-QTOF yielded the MS/MS spectrum shown in Figure 4-2a.  The most abundant product ions 

were, in order of decreasing abundance, m/z 98.0964 > 370.2732 > 206.1883 > 56.0494 > 55.0550 

> 150.1259 > 81.0692.  Major metabolomics databases were queried for the potential identity of 

M1 based on the parent mass and product ions, but no matches were found.   
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4.3.3 Association and validation of endogenous biomarkers with CYP2D6 activity in pediatric 

subjects 

 

Semi-quantitative analysis of M1 in pediatric training set samples.  To improve sensitivity 

compared to the LC-QTOF method, we developed a targeted semi-quantitative LC-QqQ based 

assay.  Using multiple-reaction monitoring (MRM), we monitored the mass transitions (precursor 

to product ions) of m/z 444.3 → 370.3, 444.3 → 206.2, 444.3 → 150.1, 444.3 → 98.1 and 444.3 

→ 56.1 (Figure 4-2b).  The mass transition of m/z 444.3 → 98.1, the most abundant product ion, 

was selected to determine the relative abundance of M1 in the urine samples.  All training set non-

PM subjects analyzed had quantifiable levels of M1 in both spot and timed urine samples (Figure 

4-2d).  In contrast, M1 levels were undetectable in all but one timed PM sample, even with an 

injection volume 3-fold higher than that used for non-PM samples (Figure 4-2c).  For reference, 

when urine with approximately the mean M1 abundance was diluted 264-fold, a peak was still 

visually observable (data not shown).  In samples with undetectable M1 signals, a low value was 

assigned as the M1 abundance.  M1 peak intensities were normalized by urinary creatinine 

concentration to account for differences in urine concentration for each sample.  As M1 may be 

the product of a reaction catalyzed by CYP2D6, we expressed the ratio as creatinine/M1 to match 

the DM/DX, where the parent (DM) is normalized to the metabolite (DX).  Compared to non-PM 

subjects, PM subjects had 105-fold higher DM/DX, and 123- and 147-fold higher creatinine/M1 

ratios in spot and timed urine samples, respectively (Figure 4-3).    

Confirmation of CYP2D6 biomarker candidate in the pediatric validation set.  Similar 

results were found in the pediatric validation set.  M1 abundance was undetectable in all PM 

subjects and a low value was assigned to M1 in these cases.  A significant and positive relationship 

was observed between log (creatinine/M1) and log (DM/DX) in spot and timed urine samples (r2 
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= 0.31 and 0.28, respectively; P < 0.0001 for each).  Compared to non-PM subjects, PM subjects 

had 82-fold higher DM/DX and 167- and 120-fold higher creatinine/M1 (P < 0.0001) in spot and 

timed urine samples, respectively (Figure 4-4).   

Relationship between CYP2D6 activity score and phenotypic activity as determined by 

DM/DX and M1 in pediatric subjects. Assigning an activity score to each child allowed us to group 

individuals by genotypes with comparable levels of function.  In both the training and validation 

sets, 5% of the subjects had an activity score of 0 (PMs), 91-92% of the subjects had activity scores 

between 0.5 and 2 owing to the presence of partially or fully functional alleles and 3% of subjects 

had activity scores greater than 2.  Despite the large interindividual variability observed in each 

activity score group, both DM/DX and creatinine/M1 differed among the activity score groups (P 

< 0.0001 for all sets, Figure 4-5).   

 

4.3.4 Biomarker response to CYP2D6 inhibition in adult subjects 

 

Effect of CYP2D6 inhibition on M1 in adult subjects.  The ability of M1 to reflect 

alterations in CYP2D6 activity was tested in adults.  As part of a DDI study, ten subjects received 

multiple doses of oral fluoxetine, a potent CYP2D6 inhibitor.  Urine was collected before and 

during fluoxetine treatment.  The urinary DM/DX increased 218-fold during fluoxetine treatment 

(P < 0.0001, Figure 4-6a) compared to baseline.  Creatinine/M1 ratios were increased by 9.56-fold 

during the treatment phase (P = 0.029, Figure 4-6b).  In addition, log (DM/DX) and log 

(creatinine/M1) were correlated (Spearman r = 0.55, P = 0.012; Figure 4-6c).   
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 Discussion 

 

To our knowledge, this is the first study using global metabolomics to identify endogenous 

biomarkers of CYP2D6 activity in humans.  Using this approach, we obtained a list of unique ions 

(m/z and retention time) in urine samples from a cohort of pediatric subjects and selected the ion 

m/z 444.3102 (M1) from our ESI+ training set data because its abundance correlated significantly 

with DM/DX parent-to-metabolite ratios in both spot and timed urine samples in these subjects.  

We were unable to identify M1 based on the parent mass and product ion fragmentation spectra in 

metabolomics databases.  By restricting our investigation to the ions present in both spot (predose) 

and timed (postdose) urine samples, DM and its metabolites were excluded as biomarker 

candidates.  As expected, DM metabolites were significantly correlated with DM/DX in timed but 

not spot samples (Table 4-2).  Additional significant ions that were present only in timed samples 

may be uncharacterized metabolites of DM.   

The mass transition of M1 to the most abundant product ion (m/z 444.3 → 98.1) in ESI+ 

mode was monitored using a targeted approach on a QqQ instrument.   In the pediatric training 

set, M1 was present in all non-PM individuals and absent in all but one PM individuals, even with 

increased injection volumes for PM subjects.  Admittedly, the lower limit of detection of our 

targeted assay is unknown without a standard, but an M1 peak diluted over 250-fold below the 

mean training set M1 abundance was visually observable.  For our statistical comparisons, we 

assigned a low value of M1 for samples with experimentally undetectable levels, allowing us to 

conservatively and semi-quantitatively compare the two phenotypic groups.  The creatinine/M1 

ratio clearly distinguished PMs from non-PMs.   

We verified that creatinine/M1 was associated with DM/DX in both spot and timed urine 

samples in the validation set of urine collected from an additional 95 children.  PMs have lower 
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M1 abundances than non-PMs (P < 0.0001), suggesting that M1 is likely a product of a reaction 

catalyzed by CYP2D6.  However, much of the variance in the relationship between log-

transformed DM/DX and creatinine/M1 is still unexplained (r2 ~ 0.3).  A stronger correlation with 

DM/DX would likely be observed if M1 were normalized by its unidentified precursor in a parent-

to-metabolite molar ratio.     

The creatinine/M1 ratio differed among activity score groups; however, there was 

appreciable overlap among non-PMs (activity scores between 0.5 and 3) (Figure 4-5).  The 

differentiation between activity scores may improve if the parent-to-M1 molar ratio can be used.  

In addition, fine-tuning CYP2D6 genotype by taking recently described enhancer SNPs into 

account [42] may alter activity score assignments.  These enhancer SNPs appear to impact the 

regulation of CYP2D6 expression and thereby modulate an individual’s activity. 

Although age-dependent increases in CYP2D6 mRNA, and microsomal protein and 

activity levels have been reported in human fetal and pediatric liver [43, 44], we observed no 

correlation between log M1 abundance and age in our study cohort (data not shown).  However, 

in vivo pharmacokinetic data and longitudinal phenotyping studies indicate that genetic variation 

in CYP2D6 is a more important determinant of interindividual variability in activity than ontogeny 

[10, 11, 36].  Moreover, neither log M1 abundance nor creatinine concentration differed by gender 

or urinary pH.  Creatinine was used to normalize for urine concentrations in our study, and urinary 

creatinine concentrations were not significantly correlated with log M1 in any dataset except for 

the spot urine samples of the training set (P = 0.01).  Urinary creatinine concentrations have been 

reported to change with age, [45] and a significant association between creatinine concentrations 

and age was observed in the training set (P = 0.036 and < 0.0001 in the spot and timed urine 

collections, respectively) but not in the validation set.  Admittedly, creatinine concentrations may 
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influence the interpretation of the data in the training set, but it does not appear to be an important 

confounder in the validation set. 

In addition to distinguishing CYP2D6 phenotype in pediatric subjects, the creatinine/M1 

ratio was sensitive to inhibition of CYP2D6 in adults, increasing by approximately 9-fold in adults 

during fluoxetine treatment as compared to control.  Creatinine/M1 was less sensitive to CYP2D6 

inhibition than DM/DX, once again reinforcing the need to account for the parent of M1. 

M1 may join the growing list of endogenous CYP2D6 substrates and products.  CYP2D6 

catalyzed the O-demethylation of 5-methoxy-N,N-dimethyltryptamine, pinoline, and 5-

methoxytryptamine to bufotenine, 6-hydroxy-1,2,3,4-tetrahydro-β-carboline and serotonin, 

respectively, in human recombinant CYP2D6 and CYP2D6-transgenic mouse liver microsomes 

[25, 46].  Additionally, CYP2D6 has been shown to hydroxylate and epoxygenate anandamide in 

human recombinant CYP2D6 and brain microsomal and mitochondrial preparations [28].  

Recently, Cheng et al. reported that serotonin, 5-hydroxyindoleacetic acid, L-carnitine, acetyl-L-

carnitine, pantothenic acid, 2’-deoxycytidine diphosphate, anandamide, N-

acetylglucosaminylamine and stearoyl-L-carnitine concentrations differed significantly in brain 

homogenate and cerebrospinal fluid between wild-type and CYP2D6-transgenic mice [30].  Using 

chemical standards, many of these compounds were screened by LC-QTOF MS, but they were 

undetectable in our urine samples (data not shown).  These urinary compound concentrations may 

be below our detection limit or elute with the column void volume (e.g., bufotenine).  Many 

previously identified compounds were detected in specific tissues or biofluids, such as the brain 

or cerebrospinal fluid, and may not be excreted to an appreciable extent in the urine.  Further 

investigation of these endogenous compounds as possible human CYP2D6 biomarkers may 
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require the development of specific and sensitive targeted urinary assays or sampling of other 

biofluids.  

In the field of metabolomics, the identification of complete unknowns from complex 

biological samples presents a substantial challenge.  A limitation of our study is our current 

inability to identify M1.  Unlike traditional metabolite identification, we have few clues regarding 

the structure of M1 since the precursor to M1 is also unknown.  Preliminary efforts to obtain a 

high yield and pure isolate of M1 from urine for NMR analysis were unsuccessful.   Despite the 

lack of structural information for M1, we would propose that the use of global metabolomics to 

identify endogenous biomarkers is akin to genome wide association studies (GWAS) to identify 

single nucleotide polymorphisms (SNPs) associated with a particular disease.  For example, the 

identified SNPs associated with a particular disease can be located in the protein-coding region of 

genes or are in linkage disequilibrium with SNPs in those regions.  However, the majority of the 

identified SNPs (~80%) are located in intergenic regions or noncoding introns [47].  Despite the 

apparent non-functional nature of these significantly associated SNPs, validation, replication, and 

efforts to identify the causal SNPs have resulted in continued use of GWAS approaches.  Similarly, 

the relationship between M1 and CYP2D6 activity is still valid, even if the structure is currently 

unknown.  Although structural identification of M1 is beyond the scope of the study at present, the 

identification of M1 and its parent will increase our understanding of the endogenous role of 

CYP2D6.  The possibility that M1 or its precursor is a dietary component or a product of the 

microbiome cannot be excluded, but it is worth noting that the pediatric and adult studies were 

conducted independently and at two geographic sites, suggesting that regional or site-specific 

exposures can be ruled out as sources of M1. 
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 Conclusion 

 

In conclusion, we demonstrated that discovery of human biomarkers of CYP2D6 can be 

facilitated using a global metabolomics approach.  We found that a positive ion with m/z of 

444.3102 was associated with the urinary DM/DX ratio, an established method of CYP2D6 

phenotyping, in two cohorts of children and was altered following CYP2D6 inhibition in adults.  

The ability of this ion to distinguish between CYP2D6 metabolizer phenotypes is currently limited 

to PM and non-PM phenotypes.  Clearly, future structural identification of M1 and its parent are 

needed and may lead to a combined marker of CYP2D6 phenotype that may be more sensitive 

than the metabolite alone.   

The findings of this study extend our current knowledge of CYP2D6 and demonstrate that 

metabolomics methods may be useful in revealing new biomarkers of drug metabolizing enzymes.  

In this study, the exploration of urinary metabolites led to the detection of a novel ion, M1, which 

may, lead to its use as an endogenous marker alone or in combination with other biomarkers of 

CYP2D6 activity.  Future studies of M1 could include validation in different ethnic groups, 

additional pediatric and adult studies, and may be useful in studying CYP2D6 activity in pregnant 

women and patients with kidney or liver disease.  Upon further in vitro and in vivo validation, the 

clinical implementation of a non-invasive, endogenous biomarker test predictive of CYP2D6 

phenotype could advance personalized medicine by potentially replacing current phenotyping or 

genotyping methods.  Futhermore, validated endogenous biomarkers would make retrospective 

analyses of clinical samples possible and may aid in first-in-man studies where there is a concern 

for drug-drug interactions.  
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 Tables and Figures 

 Demographics of the pediatric study population 

Characteristic 
All Subjects  

(N = 189) 
 

Training Set  

(n = 94) 
 

Validation Set 

(n = 95) 

   PM 

(n = 5) 

Non-PM 

(n= 89) 

 PM 

(n = 5) 

Non-PM 

(n = 90) 

Age (years) 11.2 ± 2.5  

(7 to 16) 

 11.3 ± 2.4  

(9 to 14) 

11.2 ± 2.4  

(7 to 16) 

 11.0 ± 1.6  

(9 to 14) 

11.1 ± 2.5  

(7 to 16) 

Tanner Stage        

Breast Size 2.4 ± 1.5 

(1 to 5) 

 2.4 ± 1.7 

(1 to 5) 

2.4 ± 1.5 

(1 to 5) 

 1.6 ± 0.5 

(1 to 2) 

2.5 ± 1.5 

(1 to 5) 

Pubic Hair 2.4 ± 1.5 

(1 to 6) 

 2.4 ± 1.7 

(1 to 5) 

2.3 ± 1.5 

(1 to 6) 

 1.4 ± 0.5 

(1 to 2) 

2.5 ± 1.5 

(1 to 5) 

Gender        

Male (%) 61  60 66  80 56 

Race (%)        

African American 43  0 43  20 47 

Caucasian (Hispanic) 49 (5)  100 (0) 46 (4)  80 (0) 47 (6) 

Mixed 8  0 11  0 7 

Urinary DM/DX Ratio 0.078 ± 0.3 

(9.0 x 10-5 to 3.3) 

 1.4 ± 1 

(0.63 to 3.3) 

0.014 ± 0.03 

(9.0 x 10-5 to 0.20) 

 1.1 ± 0.7 

(0.28 to 1.8) 

0.013 ± 0.02 

(3.0 x 10-4 to 0.14) 

PM: CYP2D6 poor metabolizer phenotype subjects 

Non-PM: CYP2D6 intermediate, extensive or ultra-rapid metabolizer phenotype subjects     

Age at visit 1, Tanner stage at enrollment and DM/DX are shown as the mean ± standard deviation (range). 
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 Summary of significant (Benjamini-Hochberg (BH) corrected P-value < 0.01) m/z ions by ionization mode associated 

with log (DM/DX) following global metabolomics analysis of pediatric training set samples by LC-QTOF mass spectrometry.  

The possible identity of m/z ions was assigned based on mass. 

m/z RT (min) a Possible Identity (ref) Slope r2 P-value 
BH corrected 

P-value 

ESI+ using spot urine samples 

444.3102 6.5 --b -0.79 0.34 1.69 x 10 -7 6.50 x 10 -4 

ESI+ using timed urine samples 

421.2056 2.5 --b -1.70 0.67 1.31 x 10-44 5.03 x 10-41 

444.3102 6.5 --b -0.79 0.27 2.33 x 10 -6 3.80 x 10 -3 

464.2283 3.2 --b -0.78 0.40 2.97 x 10 -6 3.80 x 10 -3 

273.1668 5.6 --b  0.73 0.24 3.97 x 10 -6 3.81 x 10 -3 

434.2196 2.6 Dextrorphan glucuronide (49) -1.51 0.56 1.09 x 10 -5 7.85 x 10 -3 

445.3135 6.5 --b -0.65 0.25 1.23 x 10 -5 7.85 x 10 -3 

ESI- using timed urine samples c 

447.1866 6.3 --b -2.05 0.70 9.55 x 10-52 2.75 x 10-48 

448.1884 6.3 
Hydroxy-dextrorphan-glucuronide 
(41) 

-2.23 0.68 1.87 x 10-44 2.70 x 10-41 

446.1827 6.3 Oxo-dextrorphan-glucuronide (41) -1.91 0.71 1.49 x 10-41 1.43 x 10-38 

336.1275 3.5 Dextrorphan sulfate (49) -1.49 0.57 1.63 x 10-29 1.18 x 10-26 

432.1668 4.5 
Oxo-hydroxymorphinan-

glucuronide (41) 
-1.60 0.56 5.77 x 10-23 3.33 x 10-20 

433.1697 4.5 --b -1.73 0.51 1.47 x 10-14 7.08 x 10-12 

418.1878 2.5 
3-hydroxymorphinan-glucuronide 
(49) 

-1.14 0.41 1.21 x 10-10 4.97 x 10 -8 

193.0358 2.6 --b  1.03 0.093 2.52 x 10 -5 9.08 x 10 -3 
a  Retention time 
b  Identity unknown 
c  No ions were found to be significant in the spot urine collection samples in ESI- mode
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Figure 4.1 Manhattan plots of pediatric training dataset ions.  The ion abundances were 

regressed against log (DM/DX).  Corresponding P-values were obtained and corrected using the 

Benjamini-Hochberg (BH) method. The corresponding -log (BH corrected P-values) are shown 

for ESI+ mode (panels a and b) and ESI- mode (panels c and d) from LC-QTOF analysis.  

Results from spot and 0-4 hour timed urine samples are presented in panels a and c, and panels b 

and d, respectively.  Ion m/z and retention time are explicitly shown for significant ions. The BH 

corrected significance threshold is indicated by the dashed line (P = 0.01).    
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Figure 4.2 Product ion spectra of M1 (m/z 444.3102) from a representative pediatric spot 

urine sample.  Spectra were obtained in ESI+ mode via (a) liquid chromatography quadrupole 

time-of-flight (LC-QTOF), precursor m/z indicated by a diamond, and (b) liquid chromatography 

triple-quadrupole (LC-QqQ), parent m/z not shown.  A peak for the mass transition of m/z 444.3 

→ 98.1, the most abundant product ion, was (c) undetectable in a representative poor 

metabolizer (PM) subject after a 15 µl injection, and (d) clearly observable in a urine sample in a 

representative non-PM subject after a 5 µl injection.  
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Figure 4.3 Phenotypic measures of CYP2D6 in the pediatric training set for poor metabolizer 

(PM) (n=5) and non-PM (n=89) groups.  (A) Dextromethorphan metabolic ratio (DM/DX) was 

determined in timed urine samples.  Creatinine/M1 was measured by LC-MS/MS in (b) spot and 

(c) timed urine samples.  A low value was assigned for samples with undetectable M1 

abundances.  Lines depict the median and boxes represent the 25th and 75th percentiles. The 10th 

and 90th percentiles are indicated by the whiskers.  As PM and non-PM status was determined by 

DM/DX, the P-value is not reported in (a). Similarly, as M1 was identified as a marker of 

CYP2D6 using DM/DX in this same set of urine samples, the P-values are not reported in (b) 

and (c). 
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Figure 4.4 Phenotypic measures of CYP2D6 in the pediatric validation set for poor 

metabolizer (PM) (n=5) and non-PM (n=90) subjects.  (A) Dextromethorphan metabolic ratio 

(DM/DX) was determined in timed urine samples.  Creatinine/M1 was measured by LC-MS/MS 

in (b) spot and (c) timed urine samples.  A low value was assigned for samples with undetectable 

M1 abundances.  Lines depict the median and boxes represent the 25th and 75th percentiles. The 

10th and 90th percentiles are indicated by the whiskers.  Statistical analyses were performed using 

unpaired t-tests.  As PM and non-PM status was determined by DM/DX, the P-value is not 

reported in (a).  
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Figure 4.5 The relationship between phenotypic measures of CYP2D6 activity and CYP2D6 

activity score.  Dextromethorphan metabolic ratio (DM/DX) and creatinine/M1 as measured by 

LC-QqQ in subjects from the (a and c) training (n = 94), and (b and d) validation (n = 95) 

datasets are shown.  Lines depict the median and boxes represent the 25th and 75th percentiles. 

The 10th and 90th percentiles are indicated by the whiskers.  Spot and timed urine samples are 

indicated with open and shaded boxes, respectively.  DM/DX and creatinine/M1 ratios differed 

by activity score (P < 0.0001) as determined by one-way ANOVA.   
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Figure 4.6 The effect of CYP2D6 inhibition on (a) dextromethorphan metabolic ratio 

(DM/DX) and (b) creatinine/M1 in adult subjects.  (c) The relationship between log (DM/DX) 

and log (creatinine/M1).  Open diamonds indicate subjects without fluoxetine treatment, closed 

diamonds show subjects with fluoxetine treatment.  Statistical analyses were performed using 

paired t-tests or the Spearman rank correlation. 
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Chapter 5. Association and concordance of a novel endogenous biomarker 

(M1) with CYP2D6 activity as determined by probe substrates  

 

 Introduction 

 

Cytochrome P450 2D6 (CYP2D6) activity can be partially explained by genetic variation 

in the highly polymorphic and complex CYP2D6 gene locus [1-3].  An activity scoring system was 

developed by Gaedigk et al. [4] to simplify the interpretation of genotypes.  In brief, each CYP2D6 

allele receives a numerical value that approximates its function.  Null, reduced and fully functional 

alleles are compared to the reference CYP2D6*1 allele, and are assigned values of 0, 0.5 and 1, 

respectively.  For gene duplications, the score of the single counterpart is multiplied by the copy 

number.  An individual’s CYP2D6 activity score (AS) is the sum of the assigned values of the 

alleles.   

In general, CYP2D6 phenotype can be predicted from genotype, but there can be variability 

in CYP2D6 activity within each genotype [3, 5].  Typically, an AS of 0 translates to a CYP2D6 

poor metabolizer (PM) phenotype and those of 0.5, 1-2 and >2 translate to intermediate 

metabolizer (IM), extensive metabolizer (EM) and ultra-rapid metabolizer (UM) phenotypes [3, 4, 

6].  However, genotype-to-phenotype predictions are less robust when individuals are taking 

medications that act as CYP2D6 inhibitors or are undergoing physiological changes that affect 

CYP2D6 activity [7-12].  Thus, directly assessing CYP2D6 activity by the use of probe drugs may 

be more useful than making genotype-to-phenotype predictions. 

The pharmacokinetics of select drugs can reflect CYP2D6 activity.  Plasma or urine 

samples are collected for the determination of drug clearance or metabolic ratios of the parent to 

CYP2D6-mediated metabolite [13].  If plasma clearance of the drug is used as the phenotyping 
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marker, CYP2D6 should the major route of metabolism in the body (i.e., a high fraction of hepatic 

clearance (fm) should be mediated by CYP2D6).  Alternatively, for drugs whose elimination is 

dependent on several metabolic enzymes and renal excretion, the theoretical gold standard for 

phenotyping CYP2D6 activity is the determination of partial clearance of a drug metabolized to a 

primarily CYP2D6-mediated metabolite [13].  Although urine samples are less invasive for the 

patient to collect, the urinary metabolic ratios can be influenced by several factors.  The urinary 

metabolic ratio is dependent on the renal clearance of each of the compounds (parent and 

metabolite) as well as the formation clearance of the metabolite.  Moreover, the passive renal 

reabsorption of lipid-soluble basic drugs, such as some CYP2D6 drugs or metabolites, may be 

influenced by the normal physiological range of urine pH, adding variability to the measurement 

of enzyme activity [14].  Several drugs have been proposed and validated for use as CYP2D6 

probes, including dextromethorphan (DM), metoprolol, and atomoxetine [13, 16-18].   

DM has been used as a CYP2D6 probe since the 1980s.  Despite results where 16.5% of 

healthy adult subjects experienced an adverse event after a single oral 80 mg dose of DM 

hydrobromide [19], doses of DM used in phenotyping studies are well below 80 mg and is 

generally well tolerated [20] and considered a safe probe drug for pediatric studies [21-24].  Thus, 

the risk of adverse events is low.  The fraction of DM metabolized by CYP2D6 is about 95% [25].  

The primary metabolite is the O-demethylated product, dextrorphan, which is subsequently 

conjugated and excreted in the urine [26].  Phenotyping using DM/DX has been used in urine, 

plasma, and saliva samples [27-31] using various collection intervals.  Measurement of the urinary 

molar ratio of dextromethorphan/dextrorphan (DM/DX), typically after deconjugation by β-

glucuronidase, has been demonstrated as a reliable method of assessing in vivo CYP2D6 activity 

[32-36].  However, there is some evidence that DM/DX and DM oral clearance are only weakly 
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correlated [37].  Although the majority of DM to DX metabolism has been attributed to CYP2D6, 

CYP3A4 has also been implicated in DM biotransformation, leading some to question its 

robustness as a phenotyping probe [38].  Labbe et al. observed that variations in physiologic urine 

pH account for 20-80% of the intra-individual variability when using DM/DX.  Although the 

influence of pH is unlikely to cause misidentification between PM and EM phenotypes, it may 

cause inconsistencies within the CYP2D6 EM group [14, 17].   

Metoprolol, a beta blocker, is considered a “gold standard” CYP2D6 probe, however its 

use as a probe substrate is typically restricted to healthy adult volunteer studies due to its 

pharmacological effects.  Metoprolol may cause hypotension [39], or other adverse effects [40], 

but is considered a sensitive substrate by the U.S. Food and Drug Administration (FDA).  

Metoprolol is administered as a racemic mixture (R- and S-metoprolol), and is metabolized 

extensively (70-90%) by CYP2D6 to α-hydroxymetoprolol [13, 41].  Interestingly, CYP2D6 

expresses differential metabolism of metoprolol enantiomers.  EMs preferentially metabolize the 

R-metoprolol enantiomer; therefore an EM might have a higher S/R-metoprolol ratio (1.37 S/R-

metoprolol AUC ratio) as compared to a PM who receives the same dose of racemic metoprolol 

[13, 42].  Both the S/R-metoprolol and metoprolol/α-hydroxymetoprolol metabolic ratios in urine 

and plasma have been used to characterize CYP2D6 activity [16, 42-44].  Like DM, metoprolol, a 

lipid-soluble, partially ionized substrate probe, appears to be sensitive to urine pH [14], accounting 

for 20-80% of intraindividual variability in the urinary metoprolol:α-hydroxymetoprolol metabolic 

ratio [17].  In CYP2D6 EMs, S/R-metoprolol AUC decreased after multiple doses of paroxetine, a 

potent inhibitor of CYP2D6 [45].   

Atomoxetine is a norepinephrine reuptake inhibitor used to treat attention deficit 

hyperactivity disorder (ADHD) in children and adults.  The FDA lists atomoxetine as an in vivo 
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substrate that can be used to study CYP2D6 activity .  Both in vitro and in vivo studies indicate 

that CYP2D6 is primarily responsible for the metabolism of atomoxetine to the major metabolite, 

4-hydroxyatomoxetine [46, 47].  Based on a single 20 mg dose of 14C-atomoxetine, oral clearance 

was over 10-fold higher in EMs compared to PMs [48].  The fm by CYP2D6 for atomoxetine was 

estimated to be approximately 0.87 [49].  Atomoxetine steady-state oral clearance decreased 6.5-

fold in CYP2D6 EMs after enzyme inhibition by paroxetine [50].   

Although CYP2D6 is in not inducible by xenobiotics [1], CYP2D6 activity in women 

appears to temporarily increase during pregnancy [51, 52].  One study found an increase in 

CYP2D6 activity (DM/DX decreased 53%) during late pregnancy compared to postpartum among 

CYP2D6 EMs [53].  Additionally, Tracy et al. observed a 25%, 35%, and 48% increase in CYP2D6 

activity as determined by the urinary DM/DX among EMs during the first, second and third 

trimesters of pregnancy, respectively, compared to postpartum [52].  Of the other probe substrates 

mentioned, only metoprolol has been studied in pregnancy.  The oral clearance of metoprolol was 

increased greater than 4-fold during pregnancy as compared to postpartum [51].  Although the 

mechanism by which human CYP2D6 activity increases is unclear, recent evidence in CYP2D6-

humanized mice suggest that the increase in activity may be transcriptionally regulated by the 

small heterodimer partner (SHP) and hepatocyte nuclear factor 4α (HNF4α) transactivation of 

CYP2D6 promoter [54]. 

The use of dextromethorphan, metoprolol or atomoxetine for CYP2D6 phenotyping can be 

challenging in healthy volunteer studies.  In particular, children or pregnant women may be more 

reluctant to take unneeded medication or participate in a sample intensive pharmacokinetic study.  

With this in mind, we attempted to discover an endogenous biomarker that would reflect CYP2D6 

activity.  Recently, we reported that a novel endogenous urinary metabolite, M1, was correlated 
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with urinary DM/DX in children and replicated our findings in a validation set (Chapter 4).  M1 

was absent among PM children and present in EM children, suggesting that M1 is likely a 

metabolite of a reaction mediated by CYP2D6.  In addition, we observed that urinary DM/DX was 

correlated with urinary creatinine/M1 in adult subjects at baseline and after inhibition of CYP2D6 

activity by fluoxetine [55].   

Although the identity of M1 is still unknown, we were interested in whether M1 as a 

phenotyping marker would be comparable to other CYP2D6 probes.  The criteria for validating 

CYP2D6 probes were reviewed by Frank et al. [13].  These criteria include, but are not limited to, 

changes in metabolism with treatment of CYP2D6 inhibitors, high contribution of CYP2D6-

mediated metabolism to the overall metabolism of the parent species and correlation with other 

validated metrics for CYP2D6 [13].  Some of these criteria can be extended beyond drug probes 

to include endogenous biomarkers of CYP2D6 activity.   

The goals of this study were to explore the relationship between M1 and metoprolol and 

atomoxetine.  Metoprolol was studied in a longitudinal cohort of pregnant women, whereas 

atomoxetine was studied in children with differing CYP2D6 genotypes.  Although we previously 

observed a change in urinary M1 and the DM metabolic ratio upon fluoxetine inhibition, it is 

unknown if M1 is detectable in plasma and if it reflects changes in CYP2D6 activity in this 

biofluid.  Thus, an additional aim of this study was to characterize the relationship between plasma 

M1 and DM clearance. 

 

 Materials and Methods 

 

5.2.1 Subjects 
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Adult drug inhibition study with fluoxetine and dextromethorphan.  Ten healthy adults 

(ages 30 ± 10 years; 5 men, 5 women) participated in a study evaluating the effect of two-week, 

multiple-dose fluoxetine treatment on CYP2D6, CYP3A4 and CYP2C19 activities.  Detailed 

descriptions of the study design, demographics and results have been reported previously [12].  

Only CYP2D6 extensive metabolizers were included in the study.  Subjects were given a single 

30 mg oral dose of DM as part of a probe drug cocktail at baseline (Study Day 1) and during the 

treatment phase (Study Day 16).  Timed plasma and urine (0-12 and 12-24 hr) samples were 

collected during both phases.  The secondary analysis of study samples was approved by the 

University of Washington Human Subjects Institutional Review Board.  Results for plasma DM 

clearance and urinary DM/DX, determined on Study Days 1 and 16, were provided by Sager et al. 

[12].  Urinary M1 and creatinine from Study Days 1 and 18, and plasma M1 from predose samples 

from Study Days 3 and 18, were determined as described below.   

Pregnancy study with metoprolol.  Twenty-two women, receiving metoprolol for 

therapeutic purposes, participated in a multi-center opportunistic study investigating the 

pharmacokinetic changes that occur during pregnancy and postpartum.  Details of the study design 

and patient demographics are described elsewhere (Hebert et al., manuscript in preparation).  

Subjects included one CYP2D6 PM, five IMs, 19 EMs and 2 subjects whose genotype was not 

obtained.  Plasma metoprolol clearance was determined at various gestational times: early (10-14 

weeks gestation), mid (22-26 weeks gestation), late (34-38 weeks gestation) pregnancy, and 

postpartum (12-16 weeks after delivery).  Secondary analysis of patient samples was approved by 

the University of Washington Human Subjects Institutional Review Board.  Urinary M1 and 

creatinine were determined as described below in samples from the various visit days. 
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Pediatric study with atomoxetine.  Twenty-three children (aged 7-16; 20 males and 3 

females) with ADHD participated in a study evaluating the effect of CYP2D6 genotype on the 

systemic exposure of atomoxetine, 4-hydroxyatomoxetine and N-desmethylatomoxetine.  The 

study was approved by the Institutional Review Board at Children’s Mercy Hospitals and Clinics 

(Kansas City, MO).  These children were selected from a larger cohort participating in the 

longitudinal study of CYP2D6 activity presented in Chapter 4 [55].  To participate in the 

atomoxetine phenotyping study, children must be diagnosed with attention deficit-hyperactivity 

disorder.  CYP2D6 genotyping analysis and AS (range: 0 to 3) were determined as described in 

Chapter 4 and by Gaedigk et al [4].  The children were administered a single oral dose of 

atomoxetine (at or near 0.5 mg/kg for children weighing less than 70 kg or 40 mg for children 

weighing greater than 70 kg).  Plasma samples were collected and assayed for atomoxetine 

concentrations.  Determination of atomoxetine clearance and other results are reported elsewhere 

[56].   

 

5.2.2 Analytical methods 

 

Determination of urinary creatinine.  Urinary creatinine was determined in pediatric 

samples as described in Chapter 4 [55].  Urinary creatinine measurements from women during the 

pregnancy and postpartum visits were extracted from clinical chemistry results.   

Determination of plasma and urinary M1.  Urinary M1 was determined in the pediatric 

samples as described in Chapter 4 [55], including samples for subjects for which atomoxetine oral 

clearance was determined at a subsequent visit.  Relative quantification of M1 in plasma 

(fluoxetine study) and urine (metoprolol study) was performed as described previously [55].  

Briefly, following the addition of 800 µL of ice-cold acetonitrile to 200 µL of plasma or urine, 
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samples were centrifuged to remove proteins, and the supernatant was evaporated and 

reconstituted for analysis.  LC-MS/MS analysis was performed on an Agilent 1290 Infinity UPLC 

(Santa Clara, CA) coupled to an Agilent 6460 QqQ operated in positive electrospray ionization 

mode.  Chromatographic separation of a 15 µL sample injection was achieved using an Agilent 

Zorbax SB-Aq analytical column fitted with a C8 guard column heated to 60°C.  Using a gradient 

elution scheme with mobile phases consisting of 0.2% acetic acid in water and 0.2% acetic acid in 

methanol, M1 eluted at 1.8 min during a total run time of 6 min on the LC-QqQ system.  The mass 

transition m/z 444.3 → 98.1 was used for quantitation.  Additional details are provided in Chapter 

4 [55].   

 

5.2.3 Data analysis 

 

M1 peak heights were calculated using Agilent MassHunter Quantitative Analysis (version 

B 04.00 for QqQ).  Absolute concentrations of M1 could not be calculated due to the lack of an 

authentic standard for M1.  Therefore, M1 peak height was determined and corrected with 

creatinine for urine concentrations and changes were compared semi-quantitatively within or 

between subjects.  For subjects where M1 was undetectable (i.e., PM subjects), M1 was set to a 

low value of 5.  The ratio is reported as M1/creatinine when compared with CYP2D6 probe 

clearance and creatinine/M1 when compared with urinary metabolic ratios (parent/metabolite).  

Pediatric subjects were grouped into CYP2D6 AS of 0, 0.5, 1 and ≥ 2; there were no subjects in 

this group that had AS of 1.5 or 2.5. 

Statistical analysis.  GraphPad Prism (version 5.04, GraphPad Software, San Diego, CA) 

was used for statistical analysis.  Data were log-transformed for normality.  One-way ANOVA 

was used to compare steady-state metoprolol oral clearance, M1/creatinine and creatinine among 
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the pregnancy and postpartum visits.  One-way ANOVA was used to compare atomoxetine oral 

clearance and urinary M1/creatinine among children with different CYP2D6 AS.  The Pearson 

correlation coefficient (r) was used to assess the relationship between steady-state metoprolol oral 

clearance and urinary M1/creatinine, DM oral clearance and plasma M1, urinary DM/DX and 

urinary creatinine/M1, and atomoxetine oral clearance and urinary M1/creatinine.  Linear 

regression was used to determine whether urinary creatinine/M1 was affected by age, weight, or 

Tanner score.  The significance of changes in urinary DM/DX, urinary creatinine/M1 and plasma 

M1 between baseline and fluoxetine treatment groups were assessed using a paired t-test.  P < 0.05 

was considered significant. 

 

 Results 

 

5.3.1 Effect of pregnancy on metoprolol oral clearance and urinary M1 

 

Due to the opportunistic nature of the study in pregnant women taking metoprolol, urine 

from all three stages of pregnancy and postpartum were obtained for only one subject.  For the 

other participants, 7 women participated in one study day, 10 women participated in two study 

days, and 4 women participated in three study days.  One subject was excluded from the analyses 

of pregnancy-related CYP2D6 changes because her CYP2D6 activity was unlikely to be induced 

during pregnancy (PM genotype).  One subject was studied twice during the postpartum visit 

(lactating and post-lactation) and postpartum data were averaged for this subject.  In contrast to 

reported changes in creatinine during pregnancy [57, 58], in this study, the urinary creatinine levels 

during pregnancy and postpartum were comparable (P = 0.37), therefore we used creatinine to 

normalize for urine concentration.  Overall, the steady-state metoprolol oral clearance differed 
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during pregnancy and postpartum (P = 0.028, Figure 5-1a).  In particular, steady-state metoprolol 

oral clearance was 3.42-fold higher during late pregnancy than during postpartum visits (591 ± 

412 L/hr and 173 ± 112 L/hr, respectively; Figure 5-1a).  In contrast to the changes observed in 

steady-state metoprolol oral clearance, urinary M1/creatinine were comparable during pregnancy 

and postpartum visits (P = 0.67, Figure 5-1b).  As shown in Figure 5-2, steady-state metoprolol 

oral clearance and urinary M1/creatinine were weakly correlated (P < 0.0001). 

 

5.3.2 Effect of CYP2D6 inhibition on dextromethorphan metrics and M1  

 

As reported previously, urinary DM/DX increased 218-fold (Figure 5-3a) [12, 55] and 

urinary M1/creatinine increased 9.56-fold between baseline and fluoxetine treatment phases 

(Figure 5-3b and Chapter 4 [55]).  Unlike urine, we assumed that overall dilution of plasma is 

tightly regulated within the same individual and did not correct plasma M1 by plasma creatinine 

concentrations.  Compared to baseline, mean dextromethorphan oral clearance decreased by 87.5-

fold following fluoxetine inhibition (Figure 5-3c) [12].  Plasma M1 decreased 4.09-fold between 

baseline and treatment phases, albeit with large variation (440 ± 406 and 108 ± 64.4 relative 

intensity, respectively; Figure 5-3d). 

As shown in Figures 5-4a and b, urinary DM/DX was moderately correlated with urinary 

creatinine/M1 (r2 = 0.42, P = 0.019, Chapter 4, [55]) and dextromethorphan oral clearance was 

weakly correlated with plasma M1 (r2 = 0.25, P = 0.024).  However, plasma M1 was strongly 

correlated with urinary M1/creatinine in adults studied at baseline and following fluoxetine 

treatment (r2 = 0.81, P < 0.0001; Figure 5-4c). 
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5.3.3 Effect of CYP2D6 genotype on atomoxetine oral clearance and urinary M1 

 

Pediatric subjects were assigned CYP2D6 AS of 0, 0.5, 1 and ≥ 2.  A gene-dose effect on 

atomoxetine oral clearance and urinary M1/creatinine was observed in the children (ANOVA P < 

0.0001 for both, Figure 5-5a and b).  Atomoxetine oral clearance among subjects with an AS of 0 

differed from subjects with an AS of 0.5, 1, and ≥ 2 (P = 0.034, < 0.0001, < 0.0001, respectively) 

and the oral clearance among subjects with an AS of 0.5 differed from subjects with AS of 1 or ≥ 

2 (P = 0.0018 and 0.0011, respectively).  Urinary M1/creatinine among subjects with an AS of 0 

differed from subjects with an AS of 0.5, 1, and ≥ 2 (P = 0.0040, < 0.0001, < 0.0001, respectively) 

and urinary M1/creatinine among subjects with AS of 0.5 only differed from subjects with AS of 

≥ 2 (P = 0.022).  Atomoxetine oral clearance was strongly correlated with urinary M1/creatinine 

(r2 = 0.68, P < 0.0001, Figure 5-6).  Neither creatinine/M1, nor atomoxetine oral clearance was 

correlated with age, weight or Tanner score in the children (data not shown). 

 

 Discussion 

 

In Chapter 4 we reported the detection of M1, an endogenous biomarker of CYP2D6 

activity with m/z of 444.30, by global and targeted metabolomics methods [55].  This chapter 

addresses whether M1 correlates with other CYP2D6 probes, is sensitive to CYP2D6 induction in 

pregnant women, and if plasma M1 can be used to ascertain CYP2D6 inhibition by fluoxetine.  

We found that urinary M1/creatinine was correlated with steady-state metoprolol oral clearance 

(Figure 5-2) and atomoxetine oral clearance (Figure 5-6), in addition to urinary DM/DX (Figure 

5-4a as shown previously).  We also found that M1 was detectable in plasma, reflected CYP2D6 
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inhibition by fluoxetine, and correlated with dextromethorphan oral clearance (Figure 5-4b).  

Moreover, the positive correlation of M1 with the apparent oral clearance of dextromethorphan, 

metoprolol and atomoxetine is consistent with our hypothesis that M1 is likely a product of a 

biological reaction mediated by CYP2D6 [55].   

In agreement with literature reports that CYP2D6 activity transiently increases during 

pregnancy [51-53], a 3.4-fold increase in steady-state metoprolol oral clearance was observed 

during late pregnancy compared to postpartum.  In contrast, M1 did not differ between the 

pregnancy and postpartum visits.  It is possible that our sample size was too small to observe 

changes in CYP2D6 activity as determined by M1.  Alternatively, M1 may not be a sensitive 

marker to CYP2D6 induction.  M1 may have a limited dynamic range relative to interindividual 

variability in CYP2D6 activity, other enzymes may contribute to M1 formation, or transporters 

may be involved in the renal clearance of M1.  Any of these could confound the detection of 

pregnancy-related changes in CYP2D6.   

Similarly, the fold-change in M1 levels did not reflect the magnitude of change in 

dextromethorphan phenotyping metrics in the adult drug interaction study.  After potent CYP2D6 

inhibition by fluoxetine, a 9.56-fold increase in urinary creatinine/M1 was observed, whereas a 

218-fold increase was seen in urinary DM/DX in these subjects.  For plasma data, after fluoxetine 

treatment, an average 4.09-fold decrease in plasma M1 and 87.5-fold decrease in 

dextromethorphan oral clearance [12] were observed.  In addition to reasons provided above, if 

M1 has an exceedingly long half-life, the discrepancy in dextromethorphan metrics and M1 could 

be explained that periods longer than two weeks are needed to observe the full effect of CYP2D6 

inhibition on M1 formation.  If this were the case, the utility of M1 in DDI screening may be 

limited.  However, if in the pregnancy, CYP2D6 inhibition or atomoxetine studies, the circulating 
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concentrations of the parent of M1 were altered, then M1 alone would not be a suitable 

phenotyping marker for CYP2D6 activity. 

Future characterization of a parent to M1 metabolite ratio may be a superior surrogate 

marker of enzyme activity than the urinary or plasma M1 concentrations alone.  To compare the 

CYP2D6 activity of two individuals, or the same individual following CYP2D6 inhibition or 

induction, the plasma or urinary concentration of M1 alone may not be sufficient.  Higher M1 

concentrations may be the result of higher parent concentrations, rather than differences in the 

formation clearance of M1.  Thus, a plasma parent to metabolite ratio, 
𝐶𝑠𝑠,𝑝𝑎𝑟𝑒𝑛𝑡

𝐶𝑠𝑠,𝑀1
=

𝐶𝐿𝑀1

𝐶𝐿𝑓,𝑀1
, where 

the Css are the steady-state concentrations of parent and M1, CLM1 is the clearance of the M1 and 

CLf,M1 is the formation clearance of M1, may be less susceptible to misinterpretation.  A similar 

urinary metabolic ratio could be obtained, although it would also depend on renal clearances of 

both the parent and metabolite, as well as the formation and elimination clearances of M1.  

Correcting for renal clearance may be needed, but would eliminate the non-invasive advantage of 

urinary M1 metabolic ratios.   

There was a large portion of unexplained variability when M1 was correlated with 

CYP2D6 probes.  Plasma M1 only explained approximately 25% of the variability in 

dextromethorphan oral clearance.  Urinary M1/creatinine only explained approximately 30% of 

the variability in steady-state metoprolol oral clearance, 42% in urinary DM/DX, and 68% in 

atomoxetine oral clearance. Again, this could be due to the fact that the parent of M1 was not 

available for calculating a metabolic ratio.  Alternatively, other metabolic enzymes may contribute 

to the formation or elimination of M1, confounding its use as a CYP2D6 endogenous probe; this 

possibility cannot be tested until the parent of M1 is identified.  Future in vitro studies should be 

performed to determine the enzymes responsible for the formation and elimination of M1 and to 
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correlate M1 with hepatic CYP2D6 expression or activity in human liver microsomes.  

Nevertheless, imperfect in vivo correlations have been observed between CYP2D6 probes, such as 

between DM and debrisoquine (r2 = 0.52-0.86 in various ethnic groups) [34, 59, 60].  The 

discrepancies between probes among racial groups [59-61] might be explained by variability in 

urine pH [14].  The intrasubject variability between dextromethorphan and debrisoquine may be 

due to the influence of urinary pH on DM renal clearance, but not debrisoquine [14, 17].  More 

broadly, as not all probes are highly correlated with one another, factors which affect the CYP2D6 

phenotyping measures include: sensitivity of some probes to urine pH, metabolism by multiple 

enzymes, sequential drug metabolism, and extrahepatic elimination, such as renal excretion [62].  

These factors will have to be tested for M1. 

The distributions of urinary M1/creatinine overlapped among children with AS of 0.5, 1 

and ≥ 2 which corresponds to intermediate, extensive and ultra-rapid metabolizers.  The lack of 

discrimination of urinary M1/creatinine among non-PM groups is not surprising given that the 

atomoxetine oral clearance values also overlap between these AS.  Similar results were seen with 

urinary creatinine/M1 and urinary DM/DX in the larger cohort of children (Chapter 4 [55]).  

Moreover, it has been reported that the CYP2D6 activity of EM subjects, even those with the same 

genotype, can span 2 orders of magnitude [3].  Despite the limitations of the urinary M1/creatinine 

measurements, this endogenous ratio is clearly different between CYP2D6 PM (AS of 0) and non-

PM subjects.  Following validation, urinary M1 could be used clinically to determine whether an 

individual is a PM and should be initiated on a lower starting dose of drugs predominantly 

metabolized by CYP2D6.  Screening for M1 levels might be more rapid than obtaining CYP2D6 

genotyping results and would not be subject to misclassification due to the presence of rare 

inactivating or null CYP2D6 alleles. 
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In this study, we demonstrated that M1 was correlated with CYP2D6 activity as measured 

by three probe drug oral clearances, namely that of metoprolol, dextromethorphan and 

atomoxetine.  These studies confirmed that urinary M1 is a biomarker of CYP2D6 activity in 

children.  In addition, plasma M1 was altered upon CYP2D6 inhibition by fluoxetine in adults.  

We found that the urinary M1/creatinine ratio was not sensitive enough to reflect the magnitude 

of induction in pregnant women, discriminate between the non-PM genotypes in children, or 

quantitatively match the changes noted in dextromethorphan metrics upon CYP2D6 inhibition.  

Carefully designed clinical studies should be performed to ascertain why M1 is less sensitive to 

changes in CYP2D6 activity than metoprolol, dextromethorphan and atomoxetine, and whether 

plasma or urinary M1 is a more robust marker of endogenous CYP2D6 activity. 

Following identification and validation of M1 and its parent compound, these endogenous 

biomarkers might be used to non-invasively phenotype for CYP2D6 activity.  This could 

potentially eliminate the need for exogenous phenotyping probe drugs that require timed sample 

collections and permit an easier way to determine of CYP2D6 activity in population studies. 
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 Tables and Figures 

 

 

Figure 5.1 A) Steady-state metoprolol oral clearance (CLss/F) and B) M1/creatinine ratio 

during early, mid and late pregnancy and postpartum (PP) visits.  The bars represent the mean for 

early (n = 4), mid (n = 14), late (n = 16) pregnancy and postpartum (n = 7).  A poor metabolizer 

subject (n = 1) was excluded from these analyses. 
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Figure 5.2 Correlation of steady-state metoprolol oral clearance and urinary M1/creatinine in 

women studied during pregnancy and postpartum (N = 22). 
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Figure 5.3 Effect of CYP2D6 inhibition by fluoxetine treatment in 10 CYP2D6 extensive metabolizers on A) urinary 

dextromethorphan metabolic ratio, B) urinary creatinine/M1 ratio, C) dextromethorphan oral clearance and D) plasma M1 

concentrations.  A) and B) are reproduced with permission from Pharmacogenomics [55].
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Figure 5.4 Correlations of A) dextromethorphan (DM) metabolic ratio and urinary creatinine/M1 ratio, B) dextromethorphan oral 

clearance (DM CL/F) and plasma M1, and C) plasma M1 and urinary creatinine/M1.  Observations from baseline and fluoxetine 

treatment are indicated by the closed and open diamonds, respectively. 
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Figure 5.5 Effect of CYP2D6 activity score in pediatric subjects (N = 23) on A) atomoxetine 

oral clearance and B) urinary M1/creatinine ratios.  Lines depict the mean and activity score is 

shown by color for each individual. 
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Figure 5.6 Correlation between atomoxetine oral clearance and urinary M1/creatinine.  

CYP2D6 activity scores are shown by color for each individual (N = 23). 
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Chapter 6. Semi-purification and attempted structural identification of M1, a 

novel endogenous CYP2D6 biomarker 

 

 Introduction  

 

Identification of an unknown metabolite is a central challenge in the field of metabolomics 

given the nature of metabolomics data and complex nature of biological fluids from which a 

metabolome is analyzed [1].  Nearly two thirds of the metabolites captured by mass spectrometry 

(MS)-based metabolomics remain unidentified [2].  MS-based metabolomics data typically consist 

of m/z, retention time and analyte intensity data for each ion.  Databases, such as the METLIN 

(metlin.scripps.edu) or the Human Metabolome Database (www.hmdb.ca), can be used to predict 

identities based on m/z.  Ions of interest can be fragmented and compared with fragmentation 

information if it is available in the databases, or under ideal conditions, with m/z, retention time 

and fragmentation information of an authentic standard if it is available commercially.  For ions 

not found in databases, metabolite identification is challenging and necessitates isolation or 

enrichment of the ion of interest for further analysis by nuclear magnetic resonance (NMR) or MS.  

[3, 4] 

NMR techniques are robust, non-destructive and provide rich structural content for 

molecular structure elucidation [4].  Compared to MS approaches, NMR sensitivity is quite low 

[5, 6], requiring up to milligram amounts of pure analyte.  In particular, enrichment of the sample 

is critical as the transfer or accumulation of contaminants during extraction and chromatographic 

purification of dilute solutions may affect the quality of NMR data [7].  Using “virgin”, pre-rinsed 

glassware, avoiding plastics, and minimizing dilution and excessive solvent transfers may help to 

limit the introduction of impurities [7].  NMR instruments with low volume cryoprobes used to 
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maintain high sample concentration, and high field magnets to increase the resolution of the 1H 

NMR spectra, should be used for detailed spectra needed for structural elucidation [6, 7].  In 

practice, when complex mixtures are analyzed by NMR, metabolite signals overlap and may be 

difficult to differentiate [6].  Detection of specific metabolites in complex mixtures can be 

enhanced by correlating MS and NMR results of the sample [2, 6, 8].  Often, the use of both MS 

and NMR techniques are required for structural elucidation. Functional groups such as carboxylic 

acid, phenol, amino groups and sulfate conjugates may be silent using NMR approaches, but 

detectable using MS; whereas NMR gives structural information that is not obtainable from m/z, 

fragmentation data and molecular formula gathered or inferred by MS techniques [4]. 

In contrast to NMR, MS techniques can be applied to more complex mixtures, however the 

enrichment of the sample is still preferred.  Examples of MS instruments used for traditional 

metabolite identification include quadrupole time-of-flight (Q-TOF), linear ion traps, triple 

quadrupole (QqQ), Orbitrap and Fourier transform ion cyclotron resonance systems (reviewed in 

[5]).  High-resolution MS instruments such as Orbitrap analyzers allow for accurate mass 

determination at resolutions up to 100,000 and can be useful even in complex biological matrices 

with co-eluting, interfering compounds (reviewed in [9]).  The Orbitrap has a high mass accuracy, 

often < 1 ppm [9, 10].  Based on the accurate mass obtained on this instrument, predicted elemental 

composition for the analyte can be calculated; however the number of possible elemental formulas 

exponentially increases with higher m/z values [5, 9].  Due to the high resolution nature of accurate 

mass data, isobaric molecular ions can be distinguished and calculations of accurate mass shifts of 

related species such as a parent and metabolites are permitted [5].  Inspection of high resolution 

analyte MS spectra may qualify or eliminate the possibility of halides, such as compounds 

containing chlorine or bromine, as they exhibit a characteristic isotopic pattern corresponding to 
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their natural abundance [9].  Disadvantages to using this system are the relatively slow rate of data 

acquisition and low sensitivity for full scans [9, 11]. 

A major strength of linear ion trap (or Linear Trap Quadrupole, LTQ) systems are their 

multiple-stage mass spectrometry (MSn) capabilities, which allows for collision induced 

dissociation (CID) of a parent ion and consecutive fragment ions [5].  Additionally, ion traps may 

be an order of magnitude more sensitive than QqQ systems in full scan mode, but less selective 

and sensitive in MRM mode and have poor mass accuracy (> 50 ppm) [5].These analytical 

techniques were used to attempt to identify a novel endogenous biomarker detected using global 

metabolomics approaches.  In Chapter 4, we reported the detection of urinary biomarker of 

cytochrome P450 2D6 (CYP2D6) activity, M1, an ion with a m/z of 444.30 [12].  We determined 

that M1 was absent in poor metabolizers and present in non-poor metabolizers (intermediate, 

extensive and ultra-rapid metabolizers) in healthy pediatric subjects, and was reduced upon 

CYP2D6 inhibition in adult volunteers.  In Chapter 5, plasma and/or urinary M1 was correlated 

with the oral clearances of CYP2D6 probes, dextromethorphan, metoprolol and atomoxetine in 

adults, pregnant women, and children with attention deficit hyperactivity disorder, respectively.  

We hypothesize that M1 is a product of a reaction mediated by CYP2D6.  To further develop M1 

as an endogenous biomarker, the identity and chemical structure of M1 needs to be established.  

Here we report our efforts to semi-purify M1 from human urine in a pilot study and develop liquid-

liquid extraction and HPLC fraction collection methods suitable for large scale studies as outlined 

in Figure 6-1.  We obtained clues to the structural identity of M1 using high-resolution mass 

spectrometry (MSn) and nuclear magnetic resonance (NMR) by analyzing fractions containing M1. 
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 Materials and Methods 

 

6.2.1 Chemicals 

 

Ammonium acetate, glacial acetic acid, and HPLC grade water, methanol, acetonitrile and 

methyl tert-butyl ether were purchased from Fisher Scientific (Waltham, MA).  Midazolam was 

purchased from Cerilliant (Round Rock, TX).   

 

6.2.2 Subjects 

 

Collection of urine for the purposes of concentration and semi-purification of M1 was 

approved by the Institutional Review Board at the University of Washington (UW), Seattle, WA.  

Urine from a male adult volunteer was collected and stored at 4° C.  A total of approximately 5.5 

L of urine was collected over four separate collection intervals.   

 

6.2.3 Pilot sample preparation and fraction collection 

 

Five aliquots of 200 µL of urine were prepared by adding 800 µl ice-cold acetonitrile to 

each sample in order to precipitate proteins.  The samples were centrifuged at 20,000 x g for 10 

min at 4 °C.  The supernatant was transferred to glass culture tubes and evaporated under a gentle 

stream of nitrogen at 25 °C.  The samples were reconstituted in 25 µL methanol followed by 25 

µL 0.4% acetic acid.  The five reconstituted samples were pooled for fraction collection.   

Fraction collection was performed using an Agilent 1200 Infinity HPLC.  The pooled 

sample was separated using an Agilent Zorbax SB-Aq (2.1 x 50 mm x 1.8 µm) analytical column 

coupled to a Grace Davison Discovery Sciences (Deerfield, IL) 5 µm, 316 stainless steel and PTFE 
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pre-column filter.  The columns were maintained at 60 °C.  The mobile phases consisted of A: 

0.2% acetic acid in water and B: 0.2% acetic acid in methanol.  The flow rate was 0.6 mL/min 

throughout.  The elution gradient was: starting at 30% B; a linear increase to 52.5% B by 3 min, a 

rapid increase to 100% by 3.1 min, held until 4.1 min, followed by a rapid decrease to 30% by 4.2 

min and re-equilibration to initial starting conditions.  The total run time was 6.2 min.  250 µl of 

sample was injected repeatedly at 15 µL until expended. Fractions were collected using an Agilent 

1260 fraction collector every 18 seconds for the first 3 min for a total of ten fractions, referred to 

as fractions A through J.  Due to the dilute nature of the fractions (about 3 mL each), each fraction 

was evaporated to dryness under nitrogen and reconstituted in 20 µL methanol followed by 20 µL 

0.4% acetic acid.   

Fractions A through J were analyzed for the abundance of M1 by LC-MS/MS as described 

below.  To ascertain the contribution of interfering compounds (ions) in selected fractions, we 

performed additional MS scans.  The fraction with the highest abundance of M1 was selected for 

a second semi-purification step using fraction collection.  This second fraction collection method 

used the same columns and mobile phases described for the first fraction collection method.  The 

selected fraction was diluted by adding 30 µl 0.2% acetic acid in 1:1 methanol:water.  In this 

second fraction collection step, 2 µL was injected and an isocratic elution method (35% B) was 

used. Fractions were collected every 24 seconds for the first four minutes for a total of 10 fractions; 

these were referred to as sub-fractions 1 through 10.  The abundance of M1 in these fractions was 

confirmed by LC-MS/MS.  The sub-fraction with the highest abundance of M1 was used for initial 

MSn experiments conducted using a liquid chromatography-linear trap quadrupole-orbitrap (LTQ-

OT) at UW as described below. 
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6.2.4 Scale-Up Method Development 

 

Selection of chemical extraction solvent.  To extract large volumes of urine, a liquid-liquid 

extraction procedure was deemed to be more appropriate than an acetonitrile protein precipitation 

procedure.  Hexane, methyl tert-butyl ether (MTBE), 7:3 toluene:methylene chloride, and ethyl 

acetate were selected as potential organic solvents for M1 urine extraction. Since the structure of 

M1 is unknown, midazolam (MDZ) was arbitrarily chosen as a pseudo-internal standard.  Each 

sample contained 50 µL of MDZ (0.6 µM) and 1 mL of urine to which 3 mL of organic solvent 

was added.  Samples were placed in a horizontal shaker for 20 min at high speed and then 

centrifuged at 664 x g for 20 min.  The organic layer was transferred to a glass culture tube and 

evaporated under a gentle stream of nitrogen.  Samples were reconstituted using 100 µl methanol 

and 100 µl of 0.4% acetic acid in water. Samples were transferred to a microcentrifuge tube and 

centrifuged at 20,000 x g for 5 min. in order to remove debris. The supernatant was transferred to 

LC vials containing glass inserts and stored at 4 °C until LC-MS/MS analysis for M1 abundance.  

 

Acidification or basification of urine prior to organic extraction.  In order to test the effect 

of acids and bases on removing impurities in the urine, 1 M hydrochloric acid (pH 0), 1 M acetic 

acid (pH 2.4), 1 M sodium hydroxide (pH 14) and saturated sodium borate (pH 10) were used.  

Two milliliters of these solutions or deionized water were added to glass culture tubes and the 

urine samples were prepared as stated above with MTBE as the organic solvent. Prepared samples 

were stored at 4 °C until LC-MS/MS analysis for M1 abundance. 

 

6.2.5 Large scale extraction of M1 
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Liquid-liquid extraction of M1 in urine.  Liquid-liquid extraction was performed by 

combining 200 mL of urine and 200 mL MTBE in a separatory funnel.  Contents of the separatory 

funnel were shaken gently by hand for 15 min with occasional venting.  The mixture was then 

allowed to rest until the two phases were clearly separated.  The organic phase was transferred to 

a round bottom flask and concentrated under partial vacuum using a rotary evaporator until the 

volume was reduced to less than 5 mL.  The remaining organic phase was transferred to a single 

glass culture tube and was evaporated to dryness under a gentle stream of nitrogen.  The resulting 

residue was reconstituted in methanol followed by an equal volume of 0.4% acetic acid in water.   

Large scale urine extractions were performed on four different days. Over all of the 

extraction days, a total of about 5 L of urine was extracted and resulted in a final volume of about 

12 mL.  After 2 L of urine were extracted, resulting in final volume of about 2 mL, the sample was 

semi-purified by C-18 HPLC, subject to NMR analysis as described below and then semi-purified 

again by C-18 HPLC before being combined with the remaining urine extract (from 3 L of urine) 

that had already undergone extraction by MTBE and semi-purification by C-18 HPLC (Figure 6-

1).  This pooled urine extract was subject to an additional semi-purification step by 

pentylfluorophenyl HPLC described below. 

 

Semi-purification of M1 in urine by C-18 HPLC.  The first semi-purification step was 

performed using a Hewlett Packard (HP) (Palo Alto, CA) series 1100 LC. Separation of 20 μL 

injections was achieved using a 5 µm, 4.6 x 250 mm Phenomenex (Torrance, CA) Luna C-18(2) 

column coupled to a C-18 guard column.  Both columns were heated to 30° C.  The mobile phases 

consisted of 10 mM ammonium acetate, pH 4 (mobile phase A) and methanol (mobile phase B) at 

a flow rate of 1.5 mL/min. The mobile phase gradient was: 50% B from 0 to 8 min, increasing to 
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90% B by 9 min and held until 13 min, returning to initial conditions of 50% B by 14 min, and 

finally re-equilibration at 50% B for a total run time of 17.5 min.  A T-splitter divided the flow 

between a HP series 1100 single quadrupole mass spectrometer (MS) operated in positive 

electrospray ionization mode, and a HP diode array detector (DAD) coupled to a Gilson 203B 

fraction collector.  The majority of the flow was directed toward the DAD and fraction collector.  

UV wavelengths of 254.4 nm, 260.4 nm and 210.8 nm were monitored throughout the sample 

separation.  M1 was monitored by selective ion monitoring MS of m/z 444.3 with a dwell time of 

580 msec.  The MS fragmentor was set to 135 V.   

The elution time of M1 was around 6.9 min.  For each collection day, ten fractions were 

collected with equal retention times over the elution period of the M1 peak (about 1.1 min range) 

as monitored by MS.  The abundance of M1 in each fraction was verified by LC-MS/MS as 

described below.  Fractions from the extract starting from 2 L of urine were prepared for NMR 

analysis as stated below.  Eventually, both these fractions and fractions containing M1 from the 

remaining 3 L of urine were pooled, evaporated and concentrated by rotary evaporator.  When the 

volume was reduced (< 5 mL), the fraction was transferred to a tube and evaporated under nitrogen 

gas.  The resulting residue was reconstituted in 500 µl methanol and 500 µl 0.4% acetic acid.   

 

Semi-purification of M1 by Penytlfluorophenyl HPLC.  Following semi-purification using 

the Luna C-18(2) column, an orthogonal pentylfluorophenyl (PFP) column was used to further 

separate M1 from other compounds in the pooled sample.  This was accomplished using a HP 

series 1100 LC with a HP series 1100 single quadrupole MS, and a HP DAD coupled to a Gilson 

203B fraction collector as described above.  Separation of 20 μL injections was achieved using a 

3 μm, 4.6 x 150 mm Supelco (Bellefonte, PA) Discovery HS F5 (PFP) column preceded by a 
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Phenomenex phenyl guard column.  Both columns were heated to 30˚ C.  The flow rate was 1.5 

mL/min, and the mobile phase consisted of A: 10 mM ammonium acetate, pH 4 and B: acetonitrile.  

The following gradient profile was used: 57% B held for 2 min, a gradual increase to 68% B by 

9.5 min, a ramp up to 90% B by 11.5 min and held until 14 min, a decrease to 57% B by 16 min 

and re-equilibration until 18.5 min.  As before, a T-splitter divided flow between the MS and the 

UV detector coupled to the fraction collector.   

The retention time of M1 was approximately 7.9 min.  Over the course of six days, 8 to 9 

fractions with equal retention times were collected over the elution time of M1 (roughly 1.8 min 

total).  The presence of M1 in each fraction was verified by LC-MS/MS as described below.  As 

the elution time of fractions with similar M1 abundances shifted slightly from day-to-day, daily 

fractions were assigned to one of 10 sections, referred to as fractions α – κ, spanning the 

distribution of the M1 peak abundances.  Fractions from the same section of the M1 abundance 

distribution were pooled across days and stored at -80˚ C.  The final volume of each pooled fraction 

was between 15-20 mL. 

 

6.2.6 Detection of M1 abundance using liquid chromatography-mass spectrometry.   

The abundance of M1 was determined using an Agilent 1290 Infinity HPLC coupled to an 

Agilent 6460 Triple Quadrupole (QqQ) MS operated in positive electrospray ionization mode.  As 

described in the first semi-purification step, samples were separated using an Agilent Zorbax SB-

Aq (2.1 x 50 mm x 1.8 µm) analytical column coupled to a Grace Davison Discovery Sciences 

(Deerfield, IL) 5 µm, 316 stainless steel and PTFE pre-column filter following a 2 μL injection.  

The columns were heated to 60 °C.  The mobile phases consisted of A: 0.2% acetic acid in water 

and B: 0.2% acetic acid in methanol.  The elution gradient was: starting at 30% B; a linear increase 
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to 52.5% B by 3 min, a rapid increase to 100% by 3.1 min, held until 4.1 min, followed by a rapid 

decrease to 30% by 4.2 min and re-equilibration to initial starting conditions.  The total run time 

was 6.2 min.  M1 was detected using multiple reaction monitoring (m/z 444.3 → 98.1) with a set 

collision energy of 40 V as previously described [12].  To detect impurities, we performed 

additional MS scans within the range of m/z 100-1000 using the same LC-MS gradient and 

instrument parameters. 

 

6.2.7 Application of analytical tools to elucidate the identity of M1   

 

Liquid chromatography-linear trap quadrupole-orbitrap (LTQ-OT).  MS analysis of pilot 

sample fractions was conducted at UW.  Samples were analyzed using a Waters (Milford, MA) 

Acquity HPLC coupled to a Finnigan (Hemel Hempstead, UK) linear trap quadrupole (LTQ) in-

line with a Thermo Fisher Scientific (San Jose, CA) linear trap quadrupole-orbitrap (LTQ-OT).  

Samples were separated using an Agilent Zorbax SB-C8 (2.1 x 30 mm x 3.5 µm) guard column 

coupled to an Agilent Zorbax SB-Aq (2.1 x 50 mm x 1.8 µm) analytical column.  Both columns 

were heated to 60 °C. The aqueous and organic mobile phases consisted of 0.2% acetic acid in 

water (mobile phase A) and 0.2% acetic acid in methanol (mobile phase B), respectively.  The 

method consisted of a flow rate of 0.6 mL/min and a gradient elution of 30% B, a linear increase 

to 54% B by 3 min, a rapid increase to 100% B by 3.1 min where it was held until 4.5 min, and 

decrease back to initial conditions by 4.6 min, where it was allowed to equilibrate until 8 minutes.  

The injection volume was 5 μL of sample.  The instrument was calibrated on the same day as 

sample analysis and found to have an error of –0.523 ppm with respect to the reference mass.  The 

scan window ranged from m/z 100-600 and resolution was set at 15,000 or 60,000 for LTQ MS2 
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and MS3 experiments and 100,000 to obtain the accurate mass of the parent by Fourier-transform 

MS.  Collision energies were varied between 45, 50, 55, and 60 V. 

MS analyses of sample fractions from the large preparation were conducted at BMS.  The 

samples were analyzed using an Agilent 1290 infinity HPLC system coupled to a LTQ-Orbitrap 

mass spectrometer (Thermo Fisher Scientific). Chromatographic separation was performed with a 

Waters Atlantis C18 (2.1 x 150 mm x 5 µm) column at a flow rate of 0.25 mL/min. The column 

was eluted with water containing 0.1% formic acid and acetonitrile.  The HPLC separation used a 

linear gradient program of 10% B for 2 min, 10-40% B for 18 min, 40%-90% for 2 min, 90% for 

3 min before returning to 10%. The HPLC eluent was directly coupled to a LTQ/Orbitrap. MS 

analysis was conducted with an electrospray ionization source. The capillary tempurature was 275 

°C, the source voltage was 4 kV.  Three scan events were used as follows: (1) m/z 200-600 full 

scan MS operated at a target mass resolution of 30,000, (2) target MS2 scan of m/z 444.3 with a 

mass resolution of 7,500 and (3) data–dependent MS3 scan with a mass resolution of 7,500 on the 

most intense ion from the MS2 scan. 

 

NMR Analysis.  Following C-18 HPLC semi-purification, fractions were prepared for NMR 

analysis.  Fractions 1-10 from the initial 2 L of urine were collected with equal retention times 

over the elution period of the M1 peak (about 1.1 min range, about 15-20 mL final volume per 

fraction per day) as monitored by MS.  This was done over 2 separate days and the abundance of 

M1 in each fraction was verified by LC-MS/MS as described above.  Fractions with similar M1 

abundances were pooled and evaporated to dryness under nitrogen.  It was thought that the 

ammonium acetate present in the residue would be problematic once reconstituted for the NMR 

analysis.  In order to eliminate the ammonium acetate in the fractions, each fraction was re-

extracted with MTBE.  Briefly, 350 µL of HPLC-grade water was added to each tube in order to 
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reconstitute the sample, then 800 µL of MTBE was added.  The entire sample was transferred to a 

glass tube and capped.  The sample was then agitated on a horizontal shaker for 20 minutes and 

then aqueous and organic phases were allowed to separate.  Twenty microliters of the organic 

phase was transferred to a clean LC insert for LC-MS/MS analysis and 1.2 mL of the organic phase 

was transferred to a new glass tube for NMR analysis.  Both aliquots were evaporated to dryness 

under nitrogen.  The aliquots set aside for LC-MS/MS analysis were reconstituted in 20 µL 0.4% 

acetic acid.  The remaining moisture in the NMR samples was removed by a Speed-Vap solvent 

evaporation system.  Fractions 1-10 were subject to NMR analysis in parallel with LC-MS/MS 

analysis. 

NMR was performed by the Northwest Metabolomics Research Center using a Bruker 

(Billerica, MA) AVANCE III 800 MHz equipped with an HCN cryoprobe spectrometer equipped 

with a room temperature probe, suitable for 1H inverse detection with Z-gradients at 298 K.  This 

instrument can be used to analyze samples with low concentrations.  The dried residues of HPLC 

fractions were dissolved in 200 L phosphate buffer prepared in deuterated water (0.1M; pH =7.4) 

containing 0.1 mM quantitative and chemical shift reference, TSP (3-(trimethylsilyl) propionic-

2,2,3,3-d4 acid sodium salt) and the solutions transferred to 3 mm NMR tubes for analysis. One-

dimensional 1H NMR spectra were obtained using a one pulse sequence that included residual 

water signal suppression from a pre-saturation pulse during the relaxation delay. For each sample, 

32k data points were acquired using a spectral width of 9600 Hz and a relaxation delay of 3 s. The 

data were processed using a spectral size of 32k points and by multiplying with an exponential 

window function equivalent to a line broadening of 0.3 Hz. The resulting spectra were phase and 

baseline corrected and referenced with respect to the internal TSP signal. Bruker Topspin version 

3.1 software package was used for NMR data acquisition and processing, respectively. 
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MS2 and MS3experiments performed at BMS.  Ten fractions, α-κ, extracted by MTBE and 

having undergone a two-step semi-purification, were analyzed by LC-MS/MS for relative 

abundance of M1.  The four fractions with the highest relative abundance of M1, fractions γ – ζ, 

were sent on dry ice overnight to Bristol-Myers Squibb (BMS) for MS2 and MS3 analysis. 

 

6.2.8 Data analysis 

 

Analysis of LC-MS/MS data was performed using Agilent Mass Hunter Qualitative 

Analysis (version B.05.00).  Analysis of LC-UV/MS data was performed using Agilent 

ChemStation.  Thermo Xcalibur 2.2 was used for the analysis of LTQ-OT data, the visual 

inspection of mass spectral data, and for elemental formula predictions based on accurate m/z.  

Criteria for elemental formula predictions included an odd number of nitrogens according to the 

nitrogen rule of mass spectrometry and an error less than 5 ppm from the observed m/z.  Predicted 

elemental formulas were queried for matching formulas of known endogenous compounds in 

NIST database (webbook.nist.gov/chemistry) searches. 

 

 Results 

 

6.3.1 M1 abundance in pilot sample preparations 

 

As outlined in Figure 6-1, the pilot experiment was used to determine whether acetonitrile 

protein precipitation and semi-purification of M1 using a single column chemistry would be 

sufficient for MSn experiments.  A total of 1000 µL urine was prepared and pooled.  After an initial 

fraction collection, fractions A through J were analyzed by LC-MS/MS in order to identify the 

fraction(s) containing M1.  M1 was highest in fraction G and lower in fraction H (approximately 
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5 x 104 and 2 x 104 cps, respectively).  We chose fraction G to separate and collect sub-fractions 

in order to obtain a sample with high M1 abundance and fewer contaminants.  There were greater 

than 1500 mass features present in fraction G as determined by a MS scan.  Using an isocratic 

method to separate fraction G, we obtained sub-fractions G1-G10.  LC-MS/MS analysis indicated 

that sub-fraction G7 contained the highest abundance of M1 among sub-fractions.  Fraction G7 

was selected for LTQ-OT experiments. 

 

6.3.2 High-resolution MS of M1 and MS2 by LTQ 

 

Fourier-transform MS (MS1) analysis of sub-fraction G7 at 100,000 resolution revealed the 

accurate m/z of M1 to be m/z 444.3109.  On this system, M1 retention time was 1.52 min.  Spectra 

from m/z 443 – 447 indicated that the putative M1+1 ion, m/z 445.3142 was 13% of M1 abundance, 

and the M1+2 ion, m/z 446.3272 was 1.8% of M1 abundance (Figure 6-2).  Due to the isotopic 

pattern of the spectra, halides such as bromine and chlorine are unlikely to be present in M1.  

According to the nitrogen rule, since M1 has an odd nominal mass, then M1 is likely to contain an 

odd number of nitrogens.  Using the accurate m/z and the expected organic elements (carbon, 

hydrogen, oxygen and nitrogen), one elemental formula, C27H42O4N, was predicted.  As shown in 

Table 6-1 and Figure 6-3, the predicted m/z and spectra of C27H42O4N (0.33 ppm error) closely 

matched that of observed M1.  Including phosphorous or sulfur in addition to the expected organic 

elements yielded three predicted elemental formulas: C21H43O3N5P, C15H44O2N9P2, and 

C20H42O2N7S.  Predicted m/z and spectra closely match that of the observed M1 (Tables 6-1, 

Figures 6-4, 6-5 and 6-6). 

LTQ analysis of the sub-fraction G7 (444.3 →) at 15,000 resolution and a collision energy 

of 45 V yielded the product ion spectra shown in Figure 6-7.  The product ions m/z 150.1, 206.2 
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and 370.3 (predicted formulas of C10H16N, C14H24N, and C24H36O2N, respectively) were observed 

previously on a LC-QTOF system [12].  The MS2 analysis using this LTQ system revealed product 

ions that included m/z 426.3 (predicted formula C27H40O3N), a loss of 18 mass units from M1, 

suggesting the loss of water.  Losses of 72, 73 and 74 mass units to m/z 372.3, 371.3 and 370.3 

(predicted formulas of C24H38O2N, C24H37O2N, and C24H36O2N, respectively) may indicate 

subsequent or related losses of hydrogens.  Additionally, a loss of 88 was observed to yield a 

product ion of m/z 356.3 (predicted formula of C23H34O2N).  These formulas do not appear to 

correspond to known endogenous CYP2D6 substrates as determined by a database search.  A 

system peak of m/z 200.4 was observed throughout the course of the run and is unlikely to be a 

product ion of M1.  These MS2 fragmentation spectra were confirmed by collaborators at BMS 

(Figure 6-15). 

 

6.3.3 Selection of appropriate scale-up methodology 

 

To separate M1 from interfering compounds in the urine, we considered solid phase 

extraction or liquid-liquid extraction steps.  Due to the large volume of urine to be used, solid 

phase extraction was deemed to be too impractical and we proceeded to test four organic solvents 

with differing polarities—hexane, MTBE, toluene:methylene chloride and ethyl acetate—as 

candidate liquid-liquid extraction solvents.  Peak area ratios of M1/MDZ were compared for each 

solvent.  Although MDZ would likely have different extraction efficiencies than M1 in the four 

solvents, we assumed that the peak area ratio would give a rough approximation of a preferential 

extraction solvent for M1.  The absolute raw M1 peak height was greatest in the sample extracted 

using MTBE and followed by the sample extracted using ethyl acetate (Table 6-2).  M1 was 
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extracted poorly by toluene:methylene chloride and hexane.  Peak height ratio of M1/MDZ among 

samples was highest for the sample which used MTBE, followed closely by ethyl acetate and then 

by toluene:methylene chloride and hexane.  Due to the apparent preference of M1 for MTBE over 

the other solvents tested, this solvent was chosen for subsequent M1 liquid-liquid extractions.   

With the aim of further chemical purification, the effect of acidification and basification of 

the urine prior to organic extraction by MTBE was investigated.  The additions of acid (1 M 

hydrochloric acid or 1 M acetic acid) or base (1 M sodium hydroxide or saturated sodium borate) 

to urine were compared to the addition of deionized water prior to liquid-liquid extraction.  In each 

instance, the addition of acid or base resulted in a reduction (with the addition of acetic acid) or 

elimination (with the addition of hydrochloric acid and both bases) of M1 when analyzed by LC-

MS/MS (data not shown), thus these approaches were abandoned.   

 

6.3.4 Large scale extraction of M1 

 

Approximately five liters of urine were used in the large scale MTBE extraction of M1.  

After chemical extraction, other impurities in the sample were reduced by the use of a HPLC C-18 

(4.6 mm) semi-preparative column and monitored simultaneously by UV and MS detectors.  The 

C-18 reverse phase column was chosen because the stationary phase is typically reliable for small 

molecule retention.  There was no apparent UV signal for M1 in the wavelengths monitored.  

However, using UV detection, we were able to avoid retention time windows where there were 

impurities overlapping with M1 elution.  A slowly increasing LC elution gradient was designed to 

collect M1 in fractions (fractions 1-10) where there were minimal UV signals from impurities 

(Figure 6-8).  However, following pooling and concentration of the resulting fractions from the 

HPLC C-18 method, reinjection of the pooled sample onto the same semi-preparative column 
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showed a large UV peak in the same retention time window as M1 (Figure 6-9).  The large increase 

in UV absorbance in the M1 retention time window was likely due to the impurities now detectable 

following pooling and concentration of the fractions.  

An orthogonal method was needed to separate the impurities from M1.  A PFP column was 

selected for this purpose as the stationary phase is quite different from the C-18 column stationary 

phase used in the previous semi-purification step.  Interestingly, there was a large effect of the 

choice of organic mobile phases used for M1 peak elution with this column.  When using methanol 

as mobile phase B, M1 eluted at 100% B and was deemed as not useful in separating M1 from 

other impurities.  When using acetonitrile as mobile phase B, M1 eluted at approximately 7.9 min 

when the gradient was less than 70% B.  M1 eluted separately from the UV absorbing impurities, 

which eluted before 5 minutes (Figure 6-10).  Fractions were collected as described and sent to 

BMS for MSn and NMR analysis. 

 

6.3.5 MS3 analysis of pilot and large scaled semi-purified samples 

 

LTQ MS3 analyses were attempted on sub-fraction G7 prepared during the pilot 

experiments.  MS3 fragmentation of m/z 444.3→372.3→, m/z 444.3→371.3→, m/z 

444.3→356.3→ (CE = 50, 45, 45 V) was problematic due to a low signal-to-noise ratios (<3).  

MS3 fragmentation of m/z 444.3→426.4→ (CE = 45 V) yielded spectra shown in Figure 6-11.  

This signal-to-noise ratio was reasonable (≥3), but confirmation of these spectra may be needed 

due to low signal intensities.  The most abundant product ion, m/z 382.5 results from a loss of m/z 

44 from m/z 426.4, which suggests a possible loss of CO2.  Also notable is a loss of m/z 28 from 

m/z 426 to m/z 398.6, which could be a loss of CO.  However, both losses of CO2 and CO from 

the molecule are unlikely. 
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Using the semi-purified fractions that were sent to BMS for MSn analysis, our collaborators 

were able to obtain the MS3 fragmentation spectra of m/z 444.3→372.3→ (Figure 6-12).  This 

spectral pattern supports the relationship of m/z 370.3 and 371.3 ions with m/z 372.3.   

 

6.3.6 NMR 

 

Following chemical extraction and C-18 semi-purification, aliquots of fractions 1-10 were 

analyzed for relative abundance of M1 by LC-MS/MS (Figure 6-13).  At the same time, aliquots 

of fractions 1-10 were also analyzed by 1H NMR (Figure 6-14).  NMR results were inconsistent 

with LC-MS/MS results.  Following NMR, we did not observe a peak that was highest in fraction 

2 and subsequently decreasing through fraction 10, as was seen in the abundance of M1 by LC-

MS/MS.  The NMR data were deemed uninterpretable for structural information of M1, likely due 

to the presence of interfering compounds.  

 

 Discussion 

Previously, a unique unknown ion, M1, was detected in human urine and plasma as a 

biological molecule responsive to alterations in CYP2D6 activity ([12] and Chapter 4).  The 

chemical identity of M1 is needed for further investigation of M1 as an endogenous biomarker of 

CYP2D6 activity.  This study provides clues to the structural identity of M1.  Semi-purification 

and enrichment of M1 from urine samples was developed using liquid-liquid extraction and semi-

preparative C-18 and PFP HPLC columns.  Based on accurate m/z 444.3109, four elemental 

formulas containing an odd number of nitrogens within 5 ppm of the accurate m/z were predicted.  

MS2 and MS3 spectrum obtained from fraction collection and semi-purification of M1 revealed 

unique fragments that may be useful in M1 structural elucidation.  Our collaborators at BMS were 
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able to confirm MS1 spectra and accurate m/z of M1 (m/z 444.3109) on their system (data not 

shown).  Spectra from MS2 analysis of M1 at BMS (Figure 6-15) yielded a spectra quite similar to 

the one obtained at UW (Figure 6-7a).  Notable differences between these two spectra are that ion 

m/z 426.3 observed at UW (Figure 6-7a) was low or absent in the analysis by BMS (Figure 6-15), 

and the low abundance ion m/z 326.3 observed at BMS was absent in the spectra obtained at UW.  

As the ion m/z 426.3 observed in MS2 analysis at UW was not reproduced by BMS, it might be a 

contaminant in the pilot sub-fraction G7 analyzed at UW, which was removed upon large scale 

extraction of the fractions provided to BMS.  Further confirmation of related ions m/z 426.3 and 

326.3 are needed.  Based on the proposed elemental formulas, MSn, and searches using 

metabolomics database, the identity of M1 is still unclear.  Additional experiments with M1 

fractions at higher concentrations may provide additional fragmentation information. 

NMR analyses at UW showed inconsistent results with MSn results.  The purity and 

abundance of M1 in the NMR sample had a profound effect on the resulting spectrum.  It is likely 

that the fractions used for NMR analysis were not enriched with M1 to the extent needed, and that 

M1 NMR signals were obscured by contaminants in the sample.  Clearly, future analysis by NMR 

would necessitate more pure and concentrated M1 fractions.  This might be accomplished by using 

larger urine volumes, adding additional purification steps or employing different isolation methods 

for M1 such as ion exchange columns, or supercritical fluid chromatography/MS.   

Identification of the M1 structure by MS and NMR techniques might lead to the 

determination of its parent compound.  Moreover, upon the elucidation of the structure of M1 and 

its parent, authentic standards could be purchased or synthesized, and a targeted LCMS assay for 

the quantitation of M1 and its parent could be developed.  In addition, structural elucidation could 

lead to in vitro studies identifying the primary enzymatic routes of metabolism and provide 
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information on whether the parent is metabolized to M1 solely by CYP2D6 or if there are other 

enzymes involved.  Furthermore, in vitro kinetic studies of M1 and its parent will inform in vivo 

predictions of the utility of these endogenous biomarkers in detecting CYP2D6 drug interactions 

or specific CYP2D6 genotypes.  In vivo characterization of the disposition of M1 and its parent 

would include the determination of the endogenous half-life of M1 and its parent, and inter- and 

intra-individual variation in their urinary and plasma concentrations.  Upon characterization and 

validation of M1 and its parent, these endogenous compounds could provide CYP2D6 phenotyping 

information for past, current and future studies without designing additional phenotyping arms to 

ascertain CYP2D6 activity.  It is possible that M1 and its parent could be included in a standard 

panel of endogenous biomarkers that screen for drug interactions in first-in-human studies, or for 

selecting appropriate doses of drugs primarily metabolized by CYP2D6. 
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 Tables and Figures 

 Predicted molecular formula containing carbon, hydrogen, oxygen, nitrogen and 

phosphorus or sulfur for accurate m/z 444.3109 

 

Elemental Formula Theoretical m/z Delta PPM 

C27H42O4N 444.3108 -0.327 

C21H43O3N5P 444.3098 1.996 

C15H44O2N9P2 444.3088 4.319 

C20H42O2N7S 444.3115 -1.375 
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 LC-MS/MS signal intensity of midazolam and M1 following chemical extraction 

from urine 

 

Extraction Solvent MDZ Peak Height M1 Peak Height Peak Height Ratio 

MTBE 10068 3383 0.34 

Ethyl acetate 5855 1841 0.31 

7:3 toluene:methylene chloride 6556 139 0.021 

Hexane 8000 15 0.0019 

MTBE, methyl tert-butyl ether 

MDZ, midazolam 
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Figure 6.1 Schematic of experimental design for the semi-purification and attempted 

structural identification of M1.  LLE, liquid-liquid extraction; PFP, pentylfluorophenyl 
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Figure 6.2 High-resolution MS1 spectra of M1 using Fourier-transform MS (orbitrap).  

Ionization was performed using positive electrospray ionization mode at 100,000 resolution.  The 

retention time of M1 was 1.52 min. 
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Figure 6.3 The MS1 spectra for A) simulated ion with elemental formula C27H42O4N and B) observed M1. 
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Figure 6.4 The MS1 spectra for A) simulated ion with elemental formula C21H43O3N5P and B) observed M1. 
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Figure 6.5 The MS1 spectra for A) simulated ion with elemental formula C15H44O2N9P2 and B) observed M1. 

A 
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Figure 6.6 The MS1 spectra for A) simulated ion with elemental formula C20H42O2N7S and B) observed M1. 

A 
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Figure 6.7 MS2 spectra of A) M1 (m/z 444 →) using LTQ at 15,000 resolution in the range 

of m/z 100-450, B) shows a more detailed spectra in the range of m/z 350-400.  m/z 200.35 is 

observed throughout the course of the run and is likely a system peak. 
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Figure 6.8 LC-UV and LC-MS chromatograms of concentrated, methyl tert-butyl extracted 

urine sample.  A C-18 semi-preparative column was used to separate the sample.  UV 

wavelengths at A) 254 nm, B) 260 nm and C) 210 nm and D) selected ion monitoring of m/z 

444.3 (M1) by LC-MS are shown.  Fractions were collected over the retention time window of 

the M1 peak shown in D. 
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Figure 6.9 LC-UV and LC-MS chromatograms of pooled, concentrated sample following 

separation and fraction collection by C-18 semi-preparative column.  Sample separation shown 

was achieved using the same C-18 column used prior to sample fraction collection.  UV 

wavelengths at A) 254 nm, B) 260 nm and C) 210 nm and D) selected ion monitoring of m/z 

444.3 (M1) by LC-MS are shown. 
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Figure 6.10 LC-UV and LC-MS chromatograms of concentrated, pooled fraction samples.  A 

pentylfluorophenyl column was used to separate the sample following sample separation by C-18 

and fraction collection.  UV wavelengths at A) 254 nm, B) 260 nm and C) 210 nm and D) 

selected ion monitoring of m/z 444.3 (M1) by LC-MS are shown.   
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Figure 6.11 MS3 spectra of M1 (m/z 444 → 426 →) using LTQ from m/z 100-450. 
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Figure 6.12 MS3 spectra of M1 (m/z 444 → 372 →) from m/z 100-380.  LC-MS3 was performed by collaborators at Bristol Myers-

Squibb using semi-purification fraction samples containing M1. 
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Figure 6.13 Relative M1/midazolam (MDZ) peak height ratio in fractions 1-10 as semi-

quantitatively measured by LC-MS/MS. 
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Figure 6.14 1H NMR analysis of fractions 1-10 following separation by a C-18 semi-

preparative column.  Analysis was performed by the Northwest Metabolomics Research Center. 
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Figure 6.15 MS2 spectra of M1 (m/z 444 →).  Analysis was performed by collaborators at Bristol Myers-Squibb using a semi-pure 

fraction sample containing M1.
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Chapter 7. Conclusions 

 

The endocannabinoid, anandamide (AEA) is a CYP2D6 substrate in vitro [1, 2] and 

concentrations have been shown to differ between CYP2D6 humanized mice and wild-type mice 

[3].  In Chapter 2, our goal was to determine if AEA and its CYP2D6-mediated metabolites, 14,15-

epoxyeicosatrienoic acid ethanolamide (14,15-EET-EA) and 20-hydroxyeicosatetraenoic acid 

ethanolamide (20-HETE-EA) might be endogenous biomarkers of human CYP2D6 activity.  We 

developed a liquid chromatography-tandem mass spectrometry (LC-MS/MS) assay for the 

simultaneous quantification of AEA, 14,15-EET-EA, and 20-HETE-EA in human plasma.  

Calibration curve and plasma samples were prepared using a liquid-liquid extraction procedure 

and analyzed using LC-MS/MS operated in positive electrospray ionization mode.  The lower limit 

of quantification was 0.1 nM for 20-HETE-EA and 0.05 nM for AEA and 14,15-EET-EA.  The 

intraday variability in the accuracy and precision was less than 15% for all analytes.  We measured 

AEA and its metabolites in clinical plasma samples taken from healthy volunteers at baseline and 

after receiving multiple doses of fluoxetine, a potent CYP2D6 inhibitor.  14,15-EET-EA and 20-

HETE-EA were undetectable in the clinical plasma samples.  Plasma AEA concentrations did not 

differ between the baseline and fluoxetine inhibition phases (P = 0.61).  To our knowledge, this is 

the first study to investigate the in vivo potential of AEA and its metabolites as biomarkers of 

CYP2D6 activity.  Although 20-HETE-EA and 14,15-EET-EA were formed during in vitro 

incubations [1, 2], improving the detection of these metabolites may be necessary to allow 

quantification  in plasma or urine.   

In addition to endocannabinoids, other compounds found in the brain have been shown to 

be CYP2D6 substrates.  In vitro evidence suggests that trace amines, 5-methoxytryptamine (5-

MT) [4], 5-methoxy-N,N-dimethyltryptamine (5-MeO-DMT) [5], and pinoline [5, 6] are substrates 



 

 

 

of CYP2D6.  We developed a LC-MS/MS method to simultaneously quantify these compounds 

and the reported CYP2D6 mediated products of 5-MT and 5-MeO-DMT, serotonin and bufotenine 

in urine.  The final sample preparation used SPE and samples were reconstituted in water for 

symmetrical analyte peak chromatography.  We tested the analytical method in two pilot urine 

samples.  Though serotonin and 5-MT were quantifiable, the quality control samples failed, 

suggesting that the variability in the assay needs to be reduced.  Bufotenine was detectable, but far 

lower than reported literature values, and 5-MeO-DMT and pinoline were not detected.  Clearly, 

additional work needs to be done to improve the assay robustness and reliability prior to assessing 

the clinical utility of these compounds as CYP2D6 biomarkers.   

Analyzing metabolic differences between groups in a shotgun approach has been beneficial 

in biomarker discovery [7-9].  We applied metabolomics to detect novel urinary biomarkers of 

CYP2D6 activity as described in Chapter 4 [10].  We identified M1, an ion with m/z 444.3 and a 

retention time of 6.5 min, in a training set of pediatric urine samples.  M1 was negatively correlated 

with dextromethorphan metabolic ratio (spot urine, corrected P = 6.5 x 10-4).  Additionally, M1 

was absent in CYP2D6 poor metabolizer subjects and present in all other CYP2D6 phenotypes, 

thus M1 is likely a product of a reaction catalyzed by CYP2D6.  This was verified in a second set 

of pediatric samples using a targeted approach to semi-quantitate M1 abundance.  The urinary 

creatinine/M1 abundance was decreased by 9.56-fold in adults after potent inhibition by fluoxetine 

treatment as compared to baseline.  Creatinine/M1 abundance also correlated with the urinary 

dextromethorphan metabolic ratio in these adult subjects (P = 0.012).   

To further validate M1 as a biomarker of CYP2D6 activity, we investigated the relationship 

between urinary M1 abundance and the oral clearance of metoprolol, dextromethorphan and 

atomoxetine in Chapter 5.  CYP2D6 activity, as determined by log-transformed metoprolol oral 



 

 

 

clearance, was increased in women during late pregnancy as compared to postpartum (P = 0.005).  

Although the urinary log-transformed M1/creatinine did not differ among pregnancy and 

postpartum visits, the log-transformed M1/creatinine and log metoprolol oral clearance were 

correlated (P < 0.0001).  The log-transformed M1/creatinine was correlated with log atomoxetine 

oral clearance (P < 0.0001) and was different between CYP2D6 activity score groups among 

children with ADHD (ANOVA P < 0.001).  Finally, in the adult subjects, plasma M1 correlated 

with log dextromethorphan oral clearance (P = 0.024).   

Overall, M1 appears to reflect CYP2D6 activity in vivo as assessed by various probes.  M1 

is correlated with CYP2D6 activity in urine (Chapter 4) and plasma (Chapter 5).  M1 alone may 

not sensitive enough to reflect small, but significant changes in CYP2D6 activity, as in the case of 

CYP2D6 induction by pregnancy.  This situation may change with the identification of the parent 

of M1 and the use of a metabolic ratio of the parent compound and M1.   

The structural identity of M1 is yet unknown.  In order to extract M1 from approximately 

5 L of human urine, we used a methyl tert-butyl ether liquid-liquid extraction followed by a two-

step HPLC fraction collection using semi-preparative C-18 and pentylfluorophenyl columns.  

High-resolution mass spectrometry was used to confirm the accurate m/z of M1 as 444.3109.  From 

this accurate m/z, we obtained four predicted elemental formulas with m/z within 5 ppm of m/z of 

M1.  MS2 and MS3 spectra were obtained using linear trap quadrupole mass spectrometry.  

Accurate m/z (MS1) and MS2 were confirmed by collaborators on a separate MS instrument.  

Nuclear magnetic resonance (NMR) analysis was unsuccessful, likely due to lack of sufficient 

amounts of M1 at the purity required for this type of analysis.  Additional purification steps and a 

larger starting volume of urine may be needed for identification of M1 by these techniques.  



 

 

 

This body of work provides some of the first studies of endogenous compounds as 

biomarkers of CYP2D6 in vivo.  Further evaluation of reported ethanolamides and 

indolethanolamides are needed for confirmation that these would be useful ascertaining CYP2D6 

activity.  We showed that M1, a molecule found in urine and plasma, was associated with the oral 

clearance of three probe drugs, dextromethorphan, metoprolol and atomoxetine.  We studied M1 

in a variety of populations including healthy adults and children, women studied during pregnancy 

and postpartum, and children with ADHD.  Differentiation between CYP2D6 phenotypes by M1 

is currently limited to poor and non-poor metabolizers.  We believe that the identification of M1 

and its parent and subsequent calculation of a parent-to-metabolite metabolic ratio may lead to a 

more sensitive indicator of CYP2D6 activity.  Sufficiently powered and well-designed studies are 

needed in order to fully validate M1 as a biomarker of CYP2D6 enzyme activity.   

Discovery and implementation of endogenous biomarkers in the population, especially if 

found in urine, might provide a simple, non-invasive, safe, and time-effective means of 

personalizing drug therapy.  Data suggest that M1 reflects CYP2D6 activity in both urine and 

plasma; therefore, it may be useful for future large-scale pharmacogenomic phenotyping studies, 

and also when studying banked plasma or urine samples.  Upon validation, the use of such 

biomarkers not only in the general population, but also in vulnerable populations such as children 

and pregnant women, would provide benefits for general personalized medicine.  Endogenous 

biomarkers may also be useful in first-in-human studies to determine whether a new chemical 

entity has the potential for drug-drug interactions.  Finally, the exploration of the in vivo fate of 

these endogenous compounds will increase our understanding of the physiological role of 

CYP2D6 in health and disease. 
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