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R E S E A R CH A R T I C L E
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Background and Purpose: Individualized assessment of cytochrome P450 2D6

(CYP2D6) activity is usually performed through phenotyping following administration

of a probe drug to measure the enzyme's activity. To avoid any iatrogenic harm

(allergic drug reaction, dosing error) related to the probe drug, the development of

non-burdensome tools for real-time phenotyping of CYP2D6 could significantly con-

tribute to precision medicine. This study focuses on the identification of markers of

the CYP2D6 enzyme in human biofluids using an LC-high-resolution mass

spectrometry-based metabolomic approach.

Experimental Approach: Plasma and urine samples from healthy volunteers were

analysed before and after intake of a daily dose of paroxetine 20 mg over 7 days.

CYP2D6 genotyping and phenotyping, using single oral dose of dextromethorphan

5 mg, were also performed in all participants.

Key Results: We report four metabolites of solanidine and two unknown compounds

as possible novel CYP2D6 markers. Mean relative intensities of these features were

significantly reduced during the inhibition session compared with the control session

(n = 37). Semi-quantitative analysis showed that the largest decrease (�85%) was

observed for the ion m/z 432.3108 normalized to solanidine (m/z 398.3417). Mean

relative intensities of these ions were significantly higher in the CYP2D6 normal–

ultrarapid metabolizer group (n = 37) compared with the poor metabolizer group

(n = 6). Solanidine intensity was more than 15 times higher in CYP2D6-deficient

individuals compared with other volunteers.

Conclusion and Implications: The applied untargeted metabolomic strategy identified

potential novel markers capable of semi-quantitatively predicting CYP2D6 activity, a

promising discovery for personalized medicine.

Abbreviations: AS, activity score; CYP2D6, cytochrome P450 2D6; PRM, parallel reaction monitoring; UMR, urinary metabolic ratio.
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1 | INTRODUCTION

Interindividual and intraindividual variability in drug response can

lead to insufficient therapeutic efficacy or life-threatening adverse

events (Kaddurah-Daouk et al., 2014). In this context, precision

medicine aims to improve therapeutic outcomes by integrating the

entire genetic and phenotypic knowledge specifically related to an

individual. Pharmacogenomics and pharmacometabolomics are both

major and complementary approaches to precision medicine (Beger

et al., 2016).

Pharmacogenomics is the use of patient-specific information

associated with the genome to study individual response to drugs,

whereas pharmacometabolomics focuses on the metabolome (profile

of low MW molecules within a biological system) (Pang et al., 2019;

Schrimpe-Rutledge et al., 2016; Wake et al., 2019). Metabolomics

allows identification and understanding of pathways involved in

drug–response variation (Kaddurah-Daouk et al., 2014). It is also an

important tool in the discovery of biomarkers that can be applied to

personalized medicine (Ivanisevic & Thomas, 2018; Jensen

et al., 2017; Villaseñor et al., 2014; Yeung, 2018). Biomarkers help

monitor the evolution of a disease and the corresponding response

to drugs, as well as better predict the clinical outcomes (Kohler

et al., 2017). For instance, testosterone glucuronide, when normalized

by glucuronide, can be used as a urinary biomarker of UDP-

glucuronosyltransferase 2B17 (UGT2B17), an androgen- and drug-

metabolizing enzyme, as recently shown through targeted

metabolomic analysis (Zhang et al., 2020). Five ω- and (ω-1)-

hydroxylated medium-chain acylcarnitines have also been identified

as novel CYP3A biomarkers using an untargeted metabolomic

approach (Kim et al., 2018).

The cytochrome P450 2D6 (CYP2D6) is responsible for the

metabolism of around 25% of all drugs used in clinical practice includ-

ing antidepressants, analgesics, β-adrenoceptor antagonists and anti-

psychotics (Gaedigk, 2013). Prescribing CYP2D6 drug substrates is

often challenging for physicians because of the large variability in the

activity of this enzyme. CYP2D6 is a highly polymorphic gene locus

and genotyping assays can be used to predict enzyme activity

(Nofziger et al., 2020). However, relying only on genotyping has

several limitations. First, it does not take into account environmental

factors such as concomitant medications, food intake and

disease-related factors (Gaedigk et al., 2018). Second, depending on

the technology and database used, some of the rare variants may not

be screened or even identified, and an allele may be erroneously cate-

gorized as functional (Gaedigk et al., 2018). Thirdly, when duplication

or multiplication is detected a majority of copy number tests do not

distinguish which of the two alleles has several copies (Langaee

et al., 2015; Shah et al., 2016). Therefore, in clinical practice, precision

medicine must rely on both real-time phenotyping and genotyping in

order to provide the best possible recommendations. Currently,

CYP2D6 phenotyping requires the administration of an exogenous

probe drug specifically metabolized by this isoenzyme (Magliocco

et al., 2019; Samer et al., 2013). Microdosing of the probe drug and

enhanced detection capacities of mass spectrometry (MS) have

lowered the risk of probe-related side effects. However, potential

iatrogenic harm (allergic reaction, dosing errors) would only be

totally eliminated if endogenous or food-derived compounds were

available as CYP2D6 markers (Magliocco et al., 2019; Magliocco &

Daali, 2020). A recent review summarized human endogenous com-

pounds that have been tagged as potential CYP2D6 markers

(Magliocco et al., 2019). One of them stands out. It is a very prom-

ising urinary biomarker named M1 (m/z 444.3102) characterized in

What is already known

• CYP2D6 shows significant interindividual variability in

activity due to genetic polymorphisms and environmental

causes.

• Current methods for CYP2D6 phenotyping require

administration of xenobiotics, with all the associated

risks.

What this study adds

• Metabolomics reveals novel compounds, including sola-

nidine and derivatives, as promising CYP2D6 biomarkers

in humans.

• Mean relative intensities decreased significantly during

drug-induced inhibition and in poor versus normal

metabolizers.

What is the clinical significance

• Replacing CYP2D6 probe drugs with naturally occurring

biomarkers is a step forward towards personalized

medicine.

• This methodology eliminates risks associated with probe

drugs administration and facilitates phenotyping in

vulnerable populations.
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a non-targeted metabolomic study (Tay-Sontheimer et al., 2014).

The origin and structural identification of this metabolite are still

unknown. Some in vitro and animal studies have also demonstrated

that CYP2D6 metabolizes the endocannabinoid anandamide (Snider

et al., 2008).

Our main objective in this study was to explore the presence of

CYP2D6 biomarkers in human urine and plasma, using an untargeted

metabolomic approach. For this purpose, healthy volunteers were

invited to two sessions (control vs. inhibitory). Prior to the inhibitory

session, volunteers received over 7 days a daily dose of the strong

CYP2D6 inhibitor paroxetine. The CYP2D6 genotype and phenotype

were also integrated in the data analysis.

2 | METHODS

2.1 | Study design and population

This study protocol (NCT04188028) was approved by the Geneva

Research Ethics Committee and the Swiss Agency for Therapeutic

Products (Swissmedic). All participants provided written informed

consent before inclusion. Protocol conception and trial conduct were

performed in accordance with the Declaration of Helsinki ethical prin-

ciples and the Good Clinical Practice guidelines of the International

Congress of Harmonization.

Inclusion criteria were the following: age between 18 and

65 years, body mass index between 18 and 27 kg�m�2, reliable con-

traception during the whole study, including a barrier method, and

CYP2D6 genotype activity score (AS) = 0 or ≥1 (Gaedigk et al., 2008).

Participants with a CYP2D6 genotype AS = 0.5 (i.e. intermediate

metabolizers [IM]) were not included in this study for safety reasons.

Indeed, the normal metabolizers and ultrarapid metabolizers

(UM) included in the before-and-after study analysis were all taking

20 mg of paroxetine, a dose that may cause side effects in CYP2D6

intermediate metabolizers participants (Hicks et al., 2015). Rather than

give reduced doses to these volunteers, we excluded them from the

study to keep the before-and-after analysis homogeneous. Only one

participant had such a genotype and had to be excluded for these

reasons.

Exclusion criteria included pregnancy/breastfeeding, any pathol-

ogy, drug or food affecting CYP activity, tobacco consumption (≥10

cigarettes per day), alcohol intake 2 days prior to Session 1 and during

paroxetine intake, hepatic impairment, medical history of chronic

alcoholism or abuse of psychoactive drugs, regular use of psychotro-

pic substances, drug sensitivity, psychiatric disorders and Beck

score ≥ 10 (question related to suicide >0).

The study was conducted in two sessions (before-and-after

design). Each session included the oral administration of 5-mg

dextromethorphan (BEXIN syrup, Spirig Healthcare, Egerkingen,

Switzerland) to participants after an overnight fast and urine collec-

tion for 4 h following the administration of dextromethorphan for

CYP2D6 phenotyping (Hu et al., 1998). For metabolomic analyses,

prior to dextromethorphan administration, urine samples were also

collected over a full 24-h period and venous blood samples were col-

lected in tubes containing EDTA (BD Vacutainer, Plymouth, UK)

immediately before dextromethorphan ingestion (between 8 and

8:30 a.m.). Breakfast was served 1 h after dextromethorphan intake.

No dietary restrictions or requirements were imposed on participants

who consumed their free-choice diets throughout study period. At

Session 2, the study course was similar but participants were asked to

take 20 mg (10 mg for poor metabolizer subjects) of paroxetine

(PAROXETIN-MEPHA, Basel, Switzerland), a time-dependant inhibi-

tor, every morning for 1 week (seven doses in total) with the breakfast

(Storelli et al., 2019). For safety reasons, we administered a reduced

dose of paroxetine (10 mg instead of 20 mg) in poor metabolizer sub-

jects, as recommended in the Clinical Pharmacogenetics Implementa-

tion Consortium (CPIC) guidelines (Hicks et al., 2015). CYP2D6

inhibition by paroxetine is not expected to have an impact on poor

metabolizer subjects because they already lack the CYP2D6 enzyme

activity. Nonetheless, these subjects also received paroxetine at

reduced doses as a negative control to ensure that any down- or up-

regulation achieved after paroxetine intake in normal metabolizer–

ultrarapid metabolizers subjects was solely due to CYP2D6 inhibition

and not to any other potential pharmacological effect of paroxetine.

Participants were specifically asked about the time at which paroxe-

tine tablets were taken and were asked to bring back empty blister

packs to verify compliance. For women participating in the study, a

pregnancy test was performed at inclusion and at each session prior

to any medication administration. Plasma was obtained through cen-

trifugation at 2750g for 10 min. All blood and urine samples were

stored at �80�C until analysis.

2.2 | Quantification of dextromethorphan and
dextrorphan

Subsequent to chemical hydrolysis and liquid–liquid extraction (Daali

et al., 2008), dextromethorphan and dextrorphan were quantified in

urine by LC–tandem MS (Sciex, Darmstadt, Germany) to establish the

urinary metabolic ratio dextrorphan to dextromethorphan

(UMRdextrorphan/dextromethorphan).

2.3 | CYP450 genotyping

Genomic DNA was extracted from whole blood (200 μl) using the

QIAamp DNA Blood Mini Kit (Qiagen, Hombrechtikon, Switzerland).

Fourteen CYP2D6 allelic variants were screened using the TaqMan®

OpenArray® PGx Panel (Thermo Fisher Scientific, Waltham, USA). The

experiment was performed on the QuantStudio 12K Flex real-time

PCR system in compliance with the manufacturer's instructions. The

following mutations were considered: 2850C > T, 4180G > C,

2549delA (*3), 100C > T (*4, *10), 1846G > A (*4A), 1707delT (*6),

2935A > C (*7), 1758G > T (*8), 2613_2615delAGA (*9), 124G > A

(*12), 1758G > A (*14), 1023C > T (*17), 3183G > A (*29), 2988G > A

(*41).
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CYP2D6 Taqman® Copy Number Assay (assay ID:

Hs00010001_cn targeting exon 9, Applied Biosystems, Foster City,

USA) was performed on a 7900HT Fast Real-Time PCR System

(Applied Biosystems, Thermo Fisher Scientific, CA, USA) instrument

for the detection of gene deletion (*5 allele) and duplication.

CYP2D6 AS was assigned using previously developed scoring sys-

tem (Gaedigk et al., 2008). Values of 0, 0.5 and 1 were assigned to the

non-functional, reduced function and fully functional alleles, respec-

tively (Tay-Sontheimer et al., 2014). The values for alleles with two or

more gene copies were multiplied by the number of gene copies

(Gaedigk et al., 2018). Summing the values of the two alleles gives the

AS of a genotype (Gaedigk et al., 2018).

2.4 | Untargeted metabolomics analysis by Liquid
Chromatography-High Resolution Mass Spectrometry
(LC-HRMS)

A total of 300 μl of methanol/ethanol (50:50) containing

hydrocodone-D6 and phenobarbital-D5 at 100 ng�ml�1 (internal

standards for positive and negative modes, respectively) were added

to 100 μl of urine or plasma for protein precipitation. Samples were

centrifuged for 20 min at 16,000g. The supernatant was then evapo-

rated under a stream of nitrogen, reconstituted in 100 μl of methanol/

water (1:9), and 5 μl were injected into the LC–MS system.

Non-targeted metabolomics analyses were carried out using an

LC system Ulimate 3000 coupled to a Q Exactive Plus system

(Thermo Scientific Fisher, Bremen, Germany) (Forchelet et al., 2018;

Kowalczuk et al., 2018). Separation was performed with a Kinetex®

C18 column (50 � 2.1 mm, 2.6 μm) from Phenomenex (Brechbühler,

Switzerland) with mobile phases consisting of water (A) and methanol

(B) both containing 0.1% formic acid. The flow rate was fixed at

0.3 ml�min�1 over 13 min. Gradient programme was set as follows:

2% B (0–0.3 min), 2%–98% B (0.3–6 min), 98%–100% B (6–9 min),

100%–2% B (9–9.1 min) and 2% B (9.1–13 min). Quality controls

(i.e. pooled aliquots of all clinical study samples) were included in the

analytical sequence at regular intervals. Data were acquired in a full

scan mode in both positive and negative polarities. The parameters

were set as follows: the capillary voltage at 3.2 and 2.5 kV in positive

and negative modes, respectively, sheath and auxiliary gas flow rate

at 40 and 10 respectively, capillary temperature at 320�C and S-lens

RF level at 50.

2.5 | Untargeted metabolomics data treatment and
statistical analysis

The raw UPLC-HRMS files were converted to .mzXML format using

MSConvert (ProteoWizard 3.0, http://proteowizard.sourceforge.net/)

(RRID:SCR_012056) and pre-processed using the XCMS Online

platform for features detection, chromatogram alignment, isotope

annotation and data visualization (https://xcmsonline.scripps.edu)

(RRID:SCR_015538).

All data transformation and statistical analyses were performed

using MetaboAnalyst (https://www.metaboanalyst.ca/) (RRID:

SCR_015539). Data were sum normalized, Pareto scaled and log

transformed. Subsequently, features were filtered, and only those

with a CV less than 20% in the QC samples were retained. Isotopes

were filtered out, and finally, ions of zero intensity in >20% of all par-

ticipants in both sessions were excluded (Kim et al., 2018).

Zero values were replaced by the half of the minimum value

found for the corresponding hit (Xia & Wishart, 2011). Principal com-

ponent analysis (PCA) was performed using QC samples to assess per-

formance and stability of the system. Volcano plots were generated in

order to filter metabolites that displayed both significant fold changes

(≥1.5 or ≤0.67) and statistical significance (FDR adjusted P-

value < 0.05) between the control and the inhibition session in non-

poor metabolizer subjects (n = 37). The significant features obtained

were then filtered out according to genotype: fold changes of relative

intensity in the CYP2D6 normal metabolizer–ultrarapid metabolizers

group (n = 37) compared with the poor metabolizer group (n = 6)

≤0.67 or ≥1.50 (FDR adjusted P-value < 0.05) (n refers to independent

values, not replicates). The data and statistical analysis comply with

recommendations of the British Journal of Pharmacology on

experimental design and analysis (Curtis et al., 2018).

2.6 | CYP2D6 biomarkers identification

The MS/MS scanning was performed using the targeted SIM/dd-MS2

mode on an LC system Vanquish coupled to a Q Exactive Focus system

(Thermo Scientific, Bremen, Germany) and the chromatographic condi-

tions described above. The precursors enlisted in the inclusion list were

selected in the quadrupole with an isolation window of 0.4 m/z,

followed by a ddMS2 scan with a similar isolation window. For both

SIM and ddMS2, resolution and AGC target were set at 70,000 and

5e4, respectively. Identification was then performed using SIRIUS 4.7.4,

a software that determines the most likely elemental composition of

metabolites through the analysis of isotopic patterns and MS/MS

fragmentation spectra, and CANOPUS, a computational tool for

systematic annotation of compound chemical classes (Dührkop

et al., 2019, 2021). Main metabolomics databases, LIPID MAPS®

(https://www.lipidmaps.org/) (RRID:SCR_006579), METLIN (https://

metlin.scripps.edu/) (RRID:SCR_010500) and HMDB (http://www.

hmdb.ca/) (RRID:SCR_007712), were also used to assist in the

identification of molecular structures of significant features on the

basis of the available experimental data (i.e. exact MWs, molecular

formulas and fragmentation patterns).

Metabolites that had a fragmentation pattern of glucuronide

conjugation were enzymatically deconjugated in order to obtain the

fragmentation pattern of the free form. The metabolite deconjugation

system consisted of 100 μl of urine, 2.5 μl of the mixture β-glucuroni-

dase/arylsulfatase from Roche Diagnostics (Mannheim, Germany),

1.5 μl of acetic acid 15% in water and 10 μl of ammonium acetate

buffer (1 M, pH 5.0). The mixture was incubated at 37�C overnight

(Schmidt et al., 2013).

MAGLIOCCO ET AL. 4711

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7081
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2804
http://proteowizard.sourceforge.net/
info:x-wiley/rrid/RRID:SCR_012056
https://xcmsonline.scripps.edu
info:x-wiley/rrid/RRID:SCR_015538
https://www.metaboanalyst.ca/
info:x-wiley/rrid/RRID:SCR_015539
info:x-wiley/rrid/RRID:SCR_015539
https://www.lipidmaps.org/
info:x-wiley/rrid/RRID:SCR_006579
https://metlin.scripps.edu/
https://metlin.scripps.edu/
info:x-wiley/rrid/RRID:SCR_010500
http://www.hmdb.ca/
http://www.hmdb.ca/
info:x-wiley/rrid/RRID:SCR_007712


2.7 | Metabolism of solanidine in human liver
microsomes and recombinant CYP450s

The stock solution of solanidine from PhytoLab (Vestenbergsgreuth,

Germany) was prepared at 1 mg�ml�1 in methanol. Solanidine 20 μM

was then added to a reaction mixture (final volume 50 μl) containing

1 mg�ml�1 of human liver microsomes (HLM) or 100 pmol�ml�1 of

CYP450 baculosomes (i.e. CYP1A2, CYP2B6, CYP2C9, CYP2C19,

CYP2D6, CYP3A4 or CYP3A5) in phosphate buffer (pH 7.4, 0.1 M).

Pooled human liver microsomes were obtained from Corning Gentest

(Corning, NY, USA) and the baculosomes were purchased from Invi-

trogen, Life Technologies (Carlsbad, CA, USA). The mixture was pre-

incubated for 3 min in a 37�C water bath, and the reaction was then

initiated by the addition of a NADPH-generating system (NADP

4 mmol�L�1, isocitrate 15 mmol�L�1, MgCl2 12.5 mmol�L�1 and

isocitrate dehydrogenase 1.5 IU�ml�1 in phosphate buffer). Incuba-

tions were carried out at 37�C for 1 h and were performed in dupli-

cates. In order to stop the reaction, 50-μl methanol was added. The

mixture was then centrifuged for 3 min at 10,000g, and the superna-

tant was diluted in water before being analysed in full scan mode with

the same method as described above for metabolomic analysis using

an LC system Vanquish coupled to a Q Exactive Focus system

(Thermo Scientific, Bremen, Germany).

2.8 | Parallel reaction monitoring (PRM) analysis

To improve sensitivity, validate and refine results, a semi-quantitative

method using a parallel reaction monitoring (PRM)-based approach

was developed for the hits identified in metabolomics. The chromato-

graphic separation was performed using an LC system Vanquish

coupled to a Q Exactive Focus system (Thermo Scientific, Bremen,

Germany). The resolution was set at 17,500 for the fragmentation

experiments with an AGC target of 5e4 and a maximum IT of 100 ms.

Solanidine and the metabolite m/z 414.3366 identified in vitro were

also included in the PRM analysis because they were detectable in

plasma and urine samples. The normalized collision energies (NCE)

values for each compound were set individually, and urinary creatinine

concentration was used for data normalization of urine samples,

except for solanidine metabolites that were normalized to solanidine.

The preparation of urine and plasma samples as well as the chromato-

graphic and MS conditions were identical to those of the metabolomic

analyses, except that the extracts were concentrated twice (reconsti-

tution in 50 μl of methanol/water [1:9]). Hydrocodone-d6 at

15 ng�ml�1 was used as internal standard. In addition, urine samples

were also analysed after enzymatic hydrolysis as described above to

obtain the profile of the compound m/z 421.3061 (deconjugated

form of m/z 597.3382). Zero values were replaced by the half

of the minimum value found for the corresponding hit (Xia &

Wishart, 2011).

We also verified the short-term stability of the metabolites at

two different temperatures (room temperature and +4�C) in plasma

and urine samples. Stability was assessed by comparing the peak area

obtained after 8 and 24 h with those obtained at time 0. Each mea-

surement was performed in triplicate.

2.9 | Statistical analysis of parallel reaction
monitoring (PRM) data treatment

Comparisons of two paired and unpaired groups were performed

using a Wilcoxon matched-pairs signed rank test and Mann–Whitney

test (two-tailed), respectively. Measures of associations were

established using Spearman's rank correlation. The statistical analyses

were performed using GraphPad Prism 8.0.1 software (San Diego,

USA) (RRID:SCR_002798). Statistical analysis was carried out only if

n ≥ 5. A P-value below 0.05 was considered statistically significant.

The data and statistical analysis comply with recommendations of the

British Journal of Pharmacology on experimental design and analysis

(Curtis et al., 2018).

2.10 | Materials

Methanol, water, acetic acid and formic acid ULC/MS grade were

from Biosolve (Valkenswaard, The Netherlands). Ethanol HPLC grade

was purchased from Honeywell Riedel-de Haën (Seelze, Germany).

Dextromethorphan in methanolic solution (1 mg�ml�1) was provided

from Lipomed AG (Arlesheim, Switzerland). Dextrorphan tartrate,

hydrocodone-D6 and phenobarbital-D5 in methanolic solutions

(1 mg�ml�1) were purchased from Cerilliant Corporation (Round Rock,

USA). Ammonium acetate, potassium phosphate dibasic, potassium

phosphate monobasic, nicotinamide adenine dinucleotide phosphate

(NADP), isocitric acid, magnesium chloride hexahydrate and isocitrate

dehydrogenase were purchased from Sigma-Aldrich (Buchs,

Switzerland).

2.11 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

OGY http://www.guidetopharmacology.org and are permanently

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander et al., 2019).

3 | RESULTS

3.1 | Healthy subjects

A total of 43 healthy subjects were enrolled. Forty-two completed the

study while one among the poor metabolizer subjects only attended

the control session. The mean age was 24 (range 19–29) with a

slightly higher proportion of females (55.8%, n = 24). Among women

participants, 45.8% used oral contraceptive pill (n = 11).
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3.2 | CYP2D6 genotype and phenotype

Based on genotyping analyses, 6 participants were classified as poor

metabolizer subjects (genetic-predicted activity score [gAS] = 0), 33

as normal metabolizer subjects (1 ≤ gAS ≤ 2) and 4 as ultrarapid

metabolizers subjects (gAS > 2) (Crews et al., 2014; Gaedigk

et al., 2008) (Table S1). Urinary metabolic ratio (UMR)dextrorphan/

dextromethorphan was measured to establish CYP2D6 phenotype. As

illustrated in Figure S1, mean CYP2D6 activity was significantly de-

creased after paroxetine intake compared with the control session

(P < 0.05), demonstrating effective inhibition of CYP2D6 activity by par-

oxetine and sample suitability for the subsequent metabolomic analyses.

3.3 | Untargeted metabolomic analysis

Using untargeted metabolomic assays, the goal of this project

was to identify biomarkers of CYP2D6 in urine and plasma

reflecting the activity of the enzyme. Figure 1 shows the flowchart

of the data analysis, from data extraction to statistical analysis.

After the filtering steps, a total of 8926 and 5997 ions in plasma

and urine, respectively, were processed for statistical analysis,

including sum normalization, log transformation and Pareto scaling.

PCA scores plot revealed a tight clustering of QC samples

(Figure S2) indicating high experimental quality for both urine and

plasma samples.

As seen in Table 1, five endogenous metabolites were signifi-

cantly decreased in urine and/or plasma during the CYP2D6 inhibi-

tion phase relative to baseline with the following m/z in positive

mode: 220.1545, 416.3157, 432.3109, 444.3107 and 597.3382

(595.3240 in negative mode). The largest reduction was observed

for the ion m/z 597.3382 that was decreased by around 87%

after paroxetine intake compared with the baseline conditions. In

parallel, the intensity of these features was significantly lower in

poor metabolizer subjects than in normal metabolizer–ultrarapid

metabolizers volunteers.

F IGURE 1 (left) Flowchart of the non-targeted metabolomics approach to identify biomarkers reflecting CYP2D6 activity. N represents the
number of metabolic features after each step with plasma biomarkers in red and urinary biomarkers in yellow. (right) Volcano plot representations
obtained from the metabolomic analysis showing statistical significance against fold change between the inhibition session and the control
session
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3.4 | Structural identification

The molecular formulas for all compounds were obtained through

fragmentation and isotope pattern analysis using SIRIUS 4.7.4. Results

are described in Table 2. Interestingly, all the features contain one or

two nitrogen atoms.

The compounds m/z 416.3159, 432.3108 and 444.3108 have

similar fragmentation patterns, with a major fragment at 98.0967

(C6H11N). Regarding the feature m/z 444.3108, we observed the

same MS/MS fingerprint described by Tay-Sontheimer et al. (2014)

for their biomarker referred to as M1 (m/z 444.3102), an unidentified

compound. The CANOPUS computational tool predicted that these

three features belong to the subclass of steroidal alkaloids. MS/MS

fragmentation patterns are shown in Figure 2. We included solanidine,

one of the most common alkaloid aglycones from Solanum species, in

this figure, which shows a very similar fragmentation pattern (Shakya

TABLE 1 Significant hits in urine and plasma measured in full MS mode (metabolomic analyses) from volcano plots, including mean fold
changes of normalized intensity in the inhibition session versus the control session and mean fold changes of normalized intensity in the poor
metabolizer (PM) subjects versus the normal metabolizer (NM)– ultrarapid metabolizers (UM) subjects

Inhibition session versus control
session (n = 37)

PM subjects (n = 6) versus NM–UM
subjects (n = 37)

m/z
Retention time
(min)

Ionization
mode

Fold change (90%
CI)

P-value
(adjusted)

Fold change (90%
CI)

P-value
(adjusted)

Plasma

416.3160 4.16 + 0.60 (0.34–0.96) < 0.05 0.006 (0.005–0.008) < 0.05

595.3240a 5.25 � 0.16 (0.10–0.23) < 0.05 0.044 (0.008–0.082) < 0.05

597.3382a 5.25 + 0.13 (0.09–0.19) < 0.05 0.065 (0.020–0.114) < 0.05

Urine

220.1545 2.51 + 0.54 (0.45–0.65) < 0.05 0.337 (0.289–0.395) < 0.05

416.3157 4.16 + 0.67 (0.39–1.07) < 0.05 0.018 (0.007–0.032) < 0.05

432.3109 4.11 + 0.56 (0.25–0.99) < 0.05 0.009 (0.001–0.018) < 0.05

444.3107 4.35 + 0.67 (0.38–1.05) < 0.05 0.021 (0.002–0.046) < 0.05

aSame analyte deprotonated ([M � H]�) and protonated ([M + H]+).

TABLE 2 Major MS/MS fragments of significant metabolites

Measured

[M + H]+
Accurate

[M + H]+
Mass error

(ppm)

Molecular

formula MS/MS fragments

CANOPUS (compound

class prediction)

220.1545 220.1543 +0.91 C10H21NO4 202.1436, 184.1331, 166.1223,

148.1119, 90.0554, 60.0451

Class: Fatty acyls

Subclass: Fatty acids and conjugates

Level 5: Amino fatty acids

416.3157 416.3159 �0.48 C26H41NO3 342.2785, 206.1899, 126.1277,

98.0967, 81.0703, 56.0501

Class: Steroids and steroid derivatives

Subclass: Steroidal alkaloids

432.3109 432.3108 +0.23 C26H41NO4 358.2737, 206.1898, 126.1277,

98.0968, 81.0704, 56.0502

Class: Steroids and steroid derivatives

Subclass: Steroidal alkaloids

444.3107 444.3108 �0.23 C27H41NO4 370.2734, 206.1899, 126.1279,

98.0968, 81.0704, 56.0502

Class: Steroids and steroid derivatives

Subclass: Steroidal alkaloids

421.3056a 421.3061 �1.19 C24H40N2O4 358.2734, 147.1126, 130.0862,

91.0545, 84.0813, 81.0704

Class: Carboxylic and derivatives

Subclass: Amino acids, peptides

and analogues

Level 6: Alpha amino acids and

derivatives

597.3382 597.3382 0.00 C30H48N2O10 421.3054, 358.2734, 147.1126,

130.0862, 91.0545, 84.0813

Class: Carboxylic and derivatives

Subclass: Amino acids, peptides

and analogues

Level 8: N-acyl-α-amino acids

Note: Exact mass and molecular formula obtained using SIRIUS 4.7.4. Compounds class predicted using CANOPUS.
aDeconjugated form of the ion m/z 597.3382.
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& Navarre, 2008). Full structural identification of the ions m/z

416.3159, 432.3108 and 444.3108 (i.e., position of hydroxylation

and/or demethylation) would require isolation and purification of

these compounds for NMR analyses. Starting with a total of 12 L

of human urine, we attempted to extract and isolate these com-

pounds, in particular the ion m/z 444.3108 (highest signal in urine

samples in both full MS and PRM detection modes). However, the

amounts extracted were insufficient to perform structural identifica-

tion through NMR experiments (data not shown).

Fragmentation trees of the ions m/z 220.1543 and 597.3382

are presented in Figures S3 and S4. Despite the prediction of the

potential class of these compounds by the CANOPUS tool, we

found no structural identification for these three features using the

scientific literature and the HMDB, LIPID MAPS and METLIN

databases.

MS/MS fragmentation of m/z 220.1543 was difficult to obtain

because several compounds with close mass (i.e., m/z 220.0966 and

220.1329) co-eluted. It is however possible to observe four losses

of water (�18.0109 Da): 202.1436, 184.1331, 166.1226 and

148.1120.

At low collision energies (i.e. 10 and 20 eV), the major fragment

of m/z 597.3382 was 421.3061, which corresponds to neutral loss of

a glucuronide moiety. To validate the glucuronide conjugation, the

feature m/z 597.3382 was also enzymatically hydrolysed prior to

MS/MS fragmentation, resulting in m/z 421.3061 (�176.0321 Da).

Fragmentation tree of the ions m/z 421.3061 is shown in Figure S5.

Chromatograms before and after hydrolysis provided in Figure S6

confirm the presence of a glucuronide because the conjugated peak

(m/z 597.3382, retention time = 4.98 min) decreased after hydrolysis,

whereas the deconjugated peak (m/z 421.3061, retention

time = 5.20 min) increased after the enzymatic hydrolysis and

showed a higher retention time than the conjugated form. At collision

energies above 20 eV, the features m/z 421.3161 and 597.3382

showed a major fragment at 84.0812 (C5H9N).

F IGURE 2 Targeted selected ion monitoring/data-dependent-MS2 of solanidine and the ions m/z 416.3159, 432.3108 and 444.3108 in ESI+
mode. The common fragments between the compounds are shown in green
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3.5 | Solanidine metabolism by CYP2D6

A preliminary and simplified scheme of the metabolic pathway of sola-

nidine is described in Figure 3. Undefined positions of hydroxylation

and/or demethylation are indicated by unspecific bonds. Overall, we

observed that the main isoenzymes catalysing solanidine metabolism

were CYP2D6, CYP3A4 and CYP3A5 (Figure S7). The most abundant

metabolite of solanidine in vitro was the ion m/z 414.3366 (addition

of one hydroxyl) formed after incubation with recombinant CYP2D6

or human liver microsomes. All metabolites formed by recombinant

CYP2D6 showed a major fragment at m/z 98.0967, whereas the frag-

mentation patterns were different for CYP3A4/5 metabolites (data

not shown).

Despite low intensities, the ions m/z 416.3159, 432.3108 and

444.3108 were also detected in the mixture incubated specifically

with CYP2D6 (Figures S7 and S8). Interestingly, in contrast to in vitro

experiments, the intensities of the ions m/z 416.3159, 432.3108 and

444.3108 in the urine and blood samples were within the same range

as the intensities of the metabolite m/z 414.3366 (Figure S8).

Consequently, we believe that other enzymes and metabolic interme-

diates are likely to be involved in the biotransformation of solanidine

into the ions m/z 416.3159, 432.3108 and 444.3108 as described in

Figure 3.

3.6 | Relative quantification using a PRM method

MS parameters were first optimized to enhance data quality using

PRM mode. In order to obtain the optimal collision energy for each

metabolite, the normalized collision energies were considered indi-

vidually using a step of 10. The parameters used are described in

Table S2. The results are presented in Table 3. Retention times

obtained are slightly different from those observed in the

metabolomic analysis because different instruments were used.

F IGURE 3 Preliminary scheme of the metabolic pathway of solanidine. Bold arrows indicate major routes. Dotted arrows indicate minor
pathways. Multiple arrows indicate that the number of enzymatic steps is unknown
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F IGURE 4 Log(area/
creatinine) or log(area/solanidine)
in urine of potential CY2D6
markers measured with parallel
reaction monitoring (a) before
and after paroxetine intake,
including means and SDs on each
side. Ultrarapid metabolizers
(n = 4) are shown in red and

normal metabolizers (n = 33) in
blue. (b) Normal metabolizer
(NM)–ultrarapid metabolizers
(UM) subjects (n = 37) versus
poor metabolizer (PM) subjects
(n = 6) with whiskers indicating
the 10th and 90th percentiles.
(c) Correlation with log (urinary
metabolic ratio (UMR) dextrorphan
(DOR)/dextromethorphan(DEM)). Control
session (n = 43) is represented by
square, and inhibition session
(n = 42) by triangle. Ultrarapid
metabolizers are shown in red,
normal metabolizers in blue and
poor metabolizers in grey. All
P < 0.05
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Consistent with the metabolomic analyses, we observed a

significant down-regulation after paroxetine intake compared with the

control session for the markers in both urine and plasma samples

(Figures 4a and 5a). The only exception was the ion m/z 414.3366,

identified in vitro, which was significantly reduced in the inhibitory

session versus the control session only after normalization to sola-

nidine. As a complement to the before-and-after study, the markers

were significantly reduced in poor metabolizer subjects compared

with normal metabolizer–ultrarapid metabolizers participants

(Figures 4b and 5b). Going even further, significant correlations were

observed between the different biomarkers and the

log(UMRdextrorphan/dextromethorphan) (Figures 4c and 5c).

In line with in vitro results, solanidine was significantly higher

(up to 4.56-fold) after volunteers received a CYP2D6 inhibitor

F IGURE 5 Log(area) or log(area/solanidine) in plasma of potential CY2D6 markers measured with parallel reaction monitoring (a) before and
after paroxetine intake, including means and SDs on each side. Ultrarapid metabolizers (n = 4) are shown in red, and normal metabolizers (n = 33)
in blue. (b) Normal metabolizer (NM)–ultrarapid metabolizers (UM) subjects (n = 37) versus poor metabolizer (PM) subjects (n = 6) with whiskers
indicating the 10th and 90th percentiles. (c) Correlation with log(urinary metabolic ratio (UMR)dextrorphan(DOR)/dextromethorphan(DEM)). Control session
(n = 43) is represented by square, and inhibition session (n = 42) by triangle. Ultrarapid metabolizers are shown in red, normal metabolizers in
blue and poor metabolizers in grey. All P < 0.05
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compared with the control session and higher in poor metabolizer

subjects than in NM–ultrarapid metabolizers subjects (Figure 6).

Solanidine was not identified in the untargeted metabolomic

analysis because it was not detected in 22% and 29% of the

plasma and urine samples, respectively, from all participants in both

sessions. Indeed, the ions of zero intensity in >20% of all participants

in both sessions were removed from the initial data analysis

(see Figure 1).

We also specifically examined data from poor metabolizer individ-

uals regarding the features not studied in vitro (i.e. m/z 220.1543,

421.3061 and 597.3382). Indeed, these subjects do not express the

CYP2D6 enzyme. Consequently, a decrease in the abundance of

the identified hits in these individuals after CYP2D6 inhibition would

have indicated the presence of false positives rather than changes

due to CYP2D6 inhibition. Mean relative intensities of m/z 220.1543,

421.3061 and 597.3382 were unchanged in poor metabolizer sub-

jects after paroxetine intake compared with baseline (Figure S9).

Therefore, the down-regulation observed in these features after par-

oxetine intake in normal metabolizer–ultrarapid metabolizers subjects

was likely due to CYP2D6 inhibition alone and not to any other

potential pharmacological effect of paroxetine, despite the small sam-

ple size of poor metabolizer subjects used (n = 5) to draw this

conclusion.

All of the metabolites were stable at room temperature and +4�C

for 24 h (peak areas at t8 and t24 were between 85% and 115% of

the corresponding samples at t0), making their use readily applicable

in clinical practice.

4 | DISCUSSION

Metabolomics revealed five metabolites that could potentially serve

as markers for monitoring CYP2D6 activity. In the normal

metabolizer–ultrarapid metabolizers group, these features were

significantly reduced following 7 days of paroxetine intake compared

with baseline. These results were reinforced and validated by the

significant reduction observed for all markers in the poor

metabolizer group compared with the normal metabolizer–ultrarapid

metabolizers group.

Three of these features, that is, m/z 416.3159, 432.3108 and

444.3109, were postulated as steroidal alkaloids using the tools SIR-

IUS and CANOPUS (Dührkop et al., 2019, 2021). These metabolites

were also detected after incubation of solanidine with recombinant

CYP2D6. However, they were among the metabolites with the lowest

peak areas. Therefore, we hypothesized that other enzymes and

metabolic intermediates are involved in the biotransformation of

F IGURE 6 Log(area/creatinine) or log(area) in urine and plasma, respectively, of solanidine measured with parallel reaction monitoring
(a) before and after paroxetine intake, including means and SDs on each side. Ultrarapid metabolizers (UM) (n = 4) are shown in red, and normal
metabolizers (n = 33) in blue. (b) Normal metasbolizer (NM)–UM subjects (n = 37) versus poor metabolizer (PM) subjects (n = 6) with whiskers
indicating the 10th and 90th percentiles. (c) Correlation with log(urinary metabolic ratio (UMR)dextrorphan (DOR)/dextromethorphan (DEM)). Control
session (n = 43) is represented by square, and inhibition session (n = 42) by triangle. Ultrarapid metabolizers are shown in red, normal
metabolizers in blue and poor metabolizers in grey. All P < 0.05
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solanidine into the ions m/z 416.3159, 432.3108 and 444.3108. Full

elucidation of the metabolic pathway needs to be investigated in fur-

ther studies, including, for instance, the use of primary hepatocytes,

considered as the gold standard for in vitro assays of liver metabolism

(G�omez-Lech�on et al., 2003). CYP2D6 was also found as the main iso-

enzyme mediating the hydroxylation of solanidine into the m/z ion

414.3366). Interestingly, veratramine, another steroidal alkaloid found

primarily in the medicinal plant Veratrum nigrum L., has also been iden-

tified as a CYP2D6 substrate, with hydroxyl-veratramine being the

major metabolite (Lyu et al., 2015).

Solanidine is the aglycone form of α-solanine and α-chaconine,

two major glycoalkaloids present in potato (Solanum tuberosum) (Zhou

et al., 2019). It has already been shown that solanidine is present in

the serum of individuals consuming potatoes (Harvey et al., 1985).

Solanidine was even detected in the serum of persons up to 3 weeks

following potato avoidance programmes, indicating a long serum half-

life for this compound (Harvey et al., 1985). Claringbold et al. (1982)

also demonstrated that when [3H]solanidine was administered to

human volunteers through intravenous injection, radioactivity was

retained in erythrocytes and the excretion rate was slow. The authors

suggested that if solanidine was ingested regularly, it would accumu-

late (Claringbold et al., 1982). In our clinical trial, using a PRM method-

ology, we detected solanidine in 78% and 71% of the plasma and

urine samples, respectively, of all participants in both sessions. It is

likely that a selective sample preparation towards solanidine could

improve detection. However, levels of solanidine and its metabolites

in human urine and plasma presumably depend on potato intake. It

would have been useful to know the potato consumption habits

(frequency and quantity) of the participants to better understand the

results and, most importantly, evaluate the clinical applicability of

these biomarkers. In particular, it appears important to determine the

detection times of solanidine and its metabolites in urine and plasma

after potato consumption.

Solanidine metabolites were significantly lower in poor

metabolizer subjects compared with normal metabolizer–ultrarapid

metabolizers subjects, whereas solanidine intensity was significantly

higher in poor metabolizer participants than in normal metabolizer–

ultrarapid metabolizers participants (up to 17.27-fold in urine

samples). The potential long-term toxicity consequences of such

variations in solanidine levels between subjects with different CYP2D6

genotypes are unknown but need to be further investigated. Indeed,

when consumed in high amounts, this compound may be toxic in

humans due to inhibition of the enzyme AChE, resulting in gastroin-

testinal disorders or more serious effects such as heart failure or

death after severe poisoning (Mensinga et al., 2005). In addition, the

intake of paroxetine induced a significant increase in solanidine inten-

sity compared with baseline (up to 4.56-fold in plasma samples). In

contrast to the ions m/z 416.3159, 432.3108 and 444.3108 (identi-

fied in the untargeted metabolomic analysis), the ion m/z 414.3366

(identified in vitro) was not significantly reduced following paroxetine

administration in comparison with the control session. The elimination

half-life of the ion m/z 414.3366 is unknown, but it is possible that

the duration of CYP2D6 inhibition in this study (7 days) is not long

enough to reach a new steady state for this metabolite. Normalizing

the intensities of the features m/z 414.3366, 416.3159, 432.3108

and 444.3108 to solanidine improves the sensitivity of all these

markers to predict changes in CYP2D6 activity by correcting for intra-

individual and interindividual variability. In particular, normalization to

solanidine may provide more robust data because it could correct for

variation from dietary habits.

Results obtained for the two other features m/z 220.1543 and

597.3382 (m/z 421.3062 when deconjugated), identified in the

untargeted metabolomic analysis, were also confirmed through

the targeted assay in PRM mode. These candidates were also

CYP2D6-mediated metabolites because the MS signal intensities

were reduced in both poor metabolizer and post-paroxetine

participants in comparison with normal metabolizer–ultrarapid

metabolizers subjects and basal conditions. Structural identification of

these two features is uncertain despite the search in open-access

spectral databases and the use of the SIRIUS/CANOPUS tools. The

formal identification of metabolites is one of the main challenges of

untargeted metabolomics (Alonso et al., 2015; Ivanisevic &

Thomas, 2018). Multiple databases have been developed and are

regularly updated to help scientists with this process. However, a

large proportion of the compounds, which have been revealed by

untargeted metabolomic profiling, remains unidentified (Blaženovi�c

et al., 2018). No feature exhibited a profile consistent with a CYP2D6

substrate (i.e. parent molecule) for these two candidates (i.e. increased

signal during the CYP2D6-inhibited state and in normal metabolizer–

ultrarapid metabolizers subjects compared with poor metabolizer

subjects). The absence of a detectable CYP2D6 substrate may occur

for different reasons:

1. Substrate concentrations may be significantly higher than metabo-

lites levels and more substantially affected by other pathways reg-

ulating their concentrations than by variability in CYP2D6

metabolism. In such cases, no significant increase in the intensity

of the precursor molecules of the ions m/z 597.3382 and

220.1543 would be detected when CYP2D6 activity is reduced by

drug inhibition or by genetic polymorphisms. As an example, there

is an important difference in the relative abundance of plasma

4β-hydroxycholesterol (ng�ml�1), an endogenous CYP3A marker,

compared with the parent compound cholesterol (mg�ml�1) (Gravel

et al., 2019). In some studies, normalization of 4β-

hydroxycholesterol to cholesterol was shown to be as effective as

plasma 4β-hydroxycholesterol concentration alone in reflecting

CYP3A activity (Gravel et al., 2019; Kasichayanula et al., 2014).

Although 4β-hydroxycholesterol concentrations depend primarily

on CYP3A activity, CYP3A has no apparent impact on

cholesterol levels.

2. The precursor molecules may be contained in the samples but at

concentrations below the lower limit of detection of the analytical

method (Shah et al., 2019; Taylor et al., 2013). Untargeted met-

abolomics operating in full scan mode provides greater metabolite

coverage than targeted workflows, at the cost of lower sensitivity

and specificity (Chen et al., 2020). For example, as observed in this
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study, the feature m/z 597.3382 was not detected in urine samples

in full scan mode but was detected using PRM mode due to signifi-

cantly higher sensitivity (see Table 2).

3. The substrates are present in the samples but are not detected

due to issues related to the sample preparation/processing (Shah

et al., 2019; Taylor et al., 2013). In untargeted metabolomics,

non-selective sample preparation should ideally be used in order

to cover the metabolome as broadly as possible (Vuckovic, 2012).

In our methodology, unselective protein precipitation was

performed using ethanol/methanol (50:50). This procedure may

result in the simultaneous precipitation of some metabolites,

impeding their detection. In addition, unremoved compounds may

lead to matrix effect, in particular ionization suppression

(Fernández-Peralbo & Luque de Castro, 2012; Wawrzyniak

et al., 2018). Selective sample preparation methods, such as solid-

phase extraction or higher capacity of the LC separation, could

reduce matrix effects (Wu et al., 2019).

4. The substrates may be present in biofluids other than urine and/or

plasma. As described by Tay-Sontheimer et al. (2014), some

endogenous CYP2D6 biomarkers, such as anandamide, bufotenine

or pinoline identified in vitro or in animal studies, are rather

expected to be detected in specific tissues or biofluids in humans

(e.g. brain or CSF).

All the features identified in this study correlated with

log(UMRdextrorphan/dextromethorphan), the reference probe for CYP2D6

phenotyping. This confirms the potential ability of these compounds

to accurately predict CYP2D6 activity. The best correlations were

observed for the marker m/z 597.3382 in plasma and its deconjugated

form m/z 421.3062 in urine (rs = 0.881). This feature (deconjugated

and conjugated) was also very sensitive to CYP2D6 drug-induced

inhibition and thus appears to be a promising candidate for follow-up

studies.

Interestingly, all hits identified in this study contain at least a

nitrogen element. It has been previously described that a majority of

CYP2D6 substrates are lipophilic bases with a protonable nitrogen

atom (Ingelman-Sundberg, 2005). For instance, anandamide, an

endogenous fatty acid amide that belongs to the class of

endocannabinoids, is known to be metabolized by the CYP2D6

enzyme into 20-hydroxyeicosatetranoic acid ethanolamide as well as

5,6-, 8,9-, 11,12- and 14,15-epoxyeicosatrienoic acid ethanolamides

as demonstrated through in vitro experiments using recombinant

CYP2D6 (Farrell & Merkler, 2008; Snider et al., 2008). None of

the metabolites that were previously described in literature

(e.g., anandamide, pinoline and 5-methoxy-N,N-dimethyltryptamine)

(Magliocco et al., 2019) were detected in the current metabolomic

study. Focused detection of these compounds would be more in line

with a targeted metabolomic approach, which determines a

predefined set of metabolites after optimization and validation of

a profiling method (Roberts et al., 2012).

In summary, non-targeted metabolomics enabled the identifica-

tion of potential nitrogen-containing CYP2D6 markers, including ste-

roidal alkaloids, which can semi-quantitatively predict activity of this

isoenzyme. Each of these candidate biomarkers could map the

functionality of this enzyme. Complete structure elucidation of the

solanidine derivatives and the unidentified candidates m/z 220.5143

and 597.3382 will require complementary analytical methods such as

NMR after extraction and purification of samples through preparative

HPLC (Dias et al., 2016). Conveniently, all these biomarkers are

present in urine. Large volumes of urine are relatively easy to obtain,

which makes it an optimal starting material for purification and

concentration for NMR structure identification (Whiley et al., 2019).

Once the chemical structure of the metabolites m/z 220.5143 and

597.3382 is elucidated, the structure of the respective

substrates could be more easily characterized. A specific sample

preparation or analytical method could then possibly be developed in

order to measure the metabolites along with the substrates.

However, the CYP2D6-mediated metabolites m/z 220.1543 and

597.3382 may be sufficiently robust as biomarkers for clinical

CYP2D6 phenotyping, without normalization by the respective

substrate levels. These hypotheses need to be further explored in

future research.

Additional studies on different study populations as well as in

another laboratory environment are required to validate our findings.

Because of the possible accumulation of solanidine in the body and

the fact that endogenous synthesis of nitrogenous steroids in humans

has, to our knowledge, never been reported, we believe that sola-

nidine and its derivatives were dietary markers from potato consump-

tion, a very common food product in the current population. In order

to validate this assumption, it appears necessary to conduct a study

monitoring and varying the amount of potatoes consumed to assess

the impact on solanidine and its metabolites. Once the biomarkers are

fully identified and validated, prediction of CYP2D6 activity based on

these candidates could greatly improve current phenotyping strate-

gies by completely bypassing the need of administering probe drugs

and thus the potential risks and limitations associated with this

procedure.
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