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ABSTRACT 

Detailed assessment of the fate of drugs in non-clinical test species and humans is essential to 

ensure the safety and efficacy of medicines in patients. In this context, biotransformation of 

drugs and drug candidates has been an area of keen interest over many decades in the 

pharmaceutical industry as well as academia. Although many of the enzymes and 

biotransformation pathways involved in the metabolism of xenobiotics and more specifically 

drugs have been well-characterized, each drug molecule is unique and constitutes specific 

challenges for the biotransformation scientist. In this mini-review written for the Special Issue 

on the occasion of the 50th Anniversary celebration of DMD and to celebrate contributions of 

Prof. F. Peter Guengerich, one of the pioneers of the drug metabolism field, recently reported 

“unusual” biotransformation reactions are presented. Scientific and technological advances in 

the “toolbox” of the biotransformation scientists are summarized. As the pharmaceutical 

industry continues to explore therapeutic modalities different from the traditional small 

molecule drugs, the new challenges confronting the biotransformation scientist as well as 

future opportunities are discussed. 
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SIGNIFICANCE STATEMENT 

For the biotransformation scientists, it is essential to share and be aware of unexpected 

biotransformation reactions so that they can increase their confidence in predicting 

metabolites of drugs in humans to ensure the safety and efficacy of these metabolites before 

the medicines reach large number of patients. The purpose of this review is to highlight recent 

observations of “unusual” metabolites so that the scientists working in the area of drug 

metabolism can strengthen their readiness in expecting the unexpected. 
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INTRODUCTION 

The recognition of bioconversion of xenobiotics goes back approximately 100 years, and 

these early studies in animals and humans had mainly focused on small molecules.(Bachmann 

and Bickel, 1985; Guengerich, 2021) Metabolism of drugs started to gain attention in 1950s 

with particular focus on detoxication (Handler and Perlzweig, 1945; Brodie et al., 1958) and 

drug-drug interactions (DDI).(Remmer, 1959) In early 1960s, cytochrome P450s (P450s) 

were discovered as drug metabolizing enzymes followed by other non-P450 

oxidoreductases.(Omura and Sato, 1962; Guengerich, 2022) Today, the majority of drugs on 

the market are known to be metabolized by P450s, and aldehyde oxidase (AO), UDP-

glucuronosyltransferases (UGTs), sulfotransferase, N-acetyltransferases (NATs) are other 

important contributors.(Evans and Relling, 1999; Saravanakumar et al., 2019) One hundred 

years after the recognition of drug metabolism, biotransformation studies have become an 

integral part of drug discovery and development studies leading to an immense expansion of 

the collective knowledge of the scientists in the area. Before, giving examples of some of 

these biotransformation reactions, it is important to emphasize the importance of metabolism 

studies in bringing safe and efficacious medicines to patients. 

Biotransformation studies in drug discovery and development 

During drug discovery and development, it is essential to study and understand the 

metabolism of drugs and drug candidate to assess the safety (Schadt et al., 2018) and potency 

of drug metabolites, (Fura et al., 2004; de Jesus, João Paulo Almirão et al., 2021) assess the 

DDI potential of metabolites, (Fu et al., 2022) optimize pharmacokinetic properties via 

modulating metabolic pathways, (Broccatelli et al., 2019) and to minimize formation of 

undesirable metabolites such as reactive metabolites.(Thompson et al., 2012; Brink et al., 

2017) 
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Metabolite identification and/or profiling studies carried out during lead optimization and 

earlier stages of drug discovery programmes can be instrumental in designing new chemical 

entities with improved pharmacokinetic properties. (Cerny et al., 2020; Shanu-Wilson et al., 

2020) These studies are commonly complemented by metabolite trapping experiments to 

assess the formation of undesired reactive metabolites which due to their unstable nature 

cannot be detected in the absence of trapping agents (Ma and Subramanian, 2006; Inoue et al., 

2015) and potentially can lead to adverse drug reactions in patients.(Thompson et al., 2016) 

Based on the information obtained from such trapping studies, the drug design teams can 

optimize the structure of drug candidates to block the pathways leading to reactive metabolite 

formation and/or introduce “soft spots” on the molecule to redirect the metabolic pathways 

towards the formation of stable metabolites.(Kalgutkar, 2020) 

For the safety testing of metabolites, it is important to generate sufficient information during 

both preclinical and clinical phases to increase confidence in the assessment of human (in 

particular circulating) metabolites and ensure the appropriate testing of these metabolites in 

preclinical toxicology studies as detailed in the regulatory guidelines.(FDA, 2020; ICH, 2013) 

Although in vitro and preclinical in vivo studies provide significant guidance with respect to 

potential human metabolites, it is not uncommon to come across surprises with respect to the 

formation of disproportionate human metabolites during the clinical studies which may 

necessitate the synthesis of such metabolites and their safety testing in preclinical toxicology 

studies at adequate exposure levels. (Schadt et al., 2018; Zheng et al., 2018; Asano et al., 

2022) 

Methodologies to study drug metabolism 

Use of preclinical species is common to study metabolism of new chemical entities, however, 

it is important to consider the species differences in enzymatic pathways which may result  in 
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misleading information in terms of metabolites formed in humans.(Baillie and Rettie, 2011) 

Therefore, over the many years, efforts have focused on the development of in vitro systems 

with the ultimate aim of increasing the confidence in predicting human metabolites, 

identifying the enzymes involved in the metabolism of drugs and minimizing animal testing. 

In the recent years, various advances have been made in developing such in vitro systems for 

application to metabolite profiling and identification studies.(Docci et al., 2019) Although it is 

not within the scope of this review to provide a comprehensive listing of such in vitro 

systems, several examples are briefly mentioned below, nevertheless. 

Several in vitro systems which can maintain metabolic activity for an extended period of time 

have been made available to study the metabolism of in particular low clearance drug 

candidates. Hμrel® coculture system (Hultman et al., 2016), HepatoPac® micropatterned 

coculture system (Ballard et al., 2020) are two examples of such systems which have been 

successfully applied to study drug metabolism. In addition to these 2D systems, 3D liver 

spheroids have been assessed for their utility in biotransformation studies (Pinheiro et al., 

2017) providing the advantage of maintained enzymatic activity for long periods of time (>2 

weeks). (Kanebratt et al., 2021) These long-term incubations offer the possibility of 

simulating steady-state conditions in humans via “multiple dosing” in the system as well as 

the opportunity to study low-turnover compounds and to detect secondary metabolites. 

Utilization of 3D liver spheroids in combination with microphysiological systems (MPS) is an 

alternative approach creating an even more physiological relevant model with a circulating 

medium mimicking the blood flow. (Foster et al., 2019; Cox et al., 2022) In these organ-on-a-

chip systems, combination of multiple compartments representative of different organs can be 

applied to metabolism studies with the aim of assessing formation and elimination pathways 

of different metabolites. (Kim et al., 2015; McAleer et al., 2019) Although majority of the in 

vitro models focus on the hepatic metabolism, there are in vitro systems being developed for 
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the study of extrahepatic and in particular intestinal metabolism such as cryopreserved 

enterocytes (Ho et al., 2017), permeabilized cryopreserved human enterocytes (MetMax®) 

(Li et al., 2018) and more recently, a duodenum intestine-chip model.(Kasendra et al., 2020) 

When summarizing methodologies in the toolbox of the biotransformation scientist, it will not 

be possible to proceed without mentioning isotope labelling even though this is not a new 

approach. Stable isotope or radioisotope labelling of drugs and drug candidates is a common 

methodology to aid in comprehensive understanding of the metabolic pathways. Drugs 

labelled with radioisotopes make the detection of metabolites which are not “visible” by other 

detection methods possible and provide quantitative information. (Isin et al., 2012) On the 

other hand, stable isotope labelling can be valuable in detecting unexpected metabolites as 

well as understanding the detailed mechanism of the biotransformation reactions and several 

examples presented in this review utilize one or both of these labelling approaches (vide 

ultra). 

Mass spectrometry has been utilized in biotransformation studies for more than 50 years and 

with the introduction of liquid chromatography into the system, LC-MS has become the 

standard analytical tool for the analysis of samples from metabolism studies (Wen and Zhu, 

2015) and there is continuous development directed towards improving the sensitivity and 

efficiency in detecting metabolites as well as facilitating structural identification. Cyclic ion 

mobility (cIM) mass spectrometry applied to the resolution of isomeric acylglucuronides, 

(Higton et al., 2021), and on-line coupling of electromembrane extraction with MS to study 

drug metabolism in liver spheroids (Skottvoll et al., 2021) are two examples of advances 

recently reported in this area. It is important to remember that LC-MS can also be further 

coupled with NMR to enable unambiguous characterization of metabolites in an efficient 

manner. (Gathungu et al., 2020)  
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Importance of in silico prediction tools (Kirchmair et al., 2015; Tyzack and Kirchmair, 2019) 

and automated (or semi-automated) metabolite identification packages should not be 

underestimated in aiding the biotransformation scientists in their metabolite identification 

studies.(Pähler and Brink, 2013; Ahlqvist et al., 2015) On the point of the biotransformation 

scientists, as the available tools and technologies available evolve and advance, the role 

biotransformation scientists play in drug discovery and development is and will likely to 

remain essential, a point which was recently elaborated on by Kramlinger et al.(Kramlinger et 

al., 2022) 

Unusual Biotransformation Reactions 

Thanks to the extensive work carried out by many scientists over the last 70 years in 

particular, our understanding of involvement of enzymes in the metabolism of drugs, drug 

candidates and xenobiotics at large has expanded immensely. Despite of this substantial 

available knowledge, scientists working in the field of drug metabolism continue to report 

unusual observations leading to unexpected metabolites or involvement of enzymes that are 

not expected to be involved in the metabolism of drugs with certain chemical motifs. In order 

to increase awareness and alert the drug metabolism scientist for such unexpected metabolites, 

we compiled previously published (and in some cases unpublished) unusual observations and 

shared with the scientific community. A brief summary of previous compilations as well as a 

selection of recent examples are presented below. 

BRIEF HISTORICAL PERSPECTIVE 

Although covering the entire 200 years of drug metabolism is certainly out of scope of this 

review, it is important to remind that one of the first metabolite identification experiments has 

been performed by Justus von Liebig in 1829.(Liebig, 1829) He was able to isolate hippuric 

acid from the urine of the horses. The intermediacy of acyl CoA conjugate of benzoic acid 
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was not known at the time, but Prof. von Liebig nevertheless succeeded in demonstrating that 

the bioconversion occurs in vivo (Fig. 1). Arguably, this bioconversion might have been 

considered unusual at the time. 

More than 150 years after this metabolite identification study, I had the privilege of co-

authoring several compilations of unusual biotransformation reactions catalyzed by P450 and 

non-P450 enzymes together with Prof. F. Peter Guengerich who is one of the founding fathers 

of drug metabolism. Even though, we referred to these biotransformation reactions as 

“unusual”, for the majority of the cases, the initial step is rather a simple one catalyzed by a 

well-known drug metabolizing enzyme, such as P450s. However, subsequent chemical steps 

result in the formation of an unexpected (hence the term unusual) final metabolite product. In 

this part of the review, selected examples from our previous compilations as well as first 

treatment of the subject by Prof. Guengerich are presented.( Guengerich, 2001; Isin and 

Guengerich, 2007; Guengerich and Isin, 2014) 

Chemically driven intramolecular rearrangement reactions may lead to ring expansions 

(Figure 2A)(Mutlib et al., 2000), ring contractions (Fig. 2B),(Yin et al., 2004) and even new 

ring formations(Fig. 2C (Reilly et al., 2003) and Supplemental Fig. 1(Kamel et al., 2010)). To 

this group of reactions leading to unusual metabolites, dimerizations can certainly be added as 

well (Fig. 2D).(Dalvie and O'Connell, 2004) 

In drug metabolism, it is common to see O- and N-dealkylation reactions catalyzed mainly by 

P450 mediated hydroxylation of the carbon alpha to the heteroatom.(Guengerich, 2018) 

However, due to the stable nature of the C-C bond, C-dealkylations are rather 

rare.(Bolleddula and Chowdhury, 2015) C-dealkylation of LC15-0133, a dipeptidyl 

peptidases IV inhibitor (Figure 3A)(Yoo et al., 2008) and aplidine (Fig. 3B), a marine natural 
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product being evaluated for its antitumor and antiviral properties(Brandon et al., 2005; 

Brandon et al., 2007) are two such examples of C-dealkylation reactions. 

Although oxidative metabolism is the most common biotransformation pathway for the 

marketed drugs, facilitating the elimination of the drug molecule from the body by increasing 

hydrophilicity,(Josephy et al., 2005) there are also rare examples of reductive metabolism of 

drugs. Aldehyde oxidase has been shown to reduce insecticide imidacloprid in laboratory 

animals (Fig. 4A),(Dick et al., 2005) and N-hydroxylamine reductase system has been 

proposed to be involved in the reduction of thrombin inhibitor ximelagatran (Fig. 

4B).(Gustafsson et al., 2004; Andersson et al., 2005) and subsequently mitochondrial 

amidoxime reducing component (mARC) has been identified as the missing component of the 

reducing system.(Havemeyer et al., 2006; Ott et al., 2015) Examples of more recent reduction 

reactions are given later in this review. 

Before moving onto more recent examples, it is important to point out conjugation reactions 

may also lead to unusual metabolites. Conversion of proton pump inhibitor omeprazole to 

pyrdinylmethyl sulfenic acid and the imidazolyl GSH conjugate has been proposed to be 

initiated by a nonenzymatic reaction with GSH (Fig. 5A).(Weidolf and Covey, 1992) 

An acyl CoA conjugate has been reported to be involved in the metabolic conversion of (R)-

flunaxoprofen to (S)-flunoxaprofen-1-O-β-glucuronide. In this example, an epimerase enzyme 

catalyzes the chiral inversion following the formation of the acyl-CoA thioester (Fig. 

5B).(Grillo et al., 2010) 

Metabolism of the drug candidate AZD6610 also involves the intermediacy of an Acyl CoA-

thioester. In this particular case, in analogy to fatty acid metabolism, a 2-carbon chain 

shortening takes place resulting in the formation of the carboxylic acid metabolite (Fig. 

5C).(Guengerich and Isin, 2014) 
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KEY RECENT ADVANCES 

Since the publication of our previous reviews on the subject, many other unusual metabolites 

have been reported in the literature and some selected examples are described below. Some of 

the approaches and technologies used to isolate and characterize these unusual metabolites are 

also mentioned for some but not all of the examples to avoid redundancy. 

Cyclizations, dimerizations, isomerizations 

Gu et al. reported the cyclization of AZD7325, a GABAAα2,3 receptor modulator resulting in a 

long-circulating metabolite (Fig. 6). (Gu et al., 2018) α-Carbon oxidation of the AZD7325 

followed by dehydration is proposed to lead to an unstable intermediate which undergoes 

oxidative cyclization followed by aromatization to form metabolite M9. It is interesting to 

note that M9 together with several other metabolites were either not detected or detected as 

minor metabolites in plasma samples following a single dose administration to humans, 

whereas these metabolites were observed as major metabolites after repeated dosing. In this 

study, the authors utilized collision-induced dissociation as an ionization technique in a linear 

ion trap as part of their LC-MS/MS set-up used for metabolite identification.Another 

interesting cyclization reaction involves the glutathione adduct of vildagliptin, a dipeptidyl 

peptidase-4 inhibitor (Villhauer et al., 2003) which has been reported to cause idiosyncratic 

liver injury in one patient in Japan (Kurita et al., 2014). The proposed mechanism for the 

formation of thiazoline containing metabolite M464 involves the non-enzymatic chemical 

nucleophilic attack of GSH to the nitrile moiety followed by hydrolysis and cyclization of the 

GSH adduct (Fig. 7).(Mizuno et al., 2019) Another related metabolite M407, corresponding 

cysteine analogue of M464, has also been observed. These two metabolites are detected in rat 

urine, feces and bile and authors speculate that vildagliptin can react covalently with cysteine 
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residues of proteins in human which might have played a role in the previously reported case 

of liver injury. 

In our previous reviews, we had included several dimerization reactions initiated by P450 

mediated radical formation. Another such dimerization reaction has been reported recently by 

Takahashi et al. for GDC-0994, an extracellular signal-regulated kinase (ERK) 1 and 2 

inhibitor. (Ren et al., 2015) The resulting homodimers formed via C-C (M13) and C-N (M14) 

coupling are detected in bile and feces obtained from the in vivo rat studies. Based on their 

elegant computational work, authors propose that the dimer formation takes place via tandem 

N-H abstraction in the P450 3A4 active site followed by radical coupling (Fig. 8).(Takahashi 

et al., 2020). In this work, a propriety system (BMO Production Kit, HepatoChem Inc., 

Beverly, MA) utilizing organometallic catalysts are used to generate the metabolites of 

interest. After isolation of metabolites, in addition to one dimensional 1H and 13C NMR 

spectroscopy, two-dimensional correlation spectroscopy, heteronuclear single quantum 

correlation spectroscopy, heteronuclear multiple bond correlation spectroscopy, and rotating 

frame nuclear Overhauser effect spectroscopy were employed at room temperature as well as 

at 335K for the unambiguous characterization of metabolites. The increase in temperature 

helped to obtain well resolved NMR spectra, as both dimeric metabolites resulted in broad 

resonances due to restricted bond rotation at room temperature.A rather complex pathway has 

been proposed for the biotransformation of GDC-0575, a check point kinase 1 (ChK1) 

inhibitor. The first step of the metabolism of GDC-0575, is as in many other cases, an 

oxidation catalyzed by P450 enzymes. The resulting epoxide undergoes a cyclization reaction 

to lead to intermediate 1 which in turn is either oxidized further to give metabolite M12 or 

react with another molecule of GDC-0575 to give dimeric metabolite M17 (Fig. 9). For the 

sake of simplicity, the details of the pathway are not shown below and the readers are 

encouraged to consult the original manuscript.(Zhang et al., 2022) As the incubations with 
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microsomes and expressed P450s did not yield sufficient material for characterization of 

metabolites of interest, authors utilized a chemical degradation approach to generate M12 and 

M17 insufficient quantities for structural identification by NMR. 

Mitragynine is an alkaloid component of the herbal supplement derived from the leaves of the 

Mitragyna speciocas tree commonly known as kratom.(Hassan et al., 2013) One of the 

hydroxylated metabolites of mitragynine is 7-OH mitragynine which is known to have 

analgesics effects and proposed to contribute to the addictive properties of kratom. Kamble et 

al. has studied the plasma stability and metabolism of 7-OH mitragynine in an effort to 

understand better the pharmacological effects of kratom in humans. (Kamble et al., 2020) In 

human plasma, it was shown that 7-OH mitragynine is converted to a metabolite referred by 

the authors as the mitragynine pseudoindoxyl (Fig. 10). This metabolite was generated from 

incubations of 7-OH mitragynine with human plasma followed by isolation and purification 

using preparative thing layer chromatography and HPLC for further characterization. The 

mechanism is proposed to be analogues to a semipinacol rearrangement, previously reported 

to take place for mitragynine in fungi (Zarembo et al., 1974), however, the nature of the 

plasma enzymes involved in this reaction are not known. 

Reductions 

As mentioned above, although oxidative pathways are responsible for the metabolism of 

majority of drugs, several examples of reductive drug metabolism have been reported in the 

recent the years. One such example is the reductive cleavage of sulfonamide drug candidate 

SAM-760, a serotonin receptor subtype 6 (5HT6) receptor antagonist being developed for the 

treatment of Alzheimer’s disease. (Fullerton et al., 2018) Formation of benzene sulfinic acid 

(confirmed by comparison with an authentic standard) as a major metabolite of SAM-760 in 

human hepatocytes has been attributed potentially to a thiol-mediated reductive cleavage of 
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the aryl sulfonamide moiety due to the presence of GSH or other thiols present in the 

incubation (Fig. 11). Possibility of nucleophilic displacement of the aryl moiety was ruled out 

based on the absence of any GSH or thiol adducts. (Sawant-Basak et al., 2018)  

Gut microbiota can play an important role in particular in the reductive metabolism of drugs. 

(Dhurjad et al., 2022) Several examples of these reductions have been reviewed previously 

(Guo et al., 2020) and a recent example was reported by Guo et al. for tacrolimus, (Guo et al., 

2019) a commonly used immunosuppressant for kidney transplant recipients. Metabolite M1 

formed by the reduction of the ketone moiety (Fig. 12) was detected in stool samples from 

healthy adults as well kidney transplant recipients and was assessed to be much less potent 

than tacrolimus. Authors based on their bacterial screening panel concluded that most 

Clostridiales bacteria are able to metabolize tacrolimus extensively and this reductive 

metabolism in the gut may be responsible for the low and variable oral bioavailability of 

tacrolimus. The authors generated M1 from incubations with F. prausnitzii (also belonging to 

Clostridiales order) cells. In addition to mass spectrometry and NMR spectroscopy, infrared 

spectroscopy was utilized in this study, in particular, to confirm that M1 is a carbonyl 

reduction product of tacrolimus.Involvement of gut microbiota in the reductive metabolism 

was also reported for LY3202626, a β-site amyloid precursor protein-cleaving enzyme 1 

(BACE1) inhibitor being assessed as a potential treatment for early Alzheimer’s 

disease.(McKinzie et al., 2021) LY3202626 is converted to M2 which together with M16 are 

the most abundant metabolites in feces and present as the only source of radioactivity in the 

feces after 480h following the administration of LY3202626 (Fig. 13). Metabolite M16 was 

shown to be formed upon reduction of M2 in fecal homogenates under anaerobic conditions 

and it is proposed to be reabsorbed leading to enterohepatic recirculation. M16 is reoxidized 

by aldehyde oxidase to M2 in the liver which may explain the observed slow excretion of 

radioactivity in the human mass balance, excretion and metabolism study.(Katyayan et al., 
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2020) Due to the involvement of aldehyde oxidase in the formation M12 from M16, M16 was 

incubated with human liver cytosol for isolation of M2 for NMR analysis.Another rather 

uncommon reductive pathway involves the mARC (Havemeyer et al., 2011) and it has 

recently been shown that mARC system mentioned earlier in this review can catalyze the 

reduction of hydroxamic acid moiety to the corresponding amide for several drugs. (Ginsel et 

al., 2018) The reduction of vorinostat, a histone deacetylase inhibitor, (Duvic and Vu, 2007; 

Ramalingam et al., 2007) is one of the examples for this reductive metabolism pathway (Fig. 

14). 

Other unusual biotransformation reactions 

Recently, Matsumoto et al. has reported an example of a rarely observed C-C bond cleavage 

via a Baeyer-Villiger oxidation as a key step in the conversion of non-steroidal anti 

inflammatory prodrug nabumetone to its active metabolite 6-methoxy-2-naphtylacetic acid (6-

MNA). In their study, authors showed that FMO5 is involved in the biotransformation of the 

3-OH nabumetone to the 6-MNA via the formation of the intermediate aldehyde (6-MN-

CHO). The initial oxidative step to the α-hydroxy metabolite (3-OH-NAB) was catalyzed by 

P450s 2B6, 2C18 and 3A4 (Fig. 15).(Matsumoto et al., 2021) In order to confirm the 

intermediacy of 6-MN-CHO, the authors performed a trapping experiment by incubating 3-

OH-NAB with human FMO5 followed by addition of a fluorescence labelling reagent, 4-

(N,N-Dimethyl-amino-sulfonyl)-7-hydrazino-2,1,3-benzoxadiazole (DBD-H). The DBD-H 

derivative of 3-OH-NAB was detected using an HPLC system coupled to a fluorescence 

detector.Incorporation of an oxetane moiety has been shown to improve the overall 

pharmacokinetic as well as physicochemical properties of AZD1979 (Johansson et al., 2016) 

a melanin-concentrating hormone receptor 1 antagonist. Although the metabolites of 

AZD1979 reported are not unusual structurally, the involvement of epoxide hydrolase (Li et 

al., 2016) and GST (Li et al., 2019) in the formation of the two metabolites leading to oxetane 
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and azetidine ring opening, respectively, is rather unexpected (Fig. 16). In this work, rat S9 

liver fractions were chosen as the biocatalytic system for the synthesis of M12 for further 

characterization as it was shown by UPLC-HRMS that same GSH adducts was formed both in 

rat liver S9 fractions and human hepatocytes.During their Phase I studies with pimasertib, an 

inhibitor of MEK1 and 2 signaling protein of the mitogen-activated protein kinase (MAPK) 

pathway, Scheible et al. detected and reported a total of 14 different metabolites in plasma, 

urine, and feces samples upon administration of the 14C labelled pimasertib to 

humans.(Scheible et al., 2017) One of these metabolites, M554, a phosphoethanolamine 

conjugate of pimasertib, which is detected as a major metabolite in plasma and urine, is of 

particular interest due to its novel structure (Fig. 17). The authors succeeded in identifying the 

structure of M554 via NMR spectroscopy after isolation and purification from in vitro 

incubations with HepaRG cells as well as comparison with the chemically synthesized 

authentic standard of the proposed structure. Although the exact mechanism of formation of 

M554 is not known, one of the proposed pathwaysis the engagement of pimasertib in lipid 

metabolism, more specifically the Kennedy pathway (Gibellini and Smith, 2010; Ghodke et 

al., 2022) due to presence propanediol moiety which is structurally similar to 

glycerol.(Schneider and Vance, 1979) 
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CURRENT CHALLENGES AND KNOWLEDGE GAPS 

For many years, drug discovery efforts hence the biotransformation studies have focused on 

“traditional” orally bioavailable small molecules that happen to fall into the chemical space 

described by Lipinski’s rule of 5.(Lipinski et al., 1997) However, as the diversity of targets of 

interest to the pharmaceutical industry expanded, it has become essential to expand both the 

chemical space (Doak et al., 2014) and diversity of the modalities to address the targets 

previously thought to be undruggable.(Wu et al., 2014; Huang and Dixit, 2016) 

Expansion of drug modalities beyond “traditional” small molecules requires the development 

of alternate in vitro systems to study the absorption, distribution, metabolism and excretion 

(ADME) properties of such molecules as well as consideration of enzymatic pathways which 

can be rather different than the ones involved in the metabolism of small molecules. These 

modalities such as peptides and peptidomimetics, oligonucleotide-based therapeutics, 

proteins, antibodies as well antibody-drug conjugates (ADC) are metabolized (or catabolized) 

by proteases, peptidases, or nucleases. Recent publications have described various approaches 

for studying the biotransformation of protein therapeutics,(Schadt et al., 2019) antisense 

oligonucleotides, N-acetylgalactosamine conjugated small interfering RNA(McDougall et al., 

2022) (Robin McDougal) and ADCs.(Bolleddula et al., 2020; Cai et al., 2020) Admittedly, the 

resulting products from the degradation of these large molecule modalities are rather 

predictable, however, such biotransformation studies require different in vitro systems, 

analytical approaches and a knowledge of enzymes and biotransformation pathways rather 

different than the “traditional” small molecules and hence may be considered as unusual in 

the context of this review. For example, all of the 10 ASOs approved by FDA to date have 

been reported to be degraded primarily by endonucleases and exonucleases in the bloodstream 

and the target cells.(Migliorati et al., 2022) Fomivirsen. a first-generation ASO developed as 

an antiviral agent was reported to be metabolized or rather degraded in the retina via the 
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cleavage of phosphodiester bonds by exonucleases.(Geary et al., 2002) Mipomersen is a 

second generation ASO developed for the treatment of familial hypercholesterolemia and has 

increased resistance towards degradation by nucleases compared to first generation ASOs. 

Metabolism of mipomersen involves degradation initially by endonucleases followed by 

exonucleases, and the metabolites were reported to be excreted in the urine.(Crooke and 

Geary, 2013) Endonucleases and exonucleases have been reported to be involved in the 

metabolism of eluforsen, developed for the chronic inhalation treatment of cystic fibrosis 

patients. Interestingly, however, additional metabolites resulting from the oxidation of the 

phosphodiester bonds of eluforsen have been also observed in mouse lung samples from in 

vivo studies. (Kim et al., 2019) 

To the list of these alternative modalities we can also add targeted protein degraders 

(proteolysis targeting chimera/ProTaC) which have rather different physicochemical 

properties than traditional small molecules.(Pike et al., 2020) 

As part of the efforts to optimize the pharmacokinetic profile of small molecule drug 

candidates and minimize victim drug-drug interaction potential, the metabolic pathways of 

more drug candidates are being shifted towards non P450 enzymes such as aldehyde oxidases 

(AO). Although the metabolites formed by AO are predictable in many of the cases, 

difficulties in predicting human pharmacokinetics of drugs being predominantly metabolized 

by AOs has led the researchers to focus on improving the understanding of drug metabolism 

mediated by these enzymes. In addition to AO, monoamine oxidase (MAO) and xanthine 

oxidoreductase are other non-P450 enzymes that need to be considered in the oxidative 

metabolism of drugs. (Rendić et al., 2022) Although known for a long time, the importance of 

microbiota involvement in drug metabolism is also gaining more recognition, and efforts are 

directed towards developing in vitro systems and understanding better the involvement of gut 

bacteria in the metabolism of drugs.(Kang et al., 2013; Colotti and Rinaldi, 2020; Yu et al., 
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2017) In a recent publication, authors reported their studies on human gut microbiotal 

metabolites of resveratrol. (Iglesias-Aguirre et al., 2022) In this work, stool samples from 

healthy volunteers were collected, and fecal suspensions were prepared. The compounds of 

interest were incubated in fecal cultures under anoxic conditions, and samples were analyzed 

using ULPC-MS and GC-MS. The results of metabolite identification studies from the in vitro 

system confirmed the results from the in vivo studies. 

Progress in artificial intelligence (AI) driven predictive approaches heavily relies on the 

availability of good quality, well-curated, reusable data and capturing biotransformation 

pathways and metabolite information in a structurally searchable manner is not trivial. 

Implementing customized corporate biotransformation databases is crucial in maximizing the 

value that can be harvested from biotransformation studies carried out over the many years in 

a pharmaceutical company.(Iegre et al., 2016) 
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PERSPECTIVE ON FUTURE DIRECTIONS 

As exemplified above, despite the knowledge accumulated over the years, metabolism of drug 

molecules continues to challenge the biotransformation scientists with the formation of 

unexpected metabolites. Despite of the fact that the model systems, analytical technologies, 

and software tools evolve facilitating the detection and identification of metabolites, the 

experienced biotransformation scientists are expected to remain essential for elucidation of 

previously unobserved metabolites and metabolic pathways. As the pharmaceutical industry 

diversifies their drug discovery and development programmes to alternative modalities, the 

focus is shifting towards the biotransformation studies of these modalities where the 

metabolites can be rather predictable but unusual when compared to small molecule drugs. 

In a drug discovery and development programme, metabolite identification studies mainly 

focus on predicting and understanding the drug metabolism in healthy volunteers. However, 

the disease state as well as the maturation is known to have an impact on the drug 

metabolizing enzymes and hence the metabolism of drugs. As the pharmaceutical industry 

continues to put effort on personalized medicine, being able to assess and predict the 

metabolism in a certain patient population gains importance, one important example being the 

paediatric population.(van den Anker et al., 2018; van Groen et al., 2021)  

Although very valuable information can be obtained from metabolite identification studies, 

this value can be further increased by combining with other information and providing 

context. Mass spectrometry imaging in particular (Granborg et al., 2022) and multi-modal 

imaging in the broader sense are areas which are already developing rapidly and expected to 

be applied more frequently in the context of metabolite identification studies. Such a multi-

modal approach makes it possible to get the most information from a single study or even a 

single sample by combining molecular information on a drug molecule, its metabolites as well 
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as endogenous molecules together with anatomical and functional information on a particular 

tissue or organ of interest.(Dannhorn et al., 2020; Vermeulen et al., 2022) To be able to 

maximize the value from the large amounts of data generated, workflows taking advantage of 

deep learning approaches are being developed.(Race et al., 2021) A recent publication by 

Strittmatter et al. clearly demonstrates application and the potential impact of multi-modal 

imaging on drug discovery and development. (Strittmatter et al., 2022) In this work, 

intratumor distribution of gemcitabine, used as a treatment for pancreatic cancer, and its 

metabolites were studied in a mouse model of pancreatic cancer. Mass spectrometry imaging 

data showing the distribution of gemcitabine and its metabolites in the tumour are spatially 

overlayed with imaging mass cytometry, multiplex immunofluorescence microscopy, and 

hematoxylin and eosin staining images. The outcome from this multi-modal imaging 

approach allowed the assessment of the effect of the drug and the metabolites in relation to 

the tumour microenvironment.Finally, metabolites can be useful starting points for the 

generation of new chemical entities and diversifying the chemical space.(Romero et al., 2021; 

Charlton and Hayes, 2022) Therefore, another area that is expected to continue to grow will 

be biocatalytic approaches utilizing in particular engineered bacterial enzymes for the 

synthesis of new molecules which are difficult to make via chemical synthesis.(Thomson et 

al., 2022) It is also important to note the contribution of biocatalysis to green chemistry 

efforts. 
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CONCLUSIONS 

In this review, the current and potential future toolbox and the challenges of the 

biotransformation scientists in metabolite identification studies during drug discovery and 

development was discussed. Several previously compiled as well as recently reported unusual 

biotransformation reactions resulting in the formation of unexpected metabolites are 

presented. As can be seen in almost all the examples, the metabolism of drugs and drug 

candidates is initiated by a well-known drug metabolizing enzymes and pathway. However, 

understanding and elucidating the subsequent chemical and enzymatic steps is key in 

constructing a complete picture of the biotransformation pathways of the drug. In particular 

for the early career biotransformation scientists, identification of unusual metabolites and 

elucidating the pathways leading to these metabolites constitute a significant challenge. 

Published case studies shared with the scientific community certainly help to increase 

awareness and prepares the biotransformation scientists to think beyond the expected or in 

other words common metabolites. In addition, developing a solid organic chemistry 

knowledge and being well-versed in “arrow pushing” is essential when searching for the 

unexpected metabolites. Advanced analytical technologies and software tools as described 

above can be of significant assistance but only when these tools coupled to the intuition and 

creativity of the biotransformation scientist, novel discoveries can be made. It is also very 

important for the pharmaceutical companies to train scientists by organizing customized 

training courses where the biotransformation scientists have the opportunity to go through 

case studies in detail. Finally, it is the hope of the author that the biotransformation scientists 

working in the area of drug metabolism will find this review useful in their daily work and the 

examples presented will help them tackle the challenges they face.  

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

25 
 

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

26 
 

ACKNOWLEDGEMENTS 

This mini-review is prepared as part of the special issue to celebrate Prof. F. Peter 

Guengerich’s scientific contributions to the field as a recipient of the Bernard B. Brodie 

Award in Drug Metabolism and Disposition as well as a part of 50th anniversary celebration 

of DMD in 2023. 

AUTHORSHIP CONTRIBUTION 

Participated in research design: NA 

Conducted experiments: NA 

Contributed new reagents or analytic tools: NA  

Performed data analysis: NA 

Wrote or contributed to the writing of the manuscript: Emre M. Isin 

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

27 
 

REFERENCES 

Ahlqvist M, Leandersson C, Hayes MA, Zamora I, and Thompson RA (2015) Software-aided 

structural elucidation in drug discovery. Rapid Communications in Mass Spectrometry 

29:2083–2089. 

Andersson S, Hofmann Y, Nordling A, Li X-Q, Nivelius S, Andersson TB, Ingelman-

Sundberg M, and Johansson I (2005) Characterization and partial purification of the rat 

and human enzyme systems active in the reduction of N-hydroxymelagatran and 

benzamidoxime. Drug Metab Dispos 33:570–578. 

Asano D, Hamaue S, Zahir H, Shiozawa H, Nishiya Y, Kimura T, Kazui M, Yamamura N, 

Ikeguchi M, Shibayama T, Inoue S-I, Shinozuka T, Watanabe T, Yahara C, Watanabe N, 

and Yoshinari K (2022) CYP2C8-mediated formation of a human disproportionate 

metabolite of the selective NaV1.7 inhibitor DS-1971a, a mixed cytochrome P450 and 

aldehyde oxidase substrate. Drug Metab Dispos 50:235–242. 

Bachmann C and Bickel MH (1985) History of drug metabolism: the first half of the 20th 

century. Drug Metab Rev 16:185–253. 

Baillie TA and Rettie AE (2011) Role of biotransformation in drug-induced toxicity: 

influence of intra- and inter-species differences in drug metabolism. Drug Metab 

Pharmacokinet 26:15–29. 

Ballard TE, Kratochwil N, Cox LM, Moen MA, Klammers F, Ekiciler A, Goetschi A, and 

Walter I (2020) Simplifying the execution of HepatoPac MetID experiments: metabolite 

profile and intrinsic clearance comparisons. Drug Metab Dispos 48:804–810. 

Bolleddula J and Chowdhury SK (2015) Carbon-carbon bond cleavage and formation 

reactions in drug metabolism and the role of metabolic enzymes. Drug Metab Rev 47:534–

557. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

28 
 

Bolleddula J, Shah A, Shadid M, Kamali A, Smith MD, and Chowdhury SK (2020) 

Pharmacokinetics and catabolism of 3HTAK-164, a guanylyl cyclase C targeted antibody-

drug conjugate. Drug Metab Dispos 48:1239–1245. 

Brink A, Pähler A, Funk C, Schuler F, and Schadt S (2017) Minimizing the risk of chemically 

reactive metabolite formation of new drug candidates: implications for preclinical drug 

design. Drug Discov Today 22:751–756. 

Broccatelli F, E.C.A Hop C, and Wright M (2019) Strategies to optimize drug half-life in lead 

candidate identification. Expert Opinion on Drug Discovery 14:221–230. 

Brodie BB, Gillette JR, and La Du BN (1958) Enzymatic metabolism of drugs and other 

foreign compounds. Annu Rev Biochem 27:427–454. 

Cai H, Yip V, Lee MV, Wong S, Saad O, Ma S, Ljumanovic N, Khojasteh SC, Kamath AV, 

and Shen B-Q (2020) Characterization of tissue distribution, catabolism, and elimination 

of an anti-staphylococcus aureus THIOMAB antibody-antibiotic conjugate in rats. Drug 

Metab Dispos 48:1161–1168. 

Cerny MA, Kalgutkar AS, Obach RS, Sharma R, Spracklin DK, and Walker GS (2020) 

Effective application of metabolite profiling in drug design and discovery. J Med Chem 

63:6387–6406. 

Charlton SN and Hayes MA (2022) Oxygenating biocatalysts for hydroxyl functionalisation 

in drug discovery and development. ChemMedChem 17:e202200115. 

Colotti G and Rinaldi T (2020) The central role of gut microbiota in drug metabolism and 

personalized medicine. Future Med Chem 12:1197–1200. 

Cox B, Barton P, Class R, Coxhead H, Delatour C, Gillent E, Henshall J, Isin EM, King L, 

and Valentin J-P (2022) Setup of human liver-chips integrating 3D models, microwells 

and a standardized microfluidic platform as proof-of-concept study to support drug 

evaluation. Biomaterials and Biosystems 7:100054. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

29 
 

Crooke ST and Geary RS (2013) Clinical pharmacological properties of mipomersen 

(Kynamro), a second generation antisense inhibitor of apolipoprotein B. Br J Clin 

Pharmacol 76:269–276. 

Dalvie DK and O'Connell TN (2004) Characterization of novel dihydrothienopyridinium and 

thienopyridinium metabolites of ticlopidine in vitro: role of peroxidases, cytochromes 

p450, and monoamine oxidases. Drug Metab Dispos 32:49–57. 

Dannhorn A, Kazanc E, Ling S, Nikula C, Karali E, Serra MP, Vorng J-L, Inglese P, 

Maglennon G, Hamm G, Swales J, Strittmatter N, Barry ST, Sansom OJ, Poulogiannis G, 

Bunch J, Goodwin RJ, and Takats Z (2020) Universal sample preparation unlocking 

multimodal molecular tissue imaging. Anal Chem 92:11080–11088. 

de Jesus, João Paulo Almirão, Assis LC, Castro AA de, da Cunha, Elaine Fontes Ferreira, 

Nepovimova E, Kuca K, Castro Ramalho T de, and de Almeida La Porta, Felipe (2021) 

Effect of drug metabolism in the treatment of SARS-CoV-2 from an entirely 

computational perspective. Scientific Reports 11:19998. 

Dhurjad P, Dhavaliker C, Gupta K, and Sonti R (2022) Exploring drug metabolism by the gut 

microbiota: Modes of metabolism and experimental approaches. Drug Metab Dispos 

50:224–234. 

Dick RA, Kanne DB, and Casida JE (2005) Identification of aldehyde oxidase as the 

neonicotinoid nitroreductase. Chem Res Toxicol 18:317–323. 

Doak BC, Over B, Giordanetto F, and Kihlberg J (2014) Oral druggable space beyond the rule 

of 5: insights from drugs and clinical candidates. Chem Biol 21:1115–1142. 

Docci L, Parrott N, Krähenbühl S, and Fowler S (2019) Application of new cellular and 

microphysiological systems to drug metabolism optimization and their positioning 

respective to in silico tools. SLAS Discov 24:523–536. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

30 
 

Duvic M and Vu J (2007) Vorinostat: a new oral histone deacetylase inhibitor approved for 

cutaneous T-cell lymphoma. Expert Opin Investig Drugs 16:1111–1120. 

Evans WE and Relling MV (1999) Pharmacogenomics: Translating functional genomics into 

rational therapeutics. Science 286:487–491. 

Food and Drug Administration (FDA) (2020) Guidance for industry: Safety Testing of Drug 

 Metabolites, Center for Drug Evaluation and Research, U.S. Food and Drug 

Administration, 

U.S. Department of Health and Human Services, Silver Spring, MD. 

Foster AJ, Chouhan B, Regan SL, Rollison H, Amberntsson S, Andersson LC, Srivastava A, 

Darnell M, Cairns J, Lazic SE, Jang K-J, Petropolis DB, Kodella K, Rubins JE, Williams 

D, Hamilton GA, Ewart L, and Morgan P (2019) Integrated in vitro models for hepatic 

safety and metabolism: evaluation of a human Liver-Chip and liver spheroid. Arch Toxicol 

93:1021–1037. 

Fu S, Yu F, Hu Z, and Sun T (2022) Metabolism-mediated drug–drug interactions – Study 

design, data analysis, and implications for in vitro evaluations. Medicine in Drug 

Discovery 14:100121. 

Fullerton T, Binneman B, David W, Delnomdedieu M, Kupiec J, Lockwood P, Mancuso J, 

Miceli J, and Bell J (2018) A Phase 2 clinical trial of PF-05212377 (SAM-760) in subjects 

with mild to moderate Alzheimer's disease with existing neuropsychiatric symptoms on a 

stable daily dose of donepezil. Alzheimers Res Ther 10:38. 

Fura A, Shu Y-Z, Zhu M, Hanson RL, Roongta V, and Humphreys WG (2004) Discovering 

drugs through biological transformation: role of pharmacologically active metabolites in 

drug discovery. J Med Chem 47:4339–4351. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

31 
 

Gathungu RM, Kautz R, Kristal BS, Bird SS, and Vouros P (2020) The integration of LC-MS 

and NMR for the analysis of low molecular weight trace analytes in complex matrices. 

Mass Spectrom Rev 39:35–54. 

Geary RS, Henry SP, and Grillone LR (2002) Fomivirsen: clinical pharmacology and 

potential drug interactions. Clin Pharmacokinet 41:255–260. 

Ghodke PP, Matse JH, Dawson S, and Guengerich FP (2022) Nucleophilic thiol proteins bind 

covalently to abasic sites in DNA. Chem Res Toxicol. 

Gibellini F and Smith TK (2010) The Kennedy pathway--De novo synthesis of 

phosphatidylethanolamine and phosphatidylcholine. IUBMB Life 62:414–428. 

Ginsel C, Plitzko B, Froriep D, Stolfa DA, Jung M, Kubitza C, Scheidig AJ, Havemeyer A, 

and Clement B (2018) The involvement of the mitochondrial amidoxime reducing 

component (mARC) in the reductive metabolism of hydroxamic acids. Drug Metab 

Dispos 46:1396–1402. 

Granborg JR, Handler AM, and Janfelt C (2022) Mass spectrometry imaging in drug 

distribution and drug metabolism studies – Principles, applications and perspectives. TrAC 

Trends in Analytical Chemistry 146:116482. 

Grillo MP, Wait JCM, Tadano Lohr M, Khera S, and Benet LZ (2010) Stereoselective 

flunoxaprofen-S-acyl-glutathione thioester formation mediated by acyl-CoA formation in 

rat hepatocytes. Drug Metab Dispos 38:133–142. 

Gu C, Artelsmair M, Elmore CS, Lewis RJ, Davis P, Hall JE, Dembofsky BT, Christoph G, 

Smith MA, Chapdelaine M, and Sunzel M (2018) Late-occurring and long-circulating 

metabolites of GABAAα2,3 receptor modulator AZD7325 involving metabolic cyclization 

and aromatization: Relevance to MIST analysis and application for patient compliance. 

Drug Metab Dispos 46:303–315. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

32 
 

Guengerich FP (2001) Common and uncommon cytochrome P450 reactions related to 

metabolism and chemical toxicity. Chem Res Toxicol 14:611–650. 

Guengerich FP (2018) Mechanisms of cytochrome P450-catalyzed oxidations. ACS Catal 

8:10964–10976. 

Guengerich FP (2021) A history of the roles of cytochrome P450 enzymes in the toxicity of 

drugs. Toxicol Res 37:1–23. 

Guengerich FP (2022) Roles of cytochrome P450 enzymes in pharmacology and toxicology: 

Past, present, and future. Adv Pharmacol 95:1–47. 

Guengerich FP and Isin EM (2014) Unusual metabolic reactions and pathways in, Handbook 

of Metabolic Pathways of Xenobiotics (Lee, PW, Aizawa, H, Gan, LL, Prakash, C, and 

Zhong, D eds) pp 147-197, John Wiley & Sons, New Jersey. 

Guo Y, Crnkovic CM, Won K-J, Yang X, Lee JR, Orjala J, Lee H, and Jeong H (2019) 

Commensal gut bacteria convert the immunosuppressant tacrolimus to less potent 

metabolites. Drug Metab Dispos 47:194–202. 

Guo Y, Lee H, and Jeong H (2020) Gut microbiota in reductive drug metabolism. Prog Mol 

Biol Transl Sci 171:61–93. 

Gustafsson D, Bylund R, Antonsson T, Nilsson I, Nyström J-E, Eriksson U, Bredberg U, and 

Teger-Nilsson A-C (2004) A new oral anticoagulant: the 50-year challenge. Nat Rev Drug 

Discov 3:649–659. 

Handler P and Perlzweig WA (1945) Detoxication mechanisms. Annu Rev Biochem 14:617–

642. 

Hassan Z, Muzaimi M, Navaratnam V, Yusoff NHM, Suhaimi FW, Vadivelu R, 

Vicknasingam BK, Amato D, Hörsten S von, Ismail NIW, Jayabalan N, Hazim AI, 

Mansor SM, and Müller CP (2013) From Kratom to mitragynine and its derivatives: 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

33 
 

physiological and behavioural effects related to use, abuse, and addiction. Neurosci 

Biobehav Rev 37:138–151. 

Havemeyer A, Bittner F, Wollers S, Mendel R, Kunze T, and Clement B (2006) Identification 

of the missing component in the mitochondrial benzamidoxime prodrug-converting 

system as a novel molybdenum enzyme. J Biol Chem 281:34796–34802. 

Havemeyer A, Lang J, and Clement B (2011) The fourth mammalian molybdenum enzyme 

mARC: current state of research. Drug Metab Rev 43:524–539. 

Higton D, Palmer ME, Vissers JPC, Mullin LG, Plumb RS, and Wilson ID (2021) Use of 

Cyclic ion mobility spectrometry (cIM)-mass spectrometry to study the intramolecular 

transacylation of diclofenac acyl glucuronide. Anal Chem 93:7413–7421. 

Ho M-CD, Ring N, Amaral K, Doshi U, and Li AP (2017) Human enterocytes as an in vitro 

model for the evaluation of intestinal drug metabolism: Characterization of drug-

metabolizing enzyme activities of cryopreserved human enterocytes from twenty-four 

donors. Drug Metab Dispos 45:686–691. 

Huang X and Dixit VM (2016) Drugging the undruggables: exploring the ubiquitin system for 

drug development. Cell Res 26:484–498. 

Hultman I, Vedin C, Abrahamsson A, Winiwarter S, and Darnell M (2016) Use of HμREL 

human coculture system for prediction of intrinsic clearance and metabolite formation for 

slowly metabolized compounds. Mol Pharm 13:2796–2807. 

International Conference on Harmonization (ICH) (2013) M3(R2) nonclinical safety studies 

for the conduct of human clinical trials and marketing authorization for pharmaceuticals. 

Iegre J, Hayes MA, Thompson RA, Weidolf L, and Isin EM (2016) Database extraction of 

metabolite information of drug candidates: Analysis of 27 AstraZeneca compounds with 

human absorption, distribution, metabolism, and excretion data. Drug Metab Dispos 

44:732–740. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

34 
 

Iglesias-Aguirre CE, Vallejo F, Beltrán D, Berná J, Puigcerver J, Alajarín M, Selma MV, and 

Espín JC (2022) 4-Hydroxydibenzyl: a novel metabolite from the human gut microbiota 

after consuming resveratrol. Food & function 13:7487–7493. 

Inoue K, Fukuda K, Yoshimura T, and Kusano K (2015) Comparison of the reactivity of 

trapping reagents toward electrophiles: Cysteine derivatives can be bifunctional trapping 

reagents. Chem Res Toxicol 28:1546–1555. 

Isin EM, Elmore CS, Nilsson GN, Thompson RA, and Weidolf L (2012) Use of radiolabeled 

compounds in drug metabolism and pharmacokinetic studies. Chem Res Toxicol 25:532–

542. 

Isin EM and Guengerich FP (2007) Complex reactions catalyzed by cytochrome P450 

enzymes. Biochim Biophys Acta 1770:314–329. 

Johansson A, Löfberg C, Antonsson M, Unge S von, Hayes MA, Judkins R, Ploj K, Benthem 

L, Lindén D, Brodin P, Wennerberg M, Fredenwall M, Li L, Persson J, Bergman R, 

Pettersen A, Gennemark P, and Hogner A (2016) Discovery of (3-(4-(2-Oxa-6-

azaspiro3.3heptan-6-ylmethyl)phenoxy)azetidin-1-yl)(5-(4-methoxyphenyl)-1,3,4-

oxadiazol-2-yl)methanone (AZD1979), a melanin concentrating hormone receptor 1 

(MCHr1) antagonist with favorable physicochemical properties. J Med Chem 59:2497–

2511. 

Josephy DP, Guengerich FP, and Miners JO (2005) “Phase I and Phase II” drug metabolism: 

Terminology that we should phase out? Drug Metab Rev 37:575–580. 

Kalgutkar AS (2020) Designing around structural alerts in drug discovery. J Med Chem 

63:6276–6302. 

Kamble SH, León F, King TI, Berthold EC, Lopera-Londoño C, Siva Rama Raju K, Hampson 

AJ, Sharma A, Avery BA, McMahon LR, and McCurdy CR (2020) Metabolism of a 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

35 
 

Kratom alkaloid metabolite in human plasma increases its opioid potency and efficacy. 

ACS Pharmacol Transl Sci 3:1063–1068. 

Kamel A, Obach RS, Colizza K, Wang W, O'Connell TN, Coelho RV, JR, Kelley RM, and 

Schildknegt K (2010) Metabolism, pharmacokinetics, and excretion of the 5-

hydroxytryptamine1b receptor antagonist elzasonan in humans. Drug Metab Dispos 

38:1984–1999. 

Kanebratt KP, Janefeldt A, Vilén L, Vildhede A, Samuelsson K, Milton L, Björkbom A, 

Persson M, Leandersson C, Andersson TB, and Hilgendorf C (2021) Primary human 

hepatocyte spheroid model as a 3D in vitro platform for metabolism studies. J Pharm Sci 

110:422–431. 

Kang MJ, Kim HG, Kim JS, Oh DG, Um YJ, Seo CS, Han JW, Cho HJ, Kim GH, Jeong TC, 

and Jeong HG (2013) The effect of gut microbiota on drug metabolism. Expert Opin Drug 

Metab Toxicol 9:1295–1308. 

Kasendra M, Luc R, Yin J, Manatakis DV, Kulkarni G, Lucchesi C, Sliz J, Apostolou A, 

Sunuwar L, Obrigewitch J, Jang K-J, Hamilton GA, Donowitz M, and Karalis K (2020) 

Duodenum Intestine-Chip for preclinical drug assessment in a human relevant model. Elife 

9. 

Katyayan K, Yi P, Monk S, and Cassidy K (2020) Excretion, mass balance, and metabolism 

of 14CLY3202626 in humans: An interplay of microbial reduction, reabsorption, and 

aldehyde oxidase oxidation that leads to an extended excretion profile. Drug Metab 

Dispos 48:698–707. 

Kim J, Basiri B, Hassan C, Punt C, van der Hage E, Besten C den, and Bartlett MG (2019) 

Metabolite Profiling of the Antisense Oligonucleotide Eluforsen Using Liquid 

Chromatography-Mass Spectrometry. Mol Ther Nucleic Acids 17:714–725. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

36 
 

Kim J-Y, Fluri DA, Marchan R, Boonen K, Mohanty S, Singh P, Hammad S, Landuyt B, 

Hengstler JG, Kelm JM, Hierlemann A, and Frey O (2015) 3D spherical microtissues and 

microfluidic technology for multi-tissue experiments and analysis. J Biotechnol 205:24–

35. 

Kirchmair J, Göller AH, Lang D, Kunze J, Testa B, Wilson ID, Glen RC, and Schneider G 

(2015) Predicting drug metabolism: experiment and/or computation? Nat Rev Drug Discov 

14:387–404. 

Kramlinger VM, Dalvie D, Heck CJS, Kalgutkar AS, O'Neill J, Su D, Teitelbaum AM, and 

Totah RA (2022) Future of biotransformation science in the pharmaceutical industry. 

Drug Metab Dispos 50:258–267. 

Kurita N, Ito T, Shimizu S, Hirata T, and Uchihara H (2014) Idiosyncratic liver injury 

induced by vildagliptin with successful switch to linagliptin in a hemodialyzed diabetic 

patient. Diabetes Care 37:e198-9. 

Li AP, Amaral K, and Ho M-CD (2018) A novel in vitro experimental system for the 

evaluation of enteric drug metabolism: Cofactor-supplemented permeabilized 

cryopreserved human enterocytes (MetMax™ cryopreserved human enterocytes). Drug 

Metab Lett 12:132–137. 

Li X-Q, Grönberg G, Bangur E-H, Hayes MA, Castagnoli N, and Weidolf L (2019) 

Metabolism of strained rings: glutathione s-transferase-catalyzed formation of a 

glutathione-conjugated spiro-azetidine without prior bioactivation. Drug Metab Dispos 

47:1247–1256. 

Li X-Q, Hayes MA, Grönberg G, Berggren K, Castagnoli N, and Weidolf L (2016) Discovery 

of a novel microsomal epoxide hydrolase-catalyzed hydration of a spiro oxetane. Drug 

Metab Dispos 44:1341–1348. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

37 
 

Liebig J (1829) Ueber die Säure, welche in dem Harn der grasfressenden vierfüssigen Thiere 

enthalten ist. Annalen der Physik und Chemie 17:389–399. 

Lipinski CA, Lombardo F, Dominy BW, and Feeney PJ (1997) Experimental and 

computational approaches to estimate solubility and permeability in drug discovery and 

development settings. Adv Drug Deliv Rev 23:3–25. 

Ma S and Subramanian R (2006) Detecting and characterizing reactive metabolites by liquid 

chromatography/tandem mass spectrometry. J Mass Spectrom 41:1121–1139. 

Matsumoto K, Hasegawa T, Ohara K, Kamei T, Koyanagi J, and Akimoto M (2021) Role of 

human flavin-containing monooxygenase (FMO) 5 in the metabolism of nabumetone: 

Baeyer-Villiger oxidation in the activation of the intermediate metabolite, 3-hydroxy 

nabumetone, to the active metabolite, 6-methoxy-2-naphthylacetic acid in vitro. 

Xenobiotica 51:155–166. 

McAleer CW, Pointon A, Long CJ, Brighton RL, Wilkin BD, Bridges LR, Narasimhan 

Sriram N, Fabre K, McDougall R, Muse VP, Mettetal JT, Srivastava A, Williams D, 

Schnepper MT, Roles JL, Shuler ML, Hickman JJ, and Ewart L (2019) On the potential of 

in vitro organ-chip models to define temporal pharmacokinetic-pharmacodynamic 

relationships. Scientific Reports 9:9619. 

McDougall R, Ramsden D, Agarwal S, Agarwal S, Aluri K, Arciprete M, Brown C, 

Castellanos-Rizaldos E, Charisse K, Chong S, Cichocki J, Fitzgerald K, Goel V, Gu Y, 

Guenther D, Habtemariam B, Jadhav V, Janas M, Jayaraman M, Kurz J, Li J, Liu J, Liu X, 

Liou S, Maclauchlin C, Maier M, Manoharan M, Nair JK, Robbie G, Schmidt K, Smith P, 

Theile C, Vaishnaw A, Waldron S, Xu Y, Zhang X, Zlatev I, and Wu J-T (2022) The 

Nonclinical Disposition and Pharmacokinetic/Pharmacodynamic Properties of N-

Acetylgalactosamine-conjugated small interfering rna are highly predictable and build 

confidence in translation to human. Drug Metab Dispos 50:781–797. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

38 
 

McKinzie DL, Winneroski LL, Green SJ, Hembre EJ, Erickson JA, Willis BA, Monk SA, 

Aluise CD, Baker TK, Lopez JE, Hendle J, Beck JP, Brier RA, Boggs LN, Borders AR, 

Cocke PJ, Garcia-Losada P, Lowe SL, Mathes BM, May PC, Porter WJ, Stout SL, Timm 

DE, Watson BM, Yang Z, and Mergott DJ (2021) Discovery and early clinical 

development of ly3202626, a low-dose, cns-penetrant bace inhibitor. J Med Chem 

64:8076–8100. 

Migliorati JM, Liu S, Liu A, Gogate A, Nair S, Bahal R, Rasmussen TP, Manautou JE, and 

Zhong X-B (2022) Absorption, Distribution, Metabolism, and Excretion of US Food and 

Drug Administration-Approved Antisense Oligonucleotide Drugs. Drug Metab Dispos 

50:888–897. 

Mizuno K, Takeuchi K, Umehara K, and Nakajima M (2019) Identification of novel 

metabolites of vildagliptin in rats: thiazoline-containing thiol adducts formed via cysteine 

or glutathione conjugation. Drug Metab Dispos 47:809–817. 

Mutlib A, Chen H, Shockcor J, Espina R, Chen S, Cao K, Du A, Nemeth G, Prakash S, and 

Gan LS (2000) Characterization of novel glutathione adducts of a non-nucleoside reverse 

transcriptase inhibitor, (S)-6-chloro-4-(cyclopropylethynyl)-4-(trifluoromethyl)-3, 4-

dihydro-2(1H)-quinazolinone (DPC 961), in rats. Possible formation of an oxirene 

metabolic intermediate from a disubstituted alkyne. Chem Res Toxicol 13:775–784. 

Omura T and Sato R (1962) A new cytochrome in liver microsomes. J Biol Chem 237:1375–

1376. 

Ott G, Havemeyer A, and Clement B (2015) The mammalian molybdenum enzymes of 

mARC. J Biol Inorg Chem 20:265–275. 

Pähler A and Brink A (2013) Software aided approaches to structure-based metabolite 

identification in drug discovery and development. Drug Discovery Today: Technologies 

10:e207-e217. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

39 
 

Pike A, Williamson B, Harlfinger S, Martin S, and McGinnity DF (2020) Optimising 

proteolysis-targeting chimeras (PROTACs) for oral drug delivery: a drug metabolism and 

pharmacokinetics perspective. Drug Discov Today 25:1793–1800. 

Pinheiro PF, Pereira SA, Harjivan SG, Martins IL, Marinho AT, Cipriano M, Jacob CC, 

Oliveira NG, Castro MF, Marques MM, Antunes AMM, and Miranda JP (2017) 

Hepatocyte spheroids as a competent in vitro system for drug biotransformation studies: 

nevirapine as a bioactivation case study. Arch Toxicol 91:1199–1211. 

Race AM, Sutton D, Hamm G, Maglennon G, Morton JP, Strittmatter N, Campbell A, 

Sansom OJ, Wang Y, Barry ST, Takáts Z, Goodwin RJA, and Bunch J (2021) Deep 

learning-based annotation transfer between molecular imaging modalities: an automated 

workflow for multimodal data integration. Anal Chem 93:3061–3071. 

Ramalingam SS, Parise RA, Ramanathan RK, Ramananthan RK, Lagattuta TF, Musguire LA, 

Stoller RG, Potter DM, Argiris AE, Zwiebel JA, Egorin MJ, and Belani CP (2007) Phase I 

and pharmacokinetic study of vorinostat, a histone deacetylase inhibitor, in combination 

with carboplatin and paclitaxel for advanced solid malignancies. Clin Cancer Res 

13:3605–3610. 

Reilly CA, Ehlhardt WJ, Jackson DA, Kulanthaivel P, Mutlib AE, Espina RJ, Moody DE, 

Crouch DJ, and Yost GS (2003) Metabolism of capsaicin by cytochrome P450 produces 

novel dehydrogenated metabolites and decreases cytotoxicity to lung and liver cells. Chem 

Res Toxicol 16:336–349. 

Remmer H (1959) The acceleration of evipan oxidation and the demethylation of 

methylaminopyrine by barbiturates. Naunyn Schmiedebergs Arch Exp Pathol Pharmakol 

237:296–307. 

Ren L, Grina J, Moreno D, Blake JF, Gaudino JJ, Garrey R, Metcalf AT, Burkard M, 

Martinson M, Rasor K, Chen H, Dean B, Gould SE, Pacheco P, Shahidi-Latham S, Yin J, 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

40 
 

West K, Wang W, Moffat JG, and Schwarz JB (2015) Discovery of highly potent, 

selective, and efficacious small molecule inhibitors of ERK1/2. J Med Chem 58:1976–

1991. 

Rendić SP, Crouch RD, and Guengerich FP (2022) Roles of selected non-P450 human 

oxidoreductase enzymes in protective and toxic effects of chemicals: review and 

compilation of reactions. Arch Toxicol 96:2145–2246. 

Romero E, Jones BS, Hogg BN, Rué Casamajo A, Hayes MA, Flitsch SL, Turner NJ, and 

Schnepel C (2021) Enzymatic late-stage modifications: Better late than never. Angew 

Chem Int Ed Engl 60:16824–16855. 

Saravanakumar A, Sadighi A, Ryu R, and Akhlaghi F (2019) Physicochemical properties, 

biotransformation, and transport pathways of established and newly approved 

medications: a systematic review of the top 200 most prescribed drugs vs. the fda-

approved drugs between 2005 and 2016. Clin Pharmacokinet 58:1281–1294. 

Sawant-Basak A, Obach RS, Doran A, Lockwood P, Schildknegt K, Gao H, Mancuso J, Tse 

S, and Comery TA (2018) Metabolism of a 5HT6 antagonist, 2-methyl-1-

(phenylsulfonyl)-4-(piperazin-1-yl)-1h-benzodimidazole (sam-760): Impact of 

sulfonamide metabolism on diminution of a ketoconazole-mediated clinical drug-drug 

interaction. Drug Metab Dispos 46:934–942. 

Schadt S, Bister B, Chowdhury SK, Funk C, Hop CECA, Humphreys WG, Igarashi F, James 

AD, Kagan M, Khojasteh SC, Nedderman ANR, Prakash C, Runge F, Scheible H, 

Spracklin DK, Swart P, Tse S, Yuan J, and Obach RS (2018) A decade in the mist: 

learnings from investigations of drug metabolites in drug development under the 

"metabolites in safety testing" regulatory guidance. Drug Metab Dispos 46:865–878. 

Schadt S, Hauri S, Lopes F, Edelmann MR, Staack RF, Villaseñor R, Kettenberger H, Roth 

AB, Schuler F, Richter WF, and Funk C (2019) Are biotransformation studies of 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

41 
 

therapeutic proteins needed? scientific considerations and technical challenges. Drug 

Metab Dispos 47:1443–1456. 

Scheible H, Kraetzer F, Marx A, Johne A, and Wimmer E (2017) Metabolism of the mek1/2 

inhibitor pimasertib involves a novel conjugation with phosphoethanolamine in patients 

with solid tumors. Drug Metab Dispos 45:174–182. 

Schneider WJ and Vance DE (1979) Conversion of phosphatidylethanolamine to 

phosphatidylcholine in rat liver. Partial purification and characterization of the enzymatic 

activities. J Biol Chem 254:3886–3891. 

Shanu-Wilson J, Evans L, Wrigley S, Steele J, Atherton J, and Boer J (2020) 

Biotransformation: Impact and application of metabolism in drug discovery. ACS Med 

Chem Lett 11:2087–2107. 

Skottvoll FS, Hansen FA, Harrison S, Boger IS, Mrsa A, Restan MS, Stein M, Lundanes E, 

Pedersen-Bjergaard S, Aizenshtadt A, Krauss S, Sullivan G, Bogen IL, and Wilson SR 

(2021) Electromembrane extraction and mass spectrometry for liver organoid drug 

metabolism studies. Anal Chem 93:3576–3585. 

Strittmatter N, Richards FM, Race AM, Ling S, Sutton D, Nilsson A, Wallez Y, Barnes J, 

Maglennon G, Gopinathan A, Brais R, Wong E, Serra MP, Atkinson J, Smith A, Wilson J, 

Hamm G, Johnson TI, Dunlop CR, Kaistha BP, Bunch J, Sansom OJ, Takats Z, Andrén 

PE, Lau A, Barry ST, Goodwin RJA, and Jodrell DI (2022) Method To Visualize the 

Intratumor Distribution and Impact of Gemcitabine in Pancreatic Ductal Adenocarcinoma 

by Multimodal Imaging. Anal Chem 94:1795–1803. 

Takahashi RH, Grandner JM, Bobba S, Liu Y, Beroza P, Zhang D, and Ma S (2020) Novel 

homodimer metabolites of gdc-0994 via cytochrome p450-catalyzed radical coupling. 

Drug Metab Dispos 48:521–527. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

42 
 

Thompson RA, Isin EM, Li Y, Weidolf L, Page K, Wilson I, Swallow S, Middleton B, Stahl 

S, Foster AJ, Dolgos H, Weaver R, and Kenna JG (2012) In vitro approach to assess the 

potential for risk of idiosyncratic adverse reactions caused by candidate drugs. Chem Res 

Toxicol 25:1616–1632. 

Thompson RA, Isin EM, Ogese MO, Mettetal JT, and Williams DP (2016) Reactive 

Metabolites: Current and emerging risk and hazard assessments. Chem Res Toxicol 

29:505–533. 

Thomson RES, D'Cunha SA, Hayes MA, and Gillam EMJ (2022) Use of engineered 

cytochromes P450 for accelerating drug discovery and development. Adv Pharmacol 

95:195–252. 

Tyzack JD and Kirchmair J (2019) Computational methods and tools to predict cytochrome 

P450 metabolism for drug discovery. Chem Biol Drug Des 93:377–386. 

van den Anker J, Reed MD, Allegaert K, and Kearns GL (2018) Developmental changes in 

pharmacokinetics and pharmacodynamics. J Clin Pharmacol 58 Suppl 10:S10-S25. 

van Groen BD, Nicolaï J, Kuik AC, van Cruchten S, van Peer E, Smits A, Schmidt S, Wildt 

SN de, Allegaert K, Schaepdrijver L de, Annaert P, and Badée J (2021) Ontogeny of 

hepatic transporters and drug-metabolizing enzymes in humans and in nonclinical species. 

Pharmacol Rev 73:597–678. 

Vermeulen I, Isin EM, Barton P, Cillero-Pastor B, and Heeren RMA (2022) Multimodal 

molecular imaging in drug discovery and development. Drug Discov Today 27:2086–

2099. 

Villhauer EB, Brinkman JA, Naderi GB, Burkey BF, Dunning BE, Prasad K, Mangold BL, 

Russell ME, and Hughes TE (2003) 1-(3-hydroxy-1-adamantyl)aminoacetyl-2-cyano-(S)-

pyrrolidine: a potent, selective, and orally bioavailable dipeptidyl peptidase IV inhibitor 

with antihyperglycemic properties. J Med Chem 46:2774–2789. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

43 
 

Weidolf L and Covey TR (1992) Studies on the metabolism of omeprazole in the rat using 

liquid chromatography/ionspray mass spectrometry and the isotope cluster technique with 

34Someprazole. Rapid Commun Mass Spectrom 6:192–196. 

Wen B and Zhu M (2015) Applications of mass spectrometry in drug metabolism: 50 years of 

progress. Drug Metab Rev 47:71–87. 

Wu SY, Lopez-Berestein G, Calin GA, and Sood AK (2014) RNAi therapies: drugging the 

undruggable. Sci Transl Med 6:240ps7. 

Yin W, Mitra K, Stearns RA, Baillie TA, and Kumar S (2004) Conversion of the 2,2,6,6-

tetramethylpiperidine moiety to a 2,2-dimethylpyrrolidine by cytochrome P450: evidence 

for a mechanism involving nitroxide radicals and heme iron. Biochemistry 43:5455–5466. 

Yoo HH, Chung HJ, Lee J, Lee C-S, Kang MJ, and Kim D-H (2008) Enzymatic C-

demethylation of 1-2-(5-tert-butyl-1,3,4 oxadiazole-2-carbonyl)-4-fluoro-pyrrolidin-1-yl-

2-(2-hydroxy-1,1-dimethyl-ethylamino)-ethanone (LC15-0133) in rat liver microsomes. 

Drug Metab Dispos 36:485–489. 

Yu A-M, Ingelman-Sundberg M, Cherrington NJ, Aleksunes LM, Zanger UM, Xie W, Jeong 

H, Morgan ET, Turnbaugh PJ, Klaassen CD, Bhatt AP, Redinbo MR, Hao P, Waxman DJ, 

Wang L, and Zhong X-B (2017) Regulation of drug metabolism and toxicity by multiple 

factors of genetics, epigenetics, lncRNAs, gut microbiota, and diseases: a meeting report 

of the 21st International Symposium on Microsomes and Drug Oxidations (MDO). Acta 

Pharm Sin B 7:241–248. 

Zarembo JE, Douglas B, Valenta J, and Weisbach JA (1974) Metabolites of mitragynine. J 

Pharm Sci 63:1407–1415. 

Zhang C, Cho S, Napolitano JG, Russell D, Gu C, Deese A, Han C, Chen Y, and Ma S (2022) 

Elucidating the structure and cytochrome P450-mediated mechanism for novel metabolites 

of GDC-0575 in rats. Xenobiotica 52:219–228. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

44 
 

Zheng J, Xin Y, Zhang J, Subramanian R, Murray BP, Whitney JA, Warr MR, Ling J, 

Moorehead L, Kwan E, Hemenway J, Smith BJ, and Silverman JA (2018) 

Pharmacokinetics and disposition of momelotinib revealed a disproportionate human 

metabolite-resolution for clinical development. Drug Metab Dispos 46:237–247. 

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 18, 2023 as DOI: 10.1124/dmd.121.000744

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

45 
 

FOOTNOTES: 
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FIGURE LEGENDS 

Figure 1. In vivo conversion of hippuric acid to benzoic acid in horses first reported by Justus 

Von Liebig in 1829. 

Figure 2. Examples of ring formation, expansion and contraction reactions summarized in 

previous compilations A. Ring expansion B. Ring contraction C. New Ring Formation D. 

Dimerization. 

Figure 3. C-dealkylation of A. LC15-0133 B. Aplidine. 

Figure 4. Examples of reductive metabolism A. AO mediated reduction of neonicotinoid B. 

N-hydroxylamine reductase mediated reduction of ximelagatran.  

Figure 5. Conjugation reactions leading to unexpected metabolites A. Conversion of 

omeprazole to pyrdinymethylsulfenic acid and imidazolyl GSH conjugate B. Conversion of 

(R)-flunoxaprofen to (S)-flunoxaprofen-1-O-β-glucuronide C. Chain shortening of AZD6610.  

Figure 6. α-carbon oxidation of AZD7325 resulting in the formation of a cyclized metabolite 

M9. 

Figure 7. Formation of cyclized metabolite M464 from vildagliptin initiated by non-

enzymatic reaction with GSH. 

Figure 8. P450 mediated dimerization of GDC-0994. 

Figure 9. Metabolic pathways of GDC-0575 resulting in the formation of oxidized metabolite 

M12 and dimeric metabolite M17. 

Figure 10. Oxidative metabolism of 7-OH mitragynine followed by a semipinacol-like 

rearrangement resulting in the formation of a mitragynine pseudoindoxyl metabolite. 
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Figure 11. Biotransformation of 3-OH nabumetone leading to C-C bond cleavage via a 

Baeyer-Villiger oxidation.  

Figure 12. Metabolic pathways of AZD1979 catalyzed by epoxide hydrolase and GSH. 

Figure 13. Reductive cleavage reaction leading to the formation of benzene sulfenic acid from 

SAM-760. 

Figure 14. Reductive metabolism of tacrolimus resulting in the formation of hydroxy 

metabolite M1. 

Figure 15. Reduction of LY3202626 mediated by gut microbiota 

Figure 16. Reduction of vorinostat hydroxamic acid moiety to the corresponding amide 

metabolite by mitochondrial amidoxime reducing component. 

Figure 17. Involvement of pimasertib in lipid metabolism pathway resulting in the formation 

of phosphoethanolamine conjugate M554. 
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