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Abbreviations 

ADC, antibody drug conjugate; ADH/ALDH, alcohol dehydrogenase/aldehyde dehydrogenase; 

ADME, absorption, distribution, metabolism, and excretion; AKR, aldo-keto reductase; BMPFG, 

biotransformation, mechanisms, and pathways focus group; CLint, intrinsic clearance; CLp, 

plasma clearance; CBR, carbonyl reductase; CRO, contract research organization; CYP, 

cytochrome P450; DMPK, drug metabolism/pharmacokinetics; GSH, reduced glutathione; HLM, 

human liver microsomes, HPLC, high performance liquid chromatography; β-HSD, β-

hydroxysteroid dehydrogenase; ISSX, international society for the study of xenobiotics; LC-

MS/MS, liquid chromatography tandem mass spectrometry; MAO, monoamine oxidase; MIST, 

metabolites in safety testing; NIH, national institutes of health 4-OH-CTA, 4-

hydroxycrotonaldehyde; PK/PD, pharmacokinetics/pharmacodynamics; PROTAC, proteolysis 

targeting chimera; SAR, structure-activity relationship; t1/2, half-life. 
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Abstract 

Over the past decades, the number of scientists trained in departments dedicated to traditional 

medicinal chemistry, biotransformation and/or chemical toxicology have seemingly declined. 

Yet, there remains a strong demand for such specialized skills in the pharmaceutical industry, 

particularly within drug metabolism/pharmacokinetics (DMPK) departments. In this position 

paper, the members of the Biotransformation, Mechanisms, and Pathways Focus Group 

(BMPFG) steering committee reflect on the diverse roles and responsibilities of scientists trained 

in the biotransformation field in pharmaceutical companies and contract research organizations. 

The BMPFG is affiliated with the International Society for the Study of Xenobiotics (ISSX) and 

was specifically created to promote the exchange of ideas pertaining to topics of current and 

future interest involving the metabolism of xenobiotics (including drugs). The authors also delve 

into the relevant education and diverse training skills required to successfully nurture the future 

cohort of industry biotransformation scientists and guide them towards a rewarding career path. 

The ability of scientists with a background in biotransformation/organic chemistry to creatively 

solve complex drug metabolism problems encountered during research and development efforts 

on both small molecule or large molecular modalities is exemplified in five relevant case studies. 

Finally, the authors stress the importance and continued commitment to training the next 

generation of biotransformation scientists who are not only experienced in the metabolism of 

conventional small molecule therapeutics, but are also equipped to tackle emerging challenges 

associated with new drug discovery modalities including peptides, protein degraders and 

antibodies. 
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Significance Statement: Biotransformation and mechanistic drug metabolism scientists are 

critical to advancing chemical entities through discovery and development, yet the number of 

scientists academically trained for this role is on the decline. This position paper highlights the 

continuing demand for biotransformation scientists and the necessity to nurture creative ways to 

train them and guarantee the future growth of this field. 
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Introduction 

Graduate research activities involving mechanistic studies on xenobiotic toxicity invariably 

expose students to the field of drug metabolism, particularly in cases where xenobiotics are 

enzymatically bioactivated to electrophilic reactive metabolites that can covalently adduct to 

proteins and DNA and cause toxicity. Likewise, graduate students who receive their training in 

medicinal chemistry, not only learn the art of organic synthesis as applied to rational design and 

synthesis of enzyme substrates/inhibitors (or receptor agonists/antagonists) for structure-activity 

relationship (SAR) analyses, but also gain an appreciation for biochemical screening and drug 

metabolism through their graduate coursework and potentially hands-on experience in the 

laboratory. During their training, medicinal chemists are also taught to apply physical and 

mechanistic organic chemistry concepts (e.g., the concepts of valence electrons, resonance 

effects, acidity, nucleophilicity, electrophilicity, etc.) in rationalizing the biochemistry of 

enzyme-catalyzed reactions, and even understand the chemical basis for conversion of a 

substrate into product. To round off their research training, most medicinal chemistry and 

biotransformation/chemical toxicology students will acquire the skillset of handling analytical 

instrumentation (HPLC, mass spectrometry, and/or NMR spectroscopy) to support their research 

projects (e.g., purification and characterization of their synthetic target compounds, biochemical 

assays to study xenobiotic metabolism, etc.). A common entry point for these graduates in a 

pharmaceutical company is in a laboratory-based role within specialized biotransformation 

groups supporting metabolite identification needs for drug discovery and development. Such 

groups largely exist across medium-to-large size pharmaceutical companies and contract 

research organizations (CROs). Medium-to-large size pharmaceutical companies can be loosely 

defined as organizations involved in drug discovery and early to late-stage clinical development 
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and have significant clinical, manufacturing, marketing, and commercial activities with a sizable 

workforce. It is not uncommon for companies to compete to identify, and successfully hire, 

candidates who can perform biotransformation-focused studies in support of drug discovery and 

development, which highlights the need for increased academic preparation that emphasizes the 

constellation of skills and knowledge described above. In this position paper, the members of the 

Biotransformation, Mechanisms, and Pathways Focus Group (BMPFG) steering committee, 

affiliated with the International Society for the Study of Xenobiotics (ISSX), aim to 1) use key 

examples to highlight the importance of biotransformation scientists in advancing drug 

candidates to the clinic at every stage of drug development, including their role in the ever-

changing landscape of new drug modalities, 2) provide an overview on the different industry 

career choices available including the role of drug hunter, 3) emphasize the key skills desired to 

be successful and 4) summarize the challenges and opportunities to ensure the future growth and 

prosperity of biotransformation science. 

Key Examples of Biotransformation Support for Small Molecules, and New 

Modalities, in Drug Discovery and Development  

Drug discovery  

Biotransformation scientists play a crucial role in the optimization of the absorption, distribution, 

metabolism, and excretion (ADME) attributes at both the hit-to-lead and lead-to-candidate 

identification phases of preclinical drug discovery. Extensive metabolism of early chemical 

hits/leads, which is reflected by a high metabolic intrinsic clearance (CLint) in substrate depletion 

assays utilizing liver microsomes and/or hepatocytes from animals and humans, is a frequent 

liability encountered in early drug discovery programs. In vivo, this trait usually manifests in the 
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form of high plasma clearance (CLp), short elimination half-life (t1/2), and poor oral 

bioavailability arising from extensive first pass metabolism of the chemical hits/leads along the 

gastrointestinal tract and liver by oxidative (e.g., CYP) and conjugative metabolism (e.g., uridine 

glucuronosyl transferases and sulfotransferases) (Lin and Lu, 1997).
 
Medicinal chemistry tactics 

to modulate the lipophilicity and/or incorporate structural features that render metabolically 

labile compounds resistant to metabolism requires both intellectual and experimental assistance 

from biotransformation scientists and subject matter experts alike. In a drug discovery setting, 

biotransformation scientists work closely with medicinal chemistry designers and discovery 

DMPK representatives to gain a comprehensive understanding of the issues (e.g., high metabolic 

CLint in intestinal or liver microsomes, disconnect in in vitro-in vivo-correlation for CLp in 

animals (Hosea et al., 2009), disconnect in CLint between liver microsomes versus hepatocytes, 

(Di et al., 2012)  etc.) plaguing the chemical series, and are able to propose and execute targeted 

metabolite identification studies to assess the underlying cause(s).  

Oftentimes, biotransformation scientists are able to accurately predict the major sites of 

metabolism and even provide some insights into the metabolizing enzymes involved, even before 

the experiment is conducted. First, they tend to rationalize ADME data using chemical intuition, 

much to the liking of their medicinal chemistry colleagues. An example of this behavior is the 

prospective prediction of metabolic soft spots (and the drug metabolizing enzymes involved) 

through visual inspection of chemical structures, which is eventually backed with experimental 

data. In other cases, using their drug metabolism knowledge base, they are able to predict the 

potential for oxidative metabolism catalyzed by CYP enzymes versus non-CYP enzymes (e.g., 

MAO, aldehyde oxidase, flavin monooxygenases, etc.), and focus their efforts towards targeted 

studies. This is an important aspect in drug design because the data allows medicinal chemists to 
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choose the right biochemical system (e.g., liver microsomes for CYPs and flavin 

monooxygenases, hepatocytes for aldehyde oxidase and MAO, etc.) for optimization of 

metabolic stability. Given their passion for chemistry and chemical structures, such individuals, 

when faced with ADME issues in their programs, are often times able to rationalize (and 

potentially propose a solution) via the efficient use of published information on analogous 

structures (or sub-structures). Finally, depending on their understanding of pharmacology SAR 

trends in a discovery program, they are also able to pinpoint potentially active metabolites based 

on metabolite identification studies on lead compounds.  

Metabolite identification studies are designed with a specific issue, to be studied, in mind, 

and typically involve incubations of test compounds in cryopreserved hepatocytes, microsomal 

and S9 fraction from the small intestine, liver, lung, and/or kidney supplemented with the 

appropriate co-factors, plasma, blood, etc. Components from in vitro incubations are separated 

using LC-MS/MS, followed by the use of MS/MS fragmentation to gain insights into the 

structures of the metabolite(s) formed.  

The biotransformation data guides medicinal chemists in the rational design of follow-up 

compounds, wherein strategic replacements (e.g., incorporation of metabolically stable 

substituents, introduction of polarity, increased rigidity, etc.) are introduced in lieu of the 

metabolically labile functional groups and the SAR for primary pharmacology and metabolic 

liability is reevaluated in an iterative fashion (Cerny et al., 2020; Shanu-Wilson et al., 2020).  

Optimization of Metabolic Stability: An example of such metabolism-guided drug discovery 

efforts is evident with the published account on N-arylsulfonamide-based γ-secretase inhibitors 

(Figure 1) (Stepan et al., 2011). Initial metabolite identification studies demonstrated that the 

principal cause for the high metabolic CLint for the lead γ-secretase inhibitor 1 in NADPH-
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supplemented human liver microsomes (HLM) was due to extensive oxidations on the pendant 

cyclohexyl ring in a CYP3A4-dependent fashion. Reduction in molecular size and introduction 

of polarity were used as standard medicinal chemistry tactics to address the metabolic liability. 

Reduction in ring size (cyclohexyl 1 → cyclobutyl 4) did not lead to a reduction in HLM CLint, 

and concomitantly generated metabolite identification data revealed that the cyclobutyl ring in 4 

was the primary site of oxidation, in a manner similar to 1. Replacement of the cycloalkyl ring 

with corresponding cyclic ether (tetrahydropyrans) variants (compounds 2 and 3) only nominally 

reduced CLint (compound 3) with oxidative metabolism occurring on the carbons α to the ether 

oxygen to afford hemiacetal derivatives as metabolites. Simultaneously decreasing ring size and 

inserting oxygen yielded oxetane derivatives (compounds 5 and 6) with significant reductions in 

HLM CLint. Interestingly, placement of the oxygen furthest from the ring position linked to the 

rest of the molecule yielded compound 6 with the lowest CLint value in HLM. As such, all 

structural modifications to the cycloalkyl ring resulted in analogs that retained potency against 

the γ-secretase enzyme. The functional group changes introduced in the chemical series represent 

some empirically conceived insights regarding attenuating CYP-catalyzed metabolism by 

decreasing lipophilicity and reducing the size of cycloalkane rings, which coupled with 

metabolite identification studies offered a powerful approach in the near candidate quality design 

of γ-secretase inhibitors for the treatment of Alzheimer’s disease. 

Identification of Bio-reactive Metabolites: Apart from optimization of metabolic clearance and 

oral absorption, biotransformation studies are pivotal in assessing the metabolic activation 

(bioactivation) potential of hit/lead chemical entity to reactive metabolites, which can be a 

causative factor in certain toxicological outcomes associated with the parent precursors 

(Kalgutkar, 2020; Park et al., 2011). Because of the inability to predict and quantify the risk of 
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toxicity arising from bioactivation, most pharmaceutical companies will trend towards 

elimination or considerable minimization of this liability in clinical candidates. 

Biotransformation scientists assist in these activities by incubating test compounds in simple 

biochemical systems such as NADPH-supplemented HLM in the presence of a nucleophilic 

trapping agent (e.g., reduced glutathione (GSH)), followed by LC-MS/MS analysis of the 

incubation mixtures to detect the presence of adducts derived from the trapping of electrophilic 

metabolites by the included nucleophilic trap. Characterization of the adduct structure provides 

insights into the structure of the reactive species, and a mechanistic proposal for its formation. 

The information is then used by medicinal chemists to modify the structural features of the 

reactive metabolite positive compounds in order to eliminate the bioactivation liability 

(Kalgutkar, 2020). In practice, however, this activity is not trivial; medicinal chemistry solutions 

to eliminate bioactivation potential could result in an unfavorable effect on primary 

pharmacology and/or ADME attributes. Thus, tactics to eliminate the formation of reactive 

metabolites is an iterative process, the success of which is dependent on a close working 

relationship between biotransformation scientists and medicinal chemists. 

An example where biotransformation studies were important in resolving bioactivation 

liabilities is evident with a series of electron-rich 5- aminooxindole-based inhibitors (e.g., 

compound 7, Figure 2) of the proline-rich tyrosine kinase 2 enzyme (Walker et al., 2008). The 

first step in this exercise was the visual recognition of the diaminophenyl structural alert, which 

is susceptible to a CYP-mediated two-electron oxidation to yield a reactive quinone-diimine 

species (Kalgutkar, 2020). Targeted studies to analyze the bioactivation potential of 7 via this 

pathway involved incubations in NADPH- and GSH-supplemented HLM, followed by LC-

MS/MS analysis of the incubation mixtures for metabolites (including reactive metabolites 
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trapped by GSH). Mass spectral analysis revealed the formation of the GSH adduct 9, which is 

derived from addition of GSH to the electrophilic quinone-diimine intermediate 8 (Figure 2). The 

process of bioactivation with 7 was also accompanied by potent time- and NADPH-dependent 

inactivation of human CYP3A4 enzyme activity in HLM. In response to these observations, 

medicinal chemists introduced electron-deficient aniline ring substituents as five-membered 

lactam ring replacements, which led to compounds such as 10−13 that did not yield reactive 

species (inferred from the lack of formation of GSH adduct in metabolite identification studies), 

and did not cause CYP3A4 inactivation. In addition, analogs 10–13 demonstrated potent and 

selective inhibition of the kinase and metabolic stability in HLM, which was similar or greater 

than the corresponding 5-aminooxindole derivatives such as 7. 

Lead Diversification: An example of how biotransformation studies proved critical in the 

expansion of the primary pharmacology SAR is evident from the work of Lall et al. (2020), 

where the authors exploited the complex biochemical reactions that can be performed by 

oxidizing enzymes for diversification of hit/lead chemical series. Original small molecule 

hits/leads were incubated with a battery of recombinant mammalian and bacterial CYP enzymes, 

liver microsomes, or microbes to biochemically generate mixtures of products in a single step 

that would otherwise be very labor-intensive to prepare by traditional synthetic chemistry 

approaches. Electrochemical methods and biomimetic metalloporphyrin oxidation catalysts were 

also employed to chemically synthesize mixtures of structurally diverse products. Using the 

antihistamine loratadine as an example, over 10 unique products were generated from a 

combination of biochemical and chemical methods. These products were isolated in pure form 

and initially characterized via ultrahigh performance liquid chromatography-MS, followed by an 

unambiguous determination of structures and concentrations (in solution) by microcryoprobe 
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quantitative NMR (Walker et al., 2014). The isolated compounds were subjected to in vitro 

pharmacological testing and also yielded sufficient product for in vitro assessment of relevant 

ADME parameters such as passive permeability and hepatic CLint. In vitro pharmacological 

(histamine H1 receptor agonist activity) testing of the biochemically/chemically generated 

loratadine analogues revealed that four possessed greater affinity for the human histamine H1 

receptor, while five analogues showed a less than two-fold decrease in affinity, relative to 

loratadine. The availability of in vitro pharmacology and ADME data can allow a drug discovery 

team to weigh the pros and cons for a given set of lead compounds generated by these methods, 

and subsequently decide whether to invest in the scaling-up of compound synthesis for further 

testing. This work represents a novel role for traditional biotransformation scientists, whose 

function historically has been to characterize the metabolism of lead compounds, not to generate 

new ones. It also exemplifies how the synergy of organic chemistry, analytical chemistry, and 

biochemistry (all highly-valued skill sets for a biotransformation scientist) in small molecule lead 

diversification benefits teams by allowing them to rapidly probe previously unexplored chemical 

space. 

Drug development  

As investigational drug candidates progress through the various phases of clinical development, 

a thorough characterization of their metabolic pathways in animals and humans, with detailed 

knowledge of the drug metabolizing enzymes responsible for the metabolic elimination in 

humans, is required to address the potential for pharmacokinetic drug interactions and 

toxicological safety concerns. Given the regulatory importance of these studies, human 

ADME/mass balance activities are generally considered to be an important responsibility of a 

biotransformation scientist in medium-to-large pharmaceutical companies.  
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Characterization of metabolites and metabolic pathways in the development phase is an 

extension of the fit-for-purpose metabolism work conducted with unlabeled compounds in the 

discovery phase to support candidate nomination. Studies in the development phase are usually 

conducted with radiolabeled (
3
H or 

14
C) compounds in in vitro systems (e.g., liver microsomes 

and hepatocytes from human and animals used for safety studies), and in vivo matrices (plasma, 

urine, and feces) following administration of the radiolabeled compound to animals and humans 

as part of mass balance/metabolite identification studies needed for regulatory filing for a new 

therapeutic agent (Penner et al., 2009; White et al., 2013). Metabolism studies with radiolabeled 

material enable the quantitative assessment of metabolites that are formed under in vitro 

conditions, as well as in vivo (e.g., metabolites in circulation in plasma or present in excreta from 

animals and humans). Biotransformation scientists also assist radiochemists in identifying 

metabolically stable regions for incorporation of the radiolabel, since they possess a working 

knowledge on the metabolically labile sites of an investigational drug, which is acquired during 

the discovery phase.   

Characterization of metabolites in biological fluids, particularly in circulation, require that a 

biotransformation/metabolism scientist possess appropriate analytical skills (operation of LC-

MS/MS instrumentation), and is well-versed in the interpretation of mass spectral fragmentation 

patterns and potentially one- and two-dimensional NMR (
1
H or 

14
C) data to elucidate metabolite 

structures. While most metabolites can be (or are) identified in a discovery setting, there will be 

instances where disproportionate (metabolite area-under-the-plasma concentration vs. time curve 

exceeding 10% of the total drug-related material) or potentially human-unique metabolites are 

detected in human plasma, and will require subsequent qualification in plasma samples from 

animal toxicology studies as per the metabolites in safety testing (MIST) guidance issued by the 
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regulatory agencies (Schadt et al., 2018). In the case of major metabolites (observed in vitro 

incubations and/or in circulation in animals and human), particularly ones observed from 

oxidative metabolism, accessing their corresponding authentic synthetic standards is important, 

since it allows additional insights into their contribution to the primary pharmacology 

(biologically active metabolites) as well as off-target (change in selectivity against receptor or 

enzyme sub-types, undesired activity for human ether-a-go-go gene product and other ion 

channels, etc.) and drug-drug interaction (potential to inhibit or induce human drug metabolizing 

enzymes such as CYPs) profiles (Yeung et al., 2011; Yu and Tweedie 2013; Yu et al., 2015). 

While most oxidative metabolite standards can be synthesized by medicinal chemists once the 

structure has been established, there will be instances where synthesis may prove difficult due to 

regiochemical or steric considerations in the vicinity of the site prone to oxidation. In such cases, 

authentic metabolite standards can also be generated by biotransformation scientists through 

scaled-up incubations of the parent compounds in matrices such as microsomes or hepatocytes. 

The enzymatically generated metabolites are isolated and purified by preparative HPLC, and are 

unambiguously characterized by LC-MS/MS and often times in a quantitative fashion utilizing 

NMR spectroscopy (Walker et al., 2014).  

Human Mass Balance/ADME Studies: Metabolism studies on ozanimod, a potent sphingosine 1-

phosphate antagonist recently approved to treat relapsing multiple sclerosis and ulcerative colitis, 

illustrate the importance of biotransformation science in the development space. Preliminary 

metabolite identification studies on unlabeled ozanimod in a discovery setting led to the 

identification of three metabolites (RP101988, RP101075 and RP101442, Figure 3), all of which 

retained primary pharmacology. Rate-limiting steps in the formation of the three metabolites 

were mediated via CYP and a combination of alcohol dehydrogenase/aldehyde dehydrogenase 
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(ADH/ALDH) enzymes. However, a subsequent human mass balance/ADME study with 
14

C-

ozanimod (1 mg) revealed a more complex picture (Surapaneni et al., 2021). Ozanimod was 

extensively metabolized via de novo metabolic pathways catalyzed by multiple non-CYP 

enzymes, including MAO B, carbonyl reductases (CBR), aldo-keto reductase (AKR), β-

hydroxysteroid dehydrogenases (β-HSD) (Figure 3) (Bai et al., 2021; Surapaneni et al., 2021).  

Moreover, ozanimod also underwent reductive metabolism in the gut microflora, which led to 

cleavage of its oxadiazole ring and the eventual formation of the corresponding benzoic acid 

metabolite (RP101124) (Surapaneni et al., 2021).   

Of particular interest were the circulating metabolites of ozanimod. The plasma profile 

revealed the presence of two major circulating metabolites, an active indanone derivative 

(CC112273) and the inactive benzoic acid metabolite RP101124, which collectively constituted 

~ 50% of the total circulating radioactivity. Metabolite CC112273 accounted for 33% of 

radioactivity after a single oral dose of 
14

C-ozanimod and more importantly, had a long 

circulating t1/2 of ~10 days. Thus, following multiple oral doses, CC112273 accumulated leading 

to ~73% of the total active drug exposure on the final day of dosing. Furthermore, comparison of 

CC112273 exposures in human and preclinical species used for toxicological assessments 

suggested significant interspecies differences in its formation/elimination and led to MIST issues 

that had to be resolved. Given the disproportionate nature of its formation in humans, CC112273 

warranted further characterization with regards to its origins. Systematic enzyme reaction 

phenotyping studies revealed that CC112273 was formed sequentially via conversion of 

ozanimod to the indaneamine metabolite, RP101075 via CYP3A4-mediated N-dealkylation of 

the hydroxyethyl side chain followed by subsequent MAO B catalyzed oxidative deamination 

leading to the corresponding indanone.  To characterize the involvement of gut microflora in the 
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formation of RP101124, ozanimod was incubated with fresh rat fecal material collected from 

vehicle dosed rats or those that were treated with antibiotics under anerobic conditions. The lack 

of RP101124 in feces from antibiotic treated rats confirmed the role of gut bacteria in its 

formation. Another circulating metabolite worth mentioning was the indanol derivative, 

CC1084037. Although this metabolite accounted for ~6% of the circulating radioactivity 

following a single oral dose of ozanimod to humans, the metabolite was involved in the redox 

cycling with equilibrium in favor of CC112273. Systematic studies using inhibitors and 

recombinant enzymes indicated that CBR was the primary enzyme, which catalyzed the 

reduction of CC112273 to CC1084037. Further assessment of disposition of CC1084037 

suggested that this metabolite was rapidly oxidized in human hepatocytes and human liver 

subcellular fractions (cytosol and microsomes) and this oxidation was catalyzed by non-CYPs, 

including AKR1C1, AKR1C2, 3β-HSD and 11β-HSD (Surapaneni et al., 2021). As such, this 

case study exemplifies the need to conduct human ADME studies in a timely fashion to assess 

mass balance and quantitatively identify metabolites to assess compliance with MIST. In 

addition, the complex metabolism observed with ozanimod emphasizes the importance of in-

depth knowledge in the areas of organic chemistry and enzymology that are required for 

biotransformation studies in the development space. 

Preclinical Safety Studies: The importance of a biotransformation scientist’s skills within drug 

development can additionally be illustrated by a case study with Empagliflozin (Jardiance®).  

Empagliflozin (Figure 4) is a selective inhibitor of the sodium-dependent glucose transporter 2  

currently approved for the treatment of patients with Type 2 diabetes mellitus and cardiovascular 

disease.  During late-stage development of empagliflozin, results from a 2-year carcinogenicity 

study in CD-1 mice indicated a statistically significant increase in the incidence of renal tubular 
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adenomas and carcinomas in only the male mice at the highest dose level (1,000 mg/kg/day).  

Several company-wide strategies were employed to investigate the mechanism and causality of 

carcinogenesis, including a DMPK-based ADME and biotransformation approach to interrogate 

the localized carcinogenic finding within the kidneys of male mice. (Taub et al., 2015) 

Following administration of 1,000 mg/kg [
14

C]empagliflozin to male and female CD-1 mice,  

plasma exposure and fecal excretion of empagliflozin did not display sex-based differences; 

however, empagliflozin urinary excretion was ~12-fold higher in female mice compared to male 

mice.  This phenomenon provided the first clue leading to the hypothesis that sex-based 

differences in empagliflozin clearance could be a determining factor in formation of renal tumors 

in male mice.  Subsequently, several in vitro studies were conducted to investigate the potential 

for sex-specific differences in empagliflozin metabolism utilizing male and female CD-1 mouse 

kidney microsomes. A cyclic hemiacetal metabolite (referred to as M466/2, Figure 4) was 

predominantly formed in males by a factor of 22-fold (Figure 5) compared to females.  Cyclic 

hemiacetal structures are inherently unstable and are in equilibrium with their corresponding 

aldehyde forms.  Although not the predominant isomer in equilibrium, the M466/2 aldehyde was 

hypothesized to undergo a base or acid catalyzed retro-Michael addition to produce the 

corresponding phenol metabolite (M380) and 4-hydroxycrotonaldehyde (4-OH-CTA) (Figure 4).  

4-OH-CTA is a Michael acceptor which reacts with nucleophilic sites on DNA and proteins, 

leading to covalent adduct formation and toxicity.  Key metabolite trapping studies with 

[
3
H]GSH, demonstrated the formation of the 4-OH-CTA-[

3
H]GSH adduct, thus providing 

credence to the reactive metabolite hypothesis and rationale for the carcinogenicity observed 

only in male mouse kidneys.  Moreover, 4-OH-CTA was shown to be cytotoxic to mouse renal 

tubule cells in vitro and is associated with renal injury, notably karyomegaly and single cell 
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necrosis (Smith et al., 2017). From this case example, a foundational knowledge of drug 

metabolism, biotransformation, and organic chemistry led to the discovery and root cause of 

carcinogenicity that was specifically identified in male mice kidneys. 

Biotransformation Studies to Support Development of New Modalities.  

While embracing the evolving therapeutic landscape, biotransformation scientists have expanded 

their roles and responsibilities beyond conventional small molecules. These extended roles are 

the result of the increasing interest in understanding biotransformation of new modalities such as 

PROTACs, peptides, oligonucleotides, antibodies, proteins, and antibody-drug conjugates 

(ADCs). Similar to conventional small molecule drugs, medium to large molecules are also 

subject to biotransformation, resulting in catabolites/metabolites that affect clearance, 

pharmacology, toxicology, and increase the immunogenic potential. Common biotransformation 

pathways of medium/large molecules include isomerization and glycation of proteins and 

antibodies, oxidation of peptides, proteins, and antibodies, deamidation and truncation/clipping 

of peptides, proteins, and oligonucleotides, payload metabolism, and deconjugation of ADCs (He 

et al., 2017; Wei et al., 2018; Kaur et al., 2020; Weidolf et al., 2021). For example, givosiran, a 

small interfering RNA (siRNA) is susceptible to nucleases, glycosidases, and amidases which 

results in truncation and removal of GalNAc and loss of linkers, respectively (Li et al., 2021). 

Peptides can be susceptible to CYP oxidation (e.g., cyclosporin) and/or undergo hydrolysis (e.g., 

leuprorelin and cetrorelix) via peptidases (Jyrkas and Tolonen 2021). Proteins and antibodies can 

undergo isomerization (e.g., aspartic acid to isoaspartic acid) and deamidation (e.g., conversion 

of asparagine to a mixture of aspartic acid and isoaspartic acid), in addition to the typical 

hydrolytic process. These degradation reactions can raise concerns if the liability is in the 

complementary determining regions and impacts the binding affinity and biological activity 
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against the target (Vlasak et al., 2009; Bults et al., 2016). ADC biotransformation including 

payload metabolism, linker deconjugation, and sequential payload release has played a key role 

in guiding ADC design and optimization (Ma et al., 2016; Su et al., 2016; Su et al., 2018; Zhang 

et al., 2018). Optimization of ADCs aims to reduce undesired payload metabolism and linker 

deconjugation in circulation and improve effective payload release following linker 

deconjugation/immolation in tumors (Su et al., 2021).   

Given the distinct features of larger molecules compared to small molecules, different 

expertise and techniques are required for biotransformation scientists to perform large molecule 

biotransformation studies. Knowledge of nucleases and peptidases is the foundation for 

understanding biotransformation of large molecules. In order to eliminate signal interference 

from biological matrices (e.g., proteins in plasma and tissue), biotransformation specialists spend 

considerable effort optimizing sample extraction conditions. Protein precipitation and solid phase 

extraction are often used for peptides and oligonucleotides while immunoaffinity purification is 

favored for proteins, antibodies, and ADCs (Fung et al., 2016; Donnelly et al., 2019).  Having an 

expertise in separation science using HPLC or capillary electrophoresis, which can be coupled 

with mass spectrometry for biotransformation work, is also beneficial in this field (Han et al., 

2021). High resolution MS is highly recommended for elucidating complex biotransformation 

and sites of metabolism of large molecules (Wagner-Rousset et al., 2014; Su et al., 2016; Su et 

al., 2018). LC-MS/MS methods are typically used for accurate quantitation of 

catabolites/metabolites (Bults et al., 2016; Lui et al., 2018; Wei et al., 2018)  

A noteworthy example of leveraging the utility of biotransformation insights to guide science 

in the disposition optimization of large molecule modalities is evident in the ADC field. 

Biotransformation studies play a critical role in understanding the mechanism of action and 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 17, 2021 as DOI: 10.1124/dmd.121.000658

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD-MR-2021-000658 
 

21 
 

PK/PD relationships of ADCs and the challenge of asymmetric disposition in plasma vs. tumor 

tissue given the target-mediated uptake nature and different metabolizing enzymes in plasma and 

tumor cells.  Therefore, it is important to identify the relevant drug-related analyte to rationalize 

efficacy profiles. For example, two close analogs of pyrrolo[2,1-c][1,4]benzodiazepine-dimer 

(PBD) site-specific THIOMAB
TM

 ADCs with cyclobutyl (ADC 1) versus cyclopropyl (ADC 2) 

hindered disulfide linkers (Figure 6) showed dramatic difference in efficacy in mice (Ma et al., 

2016). ADC 1 was efficacious in mice while ADC 2 was not despite similar stability of the two 

ADCs in circulation. Detailed examination of the tumor tissue samples revealed that that ADC 1 

resulted in effective intratumoral payload (free PBD dimer) concentration while ADC 2 

produced only the inactive linker-payload that did not bind to DNA. In vitro mechanistic studies 

revealed that effective payload release from ADC 1 occurred through self-immolation following 

linker cleavage, which was in contrast to the lack of self-immolation or payload release from 

ADC 2. In this case study, biotransformation studies were critical in identifying the relevant 

analyte intratumoral payload and quantitative measure of the concentrations provided insights 

into the pharmacokinetics/pharmacodynamics, which rationalized the observed efficacy profiles 

(Zhang et al., 2018). Consequently, a comprehensive strategy of balancing ADC stability in 

circulation and payload release in tumor was established for optimal ADC design and efficacy on 

the basis of linker-payload driven metabolism insights. 

Career Options for Biotransformation Scientists in the Pharmaceutical 

Industry 

Medium-to-large pharmaceutical organizations. In the early stages of their industrial careers, 

most biotransformation scientists are involved in the design, execution, interpretation, and 

communication of metabolite identification data from in vitro (or in vivo) matrices in support of 
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both conventional small molecule therapeutics and large molecule modalities. Since information 

pertaining to the metabolism of chemical hits/leads is incorporated in the medicinal chemistry 

design process, specialized biotransformation scientists closely align with DMPK counterparts 

and medicinal chemists to support drug discovery projects. As new hires, scientists also acquire 

new skills (e.g., operation of state-of-the-art bioanalytical instrumentation, biosynthesis of 

metabolites, isotope labeling experiments, etc.) to support their routine activities, and gain 

familiarity with the organizational setup of the DMPK department and the 

discovery/development organization at large. With many companies showing an increased trend 

in the outsourcing of research and development activities, an array of new responsibilities for the 

biotransformation scientist has emerged that include interfacing with CRO partners to design 

outsourced metabolite identification studies and interpret and review resulting data.  

Career progression within medium-large companies for scientists with biotransformation 

expertise can follow multiple paths. Some choose to remain in their original trajectory, which 

specifically focuses on their biotransformation expertise. This path can lead to a role focused on 

providing biotransformation expertise within the organization, through an increased amount of 

time spent consulting with project teams on issues pertaining to drug metabolism, albeit likely 

with some reduction in time spent in the laboratory. Others may choose to pursue management 

responsibilities where structuring operations within the group and training new hires become a 

priority. A third path is the transition from a specialized biotransformation scientist role to a 

generalist role of a “drug hunter” by serving as the DMPK representative on drug discovery and 

development projects. The role and responsibilities of a DMPK “drug hunter” are elaborated on 

below.  
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Small pharmaceutical or biotechnology companies.  Small biotechnology companies (including 

academic drug discovery centers) with limited resources (financial and personnel) typically have 

minimal on-site laboratory capabilities to support research and development efforts. Thus, many 

lab-based activities, including DMPK efforts, are outsourced to CROs. To support this model, 

small companies tend to hire DMPK scientists with considerable amounts of relevant industry 

experience and a more generalized background in drug discovery to oversee all DMPK activities 

and carry out the roles and responsibilities of a DMPK “drug hunter”.  

Biotransformation Opportunities at CROs.  Owing to the rapid expansion of CROs, employment 

opportunities which are “science facing” are widespread and vary in the pre-requisite experience 

required. These may be based in scientific operations, quality assurance or client services. 

Furthermore, CROs have earned a reputation as employers of new graduates, and often have 

structured scientific graduate progression schemes to attract and nurture talent. The historical 

stance that a position within a CRO was often regarded as a steppingstone to another job is now 

obsolete; indeed many individuals have switched from careers in “large Pharma” to CROs where 

they also enjoy long and fulfilling careers within the industry.   

While the general role of biotransformation scientists in pharmaceutical companies and 

CROs is largely similar, one key difference is that the CRO may not have access to complete 

datasets (e.g., supporting information if additional work has been done elsewhere). Thus, the 

ability to problem solve and innovate with restricted information and present elegant solutions 

provides opportunity for ingenuity. The largely client agnostic nature of contract research raises 

a unique point, particularly in the field of biotransformation: CRO scientists are exposed to a 

large number and wide breadth of chemistries from a diversity of clients and industries. Setting 

aside contractual limitations related to intellectual property and competitor non-disclosure, CRO 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 17, 2021 as DOI: 10.1124/dmd.121.000658

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD-MR-2021-000658 
 

24 
 

scientists can leverage learnings from their exposure to these diverse chemical entities to 

accelerate project advancement. As such, CRO-based biotransformation scientists will also be 

exposed to the exact same repertoire of tools (e.g., biochemical matrices), tactics (e.g., chemical 

derivatization and isotope labeling to elucidate metabolite structures) and instrumentation (e.g. 

LC-MS/MS, NMR, etc.) as their large pharma counterparts towards the pursuit of drug 

metabolism studies. By combining an understanding of reaction mechanisms with the ability to 

interpret complex analytical datasets, the biotransformation chemist in a CRO can also be 

expected to present these data to a variety of audiences including colleagues, clients, internal 

partners, and regulatory authorities.  

Venturing into a “Drug Hunter” Role with a Biotransformation Background.  The dramatic 

reduction in clinical candidate attrition rates due to inadequate pharmacokinetics (Kola and 

Landis, 2004), which was largely achieved via the embedment of DMPK science/scientists in the 

early discovery process, is now a permanent fixture in virtually all pharmaceutical companies 

including start-up ventures. Consequently, an alternative career path evolved for scientists with 

medicinal chemistry/chemical toxicology background in the discovery DMPK realm as a “drug 

hunter” which exists in pharmaceutical companies and CROs of any size. In this role, DMPK 

scientists work in close collaboration with their counterparts from medicinal chemistry, 

pharmacology, toxicology, formulation sciences, etc. to support the progression of discovery 

projects from exploratory → lead development → clinical candidate identification/nomination, 

and hence the endowment of the title of “drug hunter”. Post-candidate nomination, several 

organizations have installed an operational model where the DMPK project representative 

continues to serve on the clinical development team. Thus, in addition to their drug discovery 

skills, discovery DMPK scientists also gain considerable exposure and hands-on experience 
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(e.g., the preparation of regulatory ADME documents in support of first-in-human clinical 

studies, etc.) in the development sphere, where they work hand-in-hand with representatives 

from clinical pharmacokinetics and clinical sciences groups, regulatory personnel, etc. 

Ultimately, what this translates to, is a well-rounded DMPK scientist with experience in both the 

discovery and development space.  

Unlike the role of a biotransformation scientist in discovery described above, the role of the 

“drug hunter” DMPK scientist is not laboratory based. Rather, they are scientific thinkers with 

the ability to integrate ADME data for new chemical entities from multiple sources, which is 

then used to scientifically justify (or deny) the progression of chemical hits/leads into viable 

clinical candidates. Because this activity requires a fair degree of complex data interpretation, 

presentation of ADME-related challenges, and appropriate risk mitigation strategies to project 

team members with diverse academic backgrounds (some with little to no understanding of 

ADME sciences), it is important that discovery DMPK scientists are efficient communicators of 

their science to a broad audience. Much of these “soft skills” are not directly taught in graduate 

schools; some individuals naturally possess these skills, while others master them over the years 

on the job.  

Having sound organic chemistry concepts instilled during graduate school training, with 

hands-on training in medicinal chemistry and/or chemical toxicology is an important weapon in 

the arsenal of a “drug hunter” for several reasons. Like their counterparts in biotransformation 

roles, DMPK scientists in the “drug hunter” roles can use their knowledge to predict metabolic 

soft spots, likely enzymes responsible for metabolism, and potentially active metabolites. 

However, to ensure a successful career in the drug discovery paradigm, chemistry-trained DMPK 

scientists will require adequate amount of training across multiple disciplines (e.g., use of 
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physicochemical parameters in medicinal chemistry design, high-throughput primary and 

secondary pharmacology screening, in vivo animal models of pharmacology, drug safety 

concepts, projection of human pharmacokinetics, etc.), and most importantly, in DMPK areas 

other than drug metabolism and biotransformation science. Amongst these, a fundamental 

understanding of pharmacokinetics concepts and related parameters is most essential since a 

considerable effort in preclinical drug discovery involves animal pharmacokinetics studies to 

support in vivo pharmacology and drug safety testing. Establishing a firm knowledge base on 

concepts pertaining to oral absorption (e.g., solubility, passive permeability, efflux, and first pass 

metabolism across the intestinal tract and liver) and distribution (e.g., plasma protein binding) is 

an equally important activity, which is needed to rationalize the output from preclinical 

pharmacokinetics studies.  

Consequently, scientists with biotransformation training hired directly from graduate 

education into these roles or those who work in a lab-based position before acquiring these roles 

will be required to undergo extensive training to master these skills “on the job”, usually via 

tutelage from senior colleagues and/or courses offered within companies or universities, 

specializing in pharmacokinetics. Historically, scientists with a strong academic background in 

pharmacokinetics and/or quantitative pharmacology disciplines have been generally preferred for 

the role of a discovery DMPK scientist, given the predictive nature of the science in this domain. 

Suffice it to say, individuals with a pharmacokinetics background have an equally steep learning 

curve mastering the concepts of organic chemistry and biotransformation/drug metabolism 

science as applicable to the drug discovery process.  

External disclosure of research work at all stages of the drug discovery/development process 

is generally encouraged in all pharmaceutical companies since such activities provides external 
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visibility for the scientific staff as well as the department and the company. Towards this end, 

biotransformation scientists in the development arena can have an edge over their discovery 

counterparts with regards to an opportunity to present and/or publish their research (e.g., 

disclosure of human and animal mass balance/metabolism studies) on investigational drug 

candidates, particularly those in advanced clinical development. Timely disclosure of preclinical 

discovery work (e.g., de novo medicinal chemistry tactics to resolve ADME issues) by discovery 

biotransformation scientists is contingent upon the initial disclosure of relevant intellectual 

property (e.g., filing of patents) surrounding the chemical matter and/or initial medicinal 

chemistry publications detailing pharmacology structure-activity relationships.  

Challenges, Opportunities, and Outlook for Future Training of 

Biotransformation Scientists 

Over the last few decades, a steady decline in the number of chemistry (or medicinal chemistry) 

departments in the United States (and globally) who trained those within the existing 

biotransformation community presents a challenge that will hinder recruitment of the future 

cohort of biotransformation scientists. The decline is partially due to shifts in research direction, 

lack of government grants/funding, and the retirement of several prominent faculty in the field 

who are considered pioneers of biotransformation science (MacCoss and Baillie, 2004). To add 

to this dilemma, biotransformation science has been inaccurately classified as a “mature” field 

with limited growth potential, and consequently, the projected need for training in this area 

diminished. The corresponding thought process that evolved is that academic departments would 

be best served by diversifying research training and reducing investment in biotransformation 

science.   
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Currently, the need for biotransformation scientists at all levels within the pharmaceutical 

industry is strong and a limited candidate pool results in competition to hire trained candidates.  

This need is further evident from an examination of recent drug approval trends in the US. For 

example, between 2016–2020, 228 novel therapeutics were approved by the US Food and Drug 

Administration, with conventional small molecule therapeutics constituting the majority (146, 

64%) of the new approvals.  The remainder of new approvals comprised of monoclonal 

antibodies (42, 18%), peptides (14, 6%), oligonucleotides (10, 4%) ADCs, (6, 3%), and other 

types of protein drugs (enzymes, fusion proteins, etc.) (10, 4%) (De La Torre and Albericio 

2017; 2018 De La Torre and Albericio 2020;2021). Moreover, examination of recent literature 

and press releases reveal clinical trials with several newer modalities such as protein degraders 

(Qi et al. 2021). Such new paradigm shifts from conventional small molecule therapeutics to the 

increasing use of peptides, ADCs, protein degraders, etc. has also opened new avenues for the 

next generation of biotransformation scientists who specialize in the biochemistry/enzymology, 

metabolism, and bioanalysis of complex modalities (e.g., peptides, oligonucleotides, etc.) during 

their graduate training. As an industry, we must commit to investigating the metabolism of these 

newer modalities with the high level of rigor that we apply to small molecules to ensure the 

continued development of safe and effective therapeutics.  

It is still, and will always be, possible to train biotransformation scientists in academia but it 

is increasingly challenging. Three systemic challenges contribute to this difficulty; the lack of 

support for funding purely drug metabolism or biotransformation research, the dearth of suitable 

NIH study sections with the expertise to review biotransformation-related grants, and the lack of 

commitment from federal institutes who consider biotransformation research more fit for 

industrial purposes than academia. To overcome some of these challenges with funding agencies, 
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biotransformation aims can be embedded as part of a larger project to investigate toxicity or 

health related drug concepts without being the main focus. For example, if the main focus of the 

study is to investigate the cardiotoxicity of tyrosine kinase inhibitors, then 

metabolism/bioactivation of tyrosine kinase inhibitors can be a sub-aim that will provide 

opportunities for trainees to study drug biotransformation. Another alternative could be a 

collaboration between industry DMPK groups and academic laboratories, wherein industry funds 

graduate students or post-doctoral fellows to work on topics of interest to the drug metabolism 

community. Such an activity could serve as fertile ground for training pre- and post-doctoral 

students in biotransformation science that benefits both parties. These opportunities are limited 

and are more common in departments and schools with close personal ties to industry. There is 

potential, however, to foster more of these collaborations through scientific societies such as 

ISSX.  

Another strategy for training is through engaging advanced undergraduate students in 

biotransformation research projects to motivate future interest in the field. Including drug 

metabolism in undergraduate chemistry or biochemistry curricula, providing guidance toward 

doctoral level training in the field, and encouraging exposure to industry DMPK scientists can all 

help garner future interest in biotransformation. While we do not anticipate the creation or 

conversion of new academic departments that are dedicated to biotransformation research, there 

are ample opportunities for interested students to carry undergraduate thesis research at various 

universities in the US and around the world. As we consider the heightened need for scientists 

with advanced training in biotransformation, especially with the emergence and prominence of 

new therapeutic modalities, future opportunities and employment outlook indicate the vital need 

to promote training and development within the biotransformation field.  
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Figure Legends 

Figure 1. Optimization of metabolic CLint for a series of N-arylsulfonamide-based γ-secretase 

inhibitors. Adapted from Cerny et al. (2020). 

Figure 2. Attenuating bioactivation liabilities with 5-aminooxindole-based PYK2 inhibitors. 

Adapted from Kalgutkar (2020). 

Figure 3. Metabolism of ozanimod in humans. Adapted from Surapaneni et al. (2021). 

Figure 4. Bioactivation pathway of Empagliflozin to 4-OH-CTA. Adapted from Taub et al. 

(2015). 

Figure 5. Rate of M466/2 formation in kidney and liver microsomes from humans, CD-1 mice, 

and Wistar Han rats. Adapted from Taub et al. (2015). 

Figure 6. Biotransformation of disulfide-linker containing ADCs. (A) Mechanisms of 

biotransformation of disulfide-linker containing ADCs including linker cleavage, self-

immolation and payload release in lysosome inside cell. (B) Differential biotransformation 

pathways resulting in free and active payload (PBD-dimer) released from cycobutyl thiol linker-

payload from ADC 1 that covalently binds to DNA but cyclopropyl thiol linker-payload from 

ADC 2 that does not bind to DNA. ADC 1: anti-CD22 cyclobutyl-containing disulfide PBD 

dimer ADCs; ADC 2: cyclopropyl-containing disulfide PBD dimer ADC. Adapted from Su and 

Zhang (2021). 
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