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ABSTRACT 

 The systematic study of drug metabolism began in the 19th Century but most of what we know 

now has been learned in the last 50 years. Drug metabolism continues to play a critical role in 

pharmaceutical development and clinical practice, as well as contributing to toxicology, chemical 

carcinogenesis, endocrinology, and drug abuse. The importance of the field will continue, but its nature 

will continue to develop with changes in analytical chemistry, structural biology, and artificial 

intelligence. Challenges and opportunities include toxicology, defining roles of genetic variations, and 

application to clinical issues. Although the focus of this MiniReview is cytochrome P450, the same 

principles apply to other enzymes and transporters involved in drug metabolism. 
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SIGNIFICANCE STATEMENT 

 Progress in the field of drug metabolism over the past 50 years has helped make the 

pharmaceutical enterprise what it is today. Drug metabolism will continue to be important. Challenges 

and opportunities for the future are discussed. 
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INTRODUCTION 

 I appreciate the editors’ invitation to write a MiniReview on the 50th anniversary of Drug 

Metabolism and Disposition. It is a fine journal that fills an important niche in this field. I continue to be a 

strong advocate of society-based journals managed by working scientists, published for the benefit of 

scientists, and have served as an associate editor for journals published by the American Society for 

Pharmacology and Experimental Therapeutics (ASPET), the American Chemical Society, the American 

Association for Cancer Research, and the American Society for Biochemistry and Molecular Biology. I 

also add that this is (about) the 50th anniversary of the Gordon Research Conference on Drug Metabolism, 

another important entity in our discipline (with meeting delays due to pandemic issues). A lot has 

happened in drug metabolism in the last 50 years, and I can only relate so much. The year 2022 also 

marks two other anniversaries for me. It is hard to believe that it has been 30 years since I received the 

ASPET B. B. Brodie Award in Drug Metabolism. It has also been 20 years since I was awarded a Docteur 

Honoris Causa (honorary doctorate) from the University of Paris, thanks to Prof. Philippe Beaune and 

other friends in France. 

 As an undergraduate and graduate student, I had not started out to work on pharmaceutical 

problems or drugs. My interest began to develop when I did postdoctoral training with the late Professor 

Minor J. (“Jud”) Coon on cytochrome P450 (P450) at the University of Michigan. I did not imagine that I 

would be working on the same enzymes for the rest of my career, but here I am. I was able to hold a good 

job and provide for my family, and I also came to learn a lot about the pharmaceutical enterprise, which is 

absolutely vital to health in our society. Along the way I was able to make a few research contributions 

that have had some bearing on how drugs are developed. Just as importantly, I trained a number of young 

people who went on to advance the field in industry, academia, and administration; four of them have also 

contributed Mini-review articles in this issue. Overall, I have been able to do a lot of interesting things 

and to meet many good people. For all of this, I am very grateful. 

 

Changes and Progress 
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 Fifty years ago there was a heavy focus on studying drug metabolism in vivo in experimental 

animals. Predicting drug metabolism and pharmacokinetics was slow and hard, and often the animal work 

did not extrapolate well to humans. As I have said sometimes, people were good at making drugs to cure 

rats. Poor pharmacokinetics in humans was a major source of attrition for drug candidates, if not the 

major one (Prentis et al., 1988; Kola and Landis, 2004). Also, most drug doses were high, understandably 

because in vitro pharmacology discovery programs were focused on getting IC50 and Ki values in the µM 

range, not nM. 

 What did we know at the molecular level? When I joined Jud Coon’s lab in 1973, no P450 had 

yet been purified to homogeneity. There was still debate about whether rats had one (hepatic) P450, or 

two, or more. For an interesting read, look at the published discussions following the talks at the first 

Microsomes and Drug Oxidations meeting in 1968 (1968). No one really knew much of anything about 

human P450s, except that they (or only a single one?) existed. There was no knowledge of even primary 

structures (sequences) of any P450s—recombinant DNA technology would not achieve this until 1982 

(Fujii-Kuriyama et al., 1982). P450 induction had been discovered by Remmer (Remmer, 1957) and 

James and Elizabeth Miller, with their graduate student Allan Conney (Conney et al., 1956), but no one 

understood the mechanism nor was even sure if new protein synthesis was required. 

 Transporters were not even considered in the 1970s. As late as the early 1990s, the general dogma 

was that drugs are hydrophobic and enter cells by passive diffusion. Metabolites were usually more water-

soluble than the parent drugs and therefore excreted, going back to some of the original concepts of R. T. 

Williams (Williams, 1947). Although active transport was known, it was largely studied in bacteria and 

unrecognized regarding a role in drug metabolism. Although a phenomenon known as multiple drug 

resistance was known to be operative in cancer cells and relevant to therapy (Endicott et al., 1987), the 

significance of these proteins in drug metabolism was not appreciated until later (Schuetz et al. 1995). 

Today transporters are an important aspect of drug metabolism. 

 When I started my own laboratory at Vanderbilt in 1975, we focused on “classical” enzyme 

purification, as a means to characterizing P450s. In retrospect, this was not terribly “hypothesis driven” 
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work, but it was important at the time and fortunately I did get funded. Our first efforts were directed 

towards rat liver P450s, and eventually we purified nine of them (Guengerich et al., 1982a; Larrey et al., 

1984). We were not alone in this effort; we had some serious/stimulating competition (Ryan et al., 1975). 

With these P450s in hand, we could define catalytic specificity. In addition, we used antibodies (made in 

our own lab) and adapted newly discovered immunoelectrophoretic approaches (Towbin et al., 1979) 

(later termed “Western blotting”) to quantify individual P450s and reach some new conclusions about 

P450 regulation (Guengerich et al., 1982a; Guengerich et al., 1982b; Dannan et al., 1983). 

 We were finding some significant differences between the rat and rabbit P450s, and the quest to 

understand the human liver P450s became very pressing. At first, we were just purifying red proteins 

from columns and trying to see what these P450s would do, candidly speaking (Wang et al., 1980; Wang 

et al., 1983). We were finally able to obtain high quality human liver samples for our studies through 

some chance connections (Mukhopadhyay, 2012). 

 I was impressed with the research that Robert Smith was doing on pharmacogenetics at what was 

then St. Mary’s Hospital Medical School in London. His work on the polymorphism of debrisoquine 4-

hydroxylation showed that a single P450 gene locus could be very dominant in the metabolism of a drug, 

i.e. there could be considerable specificity of an individual P450 for a substrate (Mahgoub et al., 1977; 

Tucker et al., 1977). Accordingly, we proceeded to use catalytic assays to monitor our purifications from 

liver.  This approach was very technically challenging due to the presence of detergents and the difficulty 

of doing assays such as debrisoquine hydroxylation (GC-MS), but ultimately we purified what are known 

today as P450s 1A2, 2A6, 2C8, 2C9, 2D6, and 3A4 from human liver (Distlerath et al., 1985; Guengerich 

et al., 1986; Shimada et al., 1986; Yun et al., 1991). 

 With these P450s in hand, plus antibodies we raised to them, we were able to define the 

selectivity of these P450s towards drugs, some steroids, and then many chemical carcinogens (Shimada et 

al., 1989). I suppose that all of this might have happened later anyway with recombinant DNA work and 

heterologous protein expression. By the same logic, one could dismiss Alexander Graham Bell’s 

invention of the telephone in that we no longer use it very much.  
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 With this background and with much more work by many labs, particularly in the heterologous 

expression of P450s, it has been possible to learn much about 3-dimensional structures and mechanisms 

of induction and inhibition (Fig. 1). The Human Genome Project finally answered the question of how 

many P450 genes people have (57). I consider it very fortuitous that a small set of human liver P450s—

1A2, 2C9, 2D6, 3A4 (vide supra), and 2C19—catalyze ~90% of the drug oxidation reactions 

(Guengerich, 2015; Bhutani et al., 2021). Although this set does not work on all drugs, it could have been 

much more complicated if the situation were as complex as plant P450 biochemistry (>1,000 CYP genes 

in wheat, plus multiple reductases in plants).  

 

Where Are We Today? 

 The knowledge about P450 has been very useful in several regards. While I have focused on 

P450s, similar progress has been made with other enzymes involved in drug metabolism and with 

transporters. Logical comparisons can be made between human and experimental animals, which are still 

necessary in the contexts of understanding pharmacological actions and safety assessment. In vitro results 

with human enzyme systems can be used reasonably well to model and predict human pharmacokinetics 

and drug-drug interactions. Pharmacokinetic changes due to single nucleotide variants (SNVs) can be 

identified. The improvements in analytical chemistry over the past 50 years have been amazing, both in 

terms of the inherent capability, sensitivity, and throughput (especially NMR and particularly LC-MS, 

which is only ~ 35 years old). Our knowledge of chemical mechanisms of P450 reactions (particularly 

roles of Compound I (FeO3+)) has led to logical approaches to understanding metabolic pathways 

(Guengerich, 2001; Guengerich and Yoshimoto, 2018). We know a considerable amount about the 

auxiliary flavoprotein NADPH-P450 reductase, which delivers the electrons to most of the P450s, and 

also about adrenodoxin and cytochrome b5 (which can deliver electrons in some cases), in terms of the 

basic chemistry and also the relevance of genetic variations in these proteins and their relevance to 

disease states. Of the 57 human P450s, at least 25 have one or more X-ray crystal structures (plus at least 

two good animal orthologues in cases where a human structure is not yet available (i.e., 4B1, 24A1)). 
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Overall, drug metabolism has been a real success story in the application of biochemical approaches to 

practical problems of pharmaceutical development, and I am thankful to have had at least some role in 

this over the past 47+ years. 

 

A Continued Need for Drug Metabolism 

 The above description all sounds good, so do we still need DMPK departments in the 

pharmaceutical industry and biochemists/pharmacologists studying basic research in drug metabolism? 

The answers are both YES! 

 Oral, low molecular weight drugs will continue to be important. We have seen this recently with 

the Covid-19 therapies. Today many drugs are very potent (Ki values in the low nM range), practical, and 

are available at overall low cost (despite the naysayers, they actually have short patent lives on the 

market). Another reason for good drug metabolism science is that the regulatory expectations have 

become higher, e.g., US Food and Drug Administration (FDA), European Medicines Agency (EMA), 

Japanese Pharmaceuticals and Medical Devices Agency (PMDA).  With advances in analytical chemistry 

has come the expectation to define even more minor metabolites, and there are FDA MIST (Metabolites 

in Safety Testing) regulations regarding “disproportionate [human] metabolites” in species comparisons 

(Schadt et al., 2018). Time-dependent inhibition is still a problem, particularly with P450 3A4 (Eng et al., 

2021). Related to this are drug-drug interactions, often with P450 3A4 and P-glycoprotein and some other 

transporters, which are still a problem, even fatal (Yu et al., 2018). Toxicology (safety assessment) 

problems are a major cause of attrition of drug candidates (Kola and Landis, 2004), particularly hepatic 

and cardiovascular issues. In particular, drug-induced liver injury (DILI) is still difficult to predict and 

often involves drug metabolism. 

 

New Challenges/Opportunities 

 With every problem or challenge, there is an opportunity to make an important contribution. At 

the outset, I raise the caveat that the following are some of my ideas but that another person may well 
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have a different list. Regardless, I seriously doubt that I will be able to solve all of these challenges 

myself in the time I have left to play the game. The future of drug metabolism is still bright for young 

scientists looking for meaningful careers. 

 Analytical chemistry will get even better. I am impressed with every new LC-MS model that 

comes out (but don’t have the resources to buy). Even this may change though, at least the LC 

component. UPLC can be fast but still takes time. Direct injection HRMS approaches are already being 

used in metabolomics research (Sarvin et al., 2020). On the horizon is acoustic ejection MS for very high 

throughput analysis, which has serious potential (Simon et al., 2021; Zhang et al., 2021)—3600 

samples/hour with 0.01 µl per shot! (In the P450 3A4 purification work (Guengerich et al., 1986) I 

thought I was doing well manually injecting one sample from a nifedipine oxidation reaction with a 

(P450) column fraction myself every 3 minutes, using the “new” 6.2 mm × 80 mm Zorbax® columns and  

running at a flow rate of 4 ml min-1.) Another technique with potential is crystalline sponge X-ray 

diffraction analysis (Rosenberger et al., 2020; Rosenberger et al., 2021). A porous metal coordination 

complex functions as a host crystal, and µg quantities of “guest” ligands can be added and induced to 

crystallize. The method has the power to determine 3-dimensional structures of drug metabolites with as 

little as 5 µg, surpassing 2-D NMR in sensitivity and time for detailed analysis (Rosenberger et al., 2021), 

although only ~ 2/3 of the molecules tested are successful to date. 

 Another developing area is artificial intelligence (AI), which has already been employed 

extensively in predictions of genetic toxicology (Cunningham et al., 2004) and in regioselectivity of drug 

metabolism (de Bruyn Kops et al., 2021). Most of the logic is based on literature precedents and AI, not 

on inherent structural docking and other physical principles. Although some of the algorithms have 

achieved impressive results (particularly in picking the top three “hot spots”), there are still many 

exceptions (e.g., hydroxylations of the angular methyl groups (C18, C19) of 4,5-dihydrotestosterone by 

P450 3A4 (Cheng et al., 2012)). AI predictions of rates of metabolism are even more challenging, aside 

from Hammett series of molecules (Burka et al., 1985), although with enough dataset entries even this 

might be possible some day. 
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 Another area of potential is toxicity/safety assessment. Even predicting drug-drug interactions is 

difficult (Eng et al., 2021). These can be quite variable depending on the perpetrator/victim pair. 

Prediction of toxicities such as DILI is even more challenging because of the biological complexity of 

tissues, even with in vitro data, but some progress is being made with AI approaches (Li et al., 2021). 

Predicting toxicities in other organs is also difficult, but some advances have been made in the context of 

biomarkers for both animals and humans (Harrill et al., 2009; Vazquez et al., 2020). 

 The field of pharmacogenetics developed with some of the enzymes in drug metabolism 

(Motulsky, 1957; Kalow, 1962) but accelerated with the work of Smith and others on what is now P450 

2D6  (Mahgoub et al., 1977; Tucker et al., 1977; Caldwell, 2006). The input of molecular biology also 

changed the landscape (Nebert et al., 1981; Fujii-Kuriyama et al., 1982; Gonzalez et al., 1988). Although 

the early pharmacogenetic studies were interpreted in the context of “extensive” and “poor” metabolizers 

(fast and slow) (Mahgoub et al., 1977), today we know that there are hundreds of SNVs with at least some 

of the P450s (https://www.pharmvar.org/gene/CYP2D6), and bimodal interpretation of the results is 

much too simplistic. We also know that > 100 clinically relevant SNVs of the steroid 21-hydroxylase 

P450 21A2 exist (grouped into three phenotypic categories) (Wang et al., 2017). Understanding the links 

between single amino acid structural changes and function in these (and other) enzymes is challenging, 

and few natural P450 variants have been crystallized (Parikh et al., 2020). The root of the problem is seen 

in the application of the Eyring equation 

kobs = (RT/NAh) e-ΔG‡/RT 

(where R is the universal gas constant, T is the absolute temperature, NA is Avagadro’s number, and h is 

Planck’s constant), in that a 10-fold variation in enzyme activity (kobs) is linked with a free energy change 

(ΔG) of 1.3 kcal mol-1, less than a single hydrogen bond (Wang et al., 2017). Can we ever understand or 

predict rates of drug metabolism of variants? Also, realize that different coding region SNVs can yield 

different changes with different drug oxidation reactions (Takanashi et al., 2000). At a clinical level, there 

is still limited use of what we do know about phenotypes of SNVs, with the most prominent examples 
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being thiopurine S-methylation (Lennard, 2014), warfarin/P450 2C9 (Higashi et al., 2002), and 

clopidogrel/P450 2C19 (Pare et al., 2010). Some use of P450 2D6 SNVs has been made with iloperidone 

(FANAPT®) (https://fanaptpro.com/wp-content/uploads/2015/02/Fanapt-Prescribing-Information.pdf)  

and possibly other neurological drugs (Haslemo et al., 2018). The SNVs in steroid-metabolizing P450s 

have more dramatic clinical consequences (Miller and Auchus, 2011) but the effects of new SNVs are 

still rather unpredictable. For instance, development of drugs that can rescue poor phenotypes of the 

steroid 21-hydroxylase P450 21A2 is a formidable challenge. 

 Although some functions are now associated with most of the human P450s, there are a few 

recalcitrant “orphans” (Guengerich, 2015), e.g., 4X1 and 20A1. Beyond this, there is still a concern about 

what relatively slow rates of fatty acid oxidations catalyzed by some of the P450s really mean (Stark et 

al., 2008; Fekry et al., 2019). Are we missing important roles? Are the functions of the xenobiotic-

metabolizing P450s only general cellular protection (e.g., against ingested natural products) or do more of 

these P450s have physiologically relevant substrates? 

 Of the 57 human P450s, 50 are inherently microsomal and seven are mitochondrial (Guengerich, 

2015). Most of the mitochondrial P450s seem to all be essential (27C1?) and have important 

physiological substrates, but we also know that at least some of these can have roles in drug metabolism 

and even bioactivation (Zhang et al., 2012; Rendic and Guengerich, 2018). Are there more drugs oxidized 

in mitochondria? Narayan Avadhani and his associates have shown that some of the microsomal P450s 

can also be modified and relocate to the mitochondria (Avadhani et al., 2011). They appear to then use 

adrenodoxin as a source of electrons for reduction, but we know little about the details of these 

interactions. There are still major questions about the abundance of the mitochondrial P450s and their 

accessory proteins in the relevant zones of the extrahepatic tissues where they are found. 

 Although we are developing concepts of how P450s interact with NADPH-P450 reductase 

(Cheng et al., 2021) and the relevance of genetic variations in these proteins and their relevance to disease 

states is recognized (Riddick et al., 2013; Burkhard et al., 2017),  there are other interactions that 

remain poorly understood. The interaction of adrenodoxin has only been studied with some of the 
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mitochondrial P450s (Lambeth and Kriengsiri, 1985; Beilke et al., 2002; Brixius-Anderko and Scott, 

2021; Glass et al., 2021) Although it has been >50 years since the discovery of a role for cytochrome b5 in 

P450 reaction (Hildebrandt and Estabrook, 1971; Guengerich, 2022), there are still major questions about 

mechanisms and relevance in vivo (McLaughlin et al., 2010). b5 may stimulate or inhibit P450 reactions 

and is most essential in the P450 17A1 lyase reaction (Katagiri et al., 1995). Stimulation may or may not 

involve electron transfer with individual P450s (Yamazaki et al., 2002). Recently retinoid-binding 

proteins have been shown to deliver retinoids directly to P450 Family 26 enzymes (Zhong et al., 2018) 

and P450 27C1 (Glass and Guengerich, 2021), although structural details are unknown. The demonstrated 

roles of binding proteins of the retinoid-metabolizing P450s raise the question of whether fatty acid 

binding proteins may also be involved in substrate delivery. There is still a glaring need for more 

structural work on binary complexes of P450s with accessory proteins. 

 The clinical relevance of P450s has been clearly demonstrated in drug-drug interactions and 

endocrinology, but the situation is less clear in other areas. Chemical carcinogenesis was one of the areas 

that fueled much of the early research with P450s and several other drug-metabolizing enzymes. 

Although roles for many of these enzymes have been clearly implicated in animal models (Guengerich, 

1988), the situation is less clear in humans and studies of SNVs have not been very definitive. 

Unfortunately interest in this area has waned, certainly with the funders at the National Institutes of 

Health (NIH) and much of the cancer research community. Other areas that have shown some potential 

relevance of P450s and SNVs include hypertension (Gainer et al., 2005) and neurological disease (Cheng 

et al., 2013). 

 P450s can also be drug targets, e.g. P450s 5A1, 11B2, 17A1, 19A1. Inhibition of P450 19A1 

steroid aromatase activity is an established means of treating breast and other estrogen-dependent cancers. 

Some other P450s are drug targets and have drugs to inhibit them, but these could be improved, e.g. P450 

17A1 (Bird and Abbott, 2016). More P450s, including those essential in normal settings, are potential 

drug targets. Finally, inhibiting P450s of parasites and other infectious agents is an established approach 

to treating very important disease problems, e.g. fungal infections, and frequent targets are P450 51 
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enzymes (Friggeri et al., 2014). P450s have also been considered as targets in treating tuberculosis 

(McLean et al., 2007). 

 

Other issues related to drug metabolism 

 There are several “non-science” issues of concern in the area of drug metabolism, although they 

really do involve science. 

 First, the past two years have shown us how fragile our interactive networks can be. There are 

new approaches to communication, but the live meetings have been sorely missed. Some of the important 

things I have to look back on in my career are the lessons I learned in my travels and the people I have 

met. We had to postpone the biennial International Conference on Cytochrome P450 (ICCP450) from 

2021 to 2022, which should have occurred by the time this review is published. I worry about both 

diseases and international politics disrupting future meetings, not only ICCP450 but also others. 

 Scientific publishing has changed considerably in recent years. The challenges have been great 

for historic society-based journals (e.g., Drug Metabolism and Disposition, The Journal of Biological 

Chemistry). Although the development of electronic capability has been very useful, economic pressures 

have been an issue. Will journals edited by working scientists survive? Will books exist or have they 

become dinosaurs (the offices of our junior faculty certainly do not resemble mine!)? I have serious 

concerns about the development of non-reviewed publications (which will remain nameless here).  

Exactly what is scientific communication going to look like in 50 more years? 

 Finally, who will be training the next generation of drug metabolism scientists? I see 

contemporaries disappearing but limited enthusiasm of universities for hiring in the area. Would I even be 

hired today? What do we need to be teaching graduate students and postdocs to prepare them for the 

pharmaceutical industry and other careers? What new subject areas need to be added to the repertoire of a 

trainee—and which basic ones need to be retained? Who will be the faculty doing this and, most 

importantly, will NIH and other agencies fund individuals to maintain a viable cadre in this field? 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 22, 2022 as DOI: 10.1124/dmd.121.000739

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD-R1-2021-000739 R1 
 

 16

Conclusions 

 The science of drug metabolism really began in the 19th Century (Caldwell, 2006; Guengerich, 

2018) (see also https://www.issx.org/page/History), but the bulk of what we know has been learned in the 

last 50 years. I have been privileged to have had a role in this. Drug metabolism has been a classic success 

in the application of basic science to important health problems. For reasons described, drug metabolism 

will continue to play a vital role in the process of discovering and developing drugs. A number of 

opportunities exist for further development. There are scientific and other challenges ahead, as there were 

in the past. 
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Figure legend 

Figure 1. Progress in drug metabolism. Dates are noted. (A) SDS—polyacrylamide gel 

electrophoresis (tube gels) of several rat P450s. Current names: lane 1, P450 2C11; lane 2, P450 2B1; 

lane 3, P450 2C6; lane 4, P450 2B2 (Guengerich, 1977). (B) Structure of P450 3A4 (no ligand). Protein 

Data Bank 1TQN (Yano et al., 2004). (C) Drug Interaction Table: 

 https://drug-interactions.medicine.iu.edu/MainTable.aspx  (accessed <11 June  2022>). 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 22, 2022 as DOI: 10.1124/dmd.121.000739

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


G

G´

F´

F

D

C-terminus
N-terminus

J
K

A

C
I

E

A

B

C

1977

2004

2022

Fig. 1

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 22, 2022 as DOI: 10.1124/dmd.121.000739

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/

	Revised Article File
	Figure 1

