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Abstract Drug metabolism and pharmacokinetics (DMPK) is an important branch of pharmaceutical

sciences. The nature of ADME (absorption, distribution, metabolism, excretion) and PK (pharmacoki-

netics) inquiries during drug discovery and development has evolved in recent years from being largely

descriptive to seeking a more quantitative and mechanistic understanding of the fate of drug candidates in

biological systems. Tremendous progress has been made in the past decade, not only in the characteriza-

tion of physiochemical properties of drugs that influence their ADME, target organ exposure, and

toxicity, but also in the identification of design principles that can minimize drug-drug interaction

(DDI) potentials and reduce the attritions. The importance of membrane transporters in drug disposition,

efficacy, and safety, as well as the interplay with metabolic processes, has been increasingly recognized.

Dramatic increases in investments on new modalities beyond traditional small and large molecule drugs,

such as peptides, oligonucleotides, and antibody-drug conjugates, necessitated further innovations in bio-

analytical and experimental tools for the characterization of their ADME properties. In this review, we

highlight some of the most notable advances in the last decade, and provide future perspectives on po-

tential major breakthroughs and innovations in the translation of DMPK science in various stages of drug

discovery and development.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Drug metabolism and pharmacokinetics (DMPK) is conventionally
known as a scientific discipline that studies the availability of drugs
or drug candidates for pharmacological processes and characterizes
their entry (absorption) into the body, fate within the body
(including distribution and biotransformation), and elimination
from the body, overtime. The basic research into DMPK mecha-
nisms has been the driving force for advancement in a number of
scientific areas, such as the biochemistry, pharmacology, and ge-
netics of drug-metabolizing enzymes (DMEs) and transporters, as
well as their regulators1. The translation of the new knowledge and
technical development in basic DMPK science, carried out by re-
searchers from academia, pharmaceutical industry, and regulatory
agencies, has played essential roles in the success of the pharma-
ceutical sciences field in developing new therapies for numerous
human diseases and will remain so for the continued quest for
discovering and developing better drugs in shorter time frames2.

The overall process of drug discovery and development can be
divided into six stages: hit to lead, lead optimization, candidate
selection, preclinical development, clinical development, registra-
tion and launch and post-marketing surveillance (Fig. 1). The pro-
cesses of studying and characterizing ADME-PK properties have
been well recognized as an integral discipline, which are indis-
pensable and permeate all phases of the drug discovery and devel-
opment pipeline (Fig. 1). Prior to 2000s, the focus of DMPK
scientists in the pharmaceutical industry is primarily to provide a
descriptive characterization for drug candidates in support of clin-
ical trials and regulatory registration. Over the past decade,
numerous high throughput tools have been adapted in pharmaceu-
tical industry that enable a large volume of compounds entering the
ADME testing funnels. However, the high throughput screening did
not shorten the time of drug discovery from the bench to bedside;
rather, the paradigm of DMPK inquiries has been dramatically
shifted by the advances in related fields, such as pharmacogenetics,
pharmacogenomics and the functional characterization of various
drug transporters located in different organs, to focusing on gaining
a more quantitative and mechanistic understanding of the fate of
drug candidates in biological systems. Consequently, unprece-
dented insights can now be obtained on the molecular and
mechanistic bases of the potential for drugedrug interactions
(DDIs), interindividual variability of drug exposure, and asym-
metric exposure in key organs either on or off the intended drug
targets. As such, the discipline is well integrated into the holistic
drug discovery paradigm to optimize ADME properties of mole-
cules early and select drug candidates for entry into development.

From a research and drug development viewpoint, here we
highlight some of the key DMPK advancements that have been
well-established during the past decades. A major focus is placed
on advances in human clearance prediction for small-molecule
drugs (Section 2), an area where tremendous progress has been
made, not only in the characterization of the physiochemical
properties of drugs that influence their ADME, target organ
exposure, and toxicity, but also in the identification of design
principles that can minimize DDI potentials and reduce the attri-
tions caused by a lack of efficacy or poor safety profiles. Addi-
tional highlights are provided, which cover DMPK advances that
enable development of new modalities (Section 3), model-
informed drug development (MIDD) (Section 4), and advance-
ment of regulatory sciences (Section 5). Notably, many ADME
genes also play critical roles in common or rare human diseases
and are well-acknowledged drug targets. However, the physio-
logical functions of ADME genes will be beyond the scope of this
review. Finally, perspectives on potential future breakthroughs and
innovations in the translation of DMPK science in various stages
of drug discovery and development are also discussed.

2. Major advances in human clearance prediction for small-
molecule drugs

The selection of a drug candidate for further development is based
on a balance among adequate target potency, optimized ADME-PK
properties, and safety profiles, which ensure the proper dose and
dose regimen with minimal DDI potential and adverse drug effects.
For small molecules, the ability to accurately predict rates of drug
clearance in humans is often considered critical in multiple stages
during drug discovery and preclinical drug development (Fig. 1).
Clearance prediction is particularly challenging for small-molecule
drugs, which remain to be the dominant form of therapeutics in spite

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Overview of DMPK related activities in drug discovery and development. The overall process can be divided into six stages: hit to

lead, lead optimization, candidate selection, preclinical development, clinical development and registration and launch. Key DMPK related

activities at each of the six stages are listed in the text boxes separated by small molecule and biologics.
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of recent surge in new modalities. It is a complicated process to
characterize compound specificity in metabolism and multiplicity
of various phase I and phase II biotransformation enzymes, as well
as the involvement of drug transporters. In addition, drug tissue
distribution, DDI liability and non-CYP elimination pathways are
also important considerations for the accuracy of predictions. In this
section, several topics will be reviewed to highlight key advances
and remaining challenges. This includes clearance prediction for
non-CYP enzymes (2.1), transporter-mediated drug disposition and
elimination (2.2), new tools to quantitatively assess drug metabo-
lizing enzyme and transporter activities (2.3), utility of endogenous
biomarkers in DDI predictions (2.4), consideration of ADME
pharmacogenetics in drug discovery and development (2.5), and
non-hepatic clearance mechanisms (2.6).

2.1. Progress in clearance prediction for non-CYP enzymes

2.1.1. Overview
Prediction of human cytochrome P450 (CYP)-mediated drug
clearance has become increasingly accurate due to the availability
of high-quality reagents, such as human liver microsomes (HLM)
and human hepatocytes (HHEP). Misprediction is typically the
exception than the norm, although literature analyses of available
data showed a general trend of under-prediction by several fold of
in vivo clearance using liver microsomes or hepatocytes3. Our un-
derstanding of enzyme tissue distribution has been greatly
enhanced, largely due to advances in protein quantification using
proteomic approaches. The protein expression data are incorporated
into physiologically based pharmacokinetic (PBPK) modeling,
which allows more accurate and quantitative prediction of human
PK and DDIs (See Section 4). Further developments will be needed
to address CYP enzymes that are relatively less well-studied for
human drug metabolism, such as CYP1A1, 2A6, 2J2, and CYP4
enzymes, as well as non-CYP drug-metabolizing enzymes (which
are discussed in greater detail below), to better understand their
roles in drug metabolism and disposition. For example, CYP4 en-
zymes, which hydroxylate the terminal carbon atom on an alkyl
chain, metabolize a number of drugs, including ebastine, terfena-
dine and fingolimod4. These new developments will also include
exploring in vitro to in vivo clearance extrapolation (IVIVE) and
identifying selective substrates and inhibitors, in addition to enzyme
distribution and comparative biochemistry studies.

CYPs are the major family of enzymes responsible for the
metabolism of most small-molecule drugs; however, non-CYP
enzymes also contribute significantly to clearance of many mar-
keted drugs5. The major non-CYP drug metabolizing enzymes
include UDP-glucuronosyltransferases (UGTs), sulfotransferases
(SULTs), aldehyde oxidase (AO), carboxylesterases (CESs) and
amidases, N-acetyltransferases (NATs), monoamine oxidases
(MAOs), flavin-containing monooxygenases (FMOs), and gluta-
thione-S-transferases (GSTs). Table 1 illustrates the contributions
of various non-CYP enzymes toward the clearance of selected
small-molecule drugs approved during 2011e2020.

Although the liver is still the major focus of drug metabolism
research, the small intestine represents an important organ in pre-
systemic drug metabolism6, which may affect the bioavailability of
a drug and it may sometimes also affect pro-drug activation.
Recently, good quality cryopreserved human intestinal mucosa
samples from the duodenum, jejunum, and ileum have become
commercially available. The activities and proteins of many CYP
and non-CYP drug-metabolizing enzymes can be detected in these
GImucosa reagents,which provide useful tools for drugmetabolism
studies. Unfortunately, GI mucosa reagents for other preclinical
species are not yet widely available, which limits the potential for
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inter-species comparisons and in vitro-in vivo correlation7,8. Meta-
bolic enzymes are also expressed in other extrahepatic organs and
may contribute to phase I and phase II metabolism. Similar to the
characterization of liver and intestinal enzymes, the in vitro meta-
bolic activities in these other organs can be characterized by incu-
bation of extrahepatic samples with drugs of interest.

2.1.2. Clearance prediction for major non-CYP drug
metabolizing enzymes
2.1.2.1. Uridine 50-diphospho-glucuronosyltransferases (UGTs).
The UGTs are a family of enzymes that conjugate a glucuronic
acid to drugs or drug metabolites containing oxygen, nitrogen, or
sulfur, such as the hydroxyl, carboxyl, amino or thiol groups. The
conjugation makes a drug (or metabolite) more polar and often
more easily excreted into urine or bile. UGTs such as UGT1A1,
UGT1A7, UGT1A9, and UGT2B7 are usually low-affinity and
high-capacity enzymes that lack selective inhibitors and sub-
strates9e11. Similar to studies on CYP enzymes, relative activity
factor approaches obtained from recombinant UGTs and HLM
with known substrates12 are usually applied to determine the
fraction metabolized (fm) by UGTs (fm,UGT). Assays of UGT ac-
tivities with multiple substrates in a cocktail were proposed to
overcome potential enzyme selectivity of individual substrates13.
A recent review discussed the optimal experimental conditions for
UGT reaction phenotyping14. Species differences in UGT activ-
ities are well documented, with humans demonstrated to have
higher UGT activities than rodents15,16. UGT clearance deter-
mined from in vitro assays (e.g., in hepatocyte suspension) tends
to underpredict in vivo clearance. The prediction accuracy can be
improved by using long-term hepatocyte co-culture systems17.

2.1.2.2. Sulfotransferases (SULTs). Sulfation is an important
pathway for detoxification and elimination of xenobiotics. SULTs
(SULT1A1, SULT1A3, SULT1B1, SULT1E1, and SULT2A1) are
cytosolic enzymes that transfer a sulfonate group from 30-phos-
phoadenosine-50-phosphosulfate (PAPS) to a drug molecule to
form a conjugated metabolite that is more polar and readily
excreted in urine or bile. PAPS is a high-energy sulfate donor,
which is generated by human PAPS synthases isoforms PAPSS1
and PAPSS2; these PAPS synthases are required for all human
sulfation pathways18. These SULT enzymes are mostly expressed
in the liver and intestine (except SULT1A3, which is mainly
expressed in the intestine), and to a lesser extent in the lung and
kidney19. In contrast to UGTs, SULTs are usually high-affinity but
low-capacity enzymes. SULTs and UGTs share similar substrates
and their contributions (fm,SULT and fm,UGT) to drug clearance are
often dose-dependent. At low concentrations, SULTs typically
have higher contributions than UGTs. As exemplified by the
metabolism of acetaminophen9, UGTs usually have greater con-
tributions at high concentrations, when SULTs are likely satu-
rated. Thus, it is important to conduct in vitro studies using
clinically relevant drug concentrations, to capture the contribu-
tions of the sulfation pathway correctly20. Using recombinant
SULTs and the REF (relative expression factor) approach21, the
individual contributions of the major SULTs towards the meta-
bolism of a given drug can be elucidated.

2.1.2.3. Aldehyde oxidase (AO). AO is a cytosolic molybdo-
flavoprotein enzyme involved in the oxidation of a wide variety of
compounds, especially azaheterocyclics9,22. In addition, AO cat-
alyzes the reduction of multiple functional groups, including ni-
trite, nitro groups, S-oxides, N-oxides, hydroxamate, isoxazoles
and isothiazoles. AO occurs as a homodimer, and it requires flavin
adenine dinucleotide, molybdenum cofactor and two 2Fee2S
clusters as cofactors9,23,24. In humans, only one functional AO
gene, AOX1, is present, although several AOX1 orthologs are
found in almost all other mammals25. AO is ubiquitously
expressed, but with the greatest abundance in hepatic cytosol26.

Compounds with dominant metabolism by AO should be
avoided in drug development pipeline because of the uncertainty
in human clearance. Given the species differences in AO activities
and poor in vitroein vivo correlation, the prediction of human AO
clearance has not been very successful using either human in vitro
or animal in vivo data22. An inter-species correlation approach is
challenged by the facts that rodents have low and variable AO
expression, dogs have no AO expression, and monkeys, like
humans, tend to have large inter-individual variations in AO
expression. IVIVE using data from human hepatocytes or S9
fractions resulted in underprediction of in vivo clearance via
AO26,27. A common approach to estimating human AO-mediated
clearance is to test a group of known AO substrates with drug
candidates and rank order the clearance using a few compounds
with clinical data (e.g., zaleplonelow, zoniporideemedium, car-
bazeranehigh) as “yardsticks”26. In clinic, compounds that show
clearance slower than zaleplon can often survive, i.e., have a
reasonable human PK property. A drug discovery decision tree for
AO substrate was presented in a recent review22. An AO-
humanized mouse model is available, which, though demon-
strating human AO activity, has yet to be improved, so that it is
able to predict human AO clearance quantitively28.

2.1.2.4. Carboxylesterases (CESs) and amidases. CESs are an
important group of enzymes in the hydrolase family, which
catalyze the hydrolysis of esters, amides, carbamates, thioesters
and hydroxamic acids29,30. In humans, both CES1 and CES2 are
expressed in the liver, but only CES2 is present in the intestine.
Irinotecan is an example of an ester pro-drug, which is hydrolyzed
by CES2 in the intestine to form the active metabolite SN-38
found in systemic circulation31. Large species differences have
been observed for the CESs. Species differences and human CES
tissue distribution were summarized in a recent review29. Many
nonspecific hydrolase inhibitors inhibit both CES1 and CES2,
such as bis(p-nitrophenyl)phosphate, diisopropylfluorophosphate,
tetraisopropyl pyrophosphoramide, and paraoxon. Selective in-
hibitors of CES1 (e.g., digitonin)32 and CES2 (e.g., telmisartan
and eserine)32,33 have been reported. However, their selectivity
against CYPs and UGTs will need to be further evaluated in
HHEP system33. The intestinal S9 fraction has been shown to be
effective in the prediction of fraction of gut metabolism (Fg)
mediated by CESs using various models34. Accurate prediction of
CES-mediated clearance in humans remains to be challenging due
to extra-hepatic contributions35.

Drug molecules containing amide bonds generally undergo
slower hydrolysis as compared to esters. The amide bonds are
hydrolyzed by amidases36, a class of enzymes that also encompass
aminoacylases, peptide amidase and fatty acid amide hydrolases,
which produces a carboxylic acid and ammonia. Amidases can
have esterase activities and some amides can also be hydrolyzed
by the liver microsomal carboxylesterases.

2.1.2.5. N-acetyltransferases (NATs). NATs are cytosolic en-
zymes that catalyze the conjugation of aryl and alkyl amine com-
pounds with an acetyl group using acetyl-CoA as a cofactor. NAT1
and NAT2 are two human N-acetyltransferases, which have 81%



Table 1 Contributions of non-CYP enzymes to the clearance of drugs approved during 2011e2020 (https://www.accessdata.fda.gov/

scripts/cder/daf/index.cfm).

Drug name Drug class or mechanism UGT SULT1 AO CES1 CES2 MAO-A NAT2 FMO Amidase NDA # Year

Canagliflozin Sodium-dependent glucose

cotransporter 2 (SGLT2)

inhibitor

x 204,042 2013

Fostamatinib Tyrosine kinase inhibitor x 209,299 2018

Mirabegron b3-Adrenergic agonist x 202,611 2012

Nintedanib Respiratory agent x 205,832 2014

Safinamide MAO-B inhibitor x 207,145 2017

Siponimod Immunomodulator x 209,884 2019

Apixaban Anticoagulant and

antiplatelets cardiovascular

drug

x 202,155 2012

Opicapone COMT inhibitor for

Parkinson’s disease

x 209,510 2020

Crizotinib Kinase inhibitors for cancer

treatment

x 202,570 2011

Idelalisib Kinase inhibitors for cancer

treatment

x 206,545 2015

Edoxaban Anticoagulant and

antiplatelet

x 206,316 2015

Sacubitril Angiotensin II inhibitor x 207,620 2015

Selexipag Vasodilator drug x 207,947 2015

Sofosbuvir Antiviral x 205,834 2014

Tenofovir Nucleoside reverse

transcriptase inhibitor

(NRTIs) for treatment of

AIDS

x x 203,100 2012

Telotristat

etiprate

Antidiarrheals for

gastrointestinal disorder

x 208,794 2017

Safinamide MAO-A substrate for

Parkinson’s disease

x 207,145 2017

Retigabine Anticonvulsant x 022,345 2011

Eravacycline Anti-infective x 211,109 2018

Brivaracetam Anticonvulsants x 205,836 2016

Eravacycline Antibiotics x 211,109 2018

Safinamide MAO-B inhibitors x 207,145 2017

x, enzymes contribute to metabolism of the corresponding drug.
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amino acid sequence identity37. NAT1 is ubiquitously expressed in
many human tissues, with the highest mRNA expression in the
intestine, colon and liver, whereas NAT2 is mainly expressed in the
liver, with lower expression in the small intestine, colon and duo-
denum (The Human Protein Atlas https://www.proteinatlas.org/
ENSG00000156006-NAT2/tissue). NAT2 is a polymorphic
enzyme; 50%e55% Caucasians, <10% Asian and as high as 83%
Egyptian are poor metabolizers37. NAT1 and NAT2 have over-
lapping, but different, substrate specificity. Caffeic acid, ferulic acid
and gallic acid selectively inhibit NAT1, whereas scopuletin and
curcumin selectively inhibit NAT2. Human recombinant NATs are
commercially available for qualitative reaction phenotyping, to
determine which NAT may be involved in the metabolism of a test
compound. The pan-CYP inhibitor, 1-aminobenzotriazole, is a
more potent inhibitor for NAT2 than NAT1 (IC50 158 mmol/L
vs. > 1 mmol/L)38. A PBPK model was developed to predict oral
clearance of isoniazid by NAT2 and the model was verified using
different NAT2 acetylator status39.

2.1.2.6. Monoamine oxidases (MAOs). MAOs are flavin-
containing enzymes located in the outer mitochondrial membrane
of mammalian cells invarious tissues and are often involved in amine
oxidation. MAO-A and MAO-B are two forms of MAOs present
throughout the human body, including the brain. Serotonin is aMAO-
A substrate, whereas b-phenylethylamine is a MAO-B substrate. By
using selective inhibitors, e.g., clorgyline for MAO-A and deprenyl
forMAO-B, the relative contributions ofMAO-A andMAO-B can be
elucidated40. AlthoughMAOs are also present in HLM preparations,
the mitochondria fraction isolated from the liver is most commonly
used to study MAOs. Given the fact that mitochondrial fractions are
not always available for human and preclinical species, liver micro-
some preparations can also be used to estimate the hepatic clearance
mediated by MAOs. A semi-quantitative IVIVE study, performed
using sevenMAO substrates, showed that HLM slightly underpredict
in vivo clearance41. Some MAO-B inhibitors are promising treat-
ments for the astrogliosis in the human brain related to Parkinson’s or
Alzheimer’s disease. Because of the CNS location of MAO-B, a
peripheral biomarker is not readily available. A MAO-B tracer, (S)-
(2-methylpyrid-5-yl)-6-[(3-18F-fluoro-2-hydroxy)propoxy]quino-
line has been developed, which can be used for PET imaging. In a
preclinical study, it showed a fast brain uptake, quick washout, and
was replaceable by MAO-B inhibitors, such as lazabemide42.

2.1.2.7. Flavin-containing monooxygenases (FMOs). FMOs
are microsomal enzymes that co-exist with CYPs in the liver and
they oxidize drugs containing soft nucleophiles such as nitrogen,

https://www.proteinatlas.org/ENSG00000156006-NAT2/tissue
https://www.proteinatlas.org/ENSG00000156006-NAT2/tissue
https://www.accessdata.fda.gov/scripts/cder/daf/index.cfm
https://www.accessdata.fda.gov/scripts/cder/daf/index.cfm
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sulfur, phosphorus, and selenium. Similar to CYPs, FMOs
require NADPH for activity. To differentiate the potential
contribution of FMOs from CYPs, FMO can be inactivated by
heat (e.g., 50 �C for 1 min) in the absence of NADPH in liver
microsomes, or it can be inhibited by a chemical inhibitor (e.g.,
500 mmol/L methimazole)43. HLM and HHEP both showed a
good IVIVE for FMO in a recent study using ten FMO sub-
strates44. Ketoconazole, a CYP3A inhibitor commonly used in
clinical DDI studies, until its withdrawal from clinical applica-
tion due to hepatotoxicity, is metabolized by FMO10. FMO-
mediated metabolism of ketoconazole is believed to lead to
formation of reactive metabolites hydroxylamine and nitrone,
which form protein adducts10.

2.1.2.8. Glutathione S-transferases (GSTs). GSTs are known
to play important roles in cellular detoxification by conjugating
reactive metabolites (or electrophiles generated by the body) to
the reduced form of glutathione. In recent years, it is becoming
popular to develop covalent modifiers that can reach high inhi-
bition toward certain targets, such as the JAK345. Besides the
concern of potential off-target toxicity, one challenge of devel-
oping covalent modifiers is the prediction of human clearance, as
GSTs are expressed all over the body, i.e., hepatic (microsomal,
cytosolic and mitochondrial) and extra-hepatic in many tissues. A
recent study demonstrated that in vitro blood clearance can be
used to represent extrahepatic metabolism by GSTs, with use of a
correction factor. Together with the clearance determined in he-
patocytes, the in vitro clearances can be successfully scaled up to
in vivo human clearance for GST substrates after factoring in the
hepatic blood flow rate for hepatic clearance and cardiac output
for blood clearance45.

2.1.3. The challenges and in vitro tools to assess low clearance
compounds
With the implementation of high throughput metabolic stability
screening and rapid metabolite identification, medicinal chemists
are able to design and create compounds that have very low
clearance, in order to lower drug dose and reduce dosing fre-
quency46,47. For certain indications, the extremely long half-life
resulting from a very low clearance could be a “no-go” for the
project. The difficulty associated with characterization of the low
clearance in vitro has been identified as a major gap of DMPK
science in the past decades, as these compounds often hit the
lower limits of the standard HLM and HHEP stability assays48,49.
Driven by the needs of drug discovery to measure intrinsic
clearance beyond the standard metabolic stability assay limits,
several approaches have been developed recently to address the
challenges of low clearance. As summarized in “Tools to quan-
titatively assess in vitro clearance”, these include the hepatocyte
relay method, long-term coculture systems, and measurement of
metabolite formation rate.

2.1.3.1. Hepatocyte relay method. The hepatocyte relay
method was developed, by prolonging the incubation time of test
compounds with fresh-thawed hepatocytes using a relay approach,
to extend the lower limit of a hepatocyte metabolic stability
assay49e51. The method involves incubation of test compounds
with hepatocytes for 4 h. At the end of incubation, the supernatant
is transferred to freshly thawed hepatocytes of the same lot and
incubated for another 4 h. The incubation can be repeated five
times to achieve a cumulative incubation time of 20 h. The su-
pernatant can be stored in a freezer before the next relay and
different cell densities can be used to achieve desired lower limit
of detection for determination of intrinsic clearance. The hepa-
tocyte relay assay is an extension of the standard hepatocyte assay
using the same lot of hepatocytes, which makes it easy for drug
discovery teams to understand the data and its applications. He-
patocytes from preclinical species can be used as well in order to
develop pre-clinical IVIVE50. The hepatocyte relay method has
been applied not only to measuring intrinsic clearance, but also for
metabolite identification and reaction phenotyping21,51. The
characteristics of the method is summarized in Table 252e58.

2.1.3.2. Micropatterned hepatocyte coculture system. Micro-
patterned long-term coculture system with primary human hepa-
tocytes and 3T3-J2 mouse embryonic fibroblasts is engineered to
have extended cell viability and metabolic activity59. The hepato-
cyte cultures can maintain functional activity for up to 7 days
without a medium change52. This co-culture system has been used
to predict low clearance and profile metabolite structures with good
success17,52,60,61. However, significant metabolism of compounds
by aldo-keto reductases (AKRs) and UGTs in the fibroblasts of the
co-culture was observed, so were reductions in the activities of
hepatocyte CYP2D6, AO and FMO, compared to hepatocytes in
suspension culture55. These events can complicate clearance pre-
diction and metabolite identification55. The lower limits for CLint

determination with a 7-day incubation, compared to the hepatocyte
relay method, are summarized in Table 2.

2.1.3.3. Plated hepatocyte coculture system. The plated he-
patocyte co-culture system with a proprietary supporting non-
parenchymal stromal cell line enables long-term culture and
maintain functional activities56. Test compounds can be incubated
with the cells for 3 days without media change, which allow
studies of low metabolic clearance53,54. Several studies showed
that the co-culture system provided good prediction of in vivo
clearance and human relevant metabolites for low clearance
compounds53e55. Similar to the micropatterned hepatocyte co-
culture system, significant metabolism of test compounds by
AKR and UGT in the supporting cells of the co-culture and re-
ductions in the activities of hepatocyte CYP2D6, AO and FMO
were observed, which can complicate clearance prediction and
metabolite identification55. The lower limits for CLint determina-
tion using the hepatocyte coculture system is found to be com-
parable with the hepatocyte relay method (Table 2).

2.1.3.4. Measurement of metabolite formation rate. Rates of
metabolite formation can be used to estimate rates of depletion of
parent compounds, as monitoring metabolite formation is a more
sensitive approach than monitoring disappearance of the parent for
low clearance compounds. When radiolabeled material is not
available for clearance study, which is a typical case in the drug
discovery phase, the metabolite formation rate approaches require:
(1) all major primary metabolite standards are available for
determination of the metabolite formation rate, (2) metabolite
formation rates are measured at low substrate consumption
(typically <20%) and show linearity with incubation time and
protein concentration, (3) primary metabolites do not have rapid
conversions to secondary metabolites, and (4) the total number of
major metabolites is relatively small. The occurrence of multiple
metabolites can introduce high variability due to additive errors
from multiple rate measurements. Using this approach, intrinsic
clearance was determined for several low clearance compounds,
such as tolbutamide, S-warfarin and S-mephenytoin62.



Table 2 Characteristics of low clearance methods.

Methods Hepatocyte relay HepatoPac Hurel

Hepatocyte density (million

cells/mL)

Any, typically 0.5e2 0.0752 0.3053,54

Incubation time 4 h/relay, accumulatively 20 h

for 5 relays

Up to 7 days without media

change52
3 days53,54

CLint, app lower limit (mL/

min/million cells)a
0.58 (0.5 million cells/mL)

0.14 (2 million cells/mL)

0.49 (7-day incubation at 0.07

million cells/mL)

0.27 (3-day incubation at 0.30

million cells/mL)

CLint, app, scaled lower limit

(mL/min/kg)b
1.5 (0.5 million cells/mL,

20 h)

0.36 (2 million cells/mL,

20 h)

1.2 (7-day incubation at 0.07

million cells/mL)

0.67 (3-day incubation at 0.30

million cells/mL)

Enzyme activity compared to

suspension hepatocytes

Same as suspension

hepatocytes

Higher UGT and AKR

activities from mouse

fibroblast

Lower activities of CYP2D6,

AO and FMO55

Higher UGT and AKR

activities from mouse

fibroblast

Lower activities of CYP2D6,

AO and FMO55

Donors Single or pooled Single or pooled Single or pooled

Preclinical species Any Any Any

Coculture None Mouse fibroblasts Proprietary non-parenchymal

stromal cell line56

Plate format Standard Micropatterned plates Standard

aCLint, app Z ln2/(t1/2, max)/cell density � 1000 (mL/min/million cells)57. Maximum measurable t1/2 (t1/2,max) is twice incubation time58.
bCLint, app, scaled Z CLint, app � 21 � 120/1000 (mL/min/kg)57.
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2.2. Characterization of transporter-mediated drug disposition
and elimination
Over the past two decades, more than 450 membrane transporters
have been cloned in humans. They are classified into two
superfamiliesethe ATP-binding cassette (ABC) proteins and so-
lute carrier (SLC) proteins63e65. Membrane transporters are
expressed on the barrier surface of organs, such as the kidney,
liver, brain and placenta, and can transport endogenous substances
or xenobiotics and their metabolites either into (influx/uptake) or
out of (efflux) cell membranes and organ barriers. Numerous
clinical studies have demonstrated that modulators of transporter
expression and/or activity can affect drug PK, pharmacodynamics
(PD), and organ exposure of substrates. Transporter-mediated
DDIs are well-documented in the literature66.

The ABC gene family encodes 49 members in the human
genome, which belong to seven transporter subfamilies, ABCA
through ABCG. The proteins can hydrolyze adenosine triphos-
phate (ATP) to generate energy for translocating vast and diverse
substrates, including lipids, drugs, and metabolic products, from
intracellular to extracellular spaces65,67,68. The most relevant ABC
transporters to the efficacy and toxicity of drugs include the
P-glycoprotein (P-gp/MDR1/ABCB1), the breast cancer resis-
tance protein (BCRP/ABCG2), the multi-drug resistance proteins
(MRPs/ABCCs), and the bile salt export protein BSEP/
ABCB11)69.

The SLCs belong to a highly diverse superfamily containing
395 identified human transporters70. The most relevant SLC
transporters to drug disposition and DDIs include organic anion
transporting polypeptides (OATPs), organic anion and organic
cation transporters (OATs and OCTs), and multidrug and toxin
extrusion transporters (MATEs).

2.2.1. Transporter role in drug absorption
The gastrointestinal (GI) tract expresses many transporters that are
found to significantly impact drug absorption. On the luminal
membrane of enterocytes, uptake transporters like OATP2B1,
peptide transporter (PEPT) 1, apical sodium-dependent bile acid
transporter and monocarboxylate transporter 1 can uptake drugs
from the gut lumen into enterocytes. Drugs with low permeability
could have a boosted absorption if they are substrates of uptake
transporters. Meanwhile, efflux transporters expressed on the
luminal membrane, such as P-gp, MRP2, and BCRP, can efflux
drugs back to the gut lumen66,71,72. A decreased fraction of oral
absorption (fa) could occur with drugs transported by luminal
efflux transporters. Inhibition of P-gp or BCRP transporters can
increase oral bioavailability and decrease the active excretion in
urine or bile, resulting in an increase of systemic exposure73. P-gp
can be induced by PXR nuclear receptor activators, such as
rifampin, leading to the substantial reduction of oral absorption of
digoxin74, albeit the induction is less sensitive than CYP3A75.
Transporters expressed on the basolateral membrane of enter-
ocytes, such as organic cation transporter (OCT1) and MRP3, can
transport intracellular drugs across the basolateral membrane to
reach the blood stream. However, the clinical significance of these
basolateral transporters in drug absorption is still not well
characterized.

2.2.2. Transporter role in drug clearance
Transporter-mediated hepatic uptake can act as the ‘gatekeeper’ of
a drug entering hepatocytes, where the transporters provide the
access of substrates to intracellular metabolizing enzymes or
additional efflux transporters for elimination into the bile76,77.
OATP1B1/1B3, OAT2, sodium-taurocholate co-transporting
polypeptide, and OCT1 are expressed in the liver and play a key
role in hepatic drug disposition and elimination. For example, the
OATP1B transporters are responsible for the uptake of a wide
range of amphiphilic organic compounds into the liver. The
OATP-mediated transport may be the rate-determining step for the
overall clearance of OATP substrate drugs, and is thus important
for drugs whose site of action is in the liver. When OATP transport
is inhibited or reduced due to genetic polymorphisms, drug
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exposure in systemic circulation often increases, which supports
the notion that OATPs play important roles in hepatic clearance
and uptake-mediated drug disposition. Similarly, reduced OATP-
mediated transport can result in higher plasma levels of endoge-
nous substratesdsuch as tetradecanedioic acid (TDA), hex-
adecanedioic acid (HDA), and coproporphyrins I and III78.
Because these substrates are in vivo endogenous biomarkers for
OATP functional activities, monitoring their levels during first-in-
human trials could elucidate the potential of OATP inhibition-
mediated DDIs79e81. On the other hand, transporters expressed
on the canalicular membrane of hepatocytes play an important
role in biliary excretion of drugs and their metabolites. MRP2
contributes to the biliary excretion of endogenous chemicals, such
as conjugated bilirubin, and many structurally diverse xenobiotics
and their metabolites82e86. While the physiological role of BSEP
is to secrete bile salts to the bile duct and maintain the normal bile
flow, inhibition of BSEP has been found to associate with chole-
static liver injury87.

The measurement of intrinsic clearance (CLint) using in vitro
liver-derived reagents has proved pivotal for the prediction of
in vivo hepatic clearance88,89. With the term “CLint”, the well-
stirred model is adapted, which refers to the assumption that no
limitations or barriers within the liver exist. Widening disconnects
of in vitroein vivo clearance correlation or IVIVE have recently
been documented for drugs that are substrates of drug trans-
porters90. To incorporate transporter-mediated hepatic clearance,
newer extrapolation approaches have been developed to avoid the
systemic bias in clearance prediction. In recent years, an extended
clearance model is often used to estimate the overall hepatic
clearance91e93. While the extended clearance model can be useful
to identify rate-determining processes of drug clearance, the
limitations of the concept have been raised, regarding its adequacy
in PK prediction when selecting compounds for drug
development94.

Renal clearance is another important elimination pathway for
many clinical drugs and their metabolites95,96. It consists of
glomerular filtration and tubular secretion and reabsorption.
Renal transporters, such as OAT1/3, OCT2, and MATE1/2-K,
play important roles in the renal elimination of drugs. OAT1 and
OAT3 expressed on the basolateral membrane of the proximal
renal tubular cells are responsible for the uptake of anionic drugs
from the blood stream into the proximal tubule cells for either
metabolic processing or elimination into the urine80,97. OCT1,
OCT2 and OCT3 mediate the facilitative diffusion of organic
cations via an electrochemical gradient98. OCT1 is exclusively
expressed on the basolateral membrane of hepatocytes, while
OCT2 is expressed at the basolateral surface of the kidney
proximal tubule cells99,100. OCT1 is a thiamine transporter; it
regulates the exposure of thiamine and its active metabolite,
thiamine pyrophosphate, in the liver, to change hepatic energy
status and modulate activation of AMP-activated protein kinase.
It is found to be a major hepatic transporter in metabolic function
and play a critical role in hepatic steatosis101. MATE1 and
MATE2-K are expressed on luminal membrane of renal proximal
tubule cells; they act in an antipodal fashion to OCT2-mediated
uptake, to efflux drugs into the urine. Inhibition of these renal
transporters can reduce renal secretion of drugs, leading to an
increase of plasma exposure102. A determination of whether
OCT2-mediated uptake or MATE-mediated excretion was
inhibited is critical for clearance prediction, as inhibition of drug
efflux can result in drug accumulation in the proximal tubule
cells, leading to renal toxicity103,104.
2.2.3. Transporter role in drug organ distribution
Transporter-mediated organ uptake is generally considered as a
drug distribution process. In addition to influencing drug phar-
macokinetics, transporter proteins are the main determinants of
drug distribution. The spatial expression of transporters within or
along the tissue or organ is another determinant to their net
impact. In addition, the co-expression of different transporters
acting in the same or opposing direction have overall relevance in
their impact. For example, efflux transporters are expressed on the
barriers of liver, kidney, brain endothelium, mammary tissue, and
testis, and have particular importance in the distribution of drugs
to organs that are protected by these tissue barriers. P-gp and
BCRP can limit drug transport across the bloodebrain,
bloodetestis and maternalefetal barriers, and reduce oral ab-
sorption of drugs105. In the kidney, OAT1, OAT3 and OCT2 are
expressed on the basolateral membrane of proximal tubular cells
and work in concert with apically expressed MATE1 and MATE2-
K transporters to determine the local drug concentration. Antivi-
rals (e.g., acyclic nucleoside phosphonates), antibiotics (e.g.,
b-lactams), and chemotherapeutic agents (e.g., methotrexate and
cisplatin) are substrates for these transporters, and can accumulate
in the proximal tubule and cause direct cellular toxicity106e108.
OAT-mediated cidofovir uptake leads to the accumulation in the
proximal tubule cells that is the cause of nephrotoxicity. Admin-
istration of OAT inhibitor probenecid is prescribed to use clini-
cally prior to cidofovir to reduce the accumulation and the
incidence of renal adverse events109. In contrast, the nephrotoxi-
city of cisplatin is the result of its being a basal OCT2 and apical
MATE substrate110,111. In mice or transfected cell lines, co-
administration of MATE inhibitors ondansetron or vandetanib
can cause cisplatin accumulation in the kidney, resulting in
enhanced toxicity112,113.

2.3. New tools to quantitatively assess drug metabolizing
enzyme and transporter activities

2.3.1. Three-dimensional (3D) in vitro human tissue models
Current drug ADMET studies of new molecule entities (NME)
often rely on the use of two-dimensional (2D) cell culture systems,
such as Caco-2 human colorectal adenocarcinoma cells,
MadineDarby canine kidney cells (MDCK) and plated hepato-
cytes. The 2D cell culture systems have proven to be convenient
and effective models to evaluate permeability, transport, meta-
bolism, and cytotoxicity of compounds. However, 2D cultures
have several limitations, including a lack of tissue specific ar-
chitectures, cell-to-cell interactions, and mechanic flow. There
have been significant advances in the development of 3D cell
culture systems as alternative models that may better recapitulate
the in vivo physiology compared to static culture 2D models114,115.
More specifically, spheroids, organoids, and organs-on-chips have
been introduced as novel systems to assess ADMET properties116.
For instance, the effects of dynamic flow conditions of a gut-on-
chip culture system on the gene expression profiles were investi-
gated117. The in vitro gene expression profiles under 3D culture
conditions were similar to those of human in vivo duodenum,
jejunum, ileum, and colon tissue samples, indicating that the dy-
namic gut-on-chip platform is a suitable model for studying
human intestinal drug transporters, enzymes, and toxicological
responses117. In addition, several other intestinal chip models were
recently developed to study drug absorption, metabolism, and
bioavailability118e121. Hepatocyte spheroids, liver organoids, and
liver-on-chips have been used to investigate drug metabolism and
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drug-induced toxicity. Sandwich cultured hepatocyte, in which a
hepatocyte monolayer is cultured between two extracellular ma-
trix layers, has been shown to maintain activities of drug
metabolizing-enzymes and transporters. The sandwich cultured
hepatocyte model is commonly used to study in vitro drug uptake,
biliary excretion, and ADMET gene regulations122,123.

Complex chip-based tissue culture systems having a co-culture
system with multiple cell types or organoids are even more
attractive because tissue ultrastructure, enzyme and transporter
activities, and multi-organ interactions are well preserved. More-
over, these complex systems show different advantages and lim-
itations for characterizing ADMET properties of drug
candidates124. For example, in a simplified liver-testis-on-chip
model, liver spheroids grown in microfluidic conditions abun-
dantly and stably expressed DMEs compared to those under other
conditions125. By comparison, testosterone secreted by testicular
organoids cultured without liver spheroids can reach higher levels.
This suggests that the liver spheroids have metabolized the
testosterone synthesized by testis organoids in the co-cultures, as
naturally occurs in vivo. Furthermore, the addition of cyclophos-
phamide led to upregulation of specific CYP enzymes in liver
spheroids, and loss of germ cells in testicular organoids, in the
multi-organ-chip co-cultures, but not in testis-only culture, con-
firming multi-organ interactions125. Currently, various 3D culture
systems, from simple spheroids to more complicated organoids,
are being developed to improve cell- and organ-based assays, to
more closely mimicking in vivo human drug metabolism and
disposition, or susceptibility to adverse drug response124.

2.3.2. Proteomics-informed prediction of drug clearance to
improve IVIVE
Protein quantification using proteomic approaches has made giant
leaps in the past decade. Protein expression levels of major DMEs
and transporters have been mapped out in the major tissues,
specific populations and disease states, as well as in vitro sys-
tems126e132. This information helps to develop relative expression
factor (REF) and inter-system extrapolation factor values for re-
action phenotyping, cross-tissue translation of enzyme and trans-
porter activities, and PBPK modeling.

During the past decade, liquid chromatographyetandem
mass spectrometry (LCeMS/MS) based quantitative proteomics
has been applied to measuring absolute and/or relative
abundance of DMEs and transporters in ADME-related tissues/
organs131,133e135. Compared to conventional immune-quantitative
methods, such as Western blotting and enzyme-linked immuno-
sorbent assays (ELISA), these state-of-the-art proteomic tech-
niques select targeted peptides based on sequence information,
separate and identify protein digests with multiple reaction
monitoring. This allows quantitative measurement of multiple
DMEs and transporters simultaneously with high selectivity and
sensitivity. Quantitative proteomic techniques have been broadly
applied to generate rich datasets on the abundance of ADME-
related enzymes and transporters in various human tissues (e.g.,
liver, intestine, kidney, and brain) in healthy and special pop-
ulations, and preclinical animal models132,136e147. These data help
to further understand the effects of intrinsic and extrinsic factors
(e.g., age, disease, ethnicity, and genetics) on the expression of
enzymes and transporters, and their impact on PK and efficacy of
drugs when using PBPK modeling. The protein expression data
are used as system-dependent parameters, under the assumption
that the protein abundance data are correlated with the activity of
functional proteins148,149. Quantitative proteomics is also a
promising approach for IVIVE of transporter-mediated clearance.
Using LCeMS/MS-based quantitative targeted proteomics,
in vitro clearance by the transporter of interest measured in re-
combinant transporter systems can be extrapolated to in vivo using
REF method, which is defined as relative abundance of a selected
transporter measured in a relevant tissue (e.g., liver for hepatic
transporters) to that in an in vitro system (e.g., transporter trans-
fected cells)150. These REF values have been used as scaling
factors to successfully predict hepatic clearance of rosuvastatin in
rat and human and renal clearance of metformin in human150e154.
Additional studies are needed to expand this approach to addi-
tional compounds with diversified structures. REF approach is
also useful to estimate relative contributions of various trans-
porters to overall elimination of drugs, which is an important
parameter for DDI prediction155.

Despite the success of quantitative proteomics in ADME related
areas, some challenges remain. For instance, there is high vari-
ability in ADME proteomic data generated in different laboratories,
which is largely caused by differences in sample matrices used, and
in protein extraction, digestion, and measurement methods156. Such
variability highlights current limitations of these techniques, which
may lead to high uncertainty when applying proteomic data for
quantitative translation and modeling. Protocol optimization and
harmonization, as well as adherence to best practices for quantita-
tive proteomics, will help to address some of the issues157.
Furthermore, establishing the relationship between protein abun-
dance and functional activity of transporters and enzymes will ul-
timately improve the confidence of applying quantitative proteomic
based approach to predict PK, DDIs and efficacy of drugs.

2.3.3. Genetically engineered in vitro and in vivo models
Genetically engineered cell or animal models have been increas-
ingly used to identify ADME genes linked to specific drug meta-
bolism or transport pathways. A well-characterized genetic model
offers the possibility to directly validate the in vivo outcomes pre-
dicted from in vitro data and mathematical modeling. Over the past
decades, various engineered models, generated through the use of
genome editing approaches, such as zinc-finger nucleases (ZFN)
and transcription activator-like effector nucleases (TALEN),
became available for pharmaceutical research. For example, ZFN
technology was applied to knock-out drug efflux transporter genes
ABCB1, ABCC2 or ABCG2 in a subclone of Caco-2 cells158 and
MDCK cells159. A Bsep knockout model, in which the Abcb11 gene
is knocked out by ZFN technology in SpragueeDawley rats, has
become a useful tool to study bile acid disposition and compen-
satory gene regulation160. Recently, the powerful gene editing
technology of clustered regularly interspaced short palindromic
repeats associated protein 9 (CRISPR-Cas9) has been increasingly
applied for studying ADME gene function in cell lines or in ani-
mals161,162, as exemplified by the Cyp2d knock-out/human
CYP2D6 knock-in163, and Slco1b2 gene knockout rats164. The
MDCK cell line with canine Abcb1 gene knockout is a valuable tool
for permeability assessment and is routinely used in major phar-
maceutical companies165. However, despite these successful ex-
amples, the application of gene editing technologies has just started
in the field of ADME research, and there are only a few models
available for routinely screening compounds.

2.4. Utility of endogenous biomarkers in DDI prediction

The last decade has witnessed significant efforts toward the dis-
covery and development of endogenous biomarkers of the
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activities of DMEs and transporters. In particular, there have been
significant progresses in the identification, characterization, and
validation of endogenous biomarkers for assessing DDI potentials
for hepatic OATP1B1 and OATP1B3. Conventional approaches to
DDI studies, using probe drugs that are likely to be used
concomitantly with investigational drugs to define DDI magni-
tudes, have certain limitations when utilized during drug devel-
opment. For example, the efficacious dose of a drug candidate is a
moving target at early drug development stages. Setting an effi-
cacious dose can be even more complicated if a drug has several
different indications, because each indication can have its own
optimal dose. This makes it challenging to select a dose early for
DDI studies. Safety issues of some drug probes and the various
probe combinations can be of concern. A retrospective analysis of
107 clinical DDI studies pertaining to OATP1B inhibition
demonstrated that the cutoff value for the static DDI prediction
parameter (R-value) of >1.1 or 1.04, as recommended by FDA
and EMA, resulted in 21% and 31% of false-positive predictions,
respectively, and it may not be possible to accurately predict the
DDI magnitudes for true-positives166. Although PBPK models
have been applied to the translation of in vitro DME inhibition to
in vivo DDI, the predictive performance of PBPK for transporter-
mediated DDIs has not been well established, especially when the
ADMET properties of an investigational drug are not fully un-
derstood at early drug discovery phases.

Such a dilemma could potentially be solved by using circu-
lating and urinary endogenous biomarkers that are selective for
individual or combinations of hepatic and renal transporters.
Using endogenous biomarkers could circumvent the need to dose
probe substrates and thus reduce pill burden in the trials. There are
great potentials to utilize endogenous biomarkers as probe sub-
strates to assess DDI risk in the clinic, especially when investi-
gating DDIs in patients with organ impairment or other
diseases167,168. In addition, the measurements of endogenous
biomarkers enable evaluations of dose-dependent transporter in-
hibition in phase I clinical trials to determine in vivo inhibition
parameters169. The biomarker data generated in phase I studies
together with model-based predictions would complement regu-
latory decision tree-based approaches by minimizing false-
positive predictions170,171. The biomarker approaches also sup-
port earlier risk assessment and optimization of drug development
plan by properly determining the need for, and timing of, DDI
studies. As a result, the investigation of endogenous clinical bio-
markers of transporters, including identification and validation of
these biomarkers, has increased exponentially during the last few
years80,81,172,173.

To date, a number of laboratories have studied various struc-
turally diverse, circulating endogenous compounds as transporter
biomarkers, by using genome-wide association in humans (e.g.,
HDA and TDA) or monkeys [e.g., coproporphyrin I (CPI) and III
(CPIII)], and/or human clinical DDI studies with known inhibitors
(e.g., N1-methylnicotinamide)81. Several endogenous compounds
have been identified as substrates for OATP1B1 and/or OATP1B3,
including CPI, CPIII, HDA, TDA, unconjugated and conjugated
bilirubin, glycochenodeoxycholate-3-sulfate (GCDCA3S), and
glycochenodeoxycholate-3-glucuronide (Table 3). Among them,
CPI, CPIII, and GCDCA3S have been proposed as promising
endogenous biomarkers for OATP1B function81,173,174.
These endogenous biomarkers, in particular CPI, displayed good
sensitivity and dose-dependency in systemic exposure to rifampin,
a known OATP1B inhibitor, dosed in the range of 150e600 mg
in healthy subjects169,175,176. Recent popPK (population
pharmacokinetics) modeling analysis confirmed the sensitivity of
CPI to detect weak and moderate OATP1B inhibition177. The
significantly increased plasma CPI, CPIII, and GCDCA3S con-
centrations in healthy subjects carrying the SLCO1B1 c.521C/C
genotype, compared to those with the c.521T/T genotype, cor-
roborates the role of OATP1B1 in the disposition of these
endogenous biomarkers178,179.

N1-Methylnicotinamide and creatinine are the most studied
endogenous biomarkers for renal OCT2, MATE1 and MATE2-
K174,180. The endogenous biomarkers of renal OAT1 and OAT3
are relatively under-investigated. Taurine and GCDCA-S have
been identified as potential endogenous biomarkers of OAT1 and
OAT3, respectively181. Recently, pyridoxic acid (PDA) and
homovanillic acid were discovered and validated as promising
plasma-based endogenous biomarkers of OAT1 and OAT3 in
cynomolgus monkey and they were also evaluated in
humans182,183. The selectivity of PDA and homovanillic acid as
OAT1 and OAT3 biomarkers in human was confirmed by
assessing substrate potential of the compounds towards major
renal and hepatic transporters182,184. A human popPK model has
been developed, and the analysis supports qualification of PDA as
endogenous biomarkers of OAT1 and OAT3185.

Challenges remain with the use of endogenous biomarkers in
support of clinical transporter inhibition risk assessment. The
selectivity, sensitivity, biosynthesis, and ADME properties of an
endogenous biomarker, and its ability to differentiate different
transporter inhibitors, need to be characterized. In addition,
investigational drugs may affect the synthesis of endogenous
biomarkers and their transport to blood from the synthesis site(s)
in the body. With that in mind, the OCT2 endogenous biomarkers
have not been fully validated, since there is no selective inhibitor
of OCT2 over MATE1 and MATE2-K. Endogenous biomarkers
for assessing the inhibition of P-gp or BCRP have not been
identified, likely due to the limited involvement of intestinal P-gp
and BCRP in oral absorption of endogenous compounds. In
addition, it is difficult to dissect the relative contributions of in-
testinal, hepatic, and renal P-gp and BCRP to altered systemic
exposure of endogenous biomarkers.

Endogenous biomarkers are also needed for DMEs. A
notable progress in this area in the last decade is the identi-
fication of 4b-hydroxycholesterol (4b-HC) as a CYP3A bio-
marker186e190. However, although CYP3A induction potential
in humans may be predicted by measuring plasma 4b-HC,
plasma 4b-HC level increases only w2e4-folds with a typical
2-week rifampicin treatment, and it has a relatively narrow
dynamic range compared to oral midazolam (CYP3A probe
drug) clearance191. Changes in plasma 4b-HC level primarily
reflect induction or inhibition of hepatic but not intestinal
CYP3A192. In addition, the long half-life of 4b-HC makes it
more suitable for measuring baseline or steady-state hepatic
CYP3A activity, than for measuring acute changes in CYP3A
activity, such as those resulting from enzyme inhibition. With
all the inherent limitations of 4b-HC, it is well recognized that
it cannot replace the dedicated utility of midazolam for
detecting CYP3A DDI. Conversely, 4b-HC may be used for
the following clinical scenarios: 1) in multiple-dose studies,
where an increase in 4b-HC may provide an early signal for
strong hepatic CYP3A inducers; 2) in long-term treatment
studies or in patient populations, where a midazolam DDI
study is not feasible; and 3) in efficacy studies for chronic
conditions, in which hepatic CYP3A activity is altered by
disease193.



Table 3 Examples of ADME biomarkers that can be used to

detect drugedrug interactions.

Enzymes or transporters Potential endogenous biomarkers

CYP3A4/5 � 4b-Hydroxycholesterol

� Urinary 6b-hydroxycortisol to

cortisol ratio

� Urinary 1b-hydroxy-deoxy

cholic acid/total deoxycholic

acid ratio
OATP1B1/1B3 � Coproporphyrin I (CPI) and

CPIII

� Glycochenodeoxycholate-3-

sulfate (GCDCA-S)

� Glycochenodeoxycholate 3-O-

glucuro-nide (GCDCA-3G)

� Glycodeoxycholate 3-O-glucu-

ronide (GDCA-3G)

� Hexadecanedioate (HDA) and

tetrade-canedioate (TDA)

� Unconjugated and conjugated

bilirubin (UCB and CB)
OAT1/OAT3 � Kynurenic acid

� Taurine (renal clearance)

� 6b-Hydroxyl cortisol (6bHC)

� Glycochenodeoxycholate-3-O-

sulfate (GCDCA-S)

� Homovanillic acid (HVA)

� Pyridoxic acid (PDA)
OCT2/MATE1/2k � Creatinine

� N1-Methylnicotinamide

(NMN)
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2.5. Consideration of ADME pharmacogenetics (PGx) during
drug discovery and development

There has been increasing understanding of clinically relevant
polymorphisms of ADME genes and their impact on the drug PK/
PD characteristics. The observed heterogeneity in the drug PK/PD
and clinical responses may be attributed to the underlying genetic
variations in ADME genes that are important regulators of drug
exposure. Many reviews on these topics have been written,
focusing on CYPs194,195, conjugating enzymes such as UGTs196,
carboxylesterases197, as well as transporters OATP1B1198 and
BCRP199.

In parallel to scientific advances, regulatory agencies have also
issued guidance on examining the role of ADME pharmacoge-
netics to explain PK variability and associated clinical outcomes,
setting clear expectations on sponsors in this regard200,201. As of
today, approximately 100 US FDA-approved drugs have PGx
languages in the labeling, of which more than 60% are related to
ADME genes (https://www.fda.gov/drugs/science-and-research-
drugs/table-pharmacogenomic-biomarkers-drug-labeling). These
include examples of some well-known and important drug-gene
pairs, such as clopidogrel and CYP2C19, statins and OATP1B1,
and irinotecan and UGT1A1.

In addition to the label impact, ADME genetics has been uti-
lized in drug discovery and development for purposes of
marketplace differentiation, clinical dosing adjustment, mecha-
nistic understanding of PK/PD variability, and predictions of DDIs
and clinical outcomes202,203. One key component in deciphering
the impact of ADME genetics is to appropriately determine ge-
notype and phenotype relationships during clinical genetic ana-
lyses. To this end, it is important to first select genetic variants of
interest based on consistent selection criteria, some of which were
discussed previously204, and then leverage preclinical data on
fractional clearance (fCL) of a compound to predict metabolic or
transport phenotypes based on genotypes. The predicted pheno-
type of a given genotype may differ for different compounds, as
the fCL of the ADME properties of interest may vary202. Examples
of consortium efforts on defining genotype and phenotype re-
lationships can be found at the Pharmacogene Variation Con-
sortium (http://www.pgrn.org/pharmvar.html) and the Clinical
Pharmacogenetics Implementation Consortium (https://cpicpgx.
org/). Finally, as demonstrated in literature205,206 and the
recently approved eliglustat labeling, mechanistic modeling is
anticipated to continue to facilitate the understanding of PK/PD
variability, DDIs, and clinical outcomes, through integration of
multiple genetic factors and clinical variables207.

2.6. Characterization of non-hepatic clearance mechanisms

2.6.1. Prediction of human renal clearance
Although renal clearance as a major clearance pathway only ac-
counts for approximately 32% of the top 200 drugs prescribed in
US in 2010208, an accurate prediction of renal clearance is impor-
tant to the estimation of the total systemic clearance, doses, dose
regimen, and DDIs. An observed renal clearance of a compound
reflects the collective effects of multiple mechanisms, including
glomerular filtration, active secretion, and passive and active
reabsorption. When renal clearance is mainly driven by passive
mechanisms, i.e., glomerular filtration and passive reabsorption,
allometric scaling from animals to humans for renal clearance
prediction generally works well. Allometric scaling using animal
data is currently the recommended approach to predict human renal
clearance that is predominantly mediated by passive mechanisms. A
kidney PBPK model has recently been developed, which is able to
successfully predict passive renal clearance (glomerular filtration
and passive reabsorption) for compounds without active processes
in human, dog and rat209. The model requires input parameters of
passive permeability from monolayer cultured low-efflux MDCK
cells210, plasma protein binding, and pKa

209. The model also en-
ables prediction of drug-related risks for crystalluria when solubility
information is included209.

When active secretion and reabsorption are the dominant
mechanisms for renal clearance, allometric scaling typically is no
longer able to accurately predict human renal clearance, due to
species differences in transporter expression, affinity, and selec-
tivity. As stated above, transporters play important roles in active
renal secretion and reabsorption of compounds. OAT1, OAT3 and
OCT2 are the major drug transporters on the basolateral mem-
brane, whereas P-gp, MATE1, MATE2-K, MRP2, and MRP4 are
the predominant efflux transporters on the apical membrane of
proximal tubules that facilitate active renal secretion211. PEPT1,
PEPT2 and urate transporter 1 are the major uptake transporters
on the apical membrane to enable active reabsorption from renal
tubules211. The relative activity factor approach was developed to
quantitatively predict active renal secretion by OAT1, OAT2 and
OAT3212. A study conducted with a set of 36 diverse drugs indi-
cated that the most accurate prediction was achieved through
direct correlation between human and dog renal clearance after
correcting for differences in plasma protein binding and kidney

https://www.fda.gov/drugs/science-and-research-drugs/table-pharmacogenomic-biomarkers-drug-labeling
https://www.fda.gov/drugs/science-and-research-drugs/table-pharmacogenomic-biomarkers-drug-labeling
http://www.pgrn.org/pharmvar.html
https://cpicpgx.org/
https://cpicpgx.org/
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blood flow213. Various in silico models have been developed to
predict renal clearance and fraction of renal secretion with good
accuracy214,215.

2.6.2. Drug elimination from intestinal excretion: An under-
investigated drug clearance mechanism
Biliary excretion, renal elimination via glomerular filtration or
transporter-facilitated excretion, and metabolism are important
clearance pathways for small-molecule drugs. However, the
contribution of the intestine and the kidney to drug distribution
can be more complex than the initial absorption and excretion.
Direct intestinal excretion (IE) has not been widely recognized as
a common elimination pathway because the parent drug found in
feces in radioactive ADME studies is often treated as unabsorbed
materials or biliary excretion of intact drug, and because of a lack
of readily available techniques to directly measure IE. IE is
responsible for transporter-mediated elimination of endogenous
compounds, such as bilirubin and cholesterol, and efflux trans-
porter substrates, such as digoxin and paclitaxel216e220. For a
compound with a high apparent permeability and in vitro meta-
bolic stability, such as apixaban, passive diffusion coupled with
intestinal peristaltic movement, as well as intestinal blood flow,
generates a significant level of IE221,222. P-gp or BCRP gene
knockout, or even simultaneous inhibition of both P-gp and BCRP,
only affected apixaban IE to a small extent (<40%)223. Therefore,
passive permeation can be more important than efflux transporters
to IE of apixaban, a highly permeable compound. Transporters
BCRP and P-gp only slightly enhanced IE of apixaban when the
drug was dosed orally. In comparison, nitrofurantoin and digoxin
had low levels of IE because of their low apparent permeability.
BCRP and P-gp gene knockout further reduced the already low
level of IE for nitrofurantoin and digoxin222. Of note, IE of a
highly soluble drug may be self-saturated when dosed orally.

The extent of IE also depends on other elimination pathways
such as biotransformation, urinary elimination, and biliary
excretion. For example, metabolism appeared to be more
important for apixaban elimination in humans (25% of dose)
than in rats and dogs (<15%; urinary excretion was the major
elimination pathways of apixaban in rat but not in dog or
human). Despite these variables that make it hard to determine
the exact contributions of various elimination pathways, IE
accounted for approximately >20%, >42%, and >27% of
apixaban dose clearance in rats, dogs, and humans, respec-
tively224. Finally, it is always important to distinguish the rate
from the extent of IE. If the system is modulated via activated
charcoal or BDC (bile duct cannulation) or transporter inhibition,
it is important to examine the extent of change in an elimination
pathway as well as the rate.

Several studies have provided evidence for regional IE
through use of the Ussing chambers, everted intestinal sacs,
perfused intestinal segments, and in vivo with activated charcoal
treatment218,220,225e229. Several drugs were discovered to un-
dergo extensive IE only after investigation using various in vitro
and in vivo models, and in limited examples fecal elimination
resulting from regional IE has been unambiguously demon-
strated218,228. Measuring the amount of a drug in feces after
intravenous (IV) administration (preferably with radiolabeled
drugs) to BDC animals represents a direct method to assess IE.
Effects of experimental treatment with activated charcoal on
PK/elimination and intestinal recovery of a drug in BDC animals
following IV administration would provide ultimate IE
assessment230,231.
3. DMPK advances that enable development of new
modalities

New disease targets are continuously discovered and new thera-
peutic modalities that represent a diverse array of biologics, such as
antibodies, antibodyedrug conjugates, therapeutic replacement
enzymes, peptides, and small interfering RNAs, are rapidly entering
drug development pipelines. The new modalities, which, with
increasing complexity and diversity, have revolutionized the treat-
ment of a wide range of diseases, such as cancer, neurodegenerative
disorders, and autoimmune diseases, require more comprehensive
preclinical DMPK tools. Here we highlight several DMPK ad-
vancements that enable the development of new modalities.

3.1. Antisense oligonucleotide drugs

As a new class of drugs, several antisense oligonucleotide (ASO)
drugs, such as inotersen and nusinersen, have been approved232.
ASOs are small (w18e30 nucleotides), single-stranded, chemi-
cally modified oligonucleotides with complementary sequences to
specific mRNA sites. The action of ASOs is accomplished through
post-transcriptional modulation, via two distinct mechanisms. One
mechanism, exemplified by inotersen, is through RNase H-medi-
ated cleavage. The ASO drugs bind to their complementary
mRNA transcripts; the resulting complex is cleaved by endoge-
nous RNase H enzymes in the nuclei and cytosol, resulting in a
reduction of mRNA levels and consequent reduction of the levels
of target, pathogenic proteins. The other mechanism, exemplified
by nusinersen, is via modulation of pre-mRNA splicing, to in-
crease levels of functional mRNAs and its encoded proteins.

Compared to traditional, small-molecule drugs, ASOs have a
much higher molecular weight (4e10 kDa), and, though lipophilic,
they possess multiple negative charges. As expected, they have very
lowmembrane permeability, negligible oral bioavailability, and poor
bloodebrain barrier penetration. Their routes of administration are
either IVor subcutaneous (SC) injections, to target the liver ormuscle,
or direct injections into the site of action, such as intrathecal injection
to target the spinal cord or intravitreal injection to target the eye. Due
to the low permeability, they are delivered into cells via endocytosis.
Once inside the cell, they are sequestered into endosomes and then
further into lysosomes for degradation or exocytosis. A portion of the
ASO molecules may escape the lysosome degradation and reach the
cytosol and nucleus to interact with drug targets.

Following either IV or SC administration, plasma ASO con-
centrations decline rapidly from peak concentrations in a multi-
exponential fashion. This process is characterized as an initial rapid
distribution phase, when an ASO drug distributes to tissues, such as
the liver and kidney, in minutes to a few hours, followed by a slow
terminal elimination phase with a terminal plasma half-life of up to
2e4 weeks. Following SC administration, ASOs are absorbed
rapidly from the injection site and released into the systemic cir-
culation. The time to reach peak plasma concentration is typically
3e4 h. Phosphorothioate ASO drugs have relatively high plasma
protein binding, preventing them from rapid renal excretion.

ASOs are not metabolized by the major “drug metabolizing”
enzymes, such as CYPs. Instead, they are metabolized by endo-
nucleases and exonucleases. The metabolites are fragments of the
parent oligonucleotides and are eliminated from the body via renal
clearance. Therefore, ASOs are not involved in the typical drug
metabolizing enzyme-mediated DDIs233e235. ASOs typically have
no or minimal inhibition or induction of major DMEs and trans-
porters at clinically relevant concentrations236.
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3.2. Therapeutic protein drugs

The protein therapeutics field has grown significantly since the
introduction of the first human protein therapeutic, i.e., human
insulin derived from recombinant DNA, in 1982. As of May 1,
there are about 18 investigational therapeutic proteins (TPs) in
regulatory review either by the US or EU regulatory agencies in
2021. Of those, three TPs were granted first approvals in either the
US or EU from January 1 to May 1, 2021237. It is estimated that
the global protein therapeutics market will be approximately $315
billion by 2025238. TPs have several advantages over small
molecule drugs, which currently dominate the pharmaceutical
market. TPs are capable of performing highly specific and com-
plex functions, which is challenging for small molecule drugs to
achieve. The higher specificity of proteins also results in lesser
off-target toxicity. Much of this growth can be attributed to the
development of monoclonal antibody (mAb) therapeutics as new
therapeutic targets are discovered (e.g., checkpoint blockades). In
addition, beside the advances in bispecific antibodies and multi-
functional antibody-based medicines (e.g., antibodyedrug conju-
gates (ADCs), non-antibody-based proteins such as replacement
and non-endogenous proteins are also being developed. The first
nanobody, caplacizumab, that contains a single-domain antibody
fragment was approved in 2019.

Compared to small molecules, the ADME process for proteins
are much less well characterized. In general, the PK and dispo-
sition properties of mAbs and peptides are influenced by two
broadly categorized phenomena: target-mediated drug disposition
(TMDD) and nontarget-related clearance mechanisms239. The
nontarget-mediated PK and disposition of either mAbs or peptides
is complex and depends on protein structure and the intrinsic
physiologic mechanisms. Physiochemical attributes, such as mo-
lecular weight, secondary and tertiary structures, charge- and
hydrophobicity-related attributes, post-translational modifications
(e.g., glycosylation, deamidation, and methylation), and thermal
and catabolic stability, each plays a role in the clearance of mAbs
and peptides to various degrees240,241. Proteins are administered
parenterally and usually not available as oral drugs due to dena-
turation in the gut. Little is known about the mechanism of ab-
sorption of mAbs administered via SC or intramuscular injection,
although uptake is recognized to be primarily via the lymphatic
system. Absorption of mAbs from the SC route is slow, with peak
concentrations occurring approximately 6e9 days after adminis-
tration. Bioavailability of most mAbs ranges from 40% to 80%242.
Large proteins are not able to efficiently penetrate the tissue to
reach their target sites due to their size and hydrophilicity. The
distribution of proteins into tissues is generally slow and via
convective transport through pores on capillary walls as well as
transcytosis from circulation to the extracellular space. Presence
of target in peripheral tissue can significantly change the tissue
distribution of proteins and lead to potential asymmetric distri-
bution of proteins between plasma and tissues239.

The disposition of mAbs has been characterized using a plat-
form PBPK model based on experimental mouse data. The model
has been further applied to describe the plasma and tissue PK of
nonspecific or antigen-specific mAbs in various preclinical species
and humans243. A common mechanism of protein elimination
includes filtration into urine, secretion into the bile and biotrans-
formation (e.g., metabolism or catabolism). There is an inverse
relationship between the rate of renal clearance (or elimination) of
protein-based biologics and their size (or molecular weight). The
general philosophy, based on a number of studies, suggests that
molecules that are less than 50 kDa are removed from systemic
circulation by renal filtration through the renal glomeruli. The
large molecular weight of mAbs (w150 kDa) clearly precludes
these molecules from renal clearance mechanisms; however, for
peptides, renal filtration can play a major role in their removal
from systemic circulation. Secretion into the bile is an important
pathway of elimination of IgA antibodies, but this route is not a
significant contributor to the elimination of IgG antibodies. The
majority of IgG elimination occurs via intracellular catabolism,
following fluid-phase or receptor-mediated endocytosis. However,
mAbs, as well as endogenous IgG/albumin, can be protected from
degradation by tight binding to protective receptors [the neonatal
Fc-receptor (FcRn)] at acidic pH in the early endosome. The
IgGeFcRn complexes are not delivered to the lysosome for
catabolism but rather are sorted to the cell surface for fusion with
the cell membrane. IgG/albumin dissociates from the receptor at
physiological pH and is rapidly released into extracellular fluid.
As a result, these molecules exhibit relatively long terminal half-
lives, usually weeks. IgG affinity for FcRn is species spe-
cific239,244. By taking advantage of the recycling by FcRn re-
ceptors, the fusion of a small therapeutic protein with the Fc
binding moiety of mAbs or albumin can enhance its half-life.

TMDD is common for TPs, especially mAbs, due to their
relatively low systemic clearance and high target-binding affinity.
Target-mediated elimination is saturable because of the finite
expression level of the target. The rate of uptake and elimination
of antibodies by target-mediated pathways is a function of dose
and the expression level of the target, as well as a function of the
kinetics of receptor internalization and intracellular catabolism.
Target-mediated elimination happens following Fab binding, not
only to the cell-surface receptor, but also to soluble targets,
particularly multimeric substances with several repeated epitopes,
leading to the formation of large complexes that may be rapidly
eliminated by phagocytosis. A consequence of TMDD is non-
linear PK, with high clearance observed at lower does and dose-
dependent clearance decrease and half-life increase. IgG anti-
bodies may also interact with Fc-g-receptors (FcgR); the endo-
cytosis and catabolism of IgG-FcgR complexes may contribute to
the elimination of circulating antibodies. However, considering
the relatively high affinity of IgG for FcgR and the high endog-
enous concentrations of IgG in plasma (w65 mmol/L), it has been
argued that FcgR-mediated elimination is unlikely to be important
for monomeric IgG239,242.

PK from cynomolgus monkeys alone can be successfully
scaled to humans within a linear range, using a simple allometry
with fixed exponent within reasonable accuracy, i.e., within 2-fold
of the observed values. The mean scaling exponents in the allo-
metric equation for CL and Vss, against body weight, were
calculated to be 0.85 and 1.00, respectively245. The non-linear PK
profile can be predicted through the TMDD modeling approach if
target expression and physiological parameters are available in
patients or when MichaeliseMenten parameters (Km and Vmax) in
monkeys and humans are assumed scalable246. The PK/PD models
and concepts of TPs are generally similar to small molecules.

As TPs do not typically depend on metabolism or transport for
clearance, there is less potential for concomitantly administered
drugs to affect therapeutic protein disposition or elimination.
However, evolving data indicate that TPs may affect the disposi-
tion of other drugs. Exogenously administered immunologic
proteins, such as interferons and interleukins, may result in
changes in the metabolic capacity of the liver that are similar to
what has been observed during acute infection or inflammation. It
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has been demonstrated that cytokines can suppress gene tran-
scription, resulting in downregulation of CYP enzymes and drug
transporters247. FDA guidance248 suggests evaluating the DDI
potential for TPs as perpetrators if they are proinflammatory cy-
tokines or cytokine modulators, or when a therapeutic protein
affects human physiological processes that can in turn alter the PK
profiles of co-administered medications. Conversely, the thera-
peutic protein should be evaluated as a victim if co-administered
medications compromise the function of FcRn, or when co-
administered medications include an immunosuppressor and a
therapeutic protein whose PK properties are affected by immu-
nogenicity. If co-administered medications impact the TP’s target
or target-mediated disposition, the DDI potential of the TPs may
be evaluated as perpetrators or as victims, depending on the role of
the TPs in the DDI.

The translation of in vitro data or animal DDI data to humans
has been limited. Some pre-clinical methods could provide mech-
anistic understanding of the DDI potential of TPs, which in some
cases can be combined with PBPK models. Clinical studies of TPs
should consider the suspected mechanism for the DDI when
selecting the relevant study population and the interacting drugs to
evaluate. The study design (parallel or crossover) should be
informed by the suspected mechanism of the DDI and the PK
characteristics of the drugs (e.g., the drug’s half-life). Although
PBPK modeling may be applied to TPedrug interactions to eval-
uate complex mechanisms and explore the potential for clinically
significant interactions, this approach is still emerging and currently
not comprehensive enough to substitute for in vivo studies.

3.3. Antibodyedrug conjugates (ADCs)

ADCs are a class of complex molecules that compose of a
monoclonal antibody (mAb) linked to a biologically active small
molecule (payload) through a specialized chemical linker forming
a conjugate. mAbs specifically bind to tumor associated antigens
that are highly expressed in cancer cells, which allow for the
discrimination between normal and cancer cells. Upon binding to
the surface antigen, ADCs can be internalized by endocytosis and
trafficked to endosomes and lysosomes, where lysosomal prote-
olysis catalyzes the linker to release the biologically active small
molecule. While the antigen is selected to target cancer cells, the
linker is designed to be stable in systemic circulation but rapidly
cleaved in the lysosome. Once released from the mAb, it is
thought that payload can freely diffuse through the lysosomal
membrane to intact with intracellular targets249. The cytotoxic
payloads are often substrates of efflux transporters. The efflux
transporters that are also expressed on the lysosomal membrane
can sequester the payload and cause multidrug resistance of an
ADC250,251. The in vivo forms of ADC species can be very het-
erogeneous, including unconjugated payload, unconjugated anti-
body, and ADCs with varying levels of conjugation252.

This in vivo structural variation, in combination with the lack
of specific agency guidance for their bioanalysis, makes it
essential for sponsors to design a robust and relevant bioanalytical
strategy for each ADC. It is critical for bioanalytical scientists to
engage key stakeholders, such as clinical pharmacologists, clinical
safety scientists, and regulatory specialists, to apply sound sci-
entific principles to ensure a bioanalytical strategy that generates
robust data that are meaningful for efficacy and safety endpoints.
A stage-specific bioanalytical strategy may be needed for the
bioanalysis of ADCs. For example, investigations of in vivo
metabolism of an ADC may be needed in early-stage clinical
studies. As clinical development progresses, the bioanalytical
strategy may evolve once correlative relationships between
different species of the ADC and various safety and efficacy
signals are established.

From an analytical perspective, it is important to know the
fundamentals of the assays, such as the exact analyte, the vari-
ability of the measurements, and the reliability of procedures,
from sample collection, handling, to storage. The heterogenous
in vivo species could also potentially interfere with each other’s
quantitation, due to issues such as continuous catalysis during
sample handling and storage. Typically, the PK bioanalysis strat-
egy of an ADC involves the measurements of the concentrations
of ADCs, total antibodies (ADC plus free antibodies), and free
warhead in circulation. The ADCs and the total antibodies are
usually measured by ligand binding assays (LBA) (Fig. 1). They
can also be measured by hybrid immunocaptureeLC/MS
methods, where a surrogate signature peptide can be used as a read
out of total antibodies while the warhead can be used for the
quantification of ADCs. Recent advances in analytical technolo-
gies, such as high-resolution mass spectrometers, have enabled
direct quantification of intact macromolecules, including free
antibodies and ADCs. Like other biotherapeutic modalities, ADCs
can induce host immune responses that may affect the exposure,
safety, and efficacy of the drug. Molecular structure factors spe-
cific to ADCs, such as the payload and hapten-like structures, may
increase the risk of immunogenicity.

3.4. Advancement of bioanalytical methods to enable
development of large-molecule drugs

3.4.1. Ligand-binding assays (LBA) for ASO drugs
LBA, specifically hybridization ELISA, has been the most used
bioanalytical technology for ASOs. In this method, an ASO drug
in the biologic matrix is captured with an immobilized oligonu-
cleotide, which has a complementary sequence to one part of the
ASO drug, and the ASO drug is further hybridized with another
oligonucleotide which has a complementary sequence to the other
part of the ASO drug to be detected. The advantages of the hy-
bridization ELISA method include high sensitivity, with capability
of quantitation of ASOs at single-digit ng/mL levels in biological
fluids, and relatively high throughput. However, the major chal-
lenge of hybridization ELISA is its limited specificity, as hy-
bridization probes may react with the truncated metabolites of the
target ASOs. Chromatographic assays coupled to high-resolution
mass spectrometers or MS/MS have been used as alternatives to
hybridization ELISA for ASO bioanalysis. The main advantages
of the MS-coupled assays are that there is no need for special
reagents or enhanced specificity, and that the assay can distinguish
truncated metabolites from the parent ASO drugs. However, the
relatively low sensitivity of the LCeMS methods has limited their
application in ASO drug discovery. Recently, a method combining
the advantages of LBAs and LCeMS assays, called hybridization
LCeMS/MS assay, was reported, which can achieve both high
specificity and high sensitivity253.

3.4.2. Analytical methods for immunogenicity of ADCs
As is for other biotherapeutics, the immunogenicity assay strat-
egy of an ADC should be developed based on its risk assessment,
including the probability of immunogenicity against the ADC
and its consequences254. However, there are potential conse-
quences that are unique to ADCs. For example, formation of
immune complexes containing anti-drug antibodies (ADAs) with
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the payload by immune cells may result in toxicity. In addition,
prior exposure to therapeutics containing the same linker or
small-molecule drug may further complicate the immunogenicity
risks.

A standard three-tier strategy is often appropriate for ADC
immunogenicity monitoring255. The decision to perform ADA
domain mapping should be based on a thorough risk assessment.
Typically, specificity is mapped against the mAb vs. linker/
payload. Determination of domain specificity can be achieved by
two approaches. In a competition strategy, ADA domain mapping
is accomplished through a confirmatory competitive inhibition
assay. For example, signals derived from ADA against the mAb
can be ablated by addition of unlabeled mAb in the confirmatory
assay. Alternatively, ADC components may be used as capture and
detection reagents to detect the existence of ADA specific to that
component.

4. Model-informed drug development (MIDD)

The concept of PBPK modelling is not new256; however, significant
progresses in the utility of PBPK modelling have been made in the
past 10 years, through its incorporation into drug discovery and
development processes257e263. These advances were propelled by
the scientific community, through efforts from three main sectors.
Firstly, commercial PBPK platforms were developed by incorpo-
rating a large number of species-dependent physiological system
parameters and drug-dependent physicochemical, in vitro, and
in vivo ADME data; these included Simcyp (https://www.certara.
com/software/simcyp-pbpk), GastroPlus (www.simulations-plus.
com), PKSIM (www.systemsbiology.com/products/pk-sim.html),
ADMEWORKS DDI Simulator (http://www.fqs.pl/chemistry_
materials_life_science/products/ddi_simulator), CLOEPK (http://
www.cyprotex.com/insilico/), and many others. Secondly, experi-
enced modelers from pharmaceutical industry and academic in-
stitutions utilized these commercial PBPK platforms to address
predictive PK-related questions and support the internal decision
making in drug discovery and development. Thirdly, modelers from
regulatory agencies reviewed the PBPK applications in drug
development and provided guidance on the best PBPK practices.

4.1. Application of physiologically based pharmacokinetic
(PBPK) modeling

DMPK scientists from pharmaceutical industry are not only con-
cerned with whether certain PK behavior of a molecule can be
predicted, but are also interested in providing an understanding of
the confidence level for such predictions in general to enable the
internal decision making for key milestones for drug discovery
and development. Therefore, scientists from pharmaceutical
companies formed a working group under the International Con-
sortium for Innovation and Quality in Pharmaceutical Develop-
ment, with a common goal of understanding and improving the
prediction accuracy and confidence. Moderate to high confidence
predictions have been achieved in the following areas: (1) pre-
clinical and clinical PK prediction for CYP-mediated mecha-
nisms, (2) DDI-related reversible CYP inhibition alone, (3)
absorption prediction for high solubility and high permeability
compounds [Biopharmaceutics Classification System (BCS)
Class 1], (4) PK prediction for special populations related to PGx,
and (5) PBPK-PD prediction and target organ distribution for
small, passively permeable molecules. It is particularly notable
that there has been an improved understanding of the PK
prediction for specific populations (e.g., patients with renal or
hepatic impairment). For examples, a retrospective analysis con-
ducted by 19 pharmaceutical companies suggested 90% (n Z 47/
50 arms) and 70% (n Z 43/56 arms) successful rate (predicted
within twofold of observed AUC ratios) for mild renal and hepatic
impairment PK prediction, respectively258. The confidence in
predicting PK for moderate and severe hepatic impairment pop-
ulations remains relatively low. An accurate reflection of the
pathophysiological changes for the targeted patient population in
the PBPK platform and the accurate characterization of the
clearance pathway for a drug would contribute to the successful
prediction. Based on these collective efforts, it was recommended
that PBPK may be used to support mild renal impairment study
waivers, a view that is not yet universally accepted, particularly by
regulatory agencies264.

Another retrospective analysis conducted by 23 pharmaceu-
tical companies suggests an 80% successful rate (24/30 drugs) for
correctly capturing the likelihood of food effect, without any
optimization of the absorption parameters. In addition, there is no
clear correlation between the prediction confidence and BCS
category and/or food effect type. However, an association is
demonstrated with the key mechanism(s) driving the food effect.
High confidence in PBPK prediction of food effects is typically
observed for compounds where the mechanism of food effect was
related to physiology, including changes in the gastrointestinal
(GI) luminal fluids, fluid volume, motility, pH, ion pairing, and
bile salts. Low confidence in prediction is associated with the
food effects related to drug formulation interactions with the in-
testinal microenvironment, specifically with respect to salts and
weak bases, such that the model and/or the biorelevant media
used could not capture the dynamic effects of the drug on its
microenvironment. Low confidence in modeling is also observed
with the food effects related to fed-state hydrodynamics (e.g., GI
fluid viscosity) and foodedrug/micelleedrug interactions where
standard in vitro assays are not able to characterize the food effect
mechanistically.

Compared to the CYP-mediated clearance and DDI prediction,
the confidence of the transporter translation is considered to be
relatively low. Nevertheless, 25 case examples of transporter-
mediated DDI simulation using PBPK models, which either suc-
cessfully supported submissions to the regulatory agencies or
played a crucial role in trial design/strategic internal decision
making (between 2013 and 2018) is a testimony of the tremendous
progress made in the science of PBPK modeling for transporter
substrates and inhibitors263. The remaining challenges and oppor-
tunities are identified in the following areas: 1) poor IVIVE trans-
lation for transporter substrates with the general underprediction
trend of in vitro kinetics parameters, 2) gaps in system data such as
transporter protein abundance in vitro and in vivo, localization and
intestinal/renal/hepatic/brain parameters, 3) incorporation of the
transporter contributions to the Vss prediction, 4) poor IVIVE
translation for transporter perpetrators, with a general trend of
underprediction by in vitro inhibition Ki values. Future advance-
ments in these areas will improve our confidence in the prediction
of unbound tissue concentration, which will impact the accuracy in
predicting efficacy and toxicity of drugs.

4.2. PK/PD considerations and dose selection for cell and
oligonucleotide therapy

Applications of MIDD to cell therapy are still in the early stages,
and rapidly evolving. MIDD approaches can be leveraged to
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address important PK/PD questions to support dose selection, with
consideration of the complexities resulting from the unique
cellular PD. For example, what’s the optimal binding affinity and
receptor expression density for a given target? How translatable
are the in vitro and animal models? How should these data be used
in making predictions about the first-in-human dose? Are there
any intrinsic or extrinsic patient factors (e.g., tumor burden or co-
administered therapy) that should inform dose regimen?

The first clinical cellular kinetic model for chimeric antigen
receptor (CAR)-producing T-cells (CAR-T) was developed for
tisagenlecleucel and was used for confirming that medications
used to treat cytokine release syndrome (tocilizumab and low-
dose corticosteroids) did not impact the rate of CAR-T expan-
sion265,266. The authors reported that blood cellular kinetics usu-
ally exhibit a rapid expansion, beyond the infused cell dose, and
then long-term persistence. The mathematical model (Fig. 2267)
describes the exponential expansion, with the rate constant r up to
time Tmax, followed by biphasic decline after Tmax with rate
constants a (a rapid decline reflecting the apoptosis of most
activated lymphocytes following the initial immune response) and
b (a slower decline due to a gradual decrease of T cells that can
persist in the body). The recently published work in the xeno-
graph mouse model268 presented a more mechanistic modeling
example by including tumor killing components, but further work
remains to translate such models and insights into clinical
development.

Plasma PK for RNA oligonucleotides (ASO and siRNA) is
typically characterized by a rapid distribution phase driven by
uptake into major distribution organs (liver and kidney), and a
slower terminal elimination phase269e271. Allometric scaling ap-
proaches can in general be used for inter-species scaling of plasma
clearance across nucleotide sequences and between species. Liver:
plasma concentration ratios of w5000-fold have been reported
after the initial distribution phase for ASOs, and these numbers are
consistent across species and between different ASOs269e271. The
liver is the chosen site of action for a number of oligonucleotide
therapies given their preferential liver uptake. Exposure (plasma
or liver)eresponse relationship established in preclinical models
can be used to inform human translation. The EC50 values esti-
mated in mice extrapolated well to humans269,270.

5. Advancement of regulatory sciences

Scientific advances in DMEs and transporters strengthened our
understanding of PK DDIs. Drug interaction potential is recog-
nized as an important consideration in the evaluation of an NME
and is an integral part of drug development and regulatory review
prior to its market approval272e275. Metabolism, transport, and
drug-interaction information play a key role in benefit/risk
assessment. Since the publication of the first DDI guidance in
1997, FDA has updated DDI guidance documents multiple times
over the past two decades to incorporate updated knowledge and
recommendations on DDI evaluation during drug development so
that DDIs can be managed properly (Fig. 3105,276e280). FDA DDI
guidance documents281 recommend an integrated approach that
includes in vitro and in vivo studies and in silico tools (e.g., PBPK
modeling) to help determine the need of in vivo DDI studies, study
design, and inform labeling recommendations. There is an in-
crease in PBPK modeling in drug development and regulatory
submissions. PBPK models have been used in lieu of some in vivo
DDI studies, for example, to evaluate the effects of moderate in-
hibitors or inducers on the PK of an NME and complex DDIs
mediated by CYPs264,282e285. PBPK analyses to evaluate
transporter-mediated DDIs can be scientifically challenging, yet
they still play a role in regulatory submissions.

Potential DDIs resulting from effects of selected drugs on the
NME and effects of the NME on other selected drugs should be
explored during drug development to ensure an adequate
assessment of an NME’s safety and effectiveness. Drug with-
drawal due to DDIs has rarely occurred since 2002, which may
be attributed to potential DDIs being evaluated early so that
proper mitigation strategies can be implemented prior to drug
approval.

Besides enzyme or transporter-mediated DDIs, absorption-
related DDI for drugs whose solubility is pH-dependent can be
caused by pH changes in the gastrointestinal tract that are induced
by acid reducing agents (e.g., proton pump inhibitors, H2 blockers,
and antacids). pH-dependent DDI should be evaluated during drug
development and a preliminary decision framework has been
proposed to investigate this type of DDI with a draft guidance
published by the FDA in 2020286. PBPK modeling efforts to
predict pH-dependent DDI have been explored287,288.

The increased clinical use of therapeutic proteins raises concerns
regarding their impact on DMEs or transporters and the potential
for drug interactions. Generally, these interactions between thera-
peutic proteins and small molecule drugs may not be adequately
detected by in vitro assessments289,290. Therefore, in vivo drug
interaction studies may be indicated when a therapeutic protein is
known to modulate enzymes or transporters (e.g., proinflammatory
cytokines) or is designed to be administered with other drug
product(s) as a combination regimen, especially if the co-
administered drug has a narrow therapeutic range. Evaluation of
DDIs for therapeutic proteins is still an evolving area. FDA pub-
lished a separate draft guidance on DDI assessment for therapeutic
proteins in 2020. Overviews of clinically reported therapeutic
proteinedrug interactions and the information included in the
product package insert have recently been presented291e293.

6. Summary and future perspectives

The competitive landscape in drug discovery and commerciali-
zation to enhance drug access requires DMPK scientists to
continue apply innovative approaches to advance drug candidates
in ever accelerated timelines. As we reflect on some of the major
ADME and PK advancements in the past decade, the future looks
even brighter on the translation of new innovations and cutting-
edge science and technologies for drug discovery and develop-
ment. Here we list some of the areas where breakthroughs are
needed and/or likely to occur in the next decade.

6.1. Clearance prediction

The confidence in human clearance prediction has increased
greatly due to the high-quality reagents (e.g., HLM and HHEP)
available and the increased understanding of clearance mecha-
nisms, as well as availability of state-of-the-art modeling and
simulation tools to integrate complex processes. Low-clearance
methods have been developed and implemented to detect
intrinsic clearance and identify metabolites of slow-turnover
compounds. Much progress has been made with the prediction
of transporter-mediated clearance and enzyme-transporter inter-
play, and new tools are continuously being developed to further
mitigate challenges. Further enhancements in clearance prediction
will likely come from breakthroughs in our ability to more



Figure 2 Multi-phase kinetics of CAR-T cell and model structure. (a) A typical multi-phase kinetics of CAR-T cell: distribution, expansion,

contraction and persistence phase; (b) model structure for CAR-T kinetics; (c) schematic diagram of a three-step workflow for modeling and

analysis. ALL, acute lymphocytic leukemia; CAR-T, chimeric antigen receptor-T; CLL, chronic lymphocytic leukemia; Cmax, peak plasma

concentration; CR/PD, complete response/progressive disease; DLBCL, diffuse large-B cell lymphoma; MM, multiple myeloma. Reproduced

with permission from Ref. 267. Copyright ª 2020 The authors and American Society for Clinical Pharmacology and Therapeutics.
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accurately predict non-CYP mediated clearance, extra-hepatic
clearance, transporter-mediated hepatic and renal clearance,
enterohepatic recirculation, and biliary clearance. Significant
innovation will be needed to develop new tools to address these
gaps. Continuous optimization of 3D culture systems and
increased utility of humanized animals294 are potential solutions
for these challenging areas. Knowledge gaps underlying the
IVIVE disconnect remain to be filled.

6.2. Protein quantification

Major technological advances in proteomics have enabled rapid
quantification of DMEs and transporters in various human tissues
and in vitro systems. These data are highly informative; they make
it practical to bridge in vitro cDNA expressed systems to more
physiologically relevant systems (e.g., HLM or HHEP), by using
the REF approach. They also allow cross-tissue scaling of enzyme
or transporter protein levels when using PBPK modeling.
Currently, the variability of the proteomics approach is still high,
with inconsistency observed between different methods or
laboratories. Relationships between protein membrane expression
and activity need to be established and verified further. As the field
learns to standardize the approaches for protein quantification and
validate the data against activity information, the quality of the
data will improve. Overall, we expect that the proteomics protein
quantification approaches will continue to have a high impact in
the ADME and PK field in the next decade.

6.3. Endogenous biomarker strategies

The biomarker field hasmatured significantly during the past decade.
Biomarkers are widely applied in efficacy and safety studies in drug
discovery and development. ADMET biomarkers have shown great
promises in predicting DDI and exposure changes in disease pop-
ulations, such as 4b-hydroxycholesterol for CYP3A4/5 and CPI for
OATP1B. ADMET biomarkers have been used regularly in the
pharmaceutical industry to aid internal decisionmaking.Asmore and
more validations are available between biomarker approaches and
traditional studies, the ADMET biomarker strategies are more likely
to gain acceptance by regulatory agencies in the future.



Figure 3 FDA DDI Guidance History (1997e2020). Major CYP enzymes recommended for routine assessment to identify potential

metabolism-mediated interactions include: CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, and CYP3A. Transporter-mediated DDI

was first recommended in 2006 draft FDA DDI guidance, focusing on P-glycoprotein. Evolving knowledge on roles of transporters in DDI, safety

and efficacy, and collaborative work led by the International Transporter Consortium has led to more transporters being studied105,276e278. To date,

nine clinically important transporters are recommended in FDA DDI guidance documents for routine evaluations of DDI potential for investi-

gational drugs, which include four efflux transporters (P-gp, BCRP, MATE1 and MATE2-K) and five uptake transporters (OATP1B1, OATP1B3,

OAT1, OAT3, and OCT2)279,280. Basic and more mechanistic models and decision criteria have been developed and refined over the past decade.

The international harmonization efforts on DDI evaluation are being pursued at the International Council for Harmonisation of Technical Re-

quirements for Pharmaceuticals for Human Use (ICH). An ICH M12 guideline on DDI is being developed to provide a consistent approach in

designing, conducting, and interpreting DDI studies during the development of a therapeutic product (https://www.ich.org/page/multidisciplinary-

guidelines).
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6.4. DDI prediction

Our ability to accurately predict DDI has improved tremendously
in the past decade. This is largely due to in-depth mechanistic
understanding of the kinetic parameters influencing DDI, and
significant developments in PBPK modeling to integrate complex
processes, such as DDI involving metabolites, autoinhibition/
autoinduction, and enzyme-transporter interplay. The regulatory
DDI guidelines have continuously evolved as our knowledge ex-
pands in ADMET science. PBPK modeling and simulations have
provided highly valuable information to enable project progres-
sion without conducting certain clinical trials. Future enhance-
ments of the PBPK modeling tools, along with the scientific and
technological advancements, will enable more reliable DDI pre-
dictions for the more challenging processes, such as transporter-
mediated DDI and complex interplay of reversible/time dependent
inhibition and induction.

6.5. New modalities

As the pharmaceutical industry is putting more emphasis on new
areas of peptides, oligonucleotides, highly-engineered proteins,
antibodyedrug conjugates, and RNA vaccines, new ADMET
knowledge and enabling technologies are being developed to
address the paradigm shift. Quantification of new modalities re-
quires innovative approaches and creative thinking. Measurement
of ADCs may mean detection of multiple species rather than a
single molecule. ADMET of new modalities can be very different
than those of small molecules. TMDD is the norm rather than the
exception for therapeutic proteins compared to small molecules.
CYP-mediated DDI is common for small molecules, but rare for
ASO or therapeutic proteins, which may have quite different DDI
mechanisms. Major breakthroughs are expected in this area to
support development of new approaches and fill knowledge gaps
in our understanding of the DMPK differences between the new
modalities and small-molecule drugs.

6.6. Application of microphysiological systems

Although 3D cell culture systems are miniaturized organs that
possess some key features of intact tissues, they are still over-
simplified versions of the native tissues in many ways. Many
challenges remain for widespread adoption of 3D cell culture
systems in drug discovery and development. Current 3D culture
systems are diverse in terms of complexity, architecture, size,
morphology, and assay protocols. This leads to challenges in
standardization with respect to culture and assay methods, phe-
notypes, and output data analysis. In addition, the predictive
values of 3D cell cultures for ADMET need further validation
with human in vivo data. Furthermore, the assays using 3D cell
models are far less developed with respect to quantification, im-
aging, and analysis throughput, compared with established 2D cell
culture models. Taken together, 3D cell cultures are promising
tools in drug discovery and development, and have high potential
to capture the in vivo functions of organs and tissues. Moreover,
the development of screening-compatible 3D cell cultures would

https://www.ich.org/page/multidisciplinary-guidelines
https://www.ich.org/page/multidisciplinary-guidelines
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transform the drug discovery process, as it would enable obtaining
more physiologically relevant pharmacokinetic and toxicity data
early.
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