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REVIEW

The Systems Biology of Drug Metabolizing
Enzymes and Transporters: Relevance to
Quantitative Systems Pharmacology

Sanjay K. Nigam"*, Kevin T. Bush', Vibha Bhatnagar®, Samuel M. Poloyac® and Jeremiah D. Momper4

Quantitative systems pharmacology (QSP) has emerged as a transformative science in drug discovery and
development. It is now time to fully rethink the biological functions of drug metabolizing enzymes (DMEs) and
transporters within the framework of QSP models. The large set of DME and transporter genes are generally
considered from the perspective of the absorption, distribution, metabolism, and excretion (ADME) of drugs. However,
there is a growing amount of data on the endogenous physiology of DMEs and transporters. Recent studies—
including systems biology analyses of “omics” data as well as metabolomics studies—indicate that these enzymes
and transporters, which are often among the most highly expressed genes in tissues like liver, kidney, and intestine,
have coordinated roles in fundamental biological processes. Multispecific DMEs and transporters work together

with oligospecific and monospecific ADME proteins in a large multiorgan remote sensing and signaling network. We
use the Remote Sensing and Signaling Theory (RSST) to examine the roles of DMEs and transporters in intratissue,
interorgan, and interorganismal communication via metabolites and signaling molecules. This RSST-based view is
applicable to bile acids, uric acid, eicosanoids, fatty acids, uremic toxins, and gut microbiome products, among other
small organic molecules of physiological interest. Rooting this broader perspective of DMEs and transporters within
QSP may facilitate an improved understanding of fundamental biology, physiologically based pharmacokinetics, and
the prediction of drug toxicities based upon the interplay of these ADME proteins with key pathways in metabolism
and signaling. The RSST-based view should also enable more tailored pharmacotherapy in the setting of kidney
disease, liver disease, metabolic syndrome, and diabetes. We further discuss the pharmaceutical and regulatory
implications of this revised view through the lens of systems physiology.

Quantitative systems pharmacology (QSP) is a rapidly develop-
ing transformative science applicable to drug discovery and develop-
ment. In recent years, published examples describing the use of QSP
to facilitate biomedical research have been increasing, Further, the
pharmaceutical and biotechnology industries have rapidly adopted
QSP to inform product development. Examples of QSP in regu-
latory decision making—such as defining postmarketing require-
ments and waiving certain clinical trials—are also appearing."
Because of the mechanistic nature of QSP models, they are well
suited for the assessment of drug safety, and, in this context, may
be applied as a tool to de-risk drug development programs.M Late-
stage drug failures and postapproval withdrawals—which have
huge costs for the pharmaceutical industry—are often secondary
to safety concerns related to off-target interactions or unforeseen
metabolic changes.” Regulatory agencies, including the US Food
and Drug Administration (FDA), have endorsed the development
of model-based predictive tools to increase drug safety.®
Physiologically-based pharmacokinetic (PBPK) models are in-
creasingly viewed as a component of QSP that focus on how the
body handles a drug or metabolite.” In contrast to population

pharmacokinetic-pharmacodynamic modeling, which generally
focuses on the interaction of a single drug with a single target,
PBPK-QSP models aim to provide a comprehensive, integrated
systems-level description of drug exposure and effects at the mo-
lecular level.

An aim of QSP, as often presented, is to be rooted in a com-
prehensive understanding of all involved biological pathways, dis-
case processes, and drug mechanisms of action. Yet, this assumes a
reasonably accurate understanding and integration of the systems
biology and systems physiology of drug metabolizing enzymes
(DMEs) and transporters. We argue that this may not yet be the
case. From the standpoint of “drug” metabolizing enzyme and
“drug” transporter-dependent biological pathways in QSP models,
we believe it is time to reconceptualize the foundational science
of drug metabolism and transport. Most available modeling tools,
including PBPK and QSP, are based in fundamental biology of
absorption, distribution, metabolism, and excretion (ADME) pro-
teins to a limited extent. In other words, DMEs and drug trans-
porters within the framework of QSP are usually only described in
terms of their roles in the ADME of pharmaceuticals.
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Nevertheless, there is a growing amount of data, often from
outside “the field,” on the endogenous physiology of these
“drug” metabolizing enzymes and “drug” transporters. Recent
studies—including systems biology analyses of “omics” data
from model systems, network analyses of ADME, and related
genes, as well as human genetic data and metabolomic studies of
complex diseases—indicate that these enzymes and transporters,
often among the most highly expressed genes in tissues like liver,
kidneys, and intestine, have vital, often coordinated roles in fun-
damental biological proccsses,g'15 including remote interorgan
and interorganismal communication via key metabolites and
signaling molecules.'®™® There is also a growing appreciation of
how a "remote sensing and signaling network” of multispecific,
oligospecific, and monospecific DMEs and transporters might
aid in the capacity to (re)optimize levels of hundreds or thou-
sands of small molecules in health and disease.'®" In addition,
there is a need to develop biological models compatible with the
proposed uses of endogenous biomarkers for hepatic and renal
transporters as an alternative to traditional drug-drug interac-
tion (DDI) studies that utilize probe clrugs.20

THE BIG PICTURE: REWRITING THE NARRATIVE FROM THE
VIEWPOINT OF THE REMOTE SENSING AND SIGNALING
THEORY

Here, we use the Remote Sensing and Signaling Theory (RSST)
to detail the roles of DMEs and transporters in intratissue, inter-
organ, and interorganismal communication. We argue that this
theory can lead to an improved understanding of the interactions
between a drug and a physiological system at the level of cellular
and biochemical networks. Below we explain the RSST, as well as
its physiological and pharmaceutical implications, using a number
of examples.

Rooting this broader RSST perspective of DMEs and transport-
ers within QSP may allow for improved understanding and predic-
tion of drug toxicities based upon the interplay of these proteins
with metabolite/signaling networks. This may improve the pre-
diction, mitigation, or circumvention of potential physiological
aberrations by new drug entities, particularly small molecules that
interact with ADME and related gcnes.19

For example, if an investigational drug is identified as an inhib-
itor of the drug transporter organic anion transporter 1 (OAT1,
SLC22A6), one might consider not only the impact on a co-ad-
ministered OAT1 drug substrate, or a single measurable metabolite
known to be transported by OAT1, but also the indirect disrup-
tion of metabolic as well as sensing and signaling pathways that are
facilitated through this transporter (e.g., purine metabolism, short
chain fatty acids, gut microbiome products, or tricarboxylic acid
(TCA) cycle intermediates).”"**

From the perspective of metabolites and signaling molecules,
this implies a thorough rewriting of the primary current narrative
of how drug metabolizing enzymes and transporters function in
the local and systemic physiology (and pathophysiology) of hu-
mans and other organisms. The data supporting this systems biol-
ogy view of DMEs and transporters have come from a wide variety
of sources, including 77 vivo metabolomics analyses of knockouts,
in vitro studies demonstrating the formation and transport of
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physiologically important metabolites and signaling molecules,
the effects of human mutations resulting in heritable metabolic
disease, and the identification (via genomewide association study
(GWAS) and other studies) of single nucleotide polymorphism in
genes in common human metabolic abnormalities, and coexpres-
sion networks of ADME gc:nes.16’19

Thus, a reconceptualization of so-called drug metabolizing en-
zymes and so-called drug transporters is in order as the application
of omics data and systems biology tools now supports their central
roles in interorgan and interorganismal remote communication.
This RSST-based view may alter not only the drug discovery and
development paradigm, but also improve understanding of funda-
mental disease biology.

OAT1 AND OTHER OATS AS EXEMPLARY SLC “DRUG” AND
METABOLITE TRANSPORTERS

From a physiological perspective, OAT1 (SLC22A6), which was
initially identified in 1996 as novel kidney transporter, is one of
the best studied of the classic “drug” transporters™ (Figure 1). At
the time of its discovery, it was proposed to be either an organic
anion transporter (OAT) or organic cation transporter (OCT).
Subsequent studies have shown that OAT1 and the closely related
OAT3 (SLC22A8) transport organic anions (c.g., nonsteroidal an-
ti-inflammatory drugs, and urate) as well as organic cations (e.g,,
cimetidine) and organic zwitterions (e.g., carnitine). Nevertheless,
both OATs have, as implied by their names, a strong preference
for organic anions; this is further borne out by recent machine-
learning analyses of molecular features of substrates interacting
with OAT1, OAT3, OCT1, and OCT2.**

OAT1 and OAT3 are two of the seven “drug” transporters
initially highlighted by the FDA for focus on potential DDIs.®
Although 77 vitro, murine knockout, and human studies clearly
support their roles in the transport of drugs and toxins,>! 1.17.26.27
recent knockout mouse metabolomics and other studies have
clarified the wide range of iz vivo endogenous metabolites and
signaling molecules capable of interacting with OATs.1>2122:28-30
The OATs and OAT-like transporters constitute roughly half the
of the SLC22 transporter family, which has over 30 members in
humans and/or rodents, relatives of which can even be found in
many invertebrates.”’ Members of the OAT family are expressed
at high levels, if sometimes transiently, in many developing tis-
sues, including the central nervous system (CNS),32’33 before
finally settling down, depending on the isoform, to particular
adult expression patterns in the kidneys, liver, choroid plexus,
blood-brain barrier, olfactory epithelium, retina, pancreas, and/
or other tissues.”*

All of this strongly supports key endogenous physiological func-
tions of these “classical drug transporters” (OAT1 and OAT3),
as well as other members of the OAT subfamily—and, indeed,
the whole SLC22 transporter family. Physiologically important
endogenous substrates of OAT1 and OAT3 include gut micro-
biome metabolites, prostaglandins (PGs), TCA cycle interme-
diates, odorant molecules, short chain fatty acids, bile acids, uric
acid, cyclic nucleotides, and so-called uremic toxins of chronic
kidney discase (C)KD).15‘3O’35 Thus, apart from playing a key

role in metabolism (e.g., TCA cycle and purine metabolism),
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Figure 1 Transporter-mediated clearance of organic anions in the kidney occurs in the proximal tubule and involves both SLC and ABC "drug"
transporters. lllustration of the movement of organic anions out of the blood and into the tubular lumen occurring in cells of the proximal
tubule. (a) Cross section through an adult kidney. (b) Enlarged area of renal cortex (indicated by dashed box in a) showing a partial nephron,
including the glomerulus, proximal convoluted tubule, and a portion of the descending loop of Henle. (¢) Enlarged cross section of the proximal
tubule (indicated by dashed box in b), showing the arrangement of the epithelial cells around the tubular lumen. (d) Enlarged view of dashed box
in ¢, showing a proximal tubule cell and the arrangement of SLC (OAT1, OAT3) and ABC (MRP2, MRP4) drug transporters. Organic anions (OAs)
are moved from the blood and into the cell via SLC transporters (e.g., OAT1, OAT3) found on the basolateral membrane. These small anionic
compounds are ultimately effluxed into the urine via ABC transporters (e.g., MRP2 and MRP4) found on the apical membrane. (e, f) Diagrams of
the 12 transmembrane domain structure of the SLC e and ABC f drug transporters). [Colour figure can be viewed at wileyonlinelibrary.com]

OAT1 and OAT3 regulate levels of signaling molecules that act
upon G-protein coupled receptors and nuclear receptors, which are
the basis of signaling and sensing mechanisms in physiology.'**’
Furthermore, among the OAT subfamily members most
closely related to the “multispecific” OAT1 and OAT3 are what
seem to be more specific (“oligospecific”) transporters of cyclic
GMP (OAT2), uric acid (URAT]1, originally discovered as Rst
in mouse),”® odorants (OAT6),”” and PGs (OAT-PGs).>"*® It
now scems that one of the most studied drug transporter families
(SLC22) is central to normal homeostasis and restoration of ho-
meostasis after pathophysiological disturbances—a view strongly
supported by the recent systems biology studies described below.”!

MRP4 AND BCRP AS EXEMPLARY ABC “DRUG” AND
METABOLITE TRANSPORTERS

Several ABC efflux “drug” transporters, particularly the MRPs,
have been shown to transport cyclic AMP and/or cyclic GMP
in physiologically relevant contexts. Thus, these transporters, by
affecting cellular levels of cyclic nucleotides, have the potential

42

to regulate canonical second messengers involved in classical sig-
naling pathways.'® The functional case is strong for MRP4 as a
cAMP efflux transporter that plays an important role in cellular
behaviors mediated via cAMP, and the growing number of reports
suggest that, in a sense similar to cAMP phosphodiesterase, egress
through MRP4 might be considered a major mechanism for regu-
lating cAMP levels. 41 1f phosphodiesterase is considered part of
classical signaling involving adenylate cyclase, it is not unreason-
able to also include MRP4 and possibly MRP2.

Another ABC transporter, ABCG2 (BCRP)—perhaps the best-
known ABC drug transporter after MDRI (P-glycoprotein)—has,
together with P-glycoprotein, been extensively studied from the
perspective of tumor resistance to chemotherapy; in certain resis-
tant tumors, these two transporters are known to efflux chemother-
apeutic agents. Although P-glycoprotein continues to be generally
thought of from the perspective of drug handling, it also participates
in toxin and metabolite handling in the kidneys and other organs.

The view on BCRP is changing more rapidly, particularly be-

cause it is one of the major uric acid transporters in humans,
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as revealed by GWAS and other studies. >* Thus, as with OAT1
and other “drug” transporters, BCRP (ABCG2) seems to have a
dual character, functioning in drug and toxin transport as well as
the regulation of physiologically (and pathophysiologically) im-
portant metabolites, such as uric acid—which is not only a natural
antioxidant but, at high levels, is strongly associated with gout, kid-
ney stones, progression of kidney disease, hypertension, and meta-
bolic syndrome.

OVERVIEW OF THE ROLE OF PHASE | AND PHASE Il DRUG
METABOLIZING ENZYMES IN ENDOGENOUS METABOLISM
Since their discovery, cytochrome P450 (CYP450) enzymes—
heme proteins that catalyze numerous so-called phase I
chemical reactions, such as hydroxylation, oxidation, and reduc-
tion—have been very often described as drug and toxicant me-
tabolizing enzymes (phase I DMEs). The growth of information
regarding CYP450-mediated drug metabolism, coupled with
knowledge of phase II conjugation pathways, including the UDP-
glucuronosyltransferases (UGTS) that catalyze the covalent link-
age of glucuronic acid to substrates, has allowed for the prediction
of drug interactions at the level of metabolism, leading to greater
safety in the prescription of certain clrugs.44 Further individual-
ization of drug therapy is achieved through understanding genetic
polymorphisms in DMEs that affect drug metabolism and are
thereby linked to response or toxicity.45 Although it is beyond the
scope of this paper to synthesize the huge amount of data regard-
ing phase I and phase I DME:s in physiology, particularly as it per-
tains to links with transporters, we will highlight some examples
of how the endogenous roles of these enzymes connect to SLC and
ABC transporters in certain physiological contexts.

A number of endogenous functions of phase I and phase II en-
zymes have been elucidated and point to a central role for DMEs in
local and remote sensing and signaling pathways. The endogenous
functions of phase I enzymes include bile acid synthesis, steroid
hormone synthesis, bioactivation of vitamin D via hydroxylation,
metabolism of retinoic acid,46'48 and bioactivation of arachidonic
acid via hydroxylation and epoxidation.49 Endogenous roles for
phase II DMEs include metabolism and homeostasis of bilirubin,
thyroid hormones, fatty acids, and amino acids.

Additional insight into the relevance and endogenous roles of
metabolic enzymes can be gained from genetic polymorphisms
associated with loss or gain of function. To illustrate, CYP2D6 is
a polymorphically expressed P450 enzyme with differential func-
tional activity in various peoplc.so’51 Multiple allelic variants of the
CYP2D6 gene have been identified, which manifest clinically in
patients as poor, intermediate, extensive, or ultra-rapid metabo-
lizers.>? Interestingly, early research suggested that poor CYP2D6
metabolizers—determined on the basis of the clearance of the
prototypical CYP2D6 probe drug debrisoquine—had lower inci-
dence of psychasthenia as compared with extensive metabolizers.”
Subsequent studies have shown that CYP2D6 expression and
activity is related to psychological and neurocognitive function-
ing, including associations with disorders involving impmlsivity,54
schizophrenia,55 cating disorders,56 and suicide.”” These findings
suggest that CYP2DG6 is involved in the metabolism of endoge-
nous neuroactive substrates.”® Indeed, CYP2D6—which is highly
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expressed in the cortex, hippocampus, and cerebellum—is known
to be involved in the metabolism of several neuroactive signaling
molecules, such as monoamines, endocannabinoids, and endomor-
phincs.58 Thus, as with “drug” transporters, evidence connecting
DMEs to complex endogenous physiological functions is now
quite widespread.

CONNECTIONS BETWEEN DRUG METABOLIZING ENZYMES
AND SLC AND ABC TRANSPORTERS IN PHYSIOLOGY

It is well established that many compounds are substrates for both
DMEs and transporters. Transporter-mediated influx and efflux
modulates the extent of drug accumulation in the cell, thereby di-
rectly affecting exposure to DMEs localized to the mitochondria
or endoplasmic reticulum. From a pharmacokinetic perspective,
the “interplay” between DMEs and transporters was first recog-
nized between CYP3A and P-glycoprotein, based in part upon
coregulation via the pregnane X receptor, considerable drug sub-
strate overlap, colocalization in intestinal epithelia, and hepato-
cytes, as well as adjacent gene locations.”>®° Defining this link
had key consequences for conceptualization of drug disposition,
particularly in the prediction of bioavailability and DDIs. So-
called drug transporters began to be termed “phase III” of drug
elimination.

As a comparable overlap of substrate specificity, expression
patterns and regulation by similar transcription factors also exist
between DMEs and transporters in the case for endogenous sub-
strates, the same kinds of linkages can be generalized to posit a role
for all categories of these proteins in the context of normal phys-
iology. That is, in order for DME-derived endogenous signaling
molecules (e.g., eicosanoids) to bind to target receptors, they are
usually effluxed from the cells where they are synthesized and trans-
ported across other biological membranes (in a nearby or remote
location) via SLC and/or ABC “drug” and other transporters. This
mechanism is likely to be very important not only in the liver but in
nonhepatic tissues, such as the kidney proximal tubule, brain cap-
illary endothelium, and choroid plexus that take up DME-derived
signaling molecules.

All categories of DMEs are highly expressed not only in the liver
but also in the kidneys, gut, choroid plexus, as well as other tissues,é0
although they are only beginning to be functionally studied in nonhe-
patic physiological contexts. Furthermore, hepatic phase I or phase I
modifications could generate a signaling molecule that is then trans-
ported via “drug” transporters into the choroid plexus or kidney prox-
imal tubule whereupon it is potentially acted upon by phase I or phase
II DMEs in the remote tissue. In this scenario, DMEs in one tissue
would communicate remotely with DMEs in another tissue via influx
and efflux transporters. This general notion has been recently sup-
ported by the development, analysis, and partial validation of a large
gut-liver-kidney network of DMEs, and SLC and ABC transporters,
as well as interacting regulatory gencs.19

What is now required are thorough clinical and basic data-sup-
ported, systems biology approaches to understanding unifying
underlying principles of what otherwise might seem to be unre-
lated domains and subdomains of pharmacology, metabolism, and
endocrine (and other) physiology—despite being well-developed

fields in and of themselves.
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THE RSST: INTEGRATING THE SYSTEMS PHYSIOLOGY OF
SLC AND ABC TRANSPORTERS AND DRUG METABOLIZING
ENZYMES

The RSST has been described elsewhere in considerable detail'®!
and will be reviewed here (Figure 2). It was formulated in multiple
papers in 2006-2009 based on what then seemed disparate observa-
tions on the roles of OATs and other SLC and ABC drug transéportcrs
in metabolism, signaling, organ development, and disease." 182762
As more RNA profiling, quantitative polymerase chain reaction, and
in situ hybridization data became available, it began to be appreciated
that SLC and ABC transporters, as well as closely related isoforms,
were expressed in tissues throughout the body, including cells not
conventionally considered to be crucial to drug disposition.

As discussed above, these transporters are capable of transport-
ing, in vitro and in vivo, a broad range of key metabolites (e.g., citric
acid cycle intermediates and short chain fatty acids) and signaling
molecules (e.g., cyclic nucleotides, PGs, thyroxine, odorants, and
bile acids) known to activate classical signaling pathways mediated
by G-protein coupled receptors and nuclear receptors. In addition,
human mutations in SLC and ABC “drug” transporters were in-
creasingly being shown to result in metabolic disease affecting lipid
metabolism, levels of uric acid, carnitine, and other endogenous
metabolites.">*> Furthermore, the SLC and ABC transporters were
shown to be expressed early in mammalian development, sometimes
transiently at high levels in particular cells during organogenesis (e.g.,
aortic arch and developing neural tissue), before “settling down” to be

(a) Homeostatic Perturbation

Environmental Cues
Injury/Recovery

Growth/Development

oMic Ng,
79\0“ e,

System

System System
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largely or solely expressed in a mature organ, such as the liver, kidneys,
or intestine. Intriguingly, despite the overwhelming focus on human
drug transport, it was clear that these multispecific SLC and ABC
transporters were quite ancient from an evolutionary standpoint—
with orthologs found in flies, worms, and other model organisms.

The RSST argues that SLC and ABC “drug” transporters in epi-
thelial, endothelial, and other cells (barrier and nonbarrier) are central
to the regulation of a systemwide small molecule remote communi-
cation network—shuttling key metabolites and signaling molecules
into and between particular tissues and body fluid compartments
(e.g., blood, cerebrospinal fluid, amniotic fluid, breast milk, urine,
and bile) lined by the polarized epithelial or endothelial cells of those
tissues. A tentative remote sensing and signaling network involving
SLC and ABC transporters, as well as DME and regulatory genes in
the gut-liver-kidney axis, has been recently proposed.19

The SLC and ABC transporters in question are hypothesized to
be not only essential to remote interorgan communication but also
to interorganismal (e.g., gut microbiome and nursing infant) com-
munication.'®*>®* If SLC and ABC drug transporters and DMEs
regulate metabolic and signaling networks within cells and or-
gans—as knockout and other studies discussed here have shown—
then transporters regulating the influx and efflux of key metabolites,
signaling molecules, nutrients, and antioxidants in specific tissues
can essentially connect multiple metabolic and signaling networks
among organs, thereby enabling remote communication. This can
be through remote effects on metabolism, signaling, redox state,

® e eswEisiEaE e,

Inter-organ
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(e.g., mother—nursing (e.g., host—gut microbiome,
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Figure 2 Remote sensing and signaling via ABC and SLC drug transporters and phase | and phase Il drug metabolizing enzymes (DMESs). (a)

Schematic representation of how SLC and ABC “multispecific drug” transporters and DMEs (expressed in many tissues) (b) are linked to form a
small molecule communication system. A "remote sensing and signaling network" (RSSN)—consisting of multispecific transporters and DMEs
functioning together with oligospecific and monospecific counterparts as well as regulatory proteins—helps modulate levels of many thousands of
metabolites in tissues and fluids throughout the body.*® This remote sensing and signaling system works in parallel with other regulatory systems
to maintain homeostasis and has a complex organization and emergent properties, particularly after perturbation. (b) “Drug” transporters consist
of SLC and ABC transporters expressed in all epithelial, as well as many nonepithelial, tissues throughout the body. The remote sensing and
signaling theory not only emphasizes interorgan communication (red arrows) but also interorganismal communication (blue arrows), such as

the movement of small molecules across the intestine (host-gut microbiome), and/or into breast milk (mother—nursing infant), or across the
placental barrier (mother—baby). CNS, central nervous system (adapted from reference 16). [Colour figure can be viewed at wileyonlinelibrary.com]
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and other key cellular processes. Because of overlapping substrate
specificities for organic anions—which include a variety of key me-
tabolites and signaling molecules—OATPs and MRPs in the liver
can communicate with OATs in the kidneys, enabling remote com-
munication functions to be performed by different organ-selective
transporters (e.g., kidney OATs vs. liver OATPs). Thus, these sets of
transporters of “organic anions with high informational content”
can essentially link up metabolic and signaling networks in differ-
ent organs, in this case, the liver and kidneys. Once the intracellular
compartments of cells in different organs are linked, so, potentially,
are organelle compartments (e.g., mitochondria), which themselves
contain SLC and ABC transporters.

Thus, a hierarchical interconnected architecture is estab-
lished: Interorganismal to whole organism to organ system to
organ to tissue to cell to organelle.lg'w’é4 This architecture need
not be top-down or bottom-up; depending on the circumstance
(e.g., organ injury and disease), its center can be anywhere within
this architecture. The potential for independent transporter and
DME modulation at nearly every layer of this architecture makes
for a robust, highly flexible, and adaptable system that is resilient
to perturbation and has emergent properties (e.g., organ differ-
entiation and regeneration). Various combinations of multispe-
cific, oligospecific, and monospecific transporters and DMEs
can work together in the RSSN to acheive equivalent effects,
potentially enhancing the system’s adaptability. It is worth em-
phasizing that a number of multispecific ADME genes appear
to be "hubs" in the RSSN. Importantly, after perturbation, the
system resets—although as a result of altered expression and lo-
calization of transporters, DMEs, and other gene products (as
well as epigenetic modifications) due to injury, the specific re-
lationships between different layers of architecture may not be
the same.)”%* In the long run, for instance, after multiple bouts
of organ injury, a kind of “hysteresis” may prevail, leading to
chronic changes in organ physiology.

This small molecule remote communication system func-
tions beside, and together with, the neuro-hormonal and growth
factor-cytokine systems to maintain and restore homeostasis
(Figure 2); judging from effects of human and nonhuman muta-
tions on local and system physiology—as well as on morphogenesis
in model organisms—this SLC and ABC transporter RSST sys-
tem (functioning in conjunction with phase I and phase Il DME:)
might be just as important as the neuro-hormonal and growth
factor-cytokine systems in maintaining health and, particularly, in
reacting to disease. 01864

In the setting of acute or chronic perturbation of organ function,
such as liver or kidney injury, this small molecule communication
mediated through SLC and ABC transporters as well as DMEs in
numerous tissues seems to take on special significancc in the or-
ganism’s attempt to regulate local and systemic concentrations of
multiple metabolites and signaling molecules.'* "% In interorgan
communication mediated by SLC and ABC drug transporters as
well as DMEs in the RSSN, one tissue “reacts” to the state (distress)
of another tissue, presumably by sensing—with the help of nuclear
receptors and G-protein-coupled receptors (GPCRs) as well as
mechanisms possibly directly involving the transporter itself®—
the local small molecule milieu, by altering transporter and DME
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expression and function. This would presumably require regula-
tion of transcription, protein levels, and trafficking, including recy-
cling. This alteration of the RSSN topology may almost completely
resolve once homeostasis is restored. On the other hand, a drug that
alters the expression and activity of an enzyme and transporter may
cause similar downstream effects, yet these are poorly understood.

EXAMPLES OF REMOTE SENSING AND SIGNALING

IN ORGAN AND SYSTEMIC PHYSIOLOGY AND
PATHOPHYSIOLOGY

What follows are three examples that demonstrate aspects of how
SLC and ABC “drug” and other transporters work with phase I
and phase IT DME: to regulate/modulate metabolism and signal-
ing involving small molecules in normal physiology where remote
interorgan communication and/or interorganismal communica-
tion is important.

Example 1: Bile acid transporters and DMEs through the
lens of remote sensing and signaling
Applying the lens of the remote sensing and signaling theory to a
well-described set of pathways regulating bile acid physiology pro-
videsinsightinto systems biology principles applicable to less-studied
pathways. In particular, the bile acid pathways provide an example
of how the coordination between “multispecific” SLC and ABC
transporters with “oligospecific” and “monospecific” transporters,
aswell as DMEs, leads to interorgan and interorganismal communi-
cation—involving activation of classical signaling pathways involv-
ing GPCRs and nuclear receptors as well as other mechanisms.

Bile acids, well-known cholesterol-derived compounds that act
as physiologic detergents to facilitate the intestinal absorption of di-

etary fats and fat-soluble vitamins,%%’

are now recognized as versa-
tile signaling molecules involved in the regulation of lipid, §1ucose,
and energy homeostasis as well as inflammatory responses.6 © The
signaling functions of bile acids are dependent upon the size and
composition of the bile acid pool as well as intracellular modifica-
tion of bile acids—both of which are tightly regulated by DMEs
and transporters (Figure 3).

Bile acids control their own biosynthesis through negative
feedback on hepatic cytochrome p450 enzymes including cho-
lesterol-7a-hydroxylase (CYP7A1) and sterol 27-hydroxylase
(CYP27A1).” Synthesis pathways are complex and extensively
reviewed elsewhere.” "2 Negatively charged at physiologic pH, bile
acids require carrier-mediated transport to cross biological mem-
branes.”> SLC and ABC transporters in the liver, intestine, and
kidneys are critical in driving their recirculation and regulating the
levels of the bile acid pool. Thus, the physiological signaling roles
of bile acids are inextricably linked to the expression and function
of DMEs and transporters.

The apical and basolateral carrier mechanisms involved in bile acid
transport have generated significant physiological and pharmaceu-
tical interest.>”° In hepatocytes, the blood to bile transport of bile
acids is principally governed by the basolateral located Na + tau-
rocholate cotransporting peptide (NTCP) and OATPs, namely
OATP1A2, OATPIBI, and OATPI1B3 (the latter two being clas-
sical "drug" tramsporters).75 The secretion of bile acids from the liver
into the bile canaliculi occurs predominantly by the bile salt export
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Figure 3 Interplay of bile acids with transporters, metabolizing enzymes, and the microbiome in the liver, intestine, and kidney. (a) In hepatocytes,
bile acids control their own biosynthesis through negative feedback on CYP7A1 and CYP27A1. Cholesterol-derived bile acids are negatively
charged at physiologic pH and require carrier-mediated transport to cross membranes. Blood to bile transport is governed by Na + taurocholate
cotransporting peptide (NTCP), OATP1A2, OATP1B1, and OATP1B3. Secretion of bile acids from the liver into the bile canaliculi occurs primarily

by BSEP and MRP2 to a lesser extent. MRP3, MPR4, and OSTa-OSTp play a compensatory role in bile acid efflux under cholestatic conditions.

(b) Following the delivery of bile acids to the intestinal lumen through the bile ducts, bile acids are actively transported across the apical

intestinal brush border membrane by ASBT, followed by efflux across the basolateral membrane and into the portal circulation by OSTa-OSTp.
Additionally, bile acids in the gut lumen interact with intestinal microbes. Bile acids have direct antimicrobial effects on gut microbes. Conversely,
deconjugation of bile acids by gut microbes prevents ASBT-directed intestinal reuptake. (c) Bile acids are reclaimed in the kidney by active
reabsorption in the proximal tubules. The transport mechanisms involved in renal tubular reabsorption involve ASBT and OSTa-OSTf expressed on
the apical and basolateral membranes, respectively, while OAT3 contributes to secretion. Throughout these pathways, bile acids act as signaling
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molecules as ligands for G protein—coupled receptors and nuclear receptors. [Colour figure can be viewed at wileyonlinelibrary.com]

pump (BSEP; ABCBI1),”” whereas the ATP Binding Cassette
Protein C2 (MRP2) plays a minor role transporting bile acid con-
jugatc:s.78 In addition, MRP3, MPR4, and the heteromeric organic
solute transporter OSTa-OSTP (SLC51) seem to play a compensa-
tory role in bile acid efflux under cholestatic conditions” (Figure 3).

Over 90% of bile acids delivered to the intestinal lumen are re-ab-
sorbed across the intestinal epithelium and returned to the liver by
the portal venous circulation. Bile acids are actively transported
across the apical intestinal brush border membrane by ASBT
(SLC10A2), followed by efflux across the basolateral membrane
and into the portal circulation by OSTa-OSTB”* (Figure 3). Bile
acids are also reclaimed in the kidneys by re-absorption in the prox-
imal tubules involving renal tubular reabsorption similar to that in
enterocytes (i.c., ASBT and OSTa-OSTp are expressed on the
apical and basolateral membranes, respectively), whereas OAT3
contributes to renal secretion (Figure 3).2”%

The signaling properties of bile acids are achieved predom-
inantly through their ability to act as ligands for GPCRs, most
notably the membrane receptor TGRS, and the nuclear receptor
farnesoid X receptor (FXR),* both of which are highly expressed
in tissues that are exposed to bile acids.*
FXRs alters the expression of aforementioned uptake and efflux
transporters involved in their disposition. For example, the bind-
ing of bile acids to FXR decreases NTCP expression and increases
BSEP expression.”>®> Further, FXR activation has a variety of
physiologic consequences, and, in the liver, FXR activation by bile

Bile acid activation of

acids leads to a reduction in plasma triglyceride concentrations
via the inhibition of de novo lipogenesis and very low-density
lipoprotein overproduction.*? In Fxr knockout mice, total cho-
lesterol and triglycerides are elevated; consistent with this, activa-
tion of FXR by the synthetic agonist GW4064 lowers cholesterol
and triglyceride levels in wild-type and diabetic mice, but not in

FXR-/- mice.?*¥
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Thus, DMEs and transporters, including classic “drug” trans-
porters like SLCO1B1 and SLCO1B3, are key determinants of
bile acid exposure within cells and target organs. The diverse sig-
naling functions of bile acids can be viewed as the net result of (i)
autoregulation of bile acid biosynthesis via hepatic DMEs and (ii)
coordinated expression of transporter genes to modify the intra-
cellular bile acid exposure in key organs (e.g., liver, intestine, and
kidneys), whereby bile acids subsequently interact with specific
GPCRs and/or nuclear receptors in order to trigger a specific bio-
chemical event (e.g., gluconeogenesis).

It is to be emphasized how the remote interorgan commu-
nication that regulates the myriad of signaling and metabolic
events highlighted above relies upon “multispecific” SLC (e.g.,
OATPs) and ABC (e.g., MRPs) “drug” transporters functioning
in series and in parallel with transporters of much more limited
specificity (monospecificity and/or oligospecificity; e.g., BSEP,
OSTs, NTCP, and ASBT). This theme recurs in small mole-
cule homeostasis, for instance, in the case of uric acid (discussed
below).

In addition, bile acids also serve as signaling molecules pro-
moting remote interorganismal communication between the gut
microbiota and the host (Figure 3). Emerging cvidence points
to significant crosstalk between the intestinal microbiome and
the host, which is partly mediated through bioconversion of bile
acids.*®® For example, bile acids have direct antimicrobial effects
on gut microbes.”’ Moreover, deconjugation of bile acids by gut
microbes prevents ASBT-directed intestinal reuptake, thereby al-
tering signaling through FXR.”® Dysregulation of this balance has
been shown in diabetic and obese phenotypes, which have been
linked to enterohepatic diseases, including cancer.”! Secondary bile
acids derived from the gut flora are absorbed by the intestine, and
apart from potentially affecting metabolism and signaling in ways
described above, also seem to act as endotoxins affecting a variety
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of cellular processes and are associated with the development of
colon cancer.”?

Viewed from the perspective of the RSST, bile acids are a partic-
ularly well-studied example of small molecule remote interorgan
and interorganismal communication that, when gone awry, leads
to disease. Bile acids are also particularly interesting because, while
traversing the remote interorgan and interorganismal communica-
tion pathways via SLC and ABC drugand other transporters, these
endogenous small molecules are currently being used as drugs to
treat gall stones.”® Thus, here is one rather obvious example of the
potential of co-opting a local remote sensing and signaling system
in the service of drug efficacy. Although this drug happens to be
an endogenous molecule, the general principle applies to metabo-
lite-like drugs as well.

Example 2: Uric acid homeostasis as a model of remote
communication between organs and within tissues
One of the more common metabolic abnormalities worldwide
is a high plasma uric acid. Uric acid, considered a major antiox-
idant in the body, is the byproduct of purine metabolism and,
under basal conditions, it is largely, but not exclusively, elimi-
nated by net transport from blood to urine by proximal tubule
cells of the kidneys. The role of intestinal extrusion into the
gut lumen is, however, increasingly appreciated, particularly in
the setting of compromised kidney function.”™ Hyperuricemia
is associated with gout, kidney stones, CKD progression, and
hypertrznsion,94 and is part of the “metabolic syndrome,” some-
times called Syndrome X—one of the most common diseases in
the world.”®

One of the important successes in the GWAS heyday was the
identification of several loci associated with hyperuricemia in
different ethnic populations, ultimately leading to the identifica-
tion of unexpected genes in humans.”® Knockout animal and 77
vitro studies implicated other genes regulating uric acid handling
by the kiclneys.9 Nearly all of these genes are transporters, and
a remarkable fraction of these are “drug” transporters or their
close relatives: ABCG2 (BCRP), SLC22A6 (OAT1), SLC22A8
(OAT3), SLC22A12 (URAT1), SLC22A11 (OAT4), and pos-
sibly ABCC2 (MRP2) and ABCC4 (MRP4). Other key uric
acid transporters include SLC2A9, which is a member of an SLC
family of sugar transporters, and members of the phosphate trans-
porter family, NPT1-3 (SLC17 family).'” Of the SLC and ABC
transporters mentioned, most have very high expression in the kid-
neys, but some, such as ABCG2, are highly expressed in intestinal
<:pithelium.97‘98

Thus, if viewed from the limited lens of the important clinical
syndrome of human hyperuricemia, a reasonable and supportable
case might be made for the argument that several major ABC and
SLC “drug” transporters regulate uric acid homeostasis; from this
(limited) perspective, the ability of these transporters to absorb,
distribute, and eliminate NSAIDs, chemotherapeutic agents, an-
tivirals, and other drugs might seem incidental. Indeed, multispe-
cific “drug” transporters, like ABCG2, OAT1, and OAT3, seem
to function in concert with uric acid transporters of much more
limited specificity, such as SLC2A9 and URAT 1, which transport
only a few other molecules apart from urate.
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When the rodent kidney is partly resected in a well-established
model of progressive kidney disease (5/6 nephrectomy), intesti-
nal efflux increases markedly, and intestinal ABCG2 expression
increases.”” This suggests some sort of remote interorgan com-
munication between the kidneys and the intestine in the setting
of compromised renal function aimed at lowering uric acid levels
toward normal levels when the function of the organ primarily in-
volved in uric acid excretion, the kidneys, declines. The phenom-
enon seems operative in humans as well. In patients with CKD,
single nucleotide polymorphisms in ABCG2, presumably in the
intestine, became several orders of magnitude more important for
regulation of plasma uric acid.!”

These human and rodent studies suggest that the injury to the
kidney—leading to hyperuricemia as well as many other metabolic
abnormalities—generates a signal that results in remote commu-
nication with the intestine, leading to increased activity of (appar-
ently) the major intestinal uric acid efflux (also drug) transporter,
ABCG2. This results in net movement of uric acid from the plasma
to the gut lumen, thereby mitigating the effect of low renal func-
tion on plasma uric acid levels.

How might this occur? Certain “drug” transporters undergo
substrate induction,'! and one signal that could alter transcrip-
tional mechanisms in intestinal epithelial cells is uric acid itself.'?
However, uric acid is also an antioxidant, and rising levels could
modify the redox state of the intestinal epithelial cell, thereby af-
fecting redox-dependent signaling that might increase the expres-
sion and/or activity of intestinal ABCG2. On the other hand, the
expression of ABCG2 is increased in enterocytes cultured in the
presence of indoxyl sulfate. Indeed, ABCG2 is regulated by tran-
scription factors and nuclear receptors like HNF1, HNF4, and
AHR,? some of which are sensitive to uremic toxins (e.g., indoxyl
sulfate) that accumulate in CKD or substrates, such as fatty acids
that might have otherwise been eliminated by OATs in the nor-
mal kidney but now accumulate in the setting of renal dysfunc-
tion.”? Defining the mechanism of remote sensing and signaling to
maintain uric acid homeostasis is of tremendous basic and clinical
importance. Drugs that can increase intestinal extrusion of uric
acid in the setting of progressive renal disease may not only lower
plasma uric acid but also slow the progression of CKD, in which

. 1. . 4
uric acid is thought to play a causative role.”

Example 3: Prostaglandin homeostasis involving DMEs and
drug transporters as remote sensing and signaling
Multiple cytochrome P450 families, including CYP1, CYP2,
CYP3, and CYP4, participate in several steps in the biosynthe-
sis and degradation of eicosanoids—diverse signaling molecules
that include PGs, prostacyclins, thromboxanes, leukotrienes, hy-
droxyeicosatetraenoic (HETE) acids, and epoxyeicosatetraenoic
(EET) acids.'* Collectively, eicosanoids are central to a variety of
critical biological processes, such as inflammation, fever, blood
pressure regulation, clotting, immune modulation, renal blood
flow, tissue growth, and vascular autoregulation.15

Along with cyclooxygenase and lipoxygenase, CYP450 en-
zymes—principally CYP2C, CYP2J, CYP4A, and CYP4F iso-
forms—control the generation of arachidonic acid metabolites
to bioactive eicosanoids.'®% The diverse signaling compounds
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generated by these pathways include vasoactive EET acids and
HETE acids. EET acids are produced by CYP2C and CYP2]J iso-
forms, which produce anti-inflammatory, vasodilatory, and neu-
roprotective effects. 11011 Conversely, the terminal hydroxylation
of arachidonic acid by CYP4A and CYPA4F isoforms produce 20-
HETE, which is a highly potent vasoconstrictive, pro-angiogenic,
hypertensive, and pro-inflammatory metabolite that is a known
mediator of injury after various brain insules.'*! The paradoxi-
cal opposing effects of EET vs. 20-HETE metabolites, suggests that
isoform specific regulation of CYP activity may underlie both basal
vascular autoregulation as well as resultant damage after brain injury.

Vasodilation by glutamate requires nitric oxide inhibition
of 20-HETE to allow for PGE, dilation at the microvascular

level 113

This finding was particularly important given that the
inhibition of nitric oxide synthase prevented glutamate vasodi-

lation, and the use of a 20-HETE inhibitor restored vasodilation

even in the presence of the nitric oxide synthase inhibitor. This
work is consistent with prior studies implicating 20-HETE in-
hibition as a mechanism of nitric oxide dilation and autoregu-
latory control. 116118 Furthermore, these studies illustrate the
counterbalancing actions between CYP and cyclooxygenase en-
zymes in regulation of cerebrovascular tone and autoregulation.

At the systemic and organ level PGs play a key role in regulating
blood flow and sodium excretion. “Drug” transporters seem crucial in
the renal excretion of PGE,, involving multiple basolateral transport-
ers in the proximal tubule, including OAT1, OAT2, OAT3, OATDPs,
and possibly OCTs,'? as well as apical transport due to OAT4.1?°
Phase II metabolism via glucuronidation (including UGT2B7 and
UGT1AY) also play a role in bioinactivation of HETE, including
12-HETE, 15-HETE, and 20-HETE, thereby limiting the availabil-
ity of these compounds for cellular processes and promoting renal
excretion of HETE conjugated metabolites (Figure 4).2P12 EET

Arachidonic acid

COX

Prostaglandins
CYP450 u:> HETEs

EETs

LOX

¢

Blood
‘ PGE, H \

Brain

Blood Vessels

Yerzg,

FOR2> _Vesediglon

uGT287
HETEs > Easoconstrictiojﬁv

Termination of
activity
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Figure 4 Prostaglandin biosynthesis and transport. lllustration of the synthesis of bioactive eicosanoids including prostaglandin E2

(PGE2), epoxyeicosatrienoic acids (EETs), and hydroxyeicosatetraenoic acids (HETEs). These arachidonic acid metabolites are generated
principally by cyclooxygenase (COX), lipooxygenase (LOX), and CYP450 enzymes (CYP2C, CYP4A, and CYP4F isoforms). HETEs and EETs have
vasoconstrictive and vasodilatory effects, respectively, in blood vessels and the kidney, and phase Il metabolism via glucuronidation (including
UGT2B7 and UGT1A9) plays a role in bioinactivation, limiting the availability of these compounds for cellular processes. Transporters, including
"drug" transporters like OAT3, regulate intratissue and intracellular uptake and efflux of various eicosanoids in the brain and elsewhere.

[Colour figure can be viewed at wileyonlinelibrary.com]
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metabolites undergo subsequent conversion to lesser activity dihy-
droxyeicosatrienoic acid metabolites by soluble epoxide hydroxy-
lase. Thus, there is considerable evidence that drug transporters and
DME:s coordinate systemic and local levels of these paradigmatic sig-
naling molecules, thereby playing a major role in regulating local and
systemic physiology.

Given that 20-HETE has been implicated as a mediator of
brain injury, whereas EET metabolites demonstrate neuroprotec-
tion and anti-inflammatory effects, therapeutic strategies to de-
crease 20-HETE formation by CYP4 inhibition and/or increase
EET metabolites by soluble epoxide hydroxylase inhibition have
been evaluated in preclinical models of neuronal injury, pain, and
hypertension.l 12,114,123,124

Apart from the signaling properties of eicosanoids, some studies
have given special attention to local concentrations, for example in
the CNS. PGE, in the CNS plays arole in regulating the sleep/wake
cycle, and cerebrospinal fluid concentrations of PGE, are a deter-
minant of the progression of neuroinflammation in stroke. 127126
As drug transporters regulate intratissue and intracellular uptake
and efflux of various eicosanoids, these proteins participate jointly
with DMEs in regulating local concentrations.'>”'*® Thus, the
examples of neuroactive signaling molecules and PGE, illustrate
how remote (intratissue, interorgan, and interorganismal) commu-
nication via small molecules involves a close connection between
DMEs with “drug” transporters.

THE SYSTEMS BIOLOGY VIEW OF DMES AND “DRUG”
TRANSPORTERS WITHIN QSP: PHARMACEUTICAL AND
REGULATORY IMPLICATIONS

Due to safety concerns stemming from transporter and metabo-
lism-mediated drug interactions, the FDA, European Medicines
Agency (EMA), and the Ministry of Health, Labour, and Welfare
of Japan (MHLW) have published guidance documents contain-
ing recommendations for the evaluation of DDI potential of in-
vestigational d1‘ugs.25’129’130 These regulatory recommendations
almost exclusively emphasize pharmacokinetic issues. That is,
how does the interaction of one drug with a DME or transporter
change the exposure (concentration) of another drug?

This narrow view ignores the diverse endogenous physiologi-
cal functions of transporters and DMEs presented in this paper.
Furthermore, largely as a result of recent systems biology studies
that apply omics methodologies to knockouts of the aforemen-
tioned “drug” transporters (and DMEs), development and analysis
of an ADME gene network, and re-evaluation of iz vitro transport
studies—as well as metabolic reconstructions from “omics” data
and analyses of human mutations and polymorphisms associated
with rare and common metabolic diseases—a very different picture
emerges than implied by the focus of regulatory agencies. In the
case of SLC22 transporters, this new picture has little, if anything,
to do with transport of drugs or even the transport of exogenous
toxins (e.g., organic mcrcurials).131

Within the conceptual framework of the RSST, an entirely dif-
ferent and biologically well-supported narrative about these DMEs
and transporters can be written based on the accumulating genetic,
“omics,” and systems biology evidence. Again, this need not have

anything to with drugs: When incorporated into QSP and PBPK
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models, this revised narrative of DMEs and transporters may fa-
cilitate an improved understanding of fundamental biology and
pathophysiology and may lead to a clinically relevant re-interpre-
tation of much that remains unexplained in the field of multispe-
cific SLC and ABC transporters, as well as those with more limited
(mono or oligo) specificity.

Notably, much work remains to be done on fleshing out this con-
ceptual framework and validating it in nonhuman models, much
less clinical contexts. But that is not to say that an RSST-based view
cannot be incorporated into current thinking. To the extent that
this system’s view of enzymes and transporters ultimately becomes
integrated within QSP models, drug therapies for pathological
states can be designed to cither restore homeostasis, particularly
of small organic molecules, or minimize drug-metabolite inter-
actions, broadly interpreted. It may be possible to quantitatively
model the selective inhibition or activation of transporter and/
or DME expression and/or function by pharmaceutical or other
means in one or more tissues to predictably ameliorate syndromes
associated with these pathological states (i.e., the uremic syndrome
of CKD) by favorably altering the distribution and/or climination
of key endogenous molecules. Again, much work remains to be
done on building out this conceptual framework within PBPK/
QSP models, including model qualification and verification prac-
tices. This is a new perspective in a developing field, and such steps
will be critical to improving model confidence in order to form the
basis for “go/no-go” decision making in industry.

Nevertheless, these pathways are now beginning to be revealed
by “omics”-based metabolic reconstructions, such as the OAT1-
centered metabolic network and the building of gene-protein "remote
sensing and signaling networks" aimed at recapitulating the ADME
genes among themselves and with other genes, including regulatory

2 Thege “maps” will surely be revised as more data becomes

genes.
available and systems biology methods improve. Although the com-
plexities of extrapolating iz vitro or in vivo animal data to human
must be carefully considered, including differences in DME and
transporter gene expression, protein content, activity, and substrate
specificity, this systems-based view may help to predict drug toxicities
and off-target effects, particularly in the many dynamic settings en-
countered clinically—which are often the most unpredictable aspect
of drug discovery and development. For instance, given that OATs
seem to be major transporters of uremic toxins in kidney disease, it
seems prudent to not only consider the effect of an investigational
drugon the levels of these individual OAT-transported uremic toxins
but also other “distal” metabolites in the OAT-1 centered network
(e.g., purine metabolism, short chain fatty acids, or TCA cycle inter-
mediates). The time dimension and spectrum of organ dysfunction
(ie., mild acute kidney injury to late CKD) indicates how complex
these issues may be. However, they are beginning to seem tractable
with current and evolving “omics” data and systems biology tools.
From the perspective of drug discovery and development, the
recognition that pharmaceuticals affect complex biological path-
ways independent of the target of interest—many of which involve
interactions with DMEs and transporters—calls for the integra-
tion of the systemic biology of DMEs and transporters, such as
described here in the context of the RSST, into QSP. If this inte-

gration can be achieved, it may better facilitate target selection,
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dose optimization, the prediction of clinical efficacy and toxicity
(including off-target effects), and patient stratification (precision

medicine).
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