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Human radiolabel studies are traditionally conducted to provide a definitive understanding of the human absorption, distribution,
metabolism and excretion (ADME) properties of a drug. However, advances in technology over the past decade have allowed
alternative methods to be employed to obtain both clinical ADME and pharmacokinetic (PK) information. These include microdose and
microtracer approaches using accelerator mass spectrometry, and the identification and quantification of metabolites in samples from
classical human PK studies using technologies suitable for non-radiolabelled drug molecules, namely liquid chromatography-mass
spectrometry and nuclear magnetic resonance spectroscopy. These recently developed approaches are described here together with
relevant examples primarily from experiences gained in support of drug development projects at GlaxoSmithKline. The advantages of
these study designs together with their limitations are described. We also discuss special considerations which should be made for a
successful outcome to these new approaches and also to the more traditional human radiolabel study in order to maximize knowledge
around the human ADME properties of drug molecules.

Introduction

In the development of potential new medicines, it is
important to understand the human absorption, distribu-
tion, metabolism and excretion (ADME) properties of the
drug in order to comprehend fully the impact of the drug
molecule and any metabolites on its pharmacology, safety
and ultimately, drug labelling recommendations. It is also
a requirement of regulatory agencies worldwide [1–3]. It is
essential to ascertain the pharmacokinetics (PK) of the
unchanged drug to evaluate drug safety and efficacy and

to aid drug design, including decisions on salt form, drug
formulation, dose level, administration route and dosing
regimen. The disposition of the unchanged drug must also
be adequately defined to understand potential inter-
patient variability through different disease states such as
hepatic or renal impairment and in specific populations
such as the elderly, paediatrics and either gender. These
factors are generally determined by measuring the con-
centration of unchanged parent drug in blood, plasma or
serum collected during the multitude of clinical studies in
both healthy subjects and patients conducted during
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phases 1–4 of drug development. Liquid chromatography-
tandem mass spectrometry (LC/MS/MS) methods are most
commonly employed.

It is also important to determine the nature of any drug
metabolites to ascertain whether the pharmacology of the
dosed drug is attributed to unchanged drug only or
whether there are active metabolites contributing to
efficacy, side effects or drug–drug interactions (DDIs).
Historically, the standard approach for understanding
these additional ADME properties involved dosing 14C-
radiolabelled material and collecting excreta and plasma
[4, 5]. PK profiles for any metabolites of concern were sub-
sequently determined using LC/MS/MS methods to dis-
charge any safety risks.

In recent years, a number of novel approaches
for obtaining clinical drug disposition information have
been adopted including, microdose and microtracer
approaches [6, 7] and the identification and quantification
of metabolites in samples from classical human PK studies
using technologies suitable for non-radiolabelled drug
molecules [8–11]. Additional information on biliary excre-
tion has also been made routine through non-invasive bile
collection with the Entero-Test® string device [12]. At
GlaxoSmithKline (GSK), these approaches have been suc-
cessfully used instead of, or in addition to, conventional PK
or human radiolabel studies (HRS) across a variety of drug
candidates at different stages of the drug development
program to address specific ADME issues.

This paper outlines these alternative approaches with
a focus on small molecules, using recent examples pri-
marily from drugs in development within our organiza-
tion. It also discusses decisions which should be made
around healthy volunteer vs. patient populations and
dose level, route and frequency for a successful outcome
to both these studies and the more traditional HRS to
maximize knowledge around the disposition of drug mol-
ecules in humans.

Alternative approaches to
understanding PK in humans

Knowledge of the human PK profile of a drug candidate is
important early in the development process to establish
whether the drug is likely to have suitable properties to
become a viable medicine. Traditionally, these data are
first obtained in the first-in-human (FIH) single ascending
dose (SAD) study using LC/MS/MS methodology. Predic-
tive methods can also be applied to estimate human PK
and the utility of various methods have been reviewed
[13–18]. However there are instances where in vitro and in
vivo differences, or cross species differences, can affect
the confidence in these predictions and alternative
approaches as described in the following sections, have
been successfully employed.

Microdose studies
Microdosing is defined as administration of ≤100 μg of
drug molecule, ≤1/100th the non-clinical no observed
adverse effect level (NOAEL) and ≤1/100th pharmacologi-
cally active dose to humans [2]. It is regarded within the
pharmaceutical industry as a valuable technique that can
be used to establish the clinical PK profile early in devel-
opment, thereby allowing earlier risk evaluation and drug
development decisions to be made [6, 19]. As a result of
the low doses involved, microdose studies use highly sen-
sitive analytical methods, either LC/MS/MS or LC in con-
junction with accelerator mass spectrometry (LC+AMS) to
extrapolate the PK profile of drug candidates to higher
clinically relevant doses assuming linearity of exposure
with dose. The arguments around the choice of approach
have been reviewed [20]. LC/MS/MS is generally preferable
to AMS as it avoids the additional resources required to
synthesize radiolabelled drug and allows for a more rapid
turnaround of data. However, it may not be possible to
develop an adequately sensitive LC/MS/MS method,
necessitating the need for a microdose study with
radiolabelled drug. One of the advantages of using
radiolabelled drug is the availability of additional informa-
tion on, for example, possible routes of excretion. An
outline of the microdose approach is summarized sche-
matically in Figure 1.

In GSK, the microdosing approach with a non-labelled
drug molecule has been used to address the human PK
profile for a novel EP1 receptor antagonist, previously in
development for the treatment of inflammatory pain [21].
Inconsistencies between preclinical in vitro metabolic sta-
bility and in vivo PK data, and uncertainties with respect to
allometric predictions of the human PK profile were a criti-
cal development liability for the molecule. Before commit-
ment of resources to support a formal phase 1 study, a
microdose study was conducted in two groups of healthy
human volunteers by administering either a single oral or
intravenous (i.v.) microdose. Drug concentrations in
plasma were measured for up to 24 h post-dose using
LC/MS/MS. The data revealed a favourable PK profile, con-
sistent with a clinically acceptable dosing regimen and
thereby permitted continued development of the drug
candidate. Disappointingly, the drug molecule could not
be developed further as additional human PK predictions
established that it could not be administered to humans at
therapeutically relevant dose levels due to unexpected
toxicology in subsequent safety studies in the dog. The
decision to terminate development could be made with
the added confidence provided by the human PK from the
microdose study.

A contrasting microdose approach using radiolabelled
drug was conducted with an allosteric antagonist of
human CCR4 in development as an oral therapy for the
treatment of allergic bronchopulmonary aspergillosis
[22]. The drug molecule showed markedly different
systemic PK profiles in rat and dog, leading to variable
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predictions of the human PK profile. Before commit-
ment of resources to support a formal phase 1 study, a
microdose study was conducted in healthy volunteers by
administering a single i.v. microdose with an aim to
inform on i.v. PK parameters only (bioavailability from
oral administration was not considered to be a major
concern at the time of the microdose study). Plasma and
urine were collected for 48 and 24 h post-dose, respec-
tively, and total radioactivity was measured directly by
AMS. Drug concentrations in plasma were determined
using an LC+AMS method. This study indicated low
to moderate plasma clearance and unchanged drug
accounted for about 50% of the total plasma radioactivity
with the remaining circulating drug-related material
assumed to be comprised of one or more metabolites.
Approximately 20% of the dose was eliminated in the
urine. The data provided confidence that the molecule
would have sufficiently slow systemic clearance and high
volume of distribution to provide an adequate opportu-
nity for demonstration of efficacy, allowing continued
development of the drug candidate. Development of the
drug candidate continued. However, unfortunately, oral
bioavailability proved to be an issue in a subsequent
clinical study which led to termination of the develop-
ment of this project.

In summary, employing a microdose strategy enables
liability surrounding PK predictions to be discharged at an
earlier stage of development, with potential reduced cost
and resource allocation (minimal drug and animal require-
ments) than may otherwise have been required to initiate
a conventional FIH study. It is the potential for early termi-
nation of a drug candidate which is the main attraction of
this approach, thereby allowing subsequent selection of
an alternative more promising drug molecule. However, if
a drug is found to have an acceptable PK profile for further
progression then the overall development timeframe will
be lengthened. This may be seen as an unacceptable diver-
sion, and a more acceptable use of the microdose
approach is the comparison of PK parameters across
several potential drug candidates in order to select the
most favourable for development. A common concern
with this approach may be a lack of agreement between
the PK profiles following microdose administration vs.
those at higher therapeutic doses, which may reflect non-
linearity in absorption, distribution, metabolism and/or
excretion over the dose range. Studies to date have not
generally corroborated these latter concerns [23, 24].

In addition to providing early information on human
PK, the microdose technique can be used to understand
the DDI potential for a candidate drug. A proof of principle

Microdose
study

Blood/
PlasmaMatrix

Method

Output

Figure 1
Schematic of the microdose approach (information in parenthesis indicates use of 14C drug)
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study was conducted using a CCR5 inhibitor previously in
development for rheumatoid arthritis, the development of
which had been terminated in part, due its DDI liability. A
microdose was administered to healthy volunteers, both
alone and in the presence of the CYP3A4 inhibitor,
ketoconazole, which was dosed repeatedly to achieve
steady-state systemic exposure [25]. Concentrations of the
drug candidate in plasma were quantified by LC+AMS and
showed approximately 10-fold increases in both Cmax and
AUC in the presence of ketoconazole. These results were
found to be comparable with the interaction previously
observed at a therapeutic dose of the CCR5 inhibitor drug
(50 mg) with a fixed dose combination product of lopinavir
and ritonavir, a potent CYP3A4 and CYP2D6 inhibitor. The
microdosing DDI approach is of particular value when
there is limited in vivo information on the metabolic clear-
ance of a drug in humans. It allows in vitro inhibition data
to be put into clinical context and thereby give increased
confidence in the DDI predictions.

Microtracer studies
The emergence of the microtracer approach in combina-
tion with predictive tools to replace animal models of PK
and metabolism has been previously described [26]. Intra-
venous microtracer technology generally utilizes a 14C-i.v.
microdose (as described above) co-administered with a
therapeutic non-radiolabelled oral dose [23, 27]. Stable
isotopically labelled drug may also be used as the
microdose although our organization has no clinical
experience of this approach [28]. The i.v. microdose is
generally between a hundredth and a thousandth of the
extravascular oral dose and is administered at the time
of maximum systemic concentration (tmax) from the
extravascular dose. This ensures that the body handles
the tracer i.v. dose simultaneously and in the same
manner as the extravascular therapeutic dose [29–31].
Administration of the i.v. microdose can be conducted
without additional preclinical testing to support i.v. or
radiolabel dosing due to the extremely low chemical and
radioactive doses given [2]. A key advantage of the
microtracer approach is the ability to add an iv microdose
onto an existing traditional PK study design, thereby
reducing the number of clinical studies in the develop-
ment programme. An outline of the microtracer approach
is shown schematically in Figure 2.

A microtracer approach was used in conjunction with a
regional absorption study design in the development of a
5-lipoxygenase-activating protein inhibitor for the treat-
ment of asthma and chronic obstructive pulmonary
disease to understand issues around bioavailability and PK
variability [32]. The microtracer dose was given as a 15 min
infusion at the approximate tmax of one of four oral non-
labelled therapeutic doses in healthy volunteers. Results
showed similar elimination in plasma from the i.v. tracer
and oral therapeutic doses and allowed determination of
absolute bioavailability for each of the oral doses with ref-

erence to the i.v. tracer. An advantage of administering a
low 14C-labelled dose (or even 13C-labelled where analytical
sensitivity allows) means that simpler formulations can be
administered for example, a saline solution for the very low
doses involved, and without the additional toxicology
requirements of a high i.v. dose. This study allowed char-
acterization of different oral formulations and delivered
regional absorption data without lengthy preclinical and
formulation pre-work which informed on a potential strat-
egy for future formulation investigations.

The microtracer design has also been utilized to predict
dosage regimens in highly compromised patient popula-
tions for an administration route not previously studied. A
motilin agonist that accelerates gastric emptying is under
development for several indications including that of the
intensive care setting. Despite knowledge of its PK follow-
ing oral administration, information on PK from i.v. dosing
was required to inform dosage regimens in this patient
population. A radiolabelled i.v. microtracer dose was given
as a 15 min infusion at the approximate tmax of an oral
non-labelled therapeutic dose to healthy subjects [33].
Blood was collected for 120 h post-dose and plasma ana-
lysed for both total radioactivity and parent drug by AMS
and LC+AMS, respectively. Unchanged parent drug from
the non-labelled oral dose was quantified in plasma using
LC/MS/MS. Despite the 500-fold difference in dose
between the two different dose routes, the profiles for the
terminal phase following both i.v. and oral administration
were parallel. The compound exhibited low to moderate
clearance and high volume of distribution. The data from
this microtracer study allowed PK simulations to be per-
formed which were targeted at regimens in the difficult
intensive care unit setting with the advantage that this
vulnerable patient population did not need to be exposed
to ineffective doses.

For drug molecules where a traditional HRS is planned,
maximized study efficiency may be gained using a double-
tracer approach whereby a 13C-i.v. microdose is adminis-
tered concomitant with a conventional 14C-labelled oral
dose in an attempt to assess efficiently absolute
bioavailability in the same study as the definitive human
ADME data. While our organization has no experience with
this study design to date, the determination of PK param-
eters for 13C-labelled i.v. tofogliflozin have been obtained
together with the quantification of circulating drug related
material, excretion balance, full metabolic profile and
metabolite identification from the oral 14C-tofogliflozin
dose [34].

The key advantage for implementing a microtracer
approach is that oral and i.v. PK parameters are available
from the same subject in the same temporal frame, due to
co-administration of the two doses, leading to improved
data integrity and reduced subject numbers. In the
authors’ experience, the regulators have demonstrated a
keen awareness and acceptance of this approach and have
even provided valuable input into the design of a recently
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conducted GSK study [35]. Additional ADME endpoints,
including information on metabolism and excretion routes
are also available which can be used in conjunction with
the PK information to refine further clinical plans. This will
be discussed in detail later in this article.

Alternative approaches to facilitate
understanding of metabolism and
excretion in humans

There is a regulatory expectation that information on the
human metabolites of a drug molecule should be available
as early as possible in the drug development programme
before exposing large numbers of human subjects to the
drug or treating patients for a lengthy period [1, 2]. HRS are
the accepted gold standard to facilitate understanding of
the human ADME properties of a drug molecule because
the use of radiolabelled material helps to ensure that all
drug-related material can be accounted for.

The conduct of these studies has been well described
and extensively discussed [4]. An outline of the approach is
shown schematically in Figure 3. In brief, typically four to
six healthy adult subjects receive a single clinically relevant
dose of drug containing 2–4 MBq (approximately 50–100
μCi) of 14C-labelled drug. Excreta and blood are collected
for typically 7–10 days until approximately 90% of the
administered radioactivity is recovered or until <1% of the
radioactivity is collected on 2 consecutive days. Samples
are then analysed for unchanged parent drug and
metabolites.

It is generally accepted within the pharmaceutical
industry, that these studies are integral to the drug devel-
opment process by generating a comprehensive picture of
the overall disposition of the drug and that they are con-
ducted to provide information in four key areas: (1) the
presence and, where possible, identities of drug-related
material in excreta to provide knowledge of the proposed
clearance mechanisms which may impact on inter-patient
variability or DDI, (2) the identities of circulating metabo-
lites which may contribute to pharmacology or safety, (3)
indicators for covalent binding namely, low extraction
recoveries in plasma or metabolites in excreta formed from
potentially reactive moieties and (4) ensuring that there is
preclinical safety coverage for any notable metabolites
and metabolic routes [5]. Recently, alternative approaches
have been established which provide valuable metabo-
lism information without the complexities and some of
the ethical considerations of an HRS. Examples of these
approaches are described below.

Conventional PK studies with additional
ADME investigations
A preliminary understanding of the metabolic profile of a
drug in humans can be obtained using residual or addi-
tional samples collected from clinical PK studies which

may be analysed for metabolites. A variety of analytical
techniques are used, typically liquid chromatography-
mass spectrometry (LC/MS) and/or semi-preparative LC
followed by nuclear magnetic resonance (NMR) spectros-
copy of the resulting fractions, if larger doses and sample
volumes are available [8, 36]. The maximum dose admin-
istered clinically during drug development often occurs in
the phase 1 ascending dose study and these studies are a
good source of samples for definitive metabolite identifi-
cation. Blood or plasma is analysed for parent drug to gen-
erate PK information and any remaining samples can then
be used for metabolite evaluation using samples pooled
across subjects and time points to generate one sample
with concentrations proportional to the PK area under the
curve (AUC) [37]. Since the publication of the FDA Guid-
ance for Industry on Safety Testing of Drug Metabolites in
2008 [1] and the EMEA ICH M3 guidance document in 2009
[2, 3], there has been considerable focus on the identifica-
tion and quantification of metabolites from early clinical
studies and the various analytical techniques and the strat-
egies employed have been well reviewed [8–11].

The preferred approach within our organization is to
use quantitative NMR, if dose level permits, in conjunction
with LC/MS [36] because unique to NMR, quantification
can be performed without the need for metabolite stand-
ards. Typically, 20–50 ml of a single plasma pool repre-
senting AUC(0,24 h) for all subjects, is extracted and frac-
tionated by preparative LC prior to quantitative NMR of
the individual fractions. In general, this method has been
found to be successful in the identification and quantifica-
tion of circulating metabolites in line with regulatory
guidelines when the plasma pool contains at least 5 μg
of unchanged parent drug. This means that individual
metabolites equivalent to 10% drug-related material
(DRM) can be detected with a lower limit of quantification
of 0.5 μg. For example, this technique was used to investi-
gate the circulating metabolites following oral administra-
tion of an 8-aminoquinoline analogue in development for
the treatment of visceral leishmaniasis [10]. Circulating
components included unchanged parent drug and three
metabolites at levels exceeding 10% DRM. All were
detected at levels adequate for human exposure coverage
in one or more of the default toxicological species. Impor-
tantly, however, NMR revealed the presence of a unique
human circulating metabolite, an N-nitrosamine present
at approximately 5% DRM. This metabolite was subse-
quently synthesized for further safety studies to investi-
gate the potential genotoxic risk.

If there is not sufficient drug-related material for analy-
sis by NMR, metabolites in plasma may be identified and
quantified by LC/MS/MS using standards of known con-
centration for comparison. Ideally, synthetic standards of
the individual metabolites are used. However typically
these are not available at the time of the early clinical
studies and an alternative source for these standards
needs to be determined. Metabolite reference standards
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may be isolated from a biological matrix, for example,
human urine from the same clinical study or in vitro incu-
bations with the drug. The concentrations of these
metabolite standards can then be estimated by NMR prior
to their use in an LC/MS/MS assay [38]. Alternatively,
samples obtained from an in vitro or non-clinical metabo-
lism study with radiolabelled drug can be used [39]. For
example, preliminary information was obtained by LC/MS
and NMR on human circulating metabolites following
single oral administration to healthy human subjects of a
prolyl hydroxylase inhibitor under development for the
treatment of anaemia in chronic kidney disease (unpub-
lished data on file within DMPK Department, GSK). The
levels of metabolites in pooled plasma [representative of
AUC(0,24 h)] were estimated using LC/MS by comparing
metabolite concentrations with those in human hepato-
cytes incubated with radiolabelled drug. The absolute
levels of unchanged parent drug and all observed
metabolites in the plasma pool were subsequently deter-
mined and their total was used to estimate the percentage
levels of individual metabolites. Six metabolites were
found to be present at levels approaching or exceeding
10% observed DRM. These metabolites were not present
in the default toxicological species. Therefore additional
investigations were initiated to identify an appropriate
toxicological species that generated the metabolites.
Cynomolgus monkeys were shown to produce the
major human metabolites and definitive toxicological
studies were conducted in which the metabolites were
quantified using LC/MS/MS methods with chemically
synthesized metabolite standards. Adequate exposure
coverage was demonstrated, allowing the contribution of
the metabolites to the overall toxicity assessment to be
evaluated.

Urine collected in clinical studies can be used not only
as a source of additional material for definitive identifica-
tion of metabolite structures and quantification of circulat-
ing metabolites but also, to determine the elimination
pathways of the drug molecule [36, 40]. As with plasma,
pooled urine can be fractionated by preparative LC prior to
quantitative NMR of the individual fractions. Typically,
600 ml of urine (0–24 h), pooled proportionally across total
volume excreted per subject, is fractionated for NMR. In
combination with LC/MS, unchanged drug and metabo-
lites may then be identified and quantified without the
need for synthetic standards of individual metabolites.
Information on individual metabolite concentrations, total
renal clearance and minimum dose absorbed can be esti-
mated from the quantitative NMR data alone. For example,
following 1H NMR analysis of semi-preparative LC fractions
of urine from the visceral leishmaniasis patients in the
aforementioned study, it was determined that approxi-
mately 17% of the oral dose was eliminated through renal
excretion over 24 h, with 30% (approximately 5 mg) of
the eliminated material formed via the N-nitrosation
pathway [10].

Typically, 1H is the preferred nuclei for NMR analysis.
However for fluorinated drug molecules 19F NMR can be
advantageous. There is no fluorine background in biologi-
cal matrices and therefore any 19F NMR signals observed in
the biological sample are likely to be from drug-related
material. This leads to less complex NMR spectra for each
preparative LC fraction thus permitting easier quantifica-
tion of DRM than if 1H NMR were used. The techniques’
specificity may also permit the direct analysis of urine
without prior separation of the individual components
allowing fluorine containing metabolites to be simultane-
ously detected and quantified, although not identified in a
single run [40].

Biliary secretion can be a major route of elimination for
drugs and their metabolites. Therefore information on
drug-related material in bile may prove useful in under-
standing the full PK and ADME properties of a drug. Char-
acterization of hepatobiliary elimination permits a more
thorough understanding of the routes of metabolism and
their relationship to the overall clearance of a drug which
ultimately assists with the assessment of the risks of
DDIs with co-administered medications. Biliary disposition
information is rarely available because historically, the col-
lection of bile was complex and invasive [41, 42]. Examina-
tion of human faeces from a conventional HRS is typically
used as a surrogate matrix for bile, to quantify and identify
drug-related material excreted via non-renal routes. Unfor-
tunately, faeces may provide misleading information for
some drugs, particularly drugs with poor oral absorption.
Furthermore, material secreted in bile is susceptible to
metabolism by gut microflora, for example, glucuronide
conjugates which may not be subsequently detected in
faeces. This may result in a reduced understanding of the
overall clearance mechanisms of a drug. Faecal analysis is
also not recommended for non-labelled studies due to
potential issues with extraction and recovery of DRM
which would not be fully understood without a radiolabel
marker.

More recently, Guiney et al. have reported the use of
the Entero-Test® as a non-invasive and simple technique
for the collection of duodenal bile [12]. In initial studies to
evaluate this technique, duodenal bile was successfully
collected from healthy volunteers dosed orally with a tool
compound, simvastatin and the major metabolites identi-
fied were consistent with those reported previously for
intubated hypercholesterolaemic patients dosed with 14C-
simvastatin [43, 44].

In a later study, duodenal bile was collected from
healthy elderly volunteers dosed orally with a CXCR2
antagonist under development for the treatment of
chronic obstructive pulmonary disease, to gain an under-
standing of the enzymes involved in its clearance. This
permitted an assessment of the potential risk of the drug
candidate being the victim of drug interactions with
co-administered CYP inhibitors, prior to further clinical
trials [45]. The drug was shown to be cleared predomi-
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nantly by glucuronidation with an O-glucuronidated
metabolite eliminated in both urine and bile. This reduced
the concern of the drug being victim to drug interactions
with CYP3A4 inhibitors which are commonly administered
in this therapeutic area and thereby enabled the progres-
sion of clinical trials in the target patient population.

As demonstrated, valuable metabolite information can
be obtained using the Entero-Test® for duodenal bile col-
lection which can help guide further work. It is a simple,
safe and cost-effective technique which has been used in
clinical studies with both non- and radiolabelled drug can-
didates in healthy subjects. However, it could equally be
used for patients. Limited quantitative information is avail-
able using the technique and in general, only a single time
point has been examined. Other limitations of the tech-
nique have been described previously and include compli-
cations when differentiating between unabsorbed and
biliary secreted drug after oral dosing [12]. Nevertheless,
use of the Entero-Test® for high dose clinical studies where
biliary secretion of drug and/or metabolites is predicted
may complement metabolite information from other
matrices, such as plasma and urine, and is increasingly
being employed within our organization.

As summarized in Figure 4, supplemental ADME inves-
tigations added onto a PK study can provide a wealth of
information. Within GSK, the analysis of samples from SAD
and multiple ascending dose (MAD) phase 1 studies using
non-labelled drug is now routine. The resulting data have
allowed earlier decisions to be made on the non-clinical
safety testing of the metabolites of our drug candidates.

By identifying the nature of drug-related material in
excreta through collection of urine and bile from a
planned clinical PK study, it also provides a preliminary
understanding of the clearance mechanisms which may
impact on inter-patient variability or DDIs. Similarly, the
identities and quantities of circulating metabolites may
be determined by analysis of residual plasma or blood
from this study allowing non-clinical safety coverage for
any notable metabolites and routes of metabolism to be
established. A key advantage of this approach is that a
preliminary understanding of the metabolism and excre-
tion pathways of a drug molecule can be achieved
without additional dosing of subjects or the need for
a conventional HRS. Notwithstanding the use of a
microtracer approach as described in the following
section, subjects are therefore not exposed to higher
levels of radioactivity for drugs that fail to progress suc-
cessfully from early phase clinical trials whilst preliminary
information is available to guide future clinical and non-
clinical safety studies. A limitation of this approach com-
pared with one utilizing radiolabelled drug is that there is
no information on blood/plasma extraction efficiencies,
a potential measure of covalent binding. Metabolites
formed via reactive pathways provide some information
on the potential for covalent binding but without a radi-
olabel, the true extent cannot be established. This issue
may be overcome by employing a microtracer approach
(see below) which may be designed with the additional
advantage of providing a full excretion balance and quan-
tification of metabolites in all matrices.

Conventional
PK study

Blood/Plasma
Urine
Bile

Blood/Plasma
Matrix

Method

Output

Figure 4
Schematic of the approach for a conventional PK study with additional ADME investigations
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Microtracer studies
In addition to oral and i.v. PK parameters, a key advantage
to the microtracer approach described previously, is the
ability to add a 14C-i.v. microtracer dose onto an existing
oral study design to provide additional ADME information.
The methodology described above to explore the metabo-
lism and excretion of a drug candidate in non-labelled
studies can be equally applied to a microtracer study to
gain an understanding of the ADME properties of the non-
labelled oral dose. In addition, AMS can be used to deter-
mine the excretion balance and metabolic profile of the
14C-i.v. dose as well as provide information on blood/
plasma extraction efficiencies.

For example, in the motilin agonist microtracer study
described above, plasma, duodenal bile, urine and faeces
were collected in an attempt to understand fully the
metabolism and elimination of the drug [33]. The meta-
bolic profiles were shown by AMS to be relatively simple.
Two major components were identified by LC/MS in urine
and bile, an oxidized sulfate conjugate and unchanged
parent drug. The desulfated product of the former was
observed in faeces after i.v. dosing and was postulated to
be formed by the gut flora mediated deconjugation of the
sulfate moiety excreted in bile. This study exemplifies the
information available from a well-designed microtracer
study providing value to the project whilst using minimal
resources. In the authors’ opinion, if a microtracer
approach is to be employed early in the development of
a drug molecule for absolute bioavailability, then with
minimal additional resource, it would seem prudent to
determine metabolism and excretion profiles in this study.
The additional ADME information may help guide future
decisions and ultimately in the future, may mean that no
additional HRS is required for drug registration.

Special considerations

Route of administration
Traditionally, the metabolism and distribution of a
molecule is determined after administration of the
radiolabelled drug candidate by the intended clinical
route. However, for drugs administered by the ocular,
inhaled or intranasal routes, i.v. and/or oral administra-
tion may prove to be more feasible. For example, for res-
piratory drugs it is difficult to produce the radioactive
drug in the inhalation device to be used commercially
and also to quantify reliably the exhaled dose. Any quan-
titative data from the HRS would therefore be incomplete
and misrepresentative of the clinical situation. A low dose
oral/i.v. approach is preferred such that the i.v. dose is
considered a surrogate for the inhaled portion of the
dose (the venous supply delivers the dose directly to the
heart and lung via the pulmonary artery and vein) and
the oral dose represents the swallowed portion. For
example, the metabolism and distribution of fluticasone

furoate, a glucocorticoid receptor agonist in develop-
ment as an intranasal treatment for patients with symp-
toms of rhinitis, was investigated in humans [46]. 14C-
fluticasone furoate was administered orally (2 mg) to
healthy male volunteers and i.v. (0.25 mg) to the same
subjects 4 weeks later. The major routes of metabolism
of fluticasone furoate in humans were identified for
both dosing routes (thioester hydrolysis and oxidative
defluorination) with the majority of radioactivity excreted
in the faeces after both routes of administration. In a
later study, vilanterol, an inhaled novel long acting
β2-adrenoceptor agonist used in combination therapy
with fluticasone furoate for chronic obstructive pulmo-
nary disease and asthma, was investigated after oral
administration only [47]. In this case, radiolysis of the 14C-
isotope led to instability over the period required to
manufacture and release an i.v. or inhaled formulation
therefore it was impossible to administer 14C-vilanterol by
either of these routes. Fortunately, vilanterol demon-
strates oral absorption which is not necessarily the case
for all inhaled drug candidates and in this instance, an
oral study design could be employed as a compromise.
The primary routes of metabolism and excretion were
therefore identified for an oral dose only together with
the major circulating metabolites. These were subse-
quently synthesized and measured in non-clinical and
clinical studies following inhalation administration to
eliminate potential safety concerns.

Understanding the ADME properties of dermally
applied drugs is a challenge due to low systemic expo-
sures combined with inadequate analytical sensitivity
of methods of detection. Investigations are currently
on-going within our organization to evaluate the absorp-
tion of drug through the skin in a clinical study where the
radioactive dose is administered by the dermal route,
thereby allowing assessment of systemic drug accumula-
tion upon repeat administration. This approach involves
administration of a relatively conventional amount of 14C-
labelled drug with detection of both total radioactivity
and parent drug concentrations in plasma using AMS
technology.

Dosing frequency
Human metabolism studies are generally conducted
following a single administration of the radiolabelled
drug and the exposures of any circulating metabolites
can be subsequently simulated at steady-state [48]. Any
metabolites deemed worthy of additional evaluation are
synthesized and monitored at steady-state in later non-
clinical and clinical studies using LC/MS/MS assays.
Human exposures are then compared with the exposures
observed in the non-clinical toxicity studies to assess
their safety. It is the metabolite profile at steady-state
which is important as this typically reflects the treatment
paradigm for most drugs however, an evaluation may be
based on data from a single dose HRS assuming that
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there is neither unexpected accumulation of metabolites
upon repeat dose nor the appearance of notable
metabolites following repeat administration only [1, 2]. In
the case of darapladib, an inhibitor of lipoprotein-
associated phospholipase A2 under development as a
potential anti-atherosclerotic agent, the accumulation of
unchanged drug after repeat dosing was notably lower
than had been predicted from the single dose PK data. In
order to gain an insight into the possible mechanisms
behind this disparity, the relative disposition and
metabolism of radiolabelled drug was compared at
steady-state and after single oral and i.v. doses of 14C-
drug [49]. The design of the steady-state arm of the study
was such that a single radiolabelled dose was adminis-
tered on day 11 during the 14 day repeat oral dosing of
non-labelled drug. No additional metabolites were
detected after repeat dosing nor were there any appreci-
able differences between relative amounts of each
metabolite after the two dosing regimens. Nonetheless,
systemic exposure to radioactive material was reduced
within the repeat dose regimen, consistent with time-
dependent pharmacokinetics resulting from enhanced
clearance or reduced absorption through potential induc-
tion of either CYP3A and/or P-glycoprotein, darapladib
being a substrate for both. This study design did not
allow the absolute amounts of individual metabolites to
be determined at steady-state which did limit any defini-
tive conclusions on potential mechanisms, including
enzyme induction. Repeat administration of 14C-drug
would have provided additional information to help sub-
stantiate any hypothesis.

Advances in LC/MS and NMR technologies mean that
an assessment of human metabolism can now be con-
ducted (as described above) for any single or repeat dose
clinical PK study, if sufficient dose is given and as stated
previously, this is now routinely performed within GSK.
For example, quantitative NMR was used to evaluate
metabolite exposures for a novel CCR3 antagonist at
steady-state to gain an early understanding of the
metabolism of the drug molecule in humans [36]. Plasma
samples from the repeat dose phase 1 clinical studies
were analysed by LC/MS and quantitative NMR and two
circulating metabolites were identified at levels exceed-
ing parent drug. This was subsequently confirmed using
LC/MS/MS with chemically synthesized metabolite stand-
ards. It should be noted, that the major metabolite was
poorly ionized by MS and may have been undetected if
the NMR approach had not been used. In addition, even
if a definitive HRS had been performed, this metabolite
may have remained elusive as it was the result of an
amide hydrolysis with the loss of the radionuclide from
the synthesized 14C-labelled moiety. For this drug candi-
date, a dual 14C-label or two versions of the drug candi-
date with 14C-labels on opposite ends of the molecule
would have been required for a successful outcome to
the definitive HRS.

Radioactive dose
Traditionally, the HRS often involves administration of a
radioactive dose in the region of 3.7 MBq (100 μCi) but
there are several scenarios in which this level of radiation
burden is not acceptable or achievable. These include
dosimetry based limitations where data from animal
studies dictate a lower than traditional 14C-dose be admin-
istered to keep the human exposure within a specific ion-
izing radiation risk category, limited chemical mass due to
drug potency thereby limiting the radioactive dose that
can be administered, protracted elimination of drug-
related material in humans, or indeed prohibitive costs of
production of sufficient quantities of 14C-labelled drug to
allow traditional doses. The resulting low specific activity
leads to additional analytical challenges and may necessi-
tate the use of AMS to facilitate determination of mass
balance, PK of total radioactivity and metabolite profiling.
For example, a dopamine receptor antagonist under
development for schizophrenia was predicted to have pro-
tracted elimination based upon animal data. Due to radia-
tion dosimetry concerns, the HRS was therefore conducted
with a dose of low specific activity drug (only 18.5 kBq in
16 mg) to minimize the exposure of the subjects to ioniz-
ing radiation [50]. Excreta and blood were collected for 15
days post-dosing followed by periodic collections of
excreta for 55 days. All samples were analysed by AMS for
excretion balance and total radioactivity in plasma. A
cumulative mean recovery of >85% was obtained by
extrapolations based on plots of amount excreted per day
vs. time. The metabolites in urine and plasma were also
successfully profiled by AMS allowing identification of the
major metabolites. This study demonstrated that with
highly sensitive analytical technology and extrapolation of
data from limited but protracted sample collections, a suc-
cessful HRS may be achieved despite the low specific activ-
ity of the dosed drug candidate.

Patient populations
HRS are typically conducted using healthy male adult sub-
jects although females are included should the target
indication be predominantly in females, for example,
breast or ovarian cancer, contraception or migraine.
However for some drugs, in particular those used in
oncology, the cytotoxic nature of these drugs or clinical
safety considerations necessitate enrolling patients
instead of healthy subjects for an HRS [51]. Recruitment
for oncology subjects can be slow and complicated by the
limited number of approved clinical HRS sites which are
often not located near oncology centres [52]. In order to
balance the slow recruitment whilst meeting study objec-
tives, a rolling assessment of the study results may there-
fore be used to allow the study to be assessed
continuously and stopped at fewer than the target
number of patients once the results meet an acceptable
criteria. Recruitment is often opened to females. Unique
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to oncology and other life-threatening indications, it may
also be unethical to discontinue treatment once the HRS
is complete due to the potential benefits of treatment
with the drug. Cancer patients may therefore be offered
the opportunity to continue treatment with non-labelled
drug under a roll-over protocol [53].

For example, a single oral dose of 14C-trametinib (2 mg,
2.9 MBq) was administered to patients with advanced solid
tumours to determine the absorption, metabolism and
excretion of trametinib, a MEK inhibitor approved for the
treatment of unresectable or metastatic melanoma with
BRAF V600E or V600K mutation [54]. The low chemical
dose and long half-life (circa 10 days) posed technical chal-
lenges for metabolite analysis, study design and data inter-
pretation, exacerbated by the need to enrol cancer
patients rather than healthy subjects. Assessment of the
emerging results indicated a higher than anticipated
radiation exposure due to protracted elimination of radio-
activity (<50% recovered over 10 days) and revised dosim-
etry estimates indicated that the risk associated with
dosing additional patients was considered ethically unac-
ceptable. The study was therefore terminated after only
two patients had been dosed. However in combination
with metabolism information from the FIH study, it
was accepted that the metabolism and disposition of
trametinib had been adequately assessed.

It may be considered inappropriate for ethical reasons
to dose radiolabelled material to patients and non-labelled
drug to healthy subjects. Equally, conducting an HRS in
healthy subjects may not adequately describe the ADME
properties of a drug in the intended patient population. In
these situations it may be prudent to collect blood, urine
and even bile from a routine clinical PK study using
patients dosed with non-labelled drug in order to investi-
gate the metabolic and excretion profiles of the drug using
cold technologies. For example, the toxicity of the
8-aminoquinoline analogue discussed previously pre-
vented dosing to healthy subjects. However, it was also
deemed inappropriate to dose radiolabel to patients with
visceral leishmaniasis. Human metabolism was therefore
established through MS and quantitative NMR analyses of
plasma and urine from the non-radiolabelled study in
patients. Importantly, the regulators accepted that the
overall metabolism (both quantitative and qualitative)
of the drug was adequately defined even without
radiolabelled drug and there was no requirement for an
additional HRS [10].

Advances in LC/MS and NMR technologies offer a
mechanism by which ADME can be studied in special
patient groups such as those with renal or hepatic impair-
ment. The metabolic and excretion profiles of a drug mol-
ecule can be established using cold technologies and
subsequently compared with data from healthy subjects.
Equally, a microtracer approach or low radioactive dose by
the primary therapeutic route may be employed if a full
excretion profile is required.

Conclusions

HRS are the accepted gold standard for providing an
understanding of the human ADME properties of a drug
molecule. They are complex and resource intensive.
However we have demonstrated how recent advances in
technology have enabled additional and in general, less
complex approaches to be conducted. As summarized in
Figure 5, the advantages and limitations emphasize the
importance of deciding upon the optimum approach on a
case-by-case basis dependent on the specific ADME (and
PK) information required together with the clinical dose,
target therapeutic area and portfolio requirements. The
increasing availability of these alternative approaches may
ultimately present opportunities to obtain the necessary
information earlier in the drug development process
thereby allowing more informed decisions to be made on
drug progression and further clinical and toxicological
safety studies. Ultimately, bespoke study designs within a
bespoke development plan are foreseen for all new drug
candidates. Equally, these alternative approaches may
extend ADME investigations into additional disease-state
or pediatric populations and eventually, may negate the
need to conduct a traditional HRS, assigning it to the
history books.
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