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ABSTRACT: Biotransformation has a huge impact on the efficacy
and safety of drugs. Ultimately the effects of metabolism can be the
lynchpin in the discovery and development cycle of a new drug. This
article discusses the impact and application of biotransformation of
drugs by mammalian systems, microorganisms, and recombinant
enzymes, covering active and reactive metabolites, the impact of the
gut microbiome on metabolism, and how insights gained from
biotransformation studies can influence drug design from the
combined perspectives of a CRO specializing in a range of
biotransformation techniques and pharma biotransformation
scientists. We include a commentary on how biology-driven
approaches can complement medicinal chemistry strategies in drug
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optimization and the in vitro and surrogate systems available to explore and exploit biotransformation.
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he metabolism of a xenobiotic or drug has the potential

of modifying the properties that will enhance or diminish
its prospects of advancing through the discovery and
development process and ultimately becoming a useful
therapeutic. On one hand there are drugs on the market
today whose efficacy and/or safety are contingent upon their
metabolism, while others owe their failure to reach approval—
or worse, their withdrawal following commercialization—to a
metabolism-related liability.

Metabolism is typically understood to render a given drug
more polar and thus enhance its elimination from the body.
While the majority of biotransformations result in inactive
metabolites, on some occasions metabolites possess activity
against the intended pharmacological target, sometimes with
altered specificity for a related receptor or one that is off-target.
Furthermore, the pharmacokinetics of an active metabolite
may result in improved efficacy, and on rare occasions a
metabolite may be the major circulating active agent. On the
other hand, a metabolite may be responsible for undesirable
outcomes such as idiosyncratic toxicities, for example, which
are hypothesized to be directed by the formation of reactive
metabolite intermediates. These intermediates are known to
covalently modify proteins in the body, resulting in impaired
enzyme function or even eliciting an immune response.

Biotransformation in today’s integrated drug discovery
environment offers opportunities for application of the insights
gained in early stage metabolism studies before selection of the
final candidate for development, specifically to inform drug
design and expansion of SAR. A recent perspectives paper
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outlines the key areas that need to be considered: under-
standing clearance mechanisms that mediate disposition of the
compound, modulation or avoidance of metabolic liabilities,
identification of any bioactivation to reactive metabolites, and
any impact relating to metabolites in safety testing (MIST).
This is supported by relevant case studies illustrating Pfizer’s
strategy in these key areas.'

The FDA’s MIST guidance, updated in March 2020,
provides recommendations to industry on when and how to
identify and characterize drug metabolites whose nonclinical
toxicity needs to be evaluated, particularly where dispropor-
tionate drug metabolites exist.” Disproportionate metabolites
are those identified only in humans or present at higher plasma
concentrations in humans than in any of the animal species
used during standard nonclinical toxicology testing since
metabolic profiles may vary across animal species. The FDA
encourages the identification of any differences in drug
metabolism between animals used in nonclinical safety
assessments and humans as early as possible during the drug
development process since the discovery of differences in
metabolites late in drug development can cause delays. Human
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Figure 1. Late-occurring and long-circulating CYP-derived plasma metabolites of AZD7325 formed via metabolic cyclization and aromatization

following repeat dosing in humans and preclinical animals. Adapted from Gu et al, 2018,°

International License (http:// creativecommons.org/licenses/by/4.0/ ).

under the Creative Commons Attribution 4.0

metabolites that can raise a safety concern are those present at
greater than 10% of total drug-related exposure measured as
area under the curve at steady state.

Notwithstanding the potential toxicity of some metabolites,
an early exploration of biotransformation affords an oppor-
tunity to ascertain any therapeutic significance of metabolites
before the structures of the parent drugs reach the public
domain, thereby strengthening protection of intellectual
property (IP), and creating backup/second generation
development candidates. Where difficult-to-synthesize metab-
olites are encountered, the efforts and cost of accessing these
needs to be balanced against metabolite-related liabilities that
may manifest as the compound advances through clinical
development. Identification, potency, and metabolic stability
testing of metabolites during lead optimization could lead to
the discovery of active, more polar entities opening up new
chemical space, or derivatives that possess greater metabolic
stability, and therefore reduce the risk of drug—drug
interactions or dosing challenges due to the action of
polymorphic xenobiotic-metabolizing enzymes.

Most medicinal chemistry strategies aim to reduce metabolic
intrinsic clearance within chemical series, which has led to a
number of challenges, not least the increase in clearance by
other mechanisms such as hepatobiliary transport or alternative
metabolic pathways.” The prevalence of low-turnover drugs
has also increased, where these strategies have been successful
in producing drug scaffolds that are less susceptible to
metabolism. It has therefore become necessary to evolve
methods for characterlzmg biotransformation and clearance of
these drugs,® a factor that may be important in long-term
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therapy where metabolites may accumulate and become
relevant in vivo. A recent example in the paper by Gu et al,
2018, highlighted three unusual and late-occurring CYP-
derived metabolites of AZD7325 (Figure 1) that were
observed as major metabolites only after observation of the
profiles at steady state,” as recommended for MIST analysis by
the FDA. In fact, these three metabolites circulated at higher
abundance than the parent compound at 48 h after the final
dose.

Several drugs are known to be directly metabolized by
bacteria in the human gut microbiome; however, this
phenomenon and the impact thereof has only just begun to
be appreciated. Recent publications such as that by Boer et al.
on biotransformation and disposition of epacadostat have
demonstrated that human gut bacteria can have an impact on
the metabolism of drugs In fact, Zimmerman et al. examined
the ability of 76 strains of human gut bacteria to metabolize
271 orally administered drugs and found that two-thirds were
metabolized by at least one strain. Further, they demonstrated
that 30 microbiome-encoded enzymes collectively converted
20 drugs to 59 potential metabolites.”

B ACTIVE METABOLITES

Active metabolites arise from biotransformation of a parent
drug compound by one or more xenobiotic-processing
enzymes to generate (a) metabolite(s) with relevant
pharmacological activity at the original target. The pharmaco-
logical effects of many existing drugs owe their effectiveness to
thelr metabolism, as highlighted in the review paper by Fura et

al.® Generally, but not always, it is metabolism by phase I
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Figure 3. Biotransformation of regorafenib to multiple phase I and phase II metabolites, resulting in an increase in complexity of its disposition.
The main circulating active metabolites at steady-state in human plasma are M2 (N-oxide) and MS (demethylated N-oxide). Adapted from Figure
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enzymes such as cytochrome P450s (CYPs) that results in
active metabolites. However, there are a few examples where
glucuronides of drugs also possess pharmacological activity,"”
such as AMPK activation by acyl glucuronide conjugates of
indole-3-carboxylic acid derivatives, where off- and on-target
pharmacology studies are warranted.'” Glucuronide metabo-
lites should also be considered as perpetrators of drug—drug
interactions through inhibition of efflux transporters or
inhibition of CYP enzymes, such as the time-dependent
inhibition of CYP2C8 by the acyl glucuronides of clopidogrel

and gemﬁbrozil.n’12
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CYPs are adept at oxidizing a wide variety of organic
molecules, and as such, their action results in late-stage
oxidation of drug scaffolds, a property that can be exploited to
generate drug leads that may have superior properties to the
parent molecule. In particular, where drug leads suffer from
liabilities such as lack of oral bioavailability or exclusive
clearance by a polymorphic CYP, metabolism studies may
reveal a better candidate. Sometimes biotransformation by
CYPs results in a metabolite with an altered specificity at the
target. This is possible due to the exquisite selectivity afforded
from the stereochemistry created through hydroxylation, or
other CYP-mediated mechanisms such as demethylation.

https://dx.doi.org/10.1021/acsmedchemlett.0c00202
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Demethylation by CYPs can result in metabolites with
improved selectivity and potency such as N-demethylated
metabolites of the tricyclic antidepressants including amitripty-
line and imipramine."”

Retrospective examination of metabolites can result in some
costly missed opportunities in the clinic such as the classic
examples of tolterodine and terfenadine, drugs superseded by
their active metabolites. Tolterodine was a drug in use for
urinary incontinence but suffered from CNS-related side
effects and high PK variability due to exclusive metabolism
by CYP2D6. Subsequently, fesoterodine, a pro-drug of the
active metabolite 5-hydroxymethyltolterodine, was developed
to replace tolterodine, which circumvented metabolism by a
polymorphic CYP and eliminated the undesirable side effects
of the original drug.14 As discussed later in this article,
metabolites can be straightforward to access using in vitro
biotransformation tools, illustrated in Figure 2 by the
production of S-hydroxymethyltolterodine and three other
monohydroxylated derivatives by whole cell microbial
biotransformation of tolterodine. In the case of the antihist-
amine terfenadine, the parent drug was replaced by its active
carboxylated metabolite, which possessed none of the
cardiotoxicity of the original drug."

Other CYP-mediated oxidation reactions can also result in
the generation of active metabolites, such as the major pyridine
N-oxide (M2) of regorafenib (Stivarga), accumulation of
which has a positive impact on cancer survival,'® but where
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concurrent N-demethylation of M2 to another major
metabolite MS is associated with adverse skin toxicity.'’
Regorafenib is also metabolized by glucuronidation, and
metabolites may be reduced or hydrolyzed in the gastro-
intestinal tract by microbial flora, allowing reabsorption of the
unconjugated active substance and metabolites by enter-
ohepatic circulation and thus increasing the complexity of its
disposition (see Figure 3).'8

Of course, N-oxide and S-oxide metabolites produced by
non-CYP enzymes such as flavin-containing monooxygenases
(FMOs) can also have pharmacological activity, and it has
been reported that some FMO metabolites can be neurotoxic
and hepatotoxic.”

The following case studies highlight some of the interesting
consequences of biotransformation in drug discovery where
active metabolites are involved. Scientists in several pharma
companies advocate a proactive approach to enable identi-
fication of pharmacologically active metabolites early on, since
a later reactive approach can lead to significant costs and delays
at the drug development stage, as highlighted in the recent
paper published by scientists at Pfizer." In this paper, they also
highlight the opportunity to generate both positive and
negative SAR from biotransformation of a chemical series.

Differential Selectivity of Major Active Metabolites:
The Midostaurin Story. The path to approval of Novartis’
acute myeloid leukemia (AML) drug midostaurin (Rydapt) is
a particularly interesting example. Midostaurin is a semi-

https://dx.doi.org/10.1021/acsmedchemlett.0c00202
ACS Med. Chem. Lett. 2020, 11, 2087—-2107
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synthetic natural product which inhibits multiple receptor
tyrosine kinases, including FLT3 and KIT kinases, preventing
the activation of cell-growth signaling pathways. It is approved
by the FDA and EMA for both newly diagnosed FLT3-
mutated AML and advanced systemic mastocytosis.

The drug is metabolized mainly by CYP3A4 to active
metabolites, as illustrated in Figure 4. In plasma, O-
demethylation of midostaurin to CGP62221 and hydroxylation
to generate epimers of CGP52421 account for 28% and 38%
(epimer 1:5.3%, epimer 2:32.7%), respectively, of total
exposure of the drug at 96 h. Additionally, these two
metabolites attain greater steady-state plasma levels than that
of midostaurin itself. It is now apparent that midostaurin and
its metabolites target a variety of kinases; however, differential
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effects are apparent on inhibition of subtypes within each
group of kinases,” resulting in a complex interplay likely to
contribute to the efficacy and distinctive effects of the drug.

Such effects on selectivity can offer opportunities that are
likely missed for metabolites that are less significant and thus
not investigated at an early stage. The information can be used
to identify where metabolic blocking could be advantageous
and where it would be useful to exploit the products of
biotransformation, as well as add to SAR data to broaden and
protect IP.

Exploiting and Protecting Metabolites of Drugs: The
Valsartan Story. Novartis’ angiotensin II receptor blocker
(ARB) drug valsartan (Diovan) is used to treat hypertension
and heart failure. Valsartan is minimally metabolized by

https://dx.doi.org/10.1021/acsmedchemlett.0c00202
ACS Med. Chem. Lett. 2020, 11, 2087—-2107
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CYP2C9 in human liver microsomes with one main metabolite
detected, 4-hydroxyvaleryl-valsartan, and which accounts for
9% of the circulating dose in humans. This metabolite was
found to have no significant ARB activity; however, further
investigation revealed potent inhibition of platelet aggregation.
This is significant given platelet aggregation plays a key role in
the pathogenesis of coronary and cerebrovascular occlusions.
The finding was considered of sufficient impact for Novartis to
patent use of 4-hydroxyvaleryl-valsartan for treatment of
coronary disease mediated by platelet aggregation.”* Its
inhibition of platelet aggregation is exerted through a different
mechanism and was an unexpected discovery,” only made
possible through interrogation of the activities of 4-
hydroxyvaleryl-valsartan, despite it not being a major
metabolite. Metabolites and other derivatives can be accessed
via several biological means including mammalian microsomes,
microbial biotransformation, and through recombinant en-
zymes such as illustrated in Figure 5.

Learning from Metabolism: The Ezetimibe Story.
Learning from biotransformation studies provides insight into
which metabolic hot spots should be blocked or the
metabolism redirected, and which should be harnessed for
maximum benefit.

Merck’s ezetimibe (Zetia) is a textbook example of using
metabolite-informed drug design where structural modifica-
tions to the drug led to blocking of “unprofitable sites” and
premetabolizing “profitable” sites,”® as illustrated in Figure 6.
Interestingly, ezetimibe is a good example of a drug
metabolized to a pharmacologically active O-glucuronide,
which is as potent an inhibitor of intestinal cholesterol
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absorption as the parent compound.”” The glucuronide is
subject to transporter-mediated enterohepatic cycling extend-
ing the residence time in the gut.

Exploiting Biotransformation through Pro-drugs and
Deuteration: The Development of Valbenazine and
Deuterotetrabenazine. A more recent illustration of the use
of insights gained from biotransformation studies is the
development of the tardive dyskinesia (TD) drugs, Neuro-
crine’s valbenazine (Ingrezza) and Teva’s deuterotetrabenazine
(Austedo), shown in Figure 7. Valbenazine and deuterote-
trabenazine provide a unique mechanism of action for the
treatment of TD by inhibition of vesicular monoamine
transporter Type 2 (VMAT-2).”® They are the first treatments
to be FDA-approved for this condition, and their efficacy relies
on the presence of active metabolites observed during
biotransformation of the drug tetrabenazine, use of which
results in adverse side effects.

Each enantiomer of tetrabenazine gives rise to two isomers
of dihydrotetrabenazine, resulting in four isomeric metabolites.
Of these, only those metabolites derived from a-tetrabenazine
are active VMAT-2 inhibitors and contribute to the therapeutic
effects of the drug. The two dihydrotetrabenazine derivatives
of f-tetrabenazine show high-affinity binding to other CNS-
relevant targets and may be responsible for the off-target side
effects such as sedation and parkinsonism observed during
chronic tetrabenazine intake.

The development of deuterotetrabenazine successfully
utilizes deuteration to cause a slowdown in metabolism of
the methoxy groups on the aryl ring. It is prolongation of the
active alpha dihydrodeutetrabenazine metabolites that are

https://dx.doi.org/10.1021/acsmedchemlett.0c00202
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formed following the action of carbonyl reductase on the
parent drug that give the deuterated drug a dosing advantage.

The application of deuteration to influence metabolism is a
technique that needs to be considered carefully, since Cerny et
al. reported that it has little effect on slowing or preventing
metabolism via CYP enzymes due to breakage of the C—H
bond not being the rate limiting step in the CYP catalytic cycle.
Deuteration can however result in the alteration of the
metabolic profile without a decrease in metabolic rate through
metabolic switching.'

In contrast, valbenazine is a pro-drug, metabolized by
hydrolysis of the valine ester to the most active metabolite,
[+]-alpha-dihydrotetrabenazine ([+]-a-HTBZ) and a mono-
oxidized metabolite (NBI-136110), the two most abundant
circulating metabolites of valbenazine.”” [+]-a-HTBZ is then
further metabolized to the inactive O-desmethyl metabolite by
CYP2D6. The prodrug is more slowly hydrolyzed to the
specific active metabolite.

Biotransformation Tales Still Unfolding: The Ket-
amine Story. Ketamine has been introduced as a fast-acting
drug for treatment-resistant depression through Janssen’s
launch of esketamine (Spravato), the S enantiomer of
ketamine. While ketamine is a known antagonist of the N-
methyl-p-aspartate receptor (NMDAR), its precise mechanism
of action is unknown due to the numerous effects at other
receptor sites.

Ketamine is extensively metabolized to a number of major
circulating active metabolites, major pathways of which are
illustrated in Figure 8. Intriguingly, some of the metabolites of
ketamine, produced by hydroxylation of the cyclohexyl ring at
the C6 position, exert NMDAR inhibition-independent
antidepressant actions.”® In particular, treatment of rodents
with (2R,6R)-hydroxynorketamine (HNK) resulted in an
antidepressant effect without binding to the NMDAR and
was devoid of any of the sensory dissociative side-effects.
Recent findings reveal that (2R,6R)-HNK acts in an mGlu,
(group II metabotropic glutamate receptors subtype 2)
receptor-dependent manner,”’ which is interesting given that
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inhibitors of group II mGlu receptors have gained interest for
their actions to exert rapid antidepressant effects. Of particular
interest is the possible use of these metabolites in the
treatment of depression and the potential for opening new
paths for investigating their role in other brain disorders.

B DRUG DESIGN AND METABOLIC STABILITY

One consequence of the current practice of selection of
molecules during the discovery phase that have high metabolic
stability in liver microsome systems is that alternative non-CYP
pathways are now becoming more prevalent as clearance
mechanisms, such as those mediated by aldehyde oxidase, and
which can result in some unwelcome surprises in the clinic due
to unexpectedly high clearance of the drug.’**’ Aldehyde
oxidase (AO) is not only present in the liver but is extensively
expressed extrahepatically with wide differences in expression
across animal species. To alleviate concerns about differences
in AO enzyme expression between species used for preclinical
assessment and humans, one recent study examining two AO-
mediated metabolites of a methylquinoline-containing drug
candidate used early in vitro and in vivo models to ensure
adequate animal species coverage to predict relatively high
exposure of one of the AO metabolites in human plasma.**
AO has broad substrate specificity and is particularly adept
at oxidizing azaheterocycles, which are now commonly used in
medicinal chemistry programs to lower lipophilicity. However,
scientists at UCB propose that AO should not be perceived as
an enemy of medicinal chemistry, as oxidized metabolites
formed by AO are reported as metabolically stable and, if
pharmacologically active, may provide valuable inspiration for
novel scaffolds and improved drug design. Their recommen-
dation is that AO-mediated metabolism is best approached at
the drug design stage to control it, by either mitigation (i.e.,
stop, decrease, diversify) or utilization (e.g, design of a
prodrug or a modified scaffold) of the enzymatic reaction.”
Another consequence of the increasing use of nitrogen-
containing heterocycles in drugs (including nitrogen contain-
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» 40

ing fused ring systems) is the potential rise in N-
glucuronidation as a clearance mechanism.* It has been our
observation from projects we have conducted for various
pharma companies over recent years that the need to access
major N-glucuronide metabolites is a rising trend. Accessing N-
glucuronide metabolites is not always straightforward;
however, a number of examples exist of successful
biotransformations of drugs to the corresponding N-glucur-
onide using microbes. A recent example involving biotransfor-
mation of molidustat using Streptomyces griseochromogenes was
successfully scaled up in fermenters to generate 1.2 g of the
analytically pure N-glucuronide, illustrated in Figure 9.”
Other biotransformation pathways can also become more
prevalent when drug design programs steer away from CYP-
based mechanisms, such as the hydrolytic ring opening of
substituted oxetane rings to diols by epoxide hydrolase (EH),
the extent of which is influenced by even slight structural
changes.38 Oxetane-containing ring systems are increasingly
used in drug design to modulate drug-like properties, and thus
the recommendation is that metabolism by EH should be
assessed early in the design process to understand the
complete metabolic fate of these compounds. An oxetane
ring has also been incorporated in the design of y-secretase
inhibitors where a cycloalkane moiety was ultimately replaced
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with the smaller oxetane ring structure to reduce the extent of
oxidative metabolism by CYPs.*

B BIOLOGY-DRIVEN LATE-STAGE OXIDATION AND
APPLICATION TO MEDICINAL CHEMISTRY

As we have seen in the previous examples, biotransformation of
drugs has led to intriguing findings. In particular, oxidation of
drug leads by hydroxylation, subsequent oxidation to carboxyls,
or dealkylation can lead to derivatives that have superior
properties to the parent molecule. These derivatives may or
may not be the major metabolites observed in the in vitro/in
vivo system, as sometimes the minor metabolites or derivatives
that might otherwise be overlooked, or not made in the specific
in vitro system employed, may possess the improved
properties.

Addition of a hydroxyl group can have a significant impact
on binding affinity and selectivity and influence pharmacoki-
netic (PK) properties. Pfizer's late stage oxidation program
looks to explore the SAR around lead compounds, dialing in
increased solubility and improving PK properties where
needed. This biologically driven approach has been used to
identify oxidized derivatives that not only possess reduced
lipophilicity but also address liabilities possessed by some lead
molecules such as metabolic stability. In the work published by
Stepan et al, one of Pfizer's PDE2 (phosphodiesterase 2)
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inhibitor lead compounds suffered from exclusive clearance by
CYP3A4." Through screening of the parent compound with
liver microsomes sourced from multiple species, several
hydroxylated derivatives were produced, all of which
maintained potency and also possessed higher metabolic
stability, illustrated in Figure 10. Production of hundreds of
milligrams of one of these hydroxylated derivatives was scaled
up for ADME characterization using a whole cell biotransfor-
mation reaction utilizing a streptomycete bacterium, a process
subsequently replaced by an 8-step chemical synthesis in order
to provide multigram amounts for in vivo studies. The
hydroxylated candidate was found to possess exquisite drug-
like properties including a low oxidative turnover, increased
renal excretion, and good selectivity against other phospho-
diesterases.

Similarly, introduction of a hydroxyl group at the tert-butyl
position of a Gilead kinase inhibitor using microbial
biotransformation resulted in not only increased polarity but
also an unanticipated 20-fold boost in potency such that the
ligand-lipophilicity efficiency (LLE) was increased by 2.6 units
to a more druglike 6.0 (see Figure 11).*' This oxidized
derivative was not a compound that would ordinarily have
been synthesized, thus biotransformation provided an un-
expected and valuable insight.

e [ 2 o
3 CH, HaC
Microbial ° CHy
N biotransformation
\ /N \ \/N
N e N
R—NH R—NA
CHg CH,
LogD 39 —» 26
Kd (nM) 53 ——» 26
LLE 34 —» 6.0

Figure 11. Late-stage oxidation of a protein kinase inhibitor through
microbial biotransformation resulting in a hydroxylated derivative
with improved potency, as well as achieving the desired reduction in

lipophilicity.

Interactions of hydroxyl groups are particularly interesting as
they can mimic water in the binding site, resulting in dramatic
changes in binding affinity, such as that seen with a
hydroxylated derivative of the drug Arbidol (umifenovir).
Arbidol is an “old” broad spectrum antiviral drug licensed in
China and Russia with activity against several influenza strains.
It binds in a hydrophobic cavity at the interface of two
protomers of hemeagglutinin (HA), primarily making hydro-
phobic interactions but also inducing some conformational
rearrangements to form a network of salt bridges. The drug
functions as a “molecular glue”, stabilizing the prefusion
conformation of a HA and thereby inhibiting virus-host cell
fusion.”” At the bottom of this binding pocket sits an ordered
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water molecule. Recently, scientists displaced this ordered
water molecule with a hydroxyl group added at the meta
position of the thiophenol ring of Arbidol, and in so doing
increased the binding affinity over a thousand-fold for some
influenza strains.*’

Addition of hydroxyl groups can also dramatically impact PK
properties as exemplified by the type 2 diabetes drug
saxagliptin."* Addition of a hydroxyl group at the bridgehead
position of a precursor to saxagliptin had a huge effective on
PK properties, resulting in a derivative that was orally
bioavailable and where any inhibition of CYP3A4 had been
abolished. Interestingly the inspiration for the hydroxylation
derived from some metabolism studies in which hydroxylation
of a related series of compounds had also resulted in an
improvement in oral bioavailability and where an active
metabolite had been implicated.” Accordingly, it is not always
the metabolites themselves which result in an improved
candidate, but rather the learning from metabolism studies that
can provide an inspiration for a chemical change that results in
profound benefits.

Similarly, oxidative biotransformation by non-CYP enzymes
can provide inspiration in drug design, as illustrated in the
paper by Ouvry et al, where minor structural changes were
found to have a dramatic impact on properties of a series of
mTOR inhibitors.** Low systemic exposure was required for
the topical drug candidate, which was particularly susceptible
to phase II metabolism. However, a proposed aldehyde oxidase
metabolite of one derivative turned out to be active and
possessed increased selectivity, providing inspiration for a new
direction to identify improved derivatives.

Late-stage hydroxylation is a key tactic highlighted by
Bostrom et al. where addition of hydroxyl groups to a drug lead
can result in improved activity, selectivity, solubility, and
lipophilicity through replacing or mimicking water in binding
site interactions.”’ Fortunately, the location of water molecules
in binding sites can be predicted by water prediction software,
where good crystallographic data exists. However, it can be
difficult to predict which water-mediated protein—ligand
interactions are going to be beneficial, since Nittinger et al.
reported that predicted binding free energies correlate poorly
with the observed changes in inhibitor potency when solvent
atoms were displaced by chemical changes in closely related
compounds.”” Thus, empirical methods are needed to fully
evaluate the effect of displacement and mimicking of water by
hydroxyl and carboxyl groups, relevant also for targets where
there is no or only poor-quality crystallographic data available.

B /N VITRO AND SURROGATE BIOLOGICAL
SYSTEMS FOR BIOTRANSFORMATION

Many drug metabolites have complex structures, and synthesis
of phase 1 metabolites needs to address regioisomeric and
stereoisomeric considerations, with that of phase 2 metabolites
requiring additional considerations for conjugation reactions.
The most versatile systems for metabolite generation therefore
involve biocatalysis by subcellular fractions such as recombi-
nant enzymes, microbial whole cell biotransformation, and
liver/S9 microsome systems.” These approaches all have
advantages and disadvantages, and pragmatic choices need to
be made. If the site of metabolism is known, appropriate
subcellular fractions such as liver S9 or microsome
preparations can be used, but if they do produce the desired
metabolite, scalability for identification and evaluation can be
an issue, not least because of the expense of the cofactors
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Figure 13. Biotransformation of the HIV-1 protease inhibitor ritonavir to oxidized metabolites by recombinant microbial CYP enzymes. In humans
the main metabolite formed is e-HO-N-methylisopropylthiazoloylmethyl-ritonavir (M2) by the action of CYP3A4 and CYP2D6.

required. If appropriate, whole cell microbial biotransformation
is readily scalable to produce milligram to gram quantities at
reasonable cost because the microbes utilize their own
cofactors, but the time to deliver the desired metabolite can
be longer (several weeks) and not all mammalian metabolites
are easily accessible via the microbial route. Recombinant
enzymes of mammalian or microbial origin offer a potentially
quicker alternative, but extraneous cofactors need to be
addressed as a cost-consideration. All of these biological
approaches require an empirical screening step to see whether
they can produce the target metabolite in the required time/
quantity. If time is of the essence then a parallel approach using
multiple technologies is recommended. It should be noted that
significant advances are being made in chemical synthetic
alternatives for oxidative production of drug metabolites such
as the heme-mimetic systems for late stage allphatlc
hydroxylations of highly functionalized molecules,* and
aromatic hydroxylations that can subsequently allow deoxy-
fluorination to block metabolic sites,* but these are outside
the scope of this article.

Recombinant Enzymes. Recombinant cytochrome P450
enzyme systems, derived from either mammalian or microbial
origins, are convenient tools for producing scalable quantities
of the products of biotransformation for evaluation, catalyzing
a variety of metabolic reactions including hydroxylation,
epoxidation, N- and O-dealkylation and Baeyer—Villiger
oxidation.

Recombinant human CYPs have been successfully employed
for generatmg metabolites by several pharmaceutical compa-
nies.”’ Although some have reportedly shown low catalytic
activity and poor stability for industrial use’' and thus may be
less suited to larger scale preparation, a review by Winkler et al.
describes the synthesis of drug metabolites in hundreds of
milligram to gram scale using recombinant CYPs expressed in
E. coli, Schizosaccharomyces pombe, and Sf21 insect cells,
including the production of the main human metabolite of

sagopilone in gram amounts by a genetically engineered E. coli
expressing human CYP2C19 and cytochrome P450 reductase
(see Figure 12a).°” In many cases microbial oxygenases have
high turnover and good operational stability®® and bacterial
CYPs usually have much higher specific activities’’ and thus
are more suitable biocatalysts for obtaining scalable quantities
of derivatives. Recombinant microbial-derived CYP kits are
convenient for determining susceptibility of lead compounds
to biotransformation by oxidation, such as PolyCYPs enzymes,
composed of a diverse set of recombinant CYPs cloned from
actinomycete strains with known oxidizing ability, and
expressed in E. coli together with the appropriate redox
partners,”* and MicroCyps, derived from a series of mutants of
the fatty acid hydroxylase CYP from Bacillus megaterium
(BM3). Both systems enable scalable synthesis of CYP-derived
human metabolites for definitive metabolite identification and
pharmacological testing. A selection of human CYP derived
metabolites produced by a small number of PolyCYPs enzymes
is illustrated in Figure 12b to illustrate some of the oxidations
possible with microbial CYPs. The ability of microbial CYPs to
mimic human CYPs and capture nearly all of the mammalian
P450 scope of reactivity is exemplified through the production
of 12 of 13 known metabolites of three drug compounds and 7
new metabolites by a 120 member BM3 mutant panel,
demonstrating considerable versatility and activating C—H
bonds of varying strength.>

A wide range in catalytic ability is achieved by PolyCYPs
through their possession of a high degree of native diversity in
their CYP domains. Substrate promiscuity has been broadened
by engineering point mutations in some PolyCYP isoforms,
with the potential for further property optimization for specific
reactions of interest.”® In addition, CYPs can be engineered to
improve regio- and stereospecificity of hydroxylation reactions
such as that undertaken with BM3 mutants using directed
evolution.””
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Figure 15. Biotransformation of ingenol disoxate to its main human metabolite (M27), using a microbial strain. M27 is a metabolite that was more
prevalent in humans than in preclinical species, i.e. a disproportionate metabolite, and thus subject to the FDA’s MIST guidelines. Yield of M27 was
optimized by early harvest of the reaction to prevent onward oxidation to dihydroxylated derivatives, resulting in the purification of 100s of
milligrams of the metabolite for further evaluation. M27 was shown to have similar pharmacological effects to the parent compound but was less

potent.®>

In addition to their utility in making human metabolites,
bacterial CYP enzymes are also employed as a complement to
organic chemical synthesis in the optimization of discovery-
stage compounds. Sets of enzymes are used to create oxidized
derivatives, providing an empirical approach to access multiple
derivatives in parallel. A process has thus been designed to
screen compounds directly from compound libraries at
relevant concentrations, to generate products of interest as
determined by LC-MS analysis, such as the PolarExplorer
platform.>® Fractions generated from these reactions can be
screened in the relevant bioassays to prioritize work up of
products that retain bioactivity. Selected reactions can then be
readily scaled up using the specific enzyme isoforms proven to
produce oxidized derivatives of interest. Subsequently, large
quantities of specific hydroxylated derivatives of interest may
be chemically synthesized for in vivo work. In the case of
oxidation of the antiviral drug ritonavir by PolyCYPs enzymes,
several oxidized derivatives are produced by different
PolyCYPs isoforms including the main metabolite of ritonavir,
&-hydroxy-N-methylisopropylthiazoloylmethyl-ritonavir (M2),
as illustrated in Figure 13.

Microbial Biotransformation. Microbial biotransforma-
tion is a technique that is effective both for metabolite
production and for late-stage diversification. It was first
reported in 1974 as a method to produce human metabolites®”
and its use was commonplace in many larger pharmaceutical
companies, but in-house capabilities have waned with the
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decline in natural products expertise since the late 1990s.
Microorganisms possess enzymes that are homologous to
mammalian phase I and II xenobiotic-metabolizing enzymes,
such as cytochrome P450 monooxygenases, UDP-glucurono-
syltransferases, aryl sulfotransferases, and glutathione S-trans-
ferases, and they are also capable of producing metabolites that
are formed by other oxidative mechanisms in humans such as
aldehyde oxidase and flavin-containing monooxygenases.”’

The fact that microbes do not require extraneous cofactors
to generate metabolites is advantageous, since these are
generated by the microorganism itself in whole cell culture.
Hence microbial biotransformation is often a cost-effective way
to access metabolites that cannot be easily synthesized by
chemical means. In addition, the presence of multiple enzymes
during the biotransformation reaction permits the possibility of
formation of metabolites resulting from more than one
xenobiotic pathway, such as the glucuronide, CYP metabolite,
and gut metabolite of egacadostat produced in “one pot” by a
single micro-organism.” In addition, secondary metabolites
arising from sequential biotransformation steps can be
accessed. In the example below, application of microbial
biotransformation enabled production of the aldehyde oxidase
mediated hydroxylated metabolite of samotolisib, as well as the
N-oxide.®'

Identification of AO Metabolism during Discovery:
The Story of Samotolisib (LY3023414). Samotolisib
(LY3023414), a dual PI3k/mTOR kinase inhibitor, was
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species. Keto derivatives were also produced and identified.

recently discontinued during phase 2 studies for metastatic
prostate cancer for reasons unrelated to its metabolism.
Biotransformation results in six metabolites formed by
aldehyde oxidase and CYP enzymes through hydroxylation,
N-demethylation, and N-oxidation (see Figure 14). Aldehyde
oxidase was implicated and understood early on and found to
contribute approximately half the clearance of the drug,
facilitated by the production and structure elucidation of the
AO-mediated hydroxylated metabolite (M2) and the N-oxide
(M4) by the action of a single microbe on the parent molecule.
The CYP-mediated metabolite had already been chemically
synthesized separately.®’

In contrast to accessing metabolites by chemical synthesis, it
is also not necessary to know the structure of the target
metabolite; however, it is important to perform thorough LC-
MS/MS comparative analysis of the output from a microbial
biotransformation “screen” with a biological reference (e.g., a
plasma sample containing the target metabolite), particularly
where multiple, closely eluting stereo- or regioisomeric
possibilities are likely.

These attributes, along with the ability to readily scale-up
production, make microbial biotransformation a very powerful
technique to produce milligram or gram amounts of a target
metabolite, which at the very least can be used to elucidate the
metabolite’s structure after it has been made. One example of
how microbial biotransformation was deployed in this way was
the production of a disproportionate oxidized metabolite of
LEO Pharma’s ingenol disoxate (see Figure 15).°> The
position of the oxidation was unknown, and the complexity
of the ingenol portion of the molecule meant that even had the
structure of the metabolite been known, chemical synthesis
would not have been facile. Once the best microbial system for
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the production of the target metabolite had been identified, an
initial 86 mg yield of 99% pure M27 was obtained from an
incubation with 400 mg of parent compound, subsequently
followed by a further 415 mg supply to facilitate pharmaco-
logical profiling.

Although chemical synthesis is often the first strategy used
to attempt to access metabolites, the risk of failure can be
mitigated by evaluating microbial biotransformation in parallel.
This approach was taken by Janssen, who were confronted
with the challenge of producing a secondary (hydroxylated
des-methyl) metabolite of (S)-ketamine, which was in clinical
development for the treatment of resistant depression. At the
time, there was little prior art relating to a synthetic route to
the putative structure detected in human plasma; hence,
Janssen elected to commission both chemical and microbial
synthesis in parallel to meet the urgent timeline to produce the
metabolite for analysis. Both routes were successful within
approximately two months; in the case of microbial
biotransformation, a 600 mg dose of the commercially
available (S)-norketamine parent substrate in a culture volume
of 6 L yielded 83 mg of (25,65)-6-hydroxynorketamine at
>95% purity by LC-UV-ELSD.*’

Wild-type microbes have broad oxidation capabilities due to
the high number of CYP enzymes that can be expressed (25—
S0 for bacterial species, 100+ for fungi). Hydroxylated
derivatives can be produced, including aliphatic and aromatic
hydroxylated derivatives, with the former usually of greater
interest to medicinal chemists. The process is more resource-
intensive than for enzymatic diversification, with an incubation
duration of 3—5 days compared to overnight reaction for
enzymes. Consideration must be given to the choice of parent
compound to biotransform with respect to unwanted side
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reactions that are known to be performed by the microbes to
be used, such as compounds containing easily reducible
functional groups, or those that are susceptible to hydrolytic
enzymes or N-acetylation of primary amines. Once a derivative
has been deemed to be of interest, microbial biotransformation
has the added benefit of scalability, with any derivative
produced in reasonable yield being amenable to production at
larger scale in multiple shaken flasks or stirred tank reactors to
yield 10s—100s of milligrams for further evaluation in a matter
of a few weeks.

A final example illustrating the utility of microbial
biotransformation both for human metabolite production and
for late-stage diversification is the production of metabolites of
ruxolitinib. While it was possible for low milligram amounts of
metabolites to be made using chemical synthesis, larger
amounts were required for absolute stereochemical assignment
by X-ray crystallography and for further biological testing.
Many microbes were able to produce some of the desired
metabolites; however, one in particular was able to produce all
the cyclopentyl hydroxyl derivatives and so was scaled up to
enable the purification of 50—120 mg of each metabolite (see
Figure 16). Several of these metabolites were found to possess
pharmacological activity, including two metabolites resulting
from hydroxylation at the 2- and 3-position on the cyclopentyl
moiety, and the third a ketone resulting from further oxidation
at the 3-position. Based on the ICy, values, the contribution of
the metabolites to pharmacodynamic activity relative to parent
was estimated to be 15—18% in healthy subject studies.””

In Vitro Animal Tissue Derived Systems (Liver S9/
Microsomes/Hepatocytes). Drug metabolism investigators
have a variety of animal and human derived in vitro tools at
their disposal to aid their discovery chemistry partners in, inter
alia, derisking potential toxicophores, optimizing metabolic
stability, and informing on potential liabilities associated with
the MIST guidelines. In addition to the more widely used liver,
intestine, kidney, and lung subcellular fractions (microsomes,
S9, and cytosol), whole liver cells (hepatocytes), and
recombinant cytochromes P450 (CYPs), newer tools have
emerged including hepatoma cell lines (HepG2 and HepaRG),
intestinal whole cells, and membrane immobilized liver cell
cocultures (liver on a chip). Each in vitro system can be used in
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combination with appropriate cofactors, specific or broad
enzyme inhibitors, positive control substrates, and trapping
reagents to answer specific questions regarding a drug’s
metabolic disposition.

A recent example of the judicious use of liver subcellular
fractions, hepatocytes, and recombinant CYP450s to inves-
tigate a human disproportionate circulating metabolite, M21
(morpholino lactam), of momelotinib (MMB) was described
by Zheng et al.>* (see Figure 17). Hepatocyte incubations in
the presence of l-aminobenzotriazole (ABT), a pan-CYP
inhibitor, demonstrated a significantly increased proportion of
MMB remaining. In contrast, addition of the aldehyde oxidase
(AOX) inhibitor hydralazine to hepatocyte incubations had
little effect on MMB turnover. Both inhibitors, however,
significantly reduced the amount of M21 formed over the
incubation time course, indicating a multistep metabolism
pathway involving CYPs and AOX. Reaction phenotyping
experiments with CYP450 isoenzymes revealed that MMB was
efficiently metabolized (% MMB remaining) by CYP3A4, 2C8,
2C19, 2C9, and 1A2. The involvement of multiple CYPs in
MMB metabolism was corroborated using specific CYP450
chemical inhibitors in human hepatocyte incubations with
MMB; furthermore, each inhibitor appeared to diminish M21
formation to a similar extent with the exception of CYP2C9.
M21 was proposed to be formed via a multioxidation pathway,
first to a carbinolamine intermediate (CYP450) and then by
AOX to M21. Further, liver microsome incubations with MMB
in the presence of f/-NADPH cofactor and potassium cyanide
produced a cyano adduct, indicating involvement of an
iminium ion intermediate. No circulating M21 was observed
in rat or dog toxicokinetic plasma thus necessitating additional
safety studies in which MMB was coadministered with M21 to
satisfy the MIST guidance.

Polymorphisms among the various CYP450 enzymes are
well-known and are ideally avoided as a major route of drug
clearance.”>*® The epidermal growth factor receptor (EGFR)
and human epidermal growth factor receptor 2 (HER2)
inhibitor lapatinib is metabolized by CYP3A4 and CYP3AS (in
combination referred to as CYP3A), in the presence of f-
NADPH, to a p-hydroxy aniline (M1, O-debenzylation) which
in turn is proposed to be further oxidized by CYP3A to a
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quinone imine reactive metabolite intermediate®” (see Figure
18). M1 forms adducts in incubations supplemented with
glutathione (GSH) and has been implicated in the
idiosyncratic liver toxicity of lapatinib observed in the clinic.
Bissada et al. recently reported on investigations with CYP3AS
genotyped liver microsomes and hepatocytes from individual
donors.”® CYP3AS has several functional variants (poly-
morphs) which confer high (¥1/*1), low (*3/*3), and
medium (¥1/*3) enzyme activity.”® Each lot of genotyped
microsomes was characterized with regard to the ability to
metabolize midazolam (a marker for CYP3A activity) and T-S,
a selective substrate for CYP3AS. Only T-5 N-oxide formation
demonstrated a positive relationship with CYP3AS genotype.
No such relationship could be established for the formation of
lapatinib M1 or its GSH adduct (M1-GSH) and CYP3AS
genotype. M1 and M1-GSH levels, however, correlated well
with 1’-hydroxymidazolam, but not T-S N-oxide formation. A
strong correlation also existed for formation of M1-GSH and
its precursor, M1. Inhibitors of CYP3A4 (CYP3cide, a
CYP3A4 specific inactivator) and CYP3A (ketoconazole, a
CYP3A pan-inhibitor) were then investigated to assess the
contribution of CYP3AS to lapatinib M1 formation in a 150-
donor pooled lot of human liver microsomes and the CYP3AS
genotyped individual donors. The investigators concluded that
the CYP3AS contribution to M1 product formation was
greatest in microsomes of *1/*1 donors (26%), followed by
the multidonor pool (16%), and *3/*3 donors (6%).
Incubations in 3AS genotyped pooled and individual donor
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hepatocytes confirmed the positive relationship with regard to
1’-hydroxymidazolam, T-5 N-oxide, and lapatinib M1 for-
mation observed in genotyped microsomes. Formation of both
M1 and M1-GSH correlated well with 1’-hydroxymidazolam
but not T-5 N-oxide formation in hepatocytes regardless of
genotype. Finally, CYP3cide and ketoconazole inhibition
experiments in hepatocytes from a low (*3/*3) and a high
CYP3AS (*1/*1) expresser demonstrated a greater contribu-
tion of CYP3AS to lapatinib M1 formation in the high
expresser lot. Ultimately, while CYP3AS contributed signifi-
cantly to lapatinib O-debenzylation (M1), the total CYP3A
phenotype, and not CYP3AS alone, provided the most
compelling marker of lapatinib bioactivation.

Primary aliphatic alcohols are featured in many marketed
and investigational drugs spanning a range of therapeutic
targets. Abacavir (HIV), dasatinib (oncology), and ozanimod
(MS), to name a few, bear primary alcohol groups which are all
metabolized to their carboxylic acid analogues by alcohol
dehydrogenase (ADH), with or without the contribution of
aldehyde dehydrogenase (ALDH). ADH and ALDH each
comprise a family of enzymes found primarily in the liver. Both
enzymes are found in the cytosolic fraction and require NAD*
cofactor to catalyze their reactions. The pH optima for
xenobiotic substrates of ADH/ALDH may be substantially
different than physiological pH in in vitro incubations, and
enzymes may be active in vitro for extended periods of time.”’
Diao et al. identified a major carboxylic acid metabolite of 3-n-
butylphthalide (NBP), MS-2, in human plasma following a 200
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mg oral dose.”” NBP itself does not feature a primary alcohol,
but is efficiently converted to 11-hydroxy-NBP (@ oxidation of
the butyl side chain) by CYP mediated oxidation, and then to
the corresponding carboxylic acid MS-2 (see Figure 19). MS-2
was observed as only a minor metabolite in human liver
microsomes (HLM), belying its relative abundance in human
plasma. The investigators demonstrated the near quantitative
conversion of 11-hydroxy-NBP to M52 in human liver cytosol
(HLC) incubations supplemented with NAD* at pH 7.4.
When 4-methylpyrazole or disulfiram, specific inhibitors of
ADH and ALDH, respectively, was included in HLC
incubations with 11-hydroxy-NBP, MS5-2 formation was
significantly reduced. Combined, these results supported the
role of both ADH and ALDH in the formation of the major
human circulating metabolite of NBP, MS-2. MS-2 was also
formed in HLM incubations with 11-hydroxy-NBP supple-
mented with NADPH, but to a lesser extent than observed in
HLC incubations. Xenobiotics featuring primary aliphatic
alcohols should thus be considered as potential substrates for
ADH/ALDH, as should drug candidates which can be
converted to primary aliphatic alcohols by oxidation or O-
dealkylation.

Biotransformation capabilities of in vitro liver systems can
also be exploited by chemists at the discovery stage where an
appreciation of metabolites produced can lead to novel
chemical matter. This technique has been exploited by
scientists at Pfizer for late stage functionalization of several
unique scaffolds, as discussed earlier. The use of multiple
species of liver microsomes to generate oxidized derivatives of
six compounds in their M1 positive allosteric modulator
(PAM) program was instrumental in providing rapid SAR
exploration and feedback to the medicinal chemistry desi%n
cycle of where polarity could and could not be tolerated.”
Nanomole quantities of 21 oxidized derivatives were purified
across the six templates. NMR spectroscopy was used to
elucidate structures and provide quantitation to enable
calculation of in vitro potency of each derivative relative to
the parent compound in the relevant biological assay.
Biotransformation thus proved a useful alternative where de
novo synthesis of multiple derivatives would be time-
consuming and costly.

B REACTIVE METABOLITES

Bioactivation is the metabolic process whereby a compound is
converted to an electrophilic reactive metabolite. Bioactivation
may result in the covalent modification of cellular macro-
molecules and is believed to be associated with idiosyncratic
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adverse drug reactions (IADRs), including drug-induced liver
injury (DILI), through an immune-mediated response.””
IADRs are difficult to predict and usually manifest only after
a great number of patients have received the drug, either late in
drug development or after it is marketed, resulting in drug
discontinuation or black box warnings.”> Accordingly, the
concept of structural alerts, functional groups often associated
with reactive metabolite formation, has been incorporated into
the drug discovery paradigm in an attempt to avoid or mitigate
bioactivation and the potentially associated IADRs. A recent
review thoroughly discusses the development and implemen-
tation of the structural alerts concept.””

Examples of retrospective analysis of drug bioactivation
following IADR in the clinic are plentiful. Lapatinib, as
discussed earlier, is bioactivated to a reactive quinone imine
metabolite by CYPs 3A4 and 3AS; this bioactivation is thought
to be responsible for lapatinib-associated hepatotoxicity,
resulting in a black box warning shortly after its launch.”*
Bromfenac, a nonsteroidal anti-inflammatory drug (NSAID),
was discontinued following reports of acute hepatotoxicity in
the clinic.” Again, bioactivation to a reactive metabolite is
thought causative in bromfenac-associated DILL. A series of
publications on bromfenac bioactivation illustrates the complex
and unusual nature of its bioactivation involving initial acyl
glucuronide formation, which then forms an indolinone
metabolite through intramolecular nucleophilic substitu-
tion’>’® (see Figure 20). It is this indolinone that undergoes
further CYP-mediated oxidation resulting in a quinone imine
and/or quinone methide reactive intermediate. Lastly, the
clinical development of MK-8666, a GPR40 agonist for the
treatment of type 2 diabetes mellitus, was halted due to DILL"’
MK-8666 was shown to form both acyl glucuronide and CoA
thioester reactive metabolites resulting in protein modification
in vitro.”” Scalable quantities of acyl glucuronides are often
required by pharma companies to undertake evaluation of their
potential to form reactive species; these can often be accessed
using microbial biotransformation, if chemical synthesis is not
facile.*’

When characterizing the metabolism of a new compound or
chemical series, it has become standard practice to assess
molecules for their propensity to form reactive metabolites
using in vitro incubations, supplemented with appropriate
cofactors, in the presence of exogenous nucleophiles such as
GSH for soft electrophilic reactive metabolites and potassium
cyanide (KCN) for hard electrophilic reactive metabolites
(e.g., imines). While not as commonplace because of the
required resource investment, covalent binding assays with
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radiolabeled compounds can provide a measure of the extent
of covalent modification of proteins and, by extension, reactive
metabolite formation. Again, the reader is directed to the
review article by Kalgutkar for a comprehensive discussion of
case studies illustrating the use of reactive metabolite trap;)ing
and biotransformation analysis to design out bioactivation.”* In
an additional example, Lou et al. recently discussed the
characterization and efforts to mitigate bioactivation en route
to the discovery of RN941, a Bruton’s tyrosine kinase (BTK)
inhibitor for the treatment of inflammatory diseases and B cell
malignancies.”® The authors used a combination of *C
covalent binding, GSH trapping, KCN trapping, and semi-
carbazide trapping (for aldehydes) to characterize the
bioactivation of a series of structural analogs. NMR analysis
of an isolated GSH adduct of one analogue lead to the
proposal of a common bioactivation pathway involving
epoxidation of the aminopyridone core and discovery of
RN941, which has a pyridazinone core and is devoid of
bioactivation.

B IMPACT OF THE GUT MICROBIOME ON

METABOLISM

Interest in the gut microbiome’s contribution to xenobiotic
metabolism has increased dramatically in recent years, yet only
~1% of approved drugs are known substrates of gut
microbiota.””*" The actual number is likely significantly higher
but unappreciated and uncharacterized because microbiota-
derived metabolites are often not absorbed and therefore not
of toxicological concern in terms of regulatory guidance
regarding systemically circulating metabolites.” Often, gut
microbiome-dependent metabolism is elucidated only when
attempting to source unexpected major circulating metabolites
(>10% of total circulating compound-related material), which
have implications in the design of clinical drug—drug
interaction studies. Of note to the discovery scientist, in
contrast to the host’s mostly oxidative and conjugative
metabolic capabilities, gut microbiota-associated metabolism
is reductive/hydrolytic in nature,”' such that certain functional
groups may predispose a compound to metabolism by gut
bacteria. This is especially true with sustained-release
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formulations or poorly absorbed compounds.®” Multiple
reviews have been written discussing examples of the impact
of gut microbiota metabolism on drug efficacy and toxicity
over the past several decades.*”***

Epacadostat (EPAC) presents an unusual case where, in
addition to gut microbiome-facilitated enterohepatic circu-
lation of parent, major circulating metabolites derive from
extensive Phase II metabolism, reductive metabolism by gut
microbiota, and secondary systemic Phase I metabolism of the
absorbed gut metabolite.” Epacadostat, an investigational
compound targeting the enzyme indoleamine 2,3-dioxygenase
1 (IDO1), is metabolized to three major circulating
metabolites in humans and preclinical species: M9, a direct
O-glucuronide of the EPAC amidoxime; M11, a reduction of
the amidoxime of EPAC to an amidine; and MI12, N-
dealkylated M11 (see Figure 21). In vitro experiments with
recombinant human UDP-glucuronosyltransferases (UGTs)
showed that M9 is a product of UGT1A9. However, only trace
amounts of M11 and M12 could be formed from EPAC in any
of the typically evaluated in vitro systems, including human
microsomes from multiple tissues, hepatocytes, recombinant
human cytochromes P450, and non-P450 enzymatic systems.
The negative results with the typical metabolic systems in
conjunction with the amidine (reduced amidoxime) functional
group in MI1 and MI12 suggested the involvement of gut
microbiota. Incubation of EPAC in feces homogenates, with
and without antibiotic pretreatment, confirmed the role of gut
bacteria in the formation of MI11, but not MI12. Further,
incubation of a synthetic standard of M11 with recombinant
P450s showed that M12 is formed via N-dealkylation of M11
by CYP3A4, CYP2C19, and CYP1A2. Lastly, incubation of a
synthetic standard of M9 in feces homogenates showed that
gut microbiota microorganisms are capable of efficient
deconjugation of M9 back to parent EPAC, consistent with
observed enterohepatic circulation in the clinic.*® All three
major metabolites of epacadostat could be produced by
microbial biotransformation. While M12 could also be
accessed by chemical synthesis, microbial biotransformation
enabled tens of milligrams of M9 and M11 to be produced for
further evaluation of the metabolites.*
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The metabolism of BILR 35S illustrates the complex
interplay between host metabolic processes (CYP and non-
CYP) and gut microbiota-mediated metabolism®*®” (see
Figure 22). BILR 355, a second-generation non-nucleoside
reverse transcriptase inhibitor (NNRTI) developed for the
treatment of HIV-1 infection, is extensively metabolized by
CYP3A4 resulting in unfavorable pharmacokinetics in the
clinic. Co-dosing with ritonavir, a known CYP3A4 inhibitor,
dramatically increased the systemic exposure and t;,, of BILR
355 but also resulted in the appearance of a disproportionate
human metabolite, BILR 516. BILR 516 is a quinolone
secondary metabolite of BILR 355 requiring initial reduction of
the parent molecule’s quinoline N-oxide to a quinoline (BILR
402) by gut bacteria. Oxidation of BILR 402 to BILR 516 was
shown to be mediated by aldehyde oxidase (AO). Parent BILR
355 is readily metabolized by CYP3A4 to multiple metabolites,
as is the gut metabolite BILR 402, which can also be oxidized
back to parent. When BILR 355 is dosed alone, the metabolism
by CYP3A4 dominates the metabolic processes, dispersing the
metabolite burden to numerous minor metabolites. With
inhibition of CYP3A4 by coadministration of ritonavir, BILR
355 plasma levels increase, but BILR 402 is predominantly
metabolized by AO to BILR 516. Complicating matters
further, human and monkey AO activity is much higher than
the rat, while dog has little to none. Accordingly, BILR 516 is
observed at low levels in the rat and dog toxicological studies,
resulting in BILR 516 being observed as a disproportionate
human metabolite.

Bl CONCLUSIONS AND FUTURE DIRECTIONS

Studies of metabolism are crucial in the development of new
drugs, with many potentially useful candidates falling by the
wayside due to various liabilities or limitations. As we have
recounted, however, there are numerous examples of
metabolism studies providing insights that range from
understanding how the effects of some drugs are mediated
by their active metabolites, to the design of chemical
modifications that lead to improved drugs with greater
metabolic stability and efficacy.

Historically, metabolic investigations have been conducted
mostly in the development phases, potentially leading to late
recognition of issues or opportunities for drug improvement,
sometimes even after approval and consequently opening the
door to competitors. There is therefore a current trend to bring
metabolism studies forward into drug discovery at the lead
optimization stage so that findings can inform and guide the
selection of the most suitable candidate, thus avoiding a later
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reactive approach leading to costs and delays at the
development stage. This is facilitated by the availability of a
very broad toolkit for in vitro metabolic studies, comprising
animal tissue derived systems (liver S9, microsomes,
hepatocytes), microbial biotransformation, and an expanding
range of recombinant enzymes. While the animal tissue-derived
systems allow exquisite dissection of metabolic processes and
identification of the key enzymes involved, reaction scale-up to
identify the actual metabolites can prove to be very expensive
and has ethical concerns; hence, we employ use of these for
scale-up as the technique of last resort. Microbial biotransfor-
mation has long been used as a cost-effective alternative for
reaction scale-up for metabolite ID but does also produce
nonmammalian metabolites, so careful chromatographic
comparison is required to pinpoint the desired products. The
recombinant enzymes available include CYPs of mammalian
and microbial origin, and those derived from actinomycete
bacteria have a notably wide range of catalytic abilities. These
are ideal for small-scale screening to identify those that
produce metabolites of interest, again with chromatographic
comparison to confirm those products as the mammalian
targets. The microbially derived enzymes are particularly suited
to reaction scale-up and for larger metabolite amounts this can
utilize a whole cell biotransformation process via a
recombinant strain or even the wild type producing strain to
control costs.

The trend in drug design to select lead compounds that have
a high metabolic stability in liver microsome systems is leading
to a greater use of N-heterocyclic chemistry and an increased
observation of non-CYP metabolism via enzymes such as AO.
Recombinant phase I enzyme kits for metabolic studies should
therefore ideally include AO and other nitrogen-focused
enzymes such as flavin monooxygenases (FMOs). Another
consequence of such chemistry is the likely rise in N-
glucuronidation as a clearance mechanism and concomitant
increase in the need to characterize N-glucuronide metabolites.
Also noteworthy is a need that is likely to increase to produce
and characterize metabolites formed from new candidate drugs
by gut microbiota in order to evaluate their biological effects.
This may become more routine as the implications of these
reactions becomes more widely understood.
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