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Abstract

Previous studies revealed that examples of the non-naturally occurring microtubule (MT)-
stabilizing triazolopyrimidines are both brain penetrant and orally bioavailable, indicating that this
class of compounds may be potentially attractive in the development of MT-stabilizing therapies
for the central nervous system (CNS). We now report on the pharmacokinetics (PK),
pharmacodynamics (PD), and metabolism of a selected triazolopyrimidine congener, (S-3-(4-(5-
Chloro-7-((1,1,1-trifluoropropan-2-yl)amino)-[1,2,4]triazolo[1,5-a]pyrimidin-6-yl)-3,5-
difluorophenoxy)-propan-1-ol (4). These studies revealed that 4 exhibits longer brain than plasma
half-life that may be exploited to achieve a selective accumulation of the compound within the
CNS. Furthermore, compound metabolism studies suggest that in plasma 4 is rapidly oxidized at
the terminal hydroxyl group to form a comparatively inactive carboxylic acid metabolite.
Peripheral administration of relatively low doses of 4 to normal mice was found to produce a
significant elevation in acetylated a-tubulin, a marker of stable MTs, in the brain. Collectively,
these results indicate that 4 may effectively target brain MTs at doses that produce minimal
peripheral exposure.
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Microtubule (MT)-stabilizing agents constitute a relatively large and diverse group of
molecules that for the most part comprise structurally complex natural products or
derivatives thereof.1 However, in recent years an increasing number of synthetically
accessible, non-naturally occurring MT-stabilizing agents have been described.! Among
these, the triazolopyrimidines, such as cevipabulin? (1, Figure 1) and related heterocycles,3’
attracted considerable attention as potential candidates for agrochemical and anti-cancer
purposes. Furthermore, we have recently shown that selected members of this class of
heterocycles (e.g., 2, Figure 1) are both orally bioavailable as well as brain penetrant and can
increase markers of stable MTs in the brain of wild-type (WT) mice,8 suggesting that
molecules from this class of heterocycles may be particularly promising in the development
of CNS-directed MT-stabilizing therapies.

Given that MT-stabilizing compounds can trigger apoptosis in rapidly dividing cells, one of
the challenges in developing MT-stabilizing therapies to treat CNS diseases relates to the
potential for undesired side effects that might arise from the exposure of peripheral tissues to
the MT-stabilizing drug. Thus, MT-stabilizing candidates for CNS indications should ideally
show preferential distribution into the brain. Targeting of MT-stabilizing agents to the brain
has been attempted by exploiting receptor-mediated uptake mechanisms at the level of the
blood-brain barrier (BBB).? This and related approaches,19 however, typically require the
construction of prodrugs or bi-functional conjugates, or the encapsulation of the drug into
nanoparticles, all of which may pose significant challenges. An alternative approach is to
screen for analogues that are BBB-permeable and which exhibit longer brain than plasma
half-life, such that the active drug may be retained in the CNS for prolonged periods of time.
This passive targeting of the brain is generally due to greater non-specific binding of
compound to brain proteins or lipids relative to plasma proteins (i.e., the unbound compound
fraction is greater in plasma than in brain). However, this phenomenon can ultimately lead
to a sustained brain pharmacodynamic effect through a depot-like release of drug, while
plasma compound concentrations drop relatively quickly.

Notably, in the realm of MT-stabilizing natural products, selected epothilones, such as
epothilone B! and D12 13 (3, Figure 1), have been found to be both brain penetrant and
exhibit a large differential between brain and plasma half-life. Furthermore, in the case of
epothilone D, prolonged brain retention may have played an important role in the favorable
therapeutic window that was observed in different efficacy studies involving tau transgenic
mouse models.12: 14. 15

In the context of the non-naturally occurring triazolopyrimidines and related heterocyclic
MT-stabilizing compounds, none of the brain penetrant and orally bioavailable examples
that were initially examined were found to have a significantly different brain and plasma
half-life.8 This led us to screen for alternative congeners that might exhibit epothilone D-like
prolonged brain retention and thus be more suitable for in vivo efficacy studies. These
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studies resulted in the identification of triazolopyrimidine 4, a previously known MT-
stabilizing compound? and a close analogue of the anti-cancer clinical candidate 1.

Evaluation of the PK properties of 4 revealed that this triazolopyrimidine exhibits relatively
prolonged brain half-life (7 h), which combined with a comparatively short plasma half-life
(2.5 h) leads to a widening of the brain-to-plasma concentration ratio (B/P) over time
(Figure 2). Although the observed differential in brain and plasma half-life is not nearly as
wide as the one described for epothilone D, a progressive build-up of 4 in the brain relative
to plasma could be reached upon repeated dosing of the compound in mice (see Figure 3). In
humans, this might translate to twice daily dosing, based on allometric scaling.16

Structurally, the only difference of triazolopyrimidine 4 relative to 1 is the presence of a
primary hydroxyl at the side chain, rather than a secondary amine. Given that 1, unlike 4,
exhibits relatively long plasma half-life (i.e., 13 h),2 we hypothesized that the limited
metabolic stability of 4 may involve a relatively rapid metabolism of the primary hydroxyl
to the corresponding carboxylic acid (5, Scheme 1), followed possibly by a spontaneous
elimination of phenol 6 (Scheme 1) with formation of acrylic acid. To evaluate this
possibility, we conducted in vitro microsomal stability studies in which compound-treated
mixtures were analyzed by LC/MS/MS to monitor for both the disappearance of parent
compound and the formation of these possible metabolites. Interestingly, the ionization and
fragmentation of the two most abundant in vitro metabolites were found to be consistent
with proposed structures 5 and 6 (see Supporting Information).

To confirm the identity of these two metabolites, compounds 5 and 6 were synthesized from
4, as highlighted in Scheme 1 (see Supporting Infromation), and compared by LC/MS/MS
with the metabolites generated in the microsomal stability studies.

Consistent with the proposed structures, the synthetic compounds 5 and 6 were found to
exhibit identical retention time and fragmentation pathways as the two main metabolites
detected in the microsomal stability studies (see Supporting Information).

Furthermore, analysis of brain and plasma samples of mice that were collected after
intraperitoneal (ip) injection of 5 mg/kg of 4 revealed that both metabolites 5 and 6 were
detected predominantly in plasma, with the former compound found at much larger
concentrations than the latter (Figure 4).

An evaluation of the biological activity of both metabolites 5 and 6 in a 4 hour cell-based
assay of MT-stabilization revealed that both 5 and 6 were significantly less potent than 4,
with little to no activity up to 1 uM compound concentration (Figure 5A). Consistent with
these results, 24 hour cytotoxicity studies in rapidly dividing QBI cells that are typically
sensitive to MT-stabilizing agents confirmed that the ICsq values of 5 and 6 are at least 10—
50 times higher than that of 4 (Figure 5B). Thus, the observation that the MT-stabilizing
agent 4 is rapidly metabolized in plasma to comparatively less active, less cytotoxic
metabolites 5 and 6, coupled with the relatively long brain half-life of 4, suggests that
peripheral administration of this triazolopyrimidine may produce significant stabilization of
MTs in the brain at doses that result in comparatively low peripheral exposure.
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To investigate whether repeated administrations of a relatively low 5 mg/kg dose of 4
resulted in MT-stabilization in the brain, we assessed whether the compound induced an
increase in acetylated a-tubulin, a known marker of stable MTs,17 within brain
homogenates. As shown in Figure 6, a significant elevation of this marker of stable MTs was
observed 1 day after administration of two 5 mg/kg doses (ip).

Finally, to estimate the oral bioavailability of 4, we compared the compound concentration
in plasma after ip and oral administration. These studies confirmed that, like 1 and other
related congeners, 4 is orally bioavailable (see Supporting Information). Thus in summary,
the PK, PD, and metabolism data suggest that triazolopyrimidine 4 is an orally bioavailable
and brain retentive MT-stabilizing compound. These results indicate that 4 holds promise as
a CNS-directed MT-stabilizing agent.
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Structures of epothilone D and selected triazolopyrimidines MT-stabilizing compounds.
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Figure 2.
Brain and plasma levels of 4 after ip administration of 5 mg/kg (top); rate of elimination
from brain and plasma (bottom).
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Figure 3.
Brain and plasma levels of 4 4 h after a single dose of 5 mg/Kg ip or 4 h after two repeated

doses separated by a 4 h interval (top); brain-to-plasma concentrations of 4 after one and two
doses that were separated by 4 h (bottom).
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Figure 4.
Plasma concentration of 4 and metabolites 5 and 6. The inset shows brain concentrations of

the parent compound and metabolites.
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(A) compound-induced elevation in acetylated a-tubulin in QBI cells treated for 4 hours,
relative to vehicle treated cells; (B) comparison of cytotoxicity curves of compounds 4-6 in

QBI cells treated for 24 hours.
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