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ABSTRACT: Inclusions comprising the microtubule (MT)-
stabilizing protein, tau, are found within neurons in the brains
of patients with Alzheimer’s disease and related neuro-
degenerative disorders that are broadly referred to as
tauopathies. The sequestration of tau into inclusions is
believed to cause a loss of tau function, such that MT
structure and function are compromised, leading to neuronal
damage. Recent data reveal that the brain-penetrant MT-
stabilizing agent, epothilone D (EpoD), improves cognitive
function and decreases both neuron loss and tau pathology in
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transgenic mouse models of tauopathy. There is thus a need to identify additional MT-stabilizing compounds with blood—brain
barrier (BBB) permeability and slow brain clearance, as observed with EpoD. We report here that the MT-stabilizing natural
product, dictyostatin, crosses the BBB in mice and has extended brain retention. Moreover, a single administration of dictyostatin
to mice causes prolonged stabilization of MTs in the brain. In contrast, the structurally related MT-stabilizer, discodermolide,
shows significantly less brain exposure. Thus, dictyostatin merits further investigation as a potential tauopathy therapeutic.
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number of neurodegenerative disorders, including
Alzheimer’s disease (AD), progressive supranuclear
palsy, corticobasal degeneration, Pick’s disease, and related
tauopathies are characterized by the presence of insoluble
inclusions of hyperphosphorylated tau protein, which are
referred to as neurofibrillary tangles (NFTs) and neuropil
threads when found within the soma and neuritic processes of
brain neurons, respectively.”> The normal function of tau is to
bind and stabilize MTs.>* In the diseased brain of tauopathy
patients, however, MT disengagement and aggregation of
hyperphosphorylated tau are thought to result in reduced MT
stabilization. As MTs play a critical role in the axonal transport
of key neuronal components, an alteration of normal MT
function could lead to neuron dysfunction and death. In this
regard, there is evidence of impaired MT stabilization in AD
brains,>® and tau transgenic mouse models of tauopathies that
develop NFT-like inclusions have a reduction of MT density
and axonal transport.”® Accordingly, it has been suggested that
MT-stabilizing agents, such as the taxanes or functionally
similar molecules, might serve to compensate for a loss of tau
function in tauopathies.”'® Evidence to support this concept
was first provided with paclitaxel in a transgenic mouse model
with predominantly brain stem and spinal cord tau pathology.""
In these mice, paclitaxel improved motor neuron function after
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drug uptake at neuromuscular junctions. Paclitaxel, however,
does not effectively cross the blood—brain barrier (BBB),'> and
thus is not useful for intervention in human tauopathies where
tau inclusions are found largely in the brain.

Recently, our laboratories demonstrated that the brain-
penetrant MT-stabilizing compound, epothilone D (EpoD, 1,
Figure 1), is highly efficacious in both preventative'® and
interventional® studies using tau transgenic mice that develop
AD-like tau deposits in their brains with age. In particular,
doses of EpoD that were a fraction of those utilized in human
oncology clinical trials increased MT density, reduced axonal
dystrophy as well as neurodegeneration, and improved
cognitive performance in this mouse model of tauopathy.*"

Importantly, the low doses of EpoD employed in these
studies did not elicit any of the toxicities typically seen with
higher doses of MT-stabilizing drugs used for treating cancer
patients. These data, which were subsequently validated in two
additional tau transgenic models,** indicate that CNS active
MT -stabilizing agents may be therapeutically useful for the
prevention and/or treatment of AD and related tauopathies.
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Figure 1. Structures of epothilone D, discodermolide, and dictyostatin.

To date, EpoD is the only BBB-permeable MT-stabilizing
agent that has been examined in tauopathy models, and this
drug is now undergoing evaluation in AD patients (BMS-
241027; clinicaltrials.gov). Given the potential promise of
EpoD for the treatment of AD and related tauopathies, it would
be desirable to identify additional CNS-active MT-stabilizing
agents that might be considered as alternative candidates to
EpoD for AD treatment. Although several members of the
epothilone class have been identified that can cross the BBB,
the brain penetration of most other classes of MT-stabilizing
natural products has not been reported.> This led us to
investigate two structurally related MT-stabilizing natural
products, discodermolide (2, Figure 1) and dictyostatin (3,
Figure 1).16’17

Discodermolide and dictyostatin are among the most potent
MT-stabilizing agents reported to date.'® > Like the taxanes
and the epothilones, discodermolide and dictyostatin are
thought to promote MT stabilization by interacting with p-
tubulin in proximity to the taxane-binding site.'® > Different
modeling”' and NMR**7?* studies have also indicated that the
bioactive U-shaped conformation of discodermolide closely
resembles the preferred conformation of dictyostatin in
solution, which further suggests that these two structurally
related natural products may share a similar mode of action.
Interestingly, despite the functional similarities observed
between the different classes of taxane-binding site MT-
stabilizing natural products, some striking differences have
been reported. For example, discodermolide and dictyostatin
have been found to retain antiproliferative activities against
several taxane-resistant cell lines.'”*>*® In addition, cell-free
studies indicate significant morphologic differences in the
structure of MT's obtained with epothilones and discodermo-
lide.*” The possible implications of these differences,
particularly with respect to axonal transport and neuro-
degenerative diseases, have not been investigated. Thus, to
evaluate the potential of 2 and 3 to be alternatives to EpoD for
tauopathy treatment, we examined the plasma and brain
pharmacokinetic (PK) properties of these natural products.
Furthermore, the MT-stabilizing properties of 2 and 3 were
evaluated in comparison with EpoD in a cell-based (HEK293)
MT-stabilization assay,'> which measures compound-induced
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elevation of acetylated a-tubulin AcTub, a known biomarker of
stable MTs.***’ Finally, on the basis of the high brain exposure
that was observed after dosing mice with dictyostatin (vide
infra), we ascertained whether this compound could elicit
increased AcTub levels in the mouse brain.

The results of the cell-based studies, highlighted in Figure 2,
confirmed that, as expected, discodermolide, dictyostatin, and

Relative AcTub

Figure 2. AcTub MT-stabilization assay in HEK293 cells: Epothilone
D (EpoD), dictyostatin (Dictyo), and discodermolide (Disco). Error
bars represent SEM, with n = 4/condition.

EpoD all produced a dose-dependent elevation in AcTub.
Notably, although EpoD generated the largest absolute increase
of AcTub at the highest concentration used in the assay (100
nM), dictyostatin produced the greatest AcTub elevation at 10
nM, as well as a significant AcTub increase at 1 nM.

To examine the PK properties, discodermolide or
dictyostatin were dosed via ip. administration to CD1 mice
(5 mg/kg), and blood and brain tissue were obtained from
groups of animals at multiple time points after dosing. The
concentrations of the two MT-stabilizing agents were then
determined in these samples via LC—MS/MS analysis. As
shown in Figures 3 and 4, in spite of the structural similarities
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Figure 3. Plasma and brain concentrations of discodermolide after a
single 5 mg/kg i.p. administration. Error bars represent SEM, with n =
3/time-point.

between discodermolide and dictyostatin, the PK properties of
these two compounds appeared to be significantly different,
particularly as it pertains to brain retention and exposure.
Indeed, the brain exposure of dictyostatin (AUCs_¢, = 6245
nM-h) was much greater than that observed with discodermo-
lide (AUCg,5_4 = 112 nM-h), indicating a possible role for the
macrocyclic structure of 3 in determining overall brain
penetration.
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Figure 4. Plasma and brain concentrations of dictyostatin after a single
5 mg/kg ip. administration. The inset shows the compound levels in
plasma and brain from 2 h to 16 h. Error bars represent SEM, with n =
3/time-point.

As revealed in Figure 3, discodermolide levels in the plasma
declined rapidly after administration, with essentially all
compound cleared by 2 h. Relatively little discodermolide
partitioned into brain tissue, with a total brain AUC,s_,, to
plasma AUC,;_4, ratio of 0.26. Dictyostatin was also cleared
relatively quickly from plasma after dosing (Figure 4), although
the plasma exposure was considerably greater than for
discodermolide (5536 nM-h vs 439 nM-h). Interestingly,
although the brain concentrations of dictyostatin were much
lower than the plasma concentrations shortly after dosing, by 2
h the brain and plasma levels were comparable and thereafter
the amount of dictyostatin in the brain exceeded that in plasma
(Figure 4; inset). In fact, the brain concentration of dictyostatin
stayed relatively constant at ~400 nM from 4 to 16 h (Table 1).

Table 1. Comparison of Plasma and Brain Concentrations of
Dictyostatin and EpoD after a Single S mg/kg i.p. Dose®

4h 16 h
compd  brain (nM) plasma (nM) brain (nM) plasma (nM)
3 412 + 54 8 +4 383 + 87 77 £ 5
1 161 + 14 19+2 111 + 9 <LOD

“Values represent the average and SD of n = 3 mice/time-point/
compound (<LOD = below limit of detection).

Notablg, similarly long brain retentions have been reported for
EpoD"* and epothilone B.** However, our studies demonstrate
that the concentration of dictyostatin in the brain 16 h after a
single 5 mg/kg dose is greater than that observed at 16 h after a
comparable dose of EpoD (Table 1). Given that dictyostatin,
like EpoD, exhibits a low unbound fraction in plasma (0.9% =+
0.6%) and after incubation with brain homogenates (0.5% =+
0.02%), the free dictyostatin concentration in brain after a §
mg/kg dose is estimated to be in the low nM range.

The long residence time of dictyostatin in the brain suggests
that this compound may exert a prolonged effect on MT
stabilization in the brain. Thus, to evaluate dictyostatin-induced
MT-stabilization in the brain, we measured the relative AcTub
levels in the brain of WT mice after compound and vehicle
administration. Our previous studies with EpoD revealed that
an increase in this pharmacodynamic (PD) marker of stable
MTs can be seen one week after dosing.'” Notably, as
illustrated in Figure 5, a single S mg/kg i.p. administration of
dictyostatin also resulted in MT-stabilization in the brain one
week after dosing, as revealed by the statistically significant
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Figure 5. Relative AcTub-to-a-Tub levels in the brains of mice 7 days
after a single i.p. administration of vehicle (DMSO) or dictyostatin (5
mg/kg). The mean AcTub/a-Tub values for the dictyostatin-treated
mice were normalized to those of the mice that received vehicle, with 3
mice for each treatment. Error bars represent SEM.

elevation in the brain AcTub level of compound-treated animals
relative to vehicle-treated controls.

The observed differential between brain and plasma
clearance of dictyostatin, which was reported also for
EpoD,'>" coupled with the ability of dictyostatin to produce
prolonged PD effects in the brain, may be particularly desirable
for the treatment of CNS diseases, such as tauopathies. Indeed,
the favorable efficacy and safety profile of EpoD in mouse
tauopathy models is likely to relate at least in part to the fact
that the drug is cleared very slowly from the brain relative to
the plasma.l 13 Thus, the PK and PD results presented here
suggest that dictyostatin and possibly other related congeners
hold considerable promise as additional brain-penetrant MT-
stabilizing compounds for evaluation in mouse models of
tauopathy and perhaps ultimately as clinical candidates for
human tauopathies.
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