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Abstract—A series of paclitaxel C-10 carbamates was synthesized and evaluated in a bi-directional permeability assay in comparison
with paclitaxel and the blood-brain barrier-permeable C-10 ester derivative, TX-67. A number of the carbamates were found not to
be substrates for Pgp. Moreover, when tested for Pgp-inhibitory potential, representative compounds proved to be devoid of Pgp
interactions. Side-by-side comparison between TX-67 and the corresponding C-10 carbamate, CNDR-3, revealed a significantly
longer half-life for CNDR-3 in both mouse and human plasma, suggesting that this class of derivatives is appropriate for further

in vivo evaluation.
© 2007 Elsevier Ltd. All rights reserved.

Paclitaxel (Fig. 1), the first microtubule (MT)-stabilizing
agent discovered to have clinical relevance, has become
one of the most widely used anti-neoplastic drugs.! In
addition, a number of studies revealed that paclitaxel
and other MT-stabilizing agents hold promise as poten-
tial treatments for other serious conditions such as rheu-
matoid arthritis,> psoriasis,> and neurodegenerative
diseases.* ¢ Indeed, recent studies clearly demonstrated
the potential of MT-stabilizing agents in the treatment
of the Alzheimer’s Disease (AD) and related neurode-
generative diseases’ known as tauopathies, whose
hallmark lesions are intracellular inclusions of the MT-
associated protein (MAP) tau comprising neurofibrillary
tangles (NFTs). Normally the protein tau binds to and
stabilizes MTs, thereby maintaining the network of
MTs essential for axonal transport of proteins and other
cargo to and from the cell body of neurons. In AD, tau
becomes pathologically hyperphosphorylated followed
by sequestration as paired helical filaments (PHFs) that
aggregate into NFTs. The net result of this process is the
loss of the tau MT-stabilizing function, which in turn
leads to neurotoxicity via disruption of axonal transport
in neurons. Thus, one approach for treating AD and re-
lated tauopathies would be to compensate for the loss of
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Figure 1.

tau function by employing agents that promote the sta-
bilization of the MT-network, thereby restoring effective
axonal transport.®

Although a number of MT-stabilizing agents belonging
to different classes of naturally occurring compounds
have been discovered, their biological evaluation has
primarily centered on their anti-proliferative properties
against cancer. A thorough evaluation of these agents
in the context of neurodegenerative diseases has not
yet been undertaken. Toward this end, we recently initi-
ated a program focused on the screening of compounds
from different classes of M T-stabilizing natural products
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with the overall objective of identifying agents that
could: (a) gain access to the central nervous system
(CNY); (b) compensate for the loss of tau function in
tau compromised neurons; and as a result (¢) support
or maintain effective axonal transport at doses that
would not be toxic systemically.

One of the major challenges typically associated with the
development of therapies for the diseases of the CNS is
the issue of brain uptake. Paclitaxel, docetaxel, and sev-
eral related taxanes, possess very limited CNS penetra-
tion, primarily due to Pgp-mediated efflux at the
blood-brain barrier (BBB).” Indeed, it was found that
co-administrations of Pgp-inhibitors with paclitaxel pro-
duce therapeutically relevant (anti-cancer) levels of pac-
litaxel in vivo in the brain.!° Other studies revealed that
the taxane analogue ortataxel is able to reach substan-
tially higher brain-to-plasma ratios compared to paclit-
axel, by virtue of the Pgp-modulating properties.'!
Other prototypic second generation taxoids such as
SB-T-1213'2 display similar abilities to inhibit the active
transporter.!> However, since Pgp, as well as other
ABC-transporter proteins, comprise an important
defense mechanism for the CNS, long-term exposure
to modulators of ABC-transporter proteins would likely
result in CNS toxicities. Indeed, recent studies have
shown that Pgp-deficiency at the BBB increases the A
deposition in AD mice models.'* Thus, we reason that
the optimal MT-stabilizing candidate for the treatment
of neurodegenerative tauopathies should gain access to
the CNS without affecting the Pgp. Although some tax-
anes have been shown not to be substrates for
Pgp,'11215 to date only one C-10 acylated derivative
of paclitaxel (TX-67) has been positively identified to
possess the desirable properties of being both CNS pene-
trant, as demonstrated by rat-brain perfusion studies, as
well as not a modulator of Pgp.'® However, since the
C-10 succinate monoester of TX-67 is likely to be hydrolyt-
ically unstable, we argue that TX-67 could be rapidly
catabolized in vivo, generating derivatives that would

Table 1. Stability of C-10 esters Vs C-10 carbamates

Compound  PBS ¢, (h) Human plasma  Mouse plasma
ti2 (h) tir2 (h)

Paclitaxel >60 (85.2%)* 18.2 30.1

TX-67 >60 (75.1%)* 153 19.5

CNDR-3 >60 (91.6%)*  52.0 31.3

#Percentage of remaining compound after 24 h.

no longer possess the favorable pharmacokinetics of
the parent compound. Indeed, 10-deacetyl taxol, the
compound that would be generated upon C-10 ester
cleavage of TX-67, is a Pgp substrate (vide infra) and
thereby unable to penetrate the BBB. Further optimiza-
tion of TX-67 could therefore provide more desirable
candidates for biological evaluation in vivo. To this
end, we determined the stability of the C-10 carbamate
equivalent of TX-67 (CNDR-3) in PBS buffer, human
and mouse plasma. Importantly, we found that the
half-life for CNDR-3 in mouse and human plasma
was significantly longer than both paclitaxel and TX-
67 (Table 1). In addition, CNDR-3, like TX-67, is not
a substrate for Pgp, as determined by bi-directional per-
meability studies conducted using MDR-MDCK cells,
which are known to overexpress Pgp. In these studies
CNDR-3 displayed an efflux ratio of 0.9 compared to
143 for paclitaxel (Table 3). Equally important,
CNDR-3 was found not to affect the bi-directional per-
meability of digoxin, a known Pgp substrate (Table 2).

In addition to CNDR-3, a series of related C-10 carba-
mates was prepared, as well as one C-7 paclitaxel carba-
mate derivative (CNDR-31) and a C-10 docetaxel
carbamate (CNDR-5); see Table 3.'7 Synthesis of the
C-10 carbamates was performed employing our previ-
ously disclosed method.'®

The compounds depicted in Table 3 were tested for: (1)
their ability to promote MT-stabilization in vitro; (2)
their cytotoxicity against a rapidly dividing cell line
(HEK?293); and (3) their potential as substrates for
Pgp by determining the efflux ratios across a monolayer
of MDR-MDCK cells (Table 3). In addition representa-
tive compounds were evaluated for their Pgp-inhibitory
potential.!®

Most compounds in Table 3 displayed MT-stabilizing
ability in vitro comparable or better than that of paclit-
axel (or docetaxel in the case of CNDR-5). This obser-
vation is in overall agreement with the previous
findings that the C-10 position is typically tolerant to
structural modification.'? The cytotoxicity studies how-
ever revealed that the ICsq values of the test compounds
ranged substantially from 8 uM to approximately
25 nM. Interestingly, a rather clear correlation appeared
between ICs, values and lipophilicity of the test com-
pounds (Fig. 2) indicating that cell permeability might
be the discriminating factor between different com-
pounds in this assay. A similar trend was also observed

Table 2. Recovery and apparent permeability (10~¢ cm/s) of digoxin in the presence of representative paclitaxel and docetaxel C-10 carbamates

Test compound Recovery (%)

Papp® (10~ cm/s) Efflux ratio®

A-B B-A A-B B-A
R1 R2 AVG R1 R2 AVG
Digoxin alone 98 101 0.21 0.14 0.18 6.05 7.97 7.01 39
Digoxin+CNDR-3 78 81 0.23 0.17 0.2 5.66 6.68 6.17 31
Digoxin+CNDR-5 102 96 0.13 0.17 0.15 7.14 7.95 7.54 50
Digoxin+CNDR-29 90 94 0.23 0.16 0.19 7.55 11.8 9.67 50

 Apparent permeability coefficient.?!

® Efflux ratio = Papp(B-A)/Papp(A-B) across monolayers of MDR-MDCK.
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Table 3. Paclitaxel and docetaxel C-10 carbamates

(0] [e]
WJ\N - :H:\ O
H z OH OBz OAc
OH
Entry CNDR# W X Y ClogP* MPA® 1Csy HEK293 MDR-MDCK
(WM) Papp® A-B Papp® B-A  Efflux
(10~°cm/s) (10~°cm/s) ratio?
1 Paclitaxel Ph Ac H 47 NA 0.010 0.20 28.5 143
2 10-deac. taxol Ph H H 4.0 + 0.076 0.13 5.17 39
(0]
3 TX-67 Ph MOH H 1.5° ++ 4.7 0.08 0.1 13
o
(0]
4 CNDR-3 Ph E%LN/WOH H 1.3 +++ 8.3 0.09 0.05 0.6
H
(0]
(0]
5 CNDR-31 Ph  Ac %L OH pof - >25 0.07 0.06 0.9
N
?HB o) o
6 CNDR-24 Ph ;é‘TrN\)J\OH H 2.0° ++ 1.8 0.06 0.05 0.9
(0]
Fro
~, N f
7 CNDR-21 Ph ”?f oH H 2.6 o+ 1 0.05 0.05 1
o H,C CH,
(0]
H
8 CNDR-30 Ph \;‘WNQLOCH H 45 ++ 0.06 <0.62 3.36 >54
[¢]
o
o) (0]
9 CNDR-14 Ph lk _ H 3.7 4 1.9 <0.07 0.21 >3
/77'4 H\“
o
H
10 AC409 Ph \fﬂ/N\)LN/CHe H 4.1 e+ 1 0.09 0.8 8.8
|
o] CH,
(o]
H
~, N f
11 CNDR-12 Ph ,szr \‘)J\OH H 1.6 +++ 2.5 <0.63 <0.63 ND”*
o (o]
H
12 CNDR-07 Ph \;‘WNQJ\OH H 16" +t 39 <0.06 <0.06 ND*
o :
H OH
13 CNDR-04  Ph \‘;ﬂ/ ~ M ow W L—— 74 <0.64 <0.64 ND*
[¢]
H
14 CNDR-29 Ph \é{H/N\/\OH H 3.9 + 0.7 <0.21 <0.21 ND*
15 CNDR-15 Ph H 6.5 + 0.024 <0.2 253 >127
16 323-N-01 Ph H 5.1 +++ ND' 0.17 22.6 133
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Table 3 (continued)

Entry  CNDR# w X Y  ClogP* MPA®  ICso HEK293 MDR-MDCK
(WM) Papp® A-B Papp® B-A Efflux
(10~°cm/s)  (10~°cm/s)  ratio®
17 Docetaxel  BuO H H 38 (NA) 0.027 <0.62 15.5 >25
(o]
18 CNDR-5 BuO E%L OH H 13 (+++)¢ 1.7 <0.2 <0.2 ND*
Y

*Not determined.
# Calculated partition coefficient.

® The microtubule polymerization assay (MPA) was carried out using the fluorescence based kit (cat. # BK011) produced by Cytoskeleton (Denver,
CO). Test compounds were tested at 0.5, 1.5, and 3 pM. Compounds that produced equal or faster polymerization rate than paclitaxel (or
docetaxel) at three, two or one concentrations are classified with “+++’,*++” or ‘+’, respectively. Compounds that produced slower polymerization

rate than paclitaxel at all three concentrations are classified with ‘—’.
© Apparent permeability coefficient.?!

4 Efflux ratio = Papp(B-A)/Papp(A-B) across monolayers of MDR-MDCK.
¢ The microtubule polymerization assay was run in comparison to docetaxel.

T Clog P corresponding to the negatively charged carboxylate.

ClogP
8 W IC50 (uM) -

Figure 2. Correlation between ICsy in HEK293 and ClogP. ClogP
values marked with “*’ are calculated from the negatively charged
carboxylates.

for a different series of paclitaxel C-10 carbamates.?”
This observation also suggests that the cytotoxicity as-
say could be useful in future screenings of paclitaxel
C-10 carbamates, in generating valuable (although indi-
rect) information on cell permeability. The assessment
of whether the test compounds were substrates for
Pgp was conducted by determining the efflux
ratios.!” Apparent permeability coefficients (Papp)?>!
were obtained by measuring the amount of compound
present at the apical (A) and basolateral (B) compart-
ments after 120 min, by LC/MS. Experiments were run
in duplicate at 5 uM of test compounds. All analogues
bearing a carboxylic acid moiety appeared to possess
similar low efflux ratios. Notably, the docetaxel deriva-
tive CNDR-5 was also found not to be a Pgp-substrate,
indicating that paclitaxel and docetaxel might be sharing
similar structure Pgp-affinity relationships. The linkage

at C-10 (i.e., ester or carbamate) as well as the substitu-
tion and configuration of the a-carbon did not appear to
play a significant role in determining Pgp-interactions,
although these structural features clearly produce an
effect on the lipophilicity and cell-permeability of the
compounds (Fig. 2). On the other hand, esterification
(CNDR-30), lactonization (CNDR-14), and amidifica-
tion (AC409) of the carboxylic acid produced deriva-
tives that were clearly Pgp substrates although the
efflux ratios remained substantially lower compared to
paclitaxel. Interestingly, CNDR-29, which contains a
primary alcohol in place of the carboxylic acid moiety,
appears not to be a Pgp-substrate, suggesting that the
carboxylic acid functionality is not necessarily a prere-
quisite. Representative compounds CNDR-3, CNDR-5,
and CNDR-29 were chosen to evaluate their Pgp-
inhibitory potential, by determining the effect of these
compounds on the apparent permeability of the known
Pgp-substrate, digoxin. Importantly, all three com-
pounds at 25 uM had no effects on the efflux ratio of
digoxin. Finally, it should be noted that while the efflux
ratios of paclitaxel and TX-67 determined in these
bi-directional permeability studies are in overall agreement
with previous reports wherein a different in vitro model
(bovine microvessel endothelial cells) was employed,
there are substantial differences in the apparent perme-
ability values, particularly the Papp A-B.!® Indeed, since
Papp A-B values smaller than 3 x 10~° cm/s are predic-
tive of low BBB-permeability,?? it would appear that the
MDR-MDCK model would not match the in vivo
observation obtained for TX-67 in rat-brain perfusion
studies.'® One possible explanation for this apparent dis-
crepancy calls for the possible involvement of an active
transporter (such as the carboxylic acid transporter) that
might be responsible for the active uptake of TX-67
in vivo.'® Additional studies are needed to investigate
this possibility. Comparative brain uptake studies (such
as rat-brain perfusion or brain/plasma ratio) between
TX-67, CNDR-3, and CNDR-29, would provide
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important clues in support or against the possible
involvement of a carboxylic acid transporter.

In summary, a series of paclitaxel C-10 carbamates has
been synthesized and evaluated in a bi-directional per-
meability assay in comparison with paclitaxel and the
C-10 ester derivative TX-67. A number of carbamates
were found not to be substrates for Pgp. Moreover,
representative compounds tested for Pgp-inhibitory po-
tential were found to be devoid of Pgp interactions.
Although an hydrophilic moiety at C-7 or C-10
appears to play an important role in preventing Pgp-
interactions, the presence of a carboxylic acid moiety
does not seem to be an absolute structural requirement.
Finally, side-by-side comparison between TX-67 and
the corresponding C-10 carbamate, CNDR-3, revealed
a significantly longer half-life for the latter compound
in both mouse and human plasma, suggesting that this
class of derivatives is well suited for further
development.
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