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Abstract—Key analogue derivatives of the ningalins, potent multidrug resistance (MDR) reversal compounds, were examined
resulting in the discovery of a potent MDR reversal agent that hypersensitizes P-gp resistant tumor cell lines to front-line conven-

tional therapeutic agents.
© 2003 Elsevier Science Ltd. All rights reserved.

Multidrug resistance (MDR) is a persistent problem
limiting the effectiveness of a wide variety of anticancer
drugs, antibiotics, and protease inhibitors.'”> The
human MDRI gene expression product, P-glycoprotein
(P-gp), is a 170 kDa ATP-dependent plasma membrane
glycoprotein which confers resistance to cells by active
extrusion of hydrophobic and amphiphatic drugs to
below therapeutically relevant concentrations. Expres-
sion of the MDRI gene has been found in cancers
showing both intrinsic and acquired multidrug resis-
tance.? P-gp is expressed in normal kidney, liver, colon,
pancreas, and adrenal tissues and therefore is found in
tumors derived from these tissues. Other untreated can-
cers stemming from tissues that do not express MDRI
RNA at easily detected levels, such as certain leukemias
and non-Hodgkin’s lymphoma, frequently exhibit high
levels of P-gp expression. Increased expression of P-gp
is also commonly found in tumor relapses during or
after chemotherapy treatment. Tumor cells may also
become multidrug resistant by the overexpression of
other ABC transporters, such as MDR-associated pro-
tein (MRP) and lung resistant protein (LRP).!

Although a number of agents have been developed that
modify MDR, none are currently used in the clinic due in
part to a lack of potency or observance of P-gp indepen-
dent side effects at concentrations necessary for efficacy.
To date, there is no single complete definition of the ele-
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ments necessary for P-gp recognition of resistance modi-
fiers.? Since the first definition of a MDR pharmacophore
by Pearce* composed of two planar aromatic domains
and the disposition of a basic nitrogen within an extended
aliphatic chain, numerous models reflecting multiple or
overlapping sites and substrates have been disclosed.?
The hydrophobicity of the modifier is an important, but
not the sole requirement for recognition and inhibition of
P-gp. Some common functionalities found in resistance
modifiers include a planar hydrophobic aromatic domain
and a basic nitrogen atom present within an extended side
chain off the aromatic ring system.>*?>

In the course of recent synthetic efforts on the ningalin
family® of marine natural products, we identified several
compounds that showed remarkable multidrug resis-
tance modifier activity’ (Table 1). Notably absent from
the structural characteristics of 2-5 is this putative basic
nitrogen making them an especially interesting, as well
as potent, new class of MDR modifiers. The resistant
human colon carcinoma cell line HCT116/VM46
derives its resistance from the overexpression of P-gp.
Although these compounds exhibited little or no cyto-
toxic activity,” compounds 2-4 caused a pronounced
resensitization of the multidrug resistant HCT116/
VM46 cell line towards vinblastine and doxorubicin. At
1 uM concentrations, compound 3 and permethyl nin-
galin B (4) effected a 100% reversion of sensitivity of the
MDR cell line, compared to 10% reversion effected by
the prototypical MDR modifier verapamil (at 1puM).
Similar resensitization of HCT116/VM46 towards vin-
blastine and doxorubicin had been observed in our earlier
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Compd at 1.0 uM Vinblastine % reversion® Doxorubicin % reversion®
1Cso, (UM)? (gain in sensitivity)© 1Cso, (UM)? (gain in sensitivity)©
1 0.02 10 (4) 0.1 0
2 0.004 50 (18) 0.05 20 (1)
3 0.002 100 (35) 0.02 50 (4)
4 0.002 100 (35) 0.02 50 (4)
Verapamil 0.02 10 (4) 0.13

4ICso (uM) of vinblastine or doxorubicin against the MDR resistant cell line HCT116/VM46 in the presence of 1 uM of the indicated compound.
1Cs values in the absence of added compound are 0.07 uM (vinblastine) and 0.07 pM (doxorubicin). For the wild-type HCT116 cell line not subject
to MDR, ICs, values are 0.002 uM (vinblastine) and 0.01 uM (doxorubicin).

PPercent reversion is measured as wild type ICso(—)/MDR ICso(+) x 100.

¢Gain in sensitivity is measured as MDR ICsy(—)/MDR ICsy(+) [(—)=without added drug, (+)=with added drug].'¢

work® upon treatment of the resistant cell line with non-
cytotoxic concentrations of permethyl storniamide A'°
(6) and its synthetic precursor 5 (Table 2). Moreover, we
demonstrated that 5% and related structures’ inhibit the
action of P-gp at concentrations equivalent to its MDR
reversal activity. Interestingly, the corresponding nin-
galins, which bear free phenols versus the methyl ethers
of 2-6 are more cytotoxic and lack potent MDR modi-
fier properties,” and the derivatives 2-6 are among the
most potent leads for MDR reversal disclosed to
date.!=3 Herein, we report a small series of related ana-
logues prepared to establish some of the fundamental
structural features of 2-6 responsible for their potent
MDR reversal properties.

Table 2.

MeO MeO  OMe e

MeOOMe
MeO,C CO,Me

O/\/ N
(o}
MeO

It is clear upon comparison of the MDR modifier
activity of 1 with the related compounds 2—4 that the
presence of the N-alkylaryl substituent is necessary for
activity. Thus, we examined the effect of alkyl tether
length on the activity with a series of ningalin-type
analogues in which the permethyl storniamide A pyrrole
core 7 was functionalized with the ningalin 3,4-dime-
thoxyphenyl group through a systematically varied
alkyl linker (Fig. 1). A copper-mediated boronic acid
coupling'! provided the N-aryl homologue 8 (21%, 4
days, 65°C, DMF). Homologues 9, 11, and 12 bearing
one, three, and four carbon linkers, respectively, were
formed upon alkylation of 7 with the requisite alcohols
under Mitsunobu conditions.!?> Alkylation (89%,

MeO MeO  OMe (e

MeO O Q OMe
N AN N
V\©\0Me

[0
Permethyl Storniamide A, 6

OMe

Compd at 1.0 pM Vinblastine % reversion® Doxorubicin % reversion®
1Cso, (M)? (gain in sensitivity)° 1Cso, (M)? (gain in sensitivity)©

5 0.009 33 (22) 0.6 33(4)
6 0.003 100 (67) 0.1 200 (22)
Verapamil 0.02 15 (10)

41Csg (uM) of vinblastine or doxorubicin against the MDR resistant cell line HCT116/VM46 in the presence of 1 uM of the indicated compound.
1Cs values in the absence of added compound are 0.2 uM (vinblastine) and 2.2 uM (doxorubicin). For the wild-type HCT116 cell line not subject to
MDR, ICs, values are 0.003 uM (vinblastine) and 0.2 uM (doxorubicin).

PPercent reversion is measured as wild type ICso(—)/MDR ICso(+) x 100.

¢Gain in sensitivity is measured as MDR ICso(—)/MDR ICso(+) [(—)=without added drug, (+)=with added drug].
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Figure 1.

K,CO;3;, DMF, 110°C) of pyrrole 7 with the requisite
phenethyl bromide derivative’ provided homologue 10
bearing a two-carbon tether.

The MDR reversal assessments reported herein were
conducted in four groupings (Tables 1-4) at various
intervals over a 4-year period. The results recorded in
each table were run simultaneously in triplicate and the
internal comparisons reflect accurate relative and quan-
titative distinctions. The comparisons from table to
table are best assessed by comparisons with the internal
controls (e.g., verapamil or 4). The HCTI116 and

Table 3. MDR reversal
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HCT116/VM46 sensitivity to vinblastine remained rela-
tively invariant throughout these studies (ICs5,=0.001—
0.004 and 0.07-0.2 uM, respectively) whereas the doxo-
rubicin sensitivity was much more variable (IC5y=0.01-
0.2 and 0.07-6.7 uM, respectively). The consequences
are that the studies with vinblastine exhibit greater
correlations from table to table, that the gain in sensi-
tivity can exhibit large variations from table to table
while still reflecting accurate trends within a table,
and that the % reversion represents the best means to
make a table to table comparison (vs ICsy or gain in
sensitivity).

Like 1-6, compounds 8-12 showed little cytotoxic
activity against either the wild type (HCT116) or MDR
(HCT116/VM46) cell line (Table 5). When tested in
combination with vinblastine or doxorubicin against
HCT116/VM46 at the modest concentration of 1puM,
the series exhibited a well-defined trend in MDR rever-
sal activity: 12 >11 >10 ~ 9 >8 (Table 3). Whereas the
N-aryl homologue 8 showed only minor activity as a
resistance modifier, 9 and 10 achieved 45 and 30%
reversion of the resistant cell line to doxorubicin, similar
to the activity effected by verapamil. Analogues 11 and
12 (1 uM) achieved 44 and 67% reversion, respectively,
of the MDR cell line towards vinblastine. Derivative 12,
bearing a four-carbon alkyl chain, displayed modifier
activity identical to that of our lead compound 4. Both
12 and 4 caused 100% reversion of the resistant cell line
to doxorubicin. From the results in Table 3, it is clear

Compd at 1.0 pM Vinblastine % reversion® Doxorubicin % reversion®
1Cso, (LM)? (gain in sensitivity)© 1Cso, (UM)? (gain in sensitivity)©
8 0.05 8(2) 0.4 23 (2)
9 0.03 13 (3) 0.2 45 (4)
10 0.04 10 (3) 0.3 30 (2)
11 0.009 44 (11) 0.2 45 (4)
12 0.006 67 (17) 0.09 100 (8)
4 0.006 67 (17) 0.09 100 (8)
Verapamil 0.04 10 3) 0.3 30 (2)

4ICsg (uM) of vinblastine or doxorubicin against the MDR resistant cell line HCT116/VM46 in the presence of 1 uM of the indicated compound.
1Cs values in the absence of added compound are 0.1 uM (vinblastine) and 0.7 uM (doxorubicin). For the wild-type HCT116 cell line not subject to
MDR, ICs, values are 0.004 uM (vinblastine) and 0.09 pM (doxorubicin).

®Percent reversion is measured as wild type ICso(—)/MDR ICs(+) x

100.

¢Gain in sensitivity is measured as MDR 1Cso(—)/MDR ICso( +) [(—)=without added drug, (+)=with added drug].

Table 4. MDR reversal

Compd at 1.0 uM Vinblastine

% reversion

b Doxorubicin % reversion®

1Cso, (UM)?* (gain in sensitivity)® 1Cso, (UM)? (gain in sensitivity)©

14 0.13 1 (1) 5.6 2 (1)

14 (7.5uM) 0.02 54 0.6 17 (11)

16 0.03 3(3) 0.8 13 (8)

16 (7.5uM) 0.02 5(4) 0.7 14 (10)

18 0.001 100 (80) 0.1 100 (67)

18 (7.5 uM) 0.0001 1000 (800) 0.009 1100 (744)
Verapamil 0.004 25 (20) 0.4 25 (17)

41Cso (uM) of vinblastine or doxorubicin against the MDR resistant cell line HCT116/VM46 in the presence of 1 uM of the indicated compound.
1Cs values in the absence of added compound are 0.08 M (vinblastine) and 6.7 pM (doxorubicin). For the wild-type HCT116 cell line not subject to
MDR, ICsq values are 0.001 pM (vinblastine) and 0.1 uM (doxorubicin).

®Percent reversion is measured as wild type ICso(—)/MDR ICsy(+) x

100.

°Gain in sensitivity is measured as MDR 1Cso(—)/MDR ICso( +) [(—)=without added drug, (+)=with added drug].
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Table 5. Cytotoxic activity as 3 and 4 (300% reversion at 7.5uM),” suggesting
Compd 1Ca (uM) additional mechanisms are likely responsible fo.r. t.he
effects. Importantly, this remarkable hypersensitivity
HCT116 (wild type) HCT116/VM46 (MDR) toward conventional therapeutics induced by 18 not
” 40 0 only provides the opportunity for their use in the treat-
2 90 =100 ment of MDR tumors, but preliminary in vivo studies
3 6 40 also suggest lower therapeutic doses of the conventional
4 30 40 therapeutics might be capable of use against sensitive
2 jgg jgg tumors, thereby avoiding their dose-related toxicities.!#
3 ’5 75 C_onsequently, 18 is presently undqrgoing detailed in
9 100 75 vivo evaluations in animal models with both MDR and
10 70 45 wild type HCT116 and results of these studies will be
1 75 85 disclosed in due time.!*13
12 100 40
14 >100 > 100
16 45 60
18 25 20 Acknowledgements

that shortening of the alkyl tether between the pyrrole
core and the aromatic ring is detrimental to the MDR
modifier activity and, in the 812 series, a progressive
increase in activity is observed as the chain is extended.

In our original work,” we established that the hydrolysis
product of methyl ester 3 showed no MDR modifier
activity in vitro. Since methyl esters are readily hydro-
lyzed in vivo, we were interested in examining the more
stable amide derivatives of our leads for biological
activity. Dimethylamides 14, 16, and 18 (Fig. 2) were
prepared by condensation of the requisite carboxylic
acids'® with dimethylamine (EDCI, HOBt, 90-100%).
Like 1-6, amides 14, 16, and 18 did not exhibit sig-
nificant cytotoxic activity (Table 5). Each dimethyl-
amide analogue was tested for MDR modifier activity,
and showed remarkable differences in activity. Neither
bis-dimethylamide 14 or 16 showed any activity as a
resistance modifier, whereas dimethylamide 18 (1 uM)
caused 100% reversion of the MDR cell line toward
both vinblastine and doxorubicin. In addition, when
treated with higher concentrations of 18 (7.5uM), the
MDR cell line became approximately 10 times more
sensitive to vinblastine and doxorubicin than the wild
type cell line. The origin of this hypersensitization with
18 (1000% at 7.5 uM) has not yet been established, but
naively might be suggested to result from a synergy
resulting from its modest cytotoxic activity
(IC50=20uM) and P-gp inhibition. However, this
hypersensitization, albeit not as pronounced, is also
observed with both 5 and 6 (400% reversion at
7.5uM),® which lack intrinsic cytotoxic activity as well
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