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As a continuation of a previous research, a series of N,N-bis(alkanol)amine aryl esters, as Pgp-
dependent MDR inhibitors, was designed and synthesized. The aromatic ester portions are suitably
modulated, and new aryl rings (Ar1 and Ar2) were combined with trans-3-(3,4,5-trimethoxyphenyl)-
vinyl, 3,4,5-trimethoxybenzyl and anthracene moieties that were present in the most potent previously
studied compounds. The new compounds showed a wide range of potencies and efficacies on
doxorubicin-resistant erythroleukemia K562 cells (K562/DOX) in the pirarubicin uptake assay.
Selected compounds (5, 6, 8, 9, and 21) were further studied, evaluating their action on doxorubicin
cytotoxicity potentiation on K562 cells; they significantly enhanced doxorubicin cytotoxicity on K562/
DOX cells, confirming the results obtained with pirarubicin. Compound 9 shows the most promising
properties as it was able to nearly completely reverse Pgp-dependent pirarubicin extrusion at nanomolar
doses and increased the cytotoxicity of doxorubicin with a reversal fold (RF) of 19.1 at 3 μM dose.

Introduction

Drug transporter proteins are fundamental to the correct
functioning of living organisms, being involved in the absorp-
tion, translocation, secretion, and excretion of a variety of
endogenous and xenobiotic molecules. Because of their phy-
siological role, these proteins can modulate pharmacokinetic
and toxic properties of nutrients and drugs.1

The ABC superfamily of multidrug transporter proteins is
one of the largest in living organisms, and its members are
involved in several fundamental cellular processes.2 ABCB1
(Pgp) is the most intensively studied member of the family
since it has been found in several important tissues and
blood-tissue barriers where, together with other family
members, it seems to regulate the secretion of physiologically
important lipophilic molecules3 and the extrusion of xenobio-
tics that enter the organism.4 Overexpression of Pgp and
related proteins (mainly ABCC1 and ABCG2) that act as
extrusion pumps, can induce classical multidrug resistance
(MDR), a kind of acquired drug resistance of cancer cells and
microorganisms to various chemotherapeutic drugs that
usually are structurally and mechanistically unrelated.5,6 Re-
cently, the important role of ABC transporter proteins like
Pgp in stem cells has been reported.7

In principle, modulation of the functions of Pgp and sister
proteins would be one way of circumventing the appearance
ofMDR in cancer cells. This is themain reason prompting the

design and synthesis of Pgp inhibitors,8-12 although thus far,
no drug of this class has been approved for cancer therapy.13

However other potential uses of these agents are emerging
such as that of enhancing drug penetration through biologi-
cally protective barriers, such as the blood-brain and blood-
cerebrospinal fluid.14,15 Recent evidence indicates that Pgp
plays a role in the inhibition of viral infectivity of the human
immunodeficiency virus (HIV).16 Finally, the increasing inter-
est in the functions andmechanism of action of Pgp and sister
proteins requires the availability of new and potent molecules
to be used as pharmacological tools.

Direct information on the structure of Pgp and related
proteins is still incomplete,17,18 but resolution of the structure
of homologous bacterial transporters19,20 has opened the way
to the development of homology models21-23 which provide
useful details on the structure of the recognition site of ABC
transporters. The information collected so far points to the
existence of a large, polymorphous drug recognition domain
where a variety of molecules can be accommodated in a
plurality of binding modes throughout π-π, ion-π, hydro-
gen bond, and hydrophobic interactions.24-26 These features
have been generally confirmed by the recently described
structure of mouse Pgp (ABCB1), which has 87% sequence
identity to human Pgp.27

A few years ago, we described a new family of MDR
reverters endowed with fairly good potency designed on the
basis of a new concept. In brief, given the properties of the Pgp
recognition site described above, we reasoned that flexible
molecules carrying a basic nitrogen flanked, at suitable dis-
tances, by two aromatic moieties, would accommodate the
recognition cavity choosing the most productive binding
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modes and therefore would interact with high affinity with
protein. The good potencies of most of the compounds
synthesized and studied confirmed our prediction that the
entropy toll paidwas compensatedby the enthalpygain due to
the fact that these flexible molecules can optimize their inter-
action within the recognition site.28

Among the synthesized compounds, those containing a
polymethylene chain linker displayed the best MDR-inhibi-
tory activity. The length of the linker is important because
MDR reverting potency generally increases with the number
of methylenes, in most cases reaching the maximum for n=3
and 5 (see Chart 1), as shown by compounds 1 and 228

Chart 1. General Structures of Designed Compounds

Table 1. MDR-Reverting Activity of Compounds 1-21

compd R n Ar1 Ar2 [I]0.5 μM
a Rmax

b

1
c CH3 3 a b 0.60 ( 0.15 0.90

2
c CH3 3 a c 0.18( 0.05 0.78

3 H 3 a d 0.80 ( 0.10 0.92

4 CH3 3 a d 0.25( 0.04 0.93

5 CH3 3 a g 0.26( 0.06 0.77

6 CH3 3 a h 0.16( 0.03 0.66

7 CH3 3 a i 0.22( 0.02 0.77

8 CH3 3 a l 0.24( 0.05 0.85

9 CH3 3 a m 0.08( 0.01 0.79

10 CH3 3 a n 0.23( 0.03 0.73

11 CH3 3 a o 0.39( 0.10 0.63

12 CH3 3 a p 3.70( 1.40 0.63

13 CH3 3 f a 1.40( 0.30d 0.50

14 CH3 3 f b 0.70( 0.15d 0.34

15 CH3 3 f c 0.19( 0.03 0.57

16 CH3 3 f e 0.41( 0.08 0.98

17 CH3 5 a h 0.50( 0.09d,e 0.28

18 CH3 5 a l 0.36( 0.04d,e 0.40

19 CH3 5 a m 0.40( 0.10 0.50

20 CH3 5 f b 0.64( 0.13 0.70

21 CH3 5 f c 0.17( 0.02 1

MM36 f 0.05( 0.01 0.70

verapamil 1.60( 0.30 0.70
aConcentration of the inhibitor that causes a 50% increase in nuclear concentration of pirarubicin (R = 0.5). bEfficacy of MDR-modulator and

maximum increase that can be obtained in the nuclear concentration of pirarubicin in resistant cells. cSee ref 28. dConcentration of the inhibitor that causes
a 20% increase in nuclear concentration of pirarubicin (R = 0.2). eThis compound show a detergent-like effect at high concentrations causing permeabilization of
the cell membrane. f See ref 30.
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reported for comparison in Table 1. In addition, the nature of
the aromatic hydrophobic moieties is critical: as observed in
previousworks,29-32 the presence of trans-3-(3,4,5-trimethoxy-
phenyl)vinyl or anthracene moieties is beneficial, as is the
presence of the hydrogen-bond-acceptor methoxy groups on
the aromatic rings.

In the present paper, we continue our structure-activity
relationship studies in this series of molecules by describing
several new analogues characterized by theN,N-bis(alkanol)-
amine scaffold (n = 3, 5) with the aromatic ester portions
suitably modulated (Chart 1). The new aryl rings (Ar1 and
Ar2) were combined with trans-3-(3,4,5-trimethoxyphe-
nyl)vinyl, 3,4,5-trimethoxybenzyl, and anthracene moieties
(a, b, c structures of Chart 1) that were present in the most
potent previously synthesized compounds.28 We selected 10-
chloroanthracene and trans-3-(3,4-dimethoxyphenyl)vinyl
(e, f) to investigate the importance of the presence of chlorine
and of the number ofmethoxy groups, respectively. Aromatic
rings connected to the carbonyl function by a double bond
(d, h, l) were chosen to exploit the previously found28 positive
influence on activity of the double bond present in the trans-
3-(3,4,5-trimethoxyphenyl)vinyl group (a). We inserted aro-
matic groups with differently connected phenyl rings (g, h, i,
l,m) to evaluate the effect of modulating flexibility also in the
aromatic moieties. The two cis-9,10-dihydro-9,10-ethano-
anthracene-11,12-dicarboximide derivative scaffolds (n, o)
were chosen because they were present in compounds with
reportedly potent MDR modulating activity,33,34 as is the
case of the 3-(6,7-dimethoxy-3,4-dihydroisoquinoline) propyl
group (p) present in well-known Pgp blocking compounds
such as Elacridar35 and Tariquidar36 (Chart 2).

Chemistry

The reaction pathways used to synthesize the desired
compounds (3-21) are described in Scheme 1 and their
chemical and physical characteristics are reported in Table
S1 (Supporting Information).

The haloesters 22-26, obtained by esterification of the
corresponding haloalkyl alcohols (3-bromopropan-1-ol or
5-chloropentan-1-ol) with trans-3-(3,4,5-trimethoxyphenyl)-
acryloyl chloride, anthracene-9-carbonyl chloride, 10-chloro-
anthracene-9-carbonyl chloride, or trans-3-(3,4-dimethoxy-
phenyl)acryloyl chloride, were reacted with the commercially
available aminoalcohols 3-aminopropan-1-ol and 5-amino-
pentan-1-ol to give 27-31.

trans-3-(3,4,5-Trimethoxyphenyl)acryloyl chloride, anthr-
acene-9-carbonyl chloride and trans-3-(3,4-dimethoxyphe-

nyl)acryloyl chloride were obtained from the corresponding
commercially available carboxylic acid by reaction with SO-
Cl2

a in CHCl3 (free of EtOH). 10-Chloroanthracene-9-carbo-
nyl chloride was obtained by heating anthracene-9-carboxylic
acidwith an excess of SOCl2.Anapproximately 40/60mixture
of 10-chloroanthracene-9-carbonyl chloride and anthracene-
9-carbonyl chloride was obtained, which was used as such for
the following reactions. Separationwasperformedon the final
compound 16.

The secondary amines 27-31 were alkylated by reductive
methylationwithHCOOH/HCHO to give the tertiary amines
32-36. Compounds 4-19 and 21were then obtained by reac-
tion of 32-36with the proper acyl chloride obtained from the
corresponding carboxylic acid either commercially available
(2,2-diphenylacetic acid, (E)-3-(biphenyl-4-yl)acrylic acid, bi-
phenyl-4-carboxylic acid, 3,4,5-trimethoxybenzoic acid, an-
thracene-9-carboxylic acid, and trans-3-(3,4-dimethoxy-
phenyl)acrylic acid) or synthesized according to the literature
(trans-(3-(anthracen-9-yl)acrylic acid,37 3,3-diphenylacrylic
acid,38 3-(6,7-dimethoxy-3,4-dihydroisoquinolin-2(1H)-yl)pro-
panoic acid,39 2,2-bis(4-methoxyphenyl)acetic acid,40 cis-1,3,
3a,4,9,9a-hexahydro-1,3-dioxo-4,9[10,20]-benzeno-2H-benz-
[f]isoindole-2-acetic acid,41 cis-1,3,3a,4,9,9a-hexahydro-1,3-
dioxo-4,9[10,20]-benzeno-2H-benz[f]isoindole-2-propanoic
acid41).

Compound 3 was obtained by reaction of the secondary
amine 27 with the acyl chloride obtained from trans-3-
(anthracen-9-yl)acrylic acid.37 Compounds 3 and 4 are a 50/
50 mixture of trans-3-(3-(trans-3-(anthracen-9-yl)acryloyl-
oxy)propylamino)propyl-3-(3,4,5-trimethoxyphenyl)acrylate
and trans-3-(3-(cis-3-(anthracen-9-yl)acryloyloxy)propyl-
amino)propyl-3-(3,4,5-trimethoxyphenyl)acrylate because,
during reaction and purification of the final compounds, the
3-(anthracen-9-yl)acryloyl group isomerized.

Chart 2. Elacridar and Tariquidar Structures

Scheme 1. Synthesis of Compounds 3-21a

aReagents and conditions: (i) SOCl2, CHCl3 (free of EtOH); (ii)

CHCl3, X(CH2)nOH (n = 3, 5; X = Br, Cl); (iii) K2CO3/CH3CN,

H2N(CH2)nOH (n= 3, 5); (iv) HCOOH/HCHO; (v) Ar1COCl, CHCl3;

(vi) 3,4,5-trimethoxybenzoic acid, EDCI, DMAP; for the meaning of

Ar1 andAr2, see Table 1. Compounds 22, 23, 25, 27, 28, 30, 32, 33, 35 are

described in ref 28.

aAbbreviations: SOCl2, thionyl chloride; EDCl, 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride; DMAP, 4-dimethyla-
minopyridine; RF, reversal fold; MTT, 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide; abs EtOH, absolute ethanol; t-BOC, t-
butylcarbamate; DOX, doxorubicin; DMSO, dimethylsulfoxide.
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Compound 20 was obtained by reaction of 36 with 3,4,5-
trimethoxybenzoic acid in the presence of 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride (EDCl)
and 4-dimethylaminopyridine (DMAP).

Pharmacological Studies

Modulation of Pirarubicin Uptake. The ability of com-
pounds 3-21 to modulate Pgp action was evaluated on
doxorubicin-resistant erythroleukemia K562 cells (K562/
DOX) that, as reported in the literature, overexpress only
Pgp.42,43 K562 is a human leukemia cell line established from
a patient with chronic myelogeneous leukemia in blast
transformation.44 K562/DOX cells resistant to doxorubicin
express a unique membrane glycoprotein with a molecular
mass of 180000 Da.45 We measured the uptake of THP-
adriamycin (pirarubicin) by continuous spectrofluorometric
signal of the anthracycline at 590 nm (λex=480 nm) after
incubation of the cells, following the protocols reported in
previous papers.30,31,46,47 Pgp-blocking activity is described
by: (i) R, which represents the fold increase in the nuclear
concentration of pirarubicin in the presence of the Pgp
inhibitor and varies between 0 (in the absence of the in-
hibitor) and 1 (when the amount of pirarubicin in resistant
cells is the same as in sensitive cells), (ii) Rmax, which
expresses the efficacy of the Pgp inhibitor and is the maxi-
mum increase that can be obtained in the nuclear concentra-
tion of pirarubicin in resistant cells with a given compound,
and (iii) [I]0.5, which measures the potency of the inhibitor
and represents the concentration that causes a half-maximal
increase (R=0.5) in the nuclear concentration of pirarubicin
(see Table 1). When it was impossible to measure [I]0.5, the
values [I]<0.5 (for instance [I]0.2) were reported.

We decided to make only functional tests excluding bind-
ing experiments that, in the case of transporter proteins like
Pgp, provide limited information. In fact, given the proper-
ties of the recognition site discussed in the introduction,
including the plurality of the binding modes, binding experi-
ments will give information only on the binding site of the
reference compound. The molecules studied lack any detect-
able cytotoxicity at the doses used in the test.

Cytotoxicity Test and MDR Reversal. The assessment of
the ability of a compound to enhance the growth inhibitory
effects of doxorubicin in tumor cell lines showing MDR due
to Pgp overexpression, has also been proved useful in the
quantification and characterization of MDR reversal by
modulators of the MDR phenotype. The reversal effects of
selected compounds (5, 6, 8, 9, and 21) on the MDR
phenotype were investigated on doxorubicin-resistant ery-
throleukemia K562 cells (K562/DOX) overexpressing only
Pgp.42,43 Preliminarily, the compounds were evaluated for
their intrinsic cytotoxicity on bothK562 andK562/DOXcell
lines by the MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyl-
tetrazolium bromide) assay,48 and then the MDR-reversal
activity of studied compounds was tested using the same
method in the presence of doxorubicin.

The IC50 doxorubicin concentrations resulting in 50%
inhibition of cell growth compared to untreated control were
calculated from plotted results. The reversal-fold (RF) va-
lues, ameasure ofMDRreversal, were calculated by dividing
the doxorubicin IC50 values on K562/DOX cells in the
absence of modulators by those on the same cells in the
presence of modulators (see Table 2). Verapamil was used as
reference compound.

Results

Modulation of Pirarubicin Uptake. The results obtained in
doxorubicin-resistant erythroleukemia K562 cells are re-
ported in Table 1, together with those of the two analogues
128 and 2,28MM36 (the most potent compound that we have
found in previous studies30), and verapamil (the gold stan-
dard of Pgp inhibition) used as reference compounds.

All the new molecules studied are able to modulate the
activity of Pgp and, with the exception of compound 12, are
more potent than the standard reference compound verapa-
mil. Their potencies range from low nanomolar (compound
9) to high nanomolar values (6, 15, 21), the remaining
compounds being in the micromolar range. Some com-
pounds (3, 4, 16, 21) show nearly complete reversal of
MDR (Rmax close to 1), while a few show very low Rmax

(<0.5) and seem unable to achieve significant control of
MDR. In these cases (13, 14, 17, 18), the [I]0.5 could not be
evaluated and potency was measured at the lower value of R
reported in Table 1. Compounds 17 and 18 had a detergent-
like effect at high concentrations, causing permeabilization
of the cell membrane that can be evidenced by trypan blue.

Effects of Compounds on Growth of K562/DOX and K562

Cells. The effects of compounds 5, 6, 8, 9, 21, and verapamil
on K562/DOX and K562 cell growth were evaluated. The
compounds and verapamil had intrinsic toxicity in both cell
lines, not exceeding 10% at the concentrations tested (1 and
3 μM)with the exception of compound 6, which had 20%cell
growth inhibition at both concentrations on sensitive cells
and only at 3 μM on K562/DOX cells (data not shown).

Enhancement of Doxorubicin Potency. The effects of com-
pounds 5, 6, 8, 9, 21, and verapamil on doxorubicin-induced
cytotoxicity on K562 and K562/DOX cells were examined
after the cells were incubated at 37 �C for 72 h at 1 and 3 μM
concentrations. When compounds 5, 6, 8, 9, and 21 were
examined in combination with doxorubicin against doxor-
ubicin-sensitive K562 cells at 1 and 3 μM, the sensitivity of
cells to doxorubicin did not vary significantly.

As shown in Table 2, doxorubicin-induced cytotoxicity
was not increased by compounds 5, 8, and 21 at 1 μM

Table 2. Effects of Studied MDR-Reversing Agents on Doxorubicin
Cytotoxicity in K562 Cells and K562/DOX Cells

K562 K562/DOX

compd IC50 (μM)a IC50 (μM)a RFb

DOX 0.049( 0.005 2.85( 0.26

DOX þ 5 (1 μM) 0.074 2.04( 0.11 1.4

DOX þ 5 (3 μM) 0.085 ( 0.015 0.47( 0.16c 6.0

DOX þ 6 (1 μM) 0.034 1.37( 0.15 2.1

DOX þ 6 (3 μM) 0.032 0.34( 0.08c 8.3

DOX þ 8 (1 μM) 0.028 1.79( 0.14 1.6

DOX þ 8 (3 μM) 0.011 0.60( 0.01c 4.8

DOX þ 9 (1 μM) 0.065( 0.001 0.69( 0.14c 4.2

DOX þ 9 (3 μM) 0.040( 0.002 0.15( 0.026c 19.1

DOX þ 21 (1 μM) 0.093 2.71( 0.09 1.1

DOX þ 21 (3 μM) 0.055( 0.009 0.62( 0.04c 4.6

DOX þ verapamil (1 μM) 0.035 2.21( 0.19 1.3

DOX þ verapamil (3 μM) 0.029 0.74( 0.02c 3.9
aMean ( SE of at least three determinations or mean of two

determinations performed with quadruplicate cultures at each drug
concentration tested and measured as described in Experimental Sec-
tion. bReversal fold of MDR was determined by dividing the doxo-
rubicin IC50 values on K562/DOX cells in the absence of modulators by
those in the presence of modulators. c p<0.001 vs control doxorubicin-
treated.Where not specified the IC50 value is not significant compared to
control cells (K562 andK562/DOX cells treatedwith doxorubicin only).
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concentration. In fact, the IC50 values of doxorubicin on
K562/DOX were not significantly decreased (p > 0.05) in
comparison to IC50 value of doxorubicin alone (RF = 1.4,
1.6, 1.1, respectively). On the other hand, compounds 6 and
9, at the same concentration, were able to significantly
reverse doxorubicin resistance in K562/DOX cells with a
RF of 2.1 and 4.2, respectively. Compared to verapamil, all
the compounds showed the poor reversal action of the
standard, with the exception of compound 9, which showed
significantly higher reversal activity (RF = 4.2) than ver-
apamil (RF = 1.3).

At the higher dose tested (3 μM) all compounds were able
to significantly (p<0.001) reverse doxorubicin resistance,
their RF values ranging from 4.6 to 19.1, thus being
more effective than verapamil (RF=3.9). Compound 9

was themost potent at both doses and its RF at 3 μM(19.1)
is definitely higher than that of verapamil at the same
dose (3.9).

Our compounds appear to be chemically stable under the
conditions of the biological tests. However we, at the mo-
ment, lack any information on theirmetabolic stability in the
cell. This problemwill be addressed in the future for themost
potent and interesting compounds studied so far. In the
meantime a research is in progress to find isosters of meta-
bolically unstable ester function.

Discussion

As reported in the introduction, this new series of com-
pounds was designed to further evaluate: (i) the role of the
length of the tether, (ii) the role of the methoxy groups
substituting the aromatic moieties, (iii) the role of the double
bond present in the trans-3-(3,4,5-trimethoxyphenyl)acrylic
acid, (iv) the effects of changing the connectivity and the
conformational freedom of the two aromatic rings present in
anthracene, and (v) the effect of introducingaromaticmoieties
that were present in some very potent Pgp inhibitors.

As regards the first point, we started studying the series of
compounds with n = 3 and intended to go up to n = 5 or
more, but the results obtained prompted us to change our
plans. Unlike what was seen in a previous work,28 going from
n=3 to n=5did not change activity toomuchwhile, in some
cases, it reducedpotency and efficacy (compare compounds 6/
17, 8/18, and 9/19). By also taking into consideration the
previously reported compounds,28 the length of the tether and
the nature of the aryl moiety play a complex role that is not
easy to explain. This seems to confirm that each molecule
chooses the most productive binding mode in the recognition
site of the Pgp protein.

Several potent Pgp inhibitors are characterized by meth-
oxy-substituted aromatic rings.8,9 In the present work, the
positive influence of this substitution is confirmed, as can
be seen by comparing compound 5 ([I]0.5=0.26 μM; Rmax=
0.77) and the corresponding dimethoxyderivative 9 ([I]0.5=
0.08 μM; Rmax= 0.79) that is the most potent inhibitor of the
series. On the other hand, the number of methoxy groups
seems to be critical both for efficacy and potency, as can be
seen by comparing compound 14 ([I]0.2 = 0.70 μM; Rmax=
0.34) and compound 1 ([I]0.5 = 0.60 μM; Rmax = 0.90).

Apparently, the presence of an arylvinyl moiety like that of
cinnamic acid is beneficial for both potency and efficacy of the
compounds of the series.28Here we have extended this feature
to other aromatic groups such as the trans-(3-(anthracen-9-
yl)acrylic (d) and (E)-3-(biphenyl-4-yl)acrylic (l) without

much success, as can be seen by comparing the potency and
efficacy of compounds 2 ([I]0.5=0.18μM;Rmax=0.78) and 3
([I]0.5 = 0.80 μM; Rmax = 0.92), 7 ([I]0.5 = 0.22 μM; Rmax =
0.77), and 8 ([I]0.5 = 0.24 μM; Rmax = 0.85).

Changing the connectivity and the conformational freedom
of the two phenyl rings of anthracene did not substantially
modify activity, as shown by comparing compounds 2 ([I]0.5=
0.18μM;Rmax=0.78) and 5 ([I]0.5=0.26 μM;Rmax=0.77), 6
([I]0.5 = 0.16 μM; R max = 0.66), 7 ([I]0.5 = 0.22 μM; Rmax =
0.77), and 8 ([I]0.5 = 0.24 μM; Rmax = 0.85). However,
combining this modification with the insertion of methoxy
groups gave compound 9 that, as mentioned above, is themost
potent compound of the series, including previously studied
members.28

The insertion of aromatic moieties that are present in other
potent Pgp inhibitors33-36 gave mixed results, producing
compounds with an activity comparable to that of the other
members of the series such as 10 ([I]0.5 = 0.23 μM; Rmax =
0.73) and 11 ([I]0.5 = 0.39 μM; Rmax = 0.63), but also a
compound such as12 ([I]0.5=3.70μM;Rmax=0.63),which is
less potent than verapamil. Apparently, the contribution of
these groups to binding at the recognition site cannotmanifest
completely when inserted in the general structure of the series.
Once again, this seems to confirm our hypothesis that each
single molecule chooses the most productive binding mode in
the recognition site of the Pgp protein.

The results of enhancement of doxorubicin potency for
compounds 5, 6, 8, 9, and 21, confirmed the pharmacological
results obtainedwithpirarubicin.All compounds significantly
enhanced doxorubicin cytotoxicity on K562/DOX cells.
Compounds 8 and 21, at 3 μM,were slightly more active than
verapamil (RF= 4.8, 4.6, and 3.9, respectively). At the same
dose, compounds 5, 6, and 9 displayed definitely higher
reversal folds than verapamil with an RF of 6.0, 8.3, and
19.1 respectively. Alone, all compounds weakly inhibited cell
growth (10%) except compound 6 with 20% cell growth
inhibition. These results indicate that compounds 5, 8, 9,
and 21 inhibit Pgp, the protein most thoroughly studied for
its ability to confer the MDR phenotype in vitro and in vivo,
but it is possible that the effects on doxorubicin cytotoxicity
observed for compound 6 may be partially unspecific.

In conclusion,wehavebetter defined the structure-activity
relationships of this new group of Pgp inhibitors and identi-
fied a new compound, 9, with nanomolar potency and good
efficacy, which can be useful as a lead for the development of
new inhibitors of Pgp-dependent MDR.

Experimental Section

Chemistry. All melting points were taken on a B€uchi appara-
tus and are uncorrected. Infrared spectra were recorded with a
Perkin-Elmer Spectrum RX I FT-IR spectrophotometer in
Nujol mull for solids and neat for liquids. NMR spectra were
recorded on a Bruker Avance 400 spectrometer. Chromato-
graphic separations were performed on a silica gel column by
gravity chromatography (Kieselgel 40, 0.063-0.200 mm;
Merck) or flash chromatography (Kieselgel 40, 0.040-0.063
mm; Merck). Yields are given after purification unless other-
wise stated. Where analyses are indicated by symbols, the ana-
lytical results are within (0.4% of the theoretical values.
We have chosen to perform and report only the combust-
ion analyses of final compounds. All reported compounds
had a purity of at least 95%. The identity and purity of the
intermediates was ascertained through IR, NMR, and TLC
chromatography. Compounds were named following IUPAC
rules as applied by Beilstein-Institut AutoNom 2000 (4.01.305)
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or CA Index Name. When reactions were performed in
anhydrous conditions, the mixtures were maintained under
nitrogen.

General Procedure for the Synthesis of Haloesters (22-26). A
1 mmol portion of the appropriate carboxylic acid (trans-
3-(3,4,5-trimethoxyphenyl)acrylic acid, anthracene-9-carboxy-
lic acid, trans-3-(3,4-dimethoxyphenyl)acrylic acid) was trans-
formed into the acyl chloride by reaction with SOCl2 (2 mmol), in
5 mL of CHCl3 (free of EtOH), at 60 �C for 4-8 h. 10-Chlo-
roanthracene-9-carbonyl chloride was obtained by reaction of
anthracene-9-carboxylic acid with SOCl2 at 80 �C for 8 h.

The reaction mixture was cooled to room temperature, and
the solvent was removed under reduced pressure. The acyl
chloride obtained was dissolved in CHCl3 (free of EtOH), and
the suitable alcohol (3-bromopropan-1-ol or 5-chloropentan-1-
ol) (1 equiv) was added. The reaction mixture was heated to
60 �C for 4-8 h and then cooled to room temperature, treated
with CH2Cl2, and the organic layer washed with 10% NaOH
solution. After drying with Na2SO4, the solvent was removed
under reduced pressure. The substances obtained were almost
pure and used as such for the next reaction. Their IR and 1H
NMR spectra are consistent with the proposed structures.

The spectra of trans-3-(3,4,5-trimethoxyphenyl)acrylic acid
3-bromopropyl ester 22 are reported as an example. IR (nujol) ν
cm-1 1714 (CO). 1H NMR (CDCl3) δ 2.21-2.23 (m, 2H, CH2),
3.52 (t, 2H, CH2Br, J=6.8Hz), 3.88 (s, 3H,OCH3), 3.89 (s, 6H,
2 OCH3), 4.34 (t, 2H, CH2OCO, J = 6.0 Hz), 6.34 (d, 1H,
CHdCH, J=15.6Hz), 6.75 (s, 2H, CH aromatics), 7.60 (d, 1H,
CHdCH, J = 15.6 Hz) ppm.

General Procedure for the Synthesis of Hydroxyaminoesters

(27-31). The appropriate haloester (22-26) (1 mmol) and the
suitable aminoalkylalcohol (3-aminopropan-1-ol or 5-amino-
pentan-1-ol) (1.2 mmol) were dissolved in 1 mL of anhydrous
CH3CN and K2CO3 (1 mmol) was added. The mixture was
heated at 60 �C for 5-10 h. The reaction mixture was cooled to
room temperature, treated with CH2Cl2, and the organic layer
was washed with 10% NaOH solution. After drying with
Na2SO4, the solvent was removed under reduced pressure and
the residue purified by flash chromatography using CH2Cl2/abs
EtOH/petroleum ether/NH4OH (340:65:60:8) (compounds 27

and 31), CHCl3/MeOH (95:5) (compounds 28 and 29), or
CH2Cl2/MeOH/NH4OH (98:2:0.2) (compound 30) as eluting
system. Yields 50-70%. Their IR and 1H NMR spectra are
consistent with the proposed structures.

The spectra of trans-3-(3,4,5-trimethoxyphenyl)acrylic acid
3-(3-hydroxypropylamino)propyl ester (27) are reported as an
example. IR (neat) ν cm-1 3300 (OH þ NH), 1709 (CO). 1H
NMR (CDCl3) δ 1.68-1.75 (m, 2H, CH2), 1.84-1.95 (m, 2H,
CH2), 2.40 (bs, NHþOH), 2.75 (t, 2H, CH2N, J=7.0Hz), 2.89
(t, 2H, CH2N, J = 6.0 Hz), 3.81(t, 2H, CH2OH, J = 5.2 Hz),
3.87 (s, 3H,OCH3), 3.89 (s, 6H, 2OCH3), 4.27 (t, 2H, CH2OCO,
J = 6.4 Hz), 6.34 (d, 1H, CHdCH, J = 16.0 Hz), 6.75 (s, 2H,
CH aromatics), 7.60 (d, 1H, CHdCH, J = 16.0 Hz) ppm.

General Procedure for the Synthesis of Methylhydroxyami-

noesters (32-36). A 1 mmol portion of the appropriate hydro-
xyaminoester (27-31) was dissolved in 15 mL of anhydrous
ethanol and HCOOH (17 mmol) and 37% HCHO solution
(5mmol) were added. Themixturewas heated to 80 �C for 2-9 h
and concentrated in vacuo. The residue was then dissolved in
CH2Cl2, and the organic layer was washed with 10% NaOH
solution. After drying with Na2SO4, the solvent was removed
under reduced pressure. Yields 95-100%. Their IR and 1H
NMR spectra were consistent with the proposed structures.

The spectra of trans-3-(3,4,5-trimethoxyphenyl)acrylic acid
3-[(3-hydroxypropyl)methylamino]-propyl ester (32) are re-
ported as an example. IR (neat) ν cm-1 1710 (CO). 1H NMR
(CDCl3) δ 1.68-1.74 (m, 2H, CH2), 1.87-1.94 (m, 2H, CH2),
2.23 (s, 3H, NCH3), 2.50 (t, 2H, CH2N, J=7.2Hz), 2.61 (t, 2H,
CH2N,J=6.0Hz), 3.80 (t, 2H,CH2OH, J=5.2Hz), 3.87 (s, 3H,
OCH3), 3.88 (s, 6H, 2OCH3), 4.24 (t, 2H,CH2OCO, J=6.4Hz),

6.34 (d, 1H, CHdCH, J=16.0Hz), 6.75 (s, 2H, CHaromatics),
7.60 (d, 1H, CHdCH, J = 16.0 Hz) ppm.

trans-3-(3,4,5-Trimethoxyphenyl)acrylic Acid 3-[3-(3-Anthra-
cen-9-yl-acryloyloxy)propylamino]-propyl Ester (3). Following
the general procedure described above for the general synthesis
of esters, the acyl chloride, obtained from trans-3-(anthracen-
9-yl)acrylic acid37 (375 mg, 1.76 mmol), was allowed to react
with 27 (300 mg, 0.88 mmol). The crude product was then
purified by flash chromatography using CHCl3/CH3OH/
NH4OH (95:5:0.5) as eluting system. By 1H NMR analysis,
the product results a 50/50 mixture of trans/trans (a) and trans/
cis (b) isomers.

The title compound (160 mg, 37% yield) was obtained as an
oil. IR (neat) ν cm-1 1714 (CO). 1HNMR (CDCl3) δ 1.00-1.10
(m, 2H, CH2, b isomer), 1.67-1.76 (m, 4H, 2 CH2N, b isomer),
1.90-2.15 (m, 4H, CH2, a isomer), 2.35 (t, 2H, J = 6.8 Hz, b
isomer); 2.75-2.85 (m, 4H, CH2, a isomer), 3.71 (t, 2H, J= 6.0
Hz, b isomer), 3.80-3.84 (m, 18H, 6 OCH3), 4.17 (t, 2H, CH2O,
J=6.0Hz, b isomer), 4.30 (t, 2H, CH2O, J=6.4Hz, a isomer),
4.41 (t, 2H, CH2O, J=6.4Hz, a isomer), 6.32 (d, 1H, CHdCH,
J = 16.0 Hz, a isomer), 6.35 (d, 1H, CHdCH, J = 16.0 Hz,
b isomer), 6.42 (d, 1H, CHdCH, J=16.0Hz, a isomer), 6.61 (d,
1H, CHdCH, J=12.0Hz, b isomer), 6.71 (s, 2H, CH aromatics,
a isomer), 6.75 (s, 2H, CH aromatics, b isomer), 7.42-7.53 (m,
8H), 7.57 (d, 1H, CHdCH, J= 16.0 Hz, a isomer), 7.60 (d, 1H,
CHdCH, J=16.0 Hz, b isomer), 7.75 (d, 1H, CHdCH, J=12.0
Hz, b isomer), 7.95-8.05 (m, 6H, CH aromatics), 8.22 (d, 2H,
CH aromatics, J=8.4 Hz, a isomer), 8.41 (s, 1H, CH aromatic,
b isomer), 8.44 (s, 1H, CH aromatic, a isomer), 8.64 (d, 1H,
CHdCH, J=16.0Hz, a isomer) ppm. Compound 3was tested as
a free base. Anal. (C35H37NO7) C, H, N.

Compound 4 was obtained in the same way by reaction of 32
with trans-3-(anthracen-9-yl)acrylic acid.37 The title compound
(160 mg, 36% yield) was obtained as an oil and resulted in a 50/
50mixture of trans/trans (a) and trans/cis (b) isomers. IR (neat) ν
cm-1 1710 (CO). 1HNMR (CDCl3) δ 0.93-1.00 (m, 2H, CH2, b
isomer), 1.47 (t, 2H, CH2N, J = 7.2 Hz, b isomer), 1.55-1.63
(m, 2H, CH2, b isomer), 1.87 (s, 3H, NCH3, b isomer),
1.89-1.98 (m, 4H, CH2, a isomer), 2.07 (t, 2H, CH2N, J =
7.2 Hz, b isomer), 2.28 (s, 3H, NCH3, a isomer), 2.49-2.56 (m,
4H, CH2N, a isomer), 3.68 (t, 2H, CH2OCO, J = 6.4 Hz, b
isomer), 3.83-3.88 (m, 18H, 6OCH3), 4.11 (t, 2H,CH2OCO,J=
6.4 Hz, b isomer), 4.28 (t, 2H, CH2OCO, J= 6.4 Hz, a isomer),
4.39 (t, 2H, CH2OCO, J = 6.4 Hz, a isomer), 6.30 (d, 1H,
CHdCH, J = 16.0 Hz, a isomer), 6.33 (d, 1H, CHdCH, J =
16.0 Hz, b isomer), 6.43 (d, 1H, CHdCH, J = 16.0 Hz, a
isomer), 6.61 (d, 1H, CHdCH, J = 12.0 Hz, b isomer), 6.68 (s,
2H, CH aromatics, a isomer), 6.75 (s, 2H, CH aromatics, b
isomer), 7.43-7.50 (m, 10H), 7.59 (d, 1H, CHdCH, J = 12.0
Hz, b isomer), 7.98-8.04 (m, 6H,CHaromatics), 8.22 (d, 2H,CH
aromatics, J = 8.4 Hz, a isomer), 8.40 (s, 1H, CH aromatic, b
isomer), 8.42 (s, 1H, CH aromatic, a isomer), 8.63 (d, 1H,
CHdCH, J= 16.0 Hz, a isomer) ppm. Compound 4 was tested
as a free base. Anal. (C36H39NO7) C, H, N.

Compounds 5-12, 15-19, and 21 were obtained in the same
way by reaction of the corresponding alcohol with the suitable
acyl chloride. Compounds 5-12 and 21 were transformed into
the oxalate and recrystallized from ethyl acetate, and com-
pounds 13, 14, and 17-19 were transformed into the hydro-
chloride and recrystallized from the solvent reported in Table S1
(Supporting Information). Compounds 15 and 16were tested as
free bases. Their chemical and physical characteristics are
reported in Table S1 (Supporting Information), and IR, 1H
NMR, and 13C NMR spectra are reported in Tables S2 and S3
(Supporting Information).

3,4,5-Trimethoxybenzoic Acid 5-({5-[trans-3-(3,4-Dimethoxy-

phenyl)acryloyloxy]pentyl}-methylamino)pentyl ester (20). A so-
lution of compound 36 (50 mg, 0.127 mmol) in 5 mL of CH2Cl2
was cooled at 0 �C, and 38 mg (0.178 mmol) of 3,4,5-trimethox-
ybenzoic acid, 5 mg (0.043 mmol) of 4-dimethylaminopiridine
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(DMAP), and 49 mg (0.25 mmol) of 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride (EDCl) were
added. The reaction mixture was stirred for 1 h at 0 �C and 72 h
at room temperature. Then CH2Cl2 was added, and the organic
layer was washed twice with 0.1 N HCl and twice with a
saturated solution of NaHCO3. After drying with Na2SO4, the
solvent was removed under reduced pressure. The crude product
was then purified by flash chromatography using NH4OH/abs
EtOH/CH2Cl2/ethyl ether/petroleum ether (2.5:45:180:180:450)
as eluting system.

The title compound (160 mg, 54% yield) was obtained as an
oil. IR (neat) ν cm-1 1713 (CO). 1HNMR (CDCl3) δ 1.66-1.81
(m, 12H, 6CH2), 2.25 (s, 3H, NCH3), 2.38-2.41 (m, 4H, 2
NCH2), 3.87 (m, 15H, 5OCH3), 4.21 (t, 2H, CH2O, J=6.8Hz),
4.33 (t, 2H,CH2O,J=6.8Hz), 6.32 (d, 1H,CHdCH,J=16.0Hz),
6.87 (d, 1H, CH aromatic, J= 8.4 Hz), 7.07-7.15 (m, 2H, CH
aromatics), 7.29 (s, 2H,CHaromatics), 7.64 (d, 1H,CHdCH, J=
16.0 Hz) ppm. 13C NMR (CDCl3) δ 23.98 (CH2), 26.77 (CH2),
26.80 (CH2), 28.73 (CH2), 42.09 (NCH3), 55.90 (OCH3), 55.96
(OCH3), 56.26 (OCH3), 57.60 (CH2), 60.89 (OCH3), 64.37 (CH2),
65.09 (CH2), 106.90 (CH), 109.71 (CH), 111.10 (CH), 115.91
(CH), 122.57 (CH), 125.47 (C), 127.46 (C), 144.55 (CH), 149.26
(C), 151.14 (C), 152.94 (C), 166.24 (C), 167.26 (C) ppm. Com-
pound 20 was tested as a free base. Anal. (C32H47NO9) C, H, N.

Compounds 13 and 14 were obtained in the same way by
reaction of the corresponding alcohol with the suitable car-
boxylic acid, transformed into the hydrochloride, and recrys-
tallized from the solvent reported in Table S1 (Supporting
Information). Their chemical and physical characteristics are
reported in Table S1, and IR, 1H NMR, and 13C NMR spectra
are reported in Tables S2 and S3 (Supporting Information).

Pharmacology. Cell Lines and Cultures. TheK562 cell line is a
highly undifferentiated erythroleukemia originally derived from
a patient with chronic myelogenous leukemia.44 The K562
leukemia cells and the Pgp expressing K562/DOX cells were
obtained from Prof. J. P. Marie (Hopital Hotel-Dieu, Paris,
France). These cells were cultured in RPMI 1640 medium with
GlutaMAX I (GIBCO) medium supplemented with 10% fetal
calf serum (FCS) (GIBCO) at 37 �C in a humidified incubator
with 5%CO2. Tomaintain the resistance, everymonth, resistant
cells were cultured for three days with 400 nM doxorubicin. The
cell line was then used, one week later, during three weeks.
Cultures initiated at a density of 105 cells/mL grew exponentially
to about 106 cells/mL in 3 days. For the spectrofluorometric
assays, in order to have cells in the exponential growth phase,
culture was initiated at 5� 105 cells/mL, and cells were used 24 h
later, when the culture had grown to about 8-10� 105 cells/mL.
Cultured cells were counted with a Coulter counter before use.
The viability of the cells, tested by Trypan Blue exclusion, was
always greater than 95%.

Modulation of Pirarubucin Uptake. Drugs and Chemicals.

Purified pirarubicin was provided by Laboratoire Roger Bellon
(France). Concentrations were determined by diluting stock
solutions to approximately 10-5 M and using ε480 = 11500
M-1 cm-1. Stock solutions were prepared just before use. Buffer
solutions were HEPES buffer containing 5 mM HEPES, 132
mM NaCl, 3.5 mM CaCl2, 5 mM glucose, at pH 7.3.

Cellular Drug Accumulation. The uptake of pirarubicin in
cells was followed bymonitoring the decrease in the fluorescence
signal at 590 nm (λex = 480 nm) according to the previously
described method.49 Using this method, it is possible to accu-
rately quantify the kinetics of the drug uptake by the cells and
the amount of anthracycline intercalated between the base pairs
in the nucleus at the steady state, as incubation of the cells with
the drug proceeds without compromising cell viability. All
experiments were conducted in 1 cm quartz cuvettes containing
2 mL of buffer at 37 �C.We checked that tested compounds did
not affect the fluorescence of pirarubicin.

Cytotoxicity Assay. Drugs and Chemicals. Doxorubicin hy-
drochloride (DOX) and verapamil were obtained from Sigma;

dimethylsulfoxide (DMSO) and 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from
Sigma.MTT stock solution was prepared as follows: 5 mgMTT/
mL phosphate saline buffer (PBS) was filtered with 0.45 μm filter
units (Nalgene) and stored at 4 �C for a maximum of 1 month.
MTT working solution was prepared just before to culture
application by diluting MTT stock solution 1:5 in prewarmed
culture medium and 50 μL were added to each culture well,
resulting in 0.25 mg MTT/200 μL total medium volume.

Test compounds and DOX stock solutions were prepared in
DMSO at 10-2 M. Verapamil was prepared in water at 10-2 M.
Drugs and test compounds were then diluted with complete
medium to obtain the 10� desired final maximum test concen-
trations. Test compounds were evaluated for cytotoxicity and
MDR reversal activity at 1 and 3 μM, and the correspond-
ing doxorubicin concentrations tested were between 0.001 and
0.1 μM for K562 sensitive cells line and between 0.1 and 10 μM
for K562/DOX resistant cells.

Verapamil was used as a standard chemomodulator and was
evaluated at 1 and 3 μM. All experiments were carried out in
quadruplicate.

MTT Assay. Cells, in exponential growth phase (3-5 � 105

cells/mL), were seeded at 3000 cells/well, and either solutions of
test compounds or solution of doxorubicin or combination of a
solution of doxorubicin and test compounds were added to the
wells and the plates were incubated at 37 �C for 72 h in 5% CO2

incubator. Culture plates were centrifuged at low speed for
5 min, 50 μL of medium was removed from wells and replaced
with 50 μL of MTT working solution, and plates were further
incubated for 4 h. Following incubation, cells and formazan
crystals were inspected microscopically. The supernatant was
then carefully removed by slow aspiration and the formazan
crystals were dissolved in 150 μL of DMSO; the absorbance of
the solution was then read on an automated plate reader at a
wavelength of 540 nm.

All results are presented as means ( SE and statistical
analysis was performed using the one-way Anova test and
Bonferroni’s multiple comparison test (GraphPad Prism soft-
ware, Inc. CA).
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