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Abstract. We have previously reported that multidrug 
(MDR)-reversal activity can be exerted by compounds in 
which two ring structures of  certain types are connected by 
one alkyl bridge to a secondary or tertiary amine group. In 
the present investigation we studied the MDR-reversal ac- 
tivity of  compounds in which the two ring Structures were 
connected by separate alkyl bridges to the amine group. 
The structure-activity relationship of  these compounds 
verified previous findings on the structural features that 
support MDR-reversal activity as well as the features that 
reduce such activity. In addition, the present study reveals 
additional chemical groups and ring structures that support 
MDR-reversal activity as well as those that reduce it. 
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Introduction 

In recent years many compounds have been reported as 
potential reversing agents of  multidrug resistance (MDR; 
for references, see [1, 7]). In most studies one or a few 
compounds were tested, and it is difficult to compare the 
relative efficacy of  these compounds, especially as they 
were tested in different MDR cell lines. In a few studies 
attempts were made to elucidate the structure-activity re- 
lationships among such compounds (for references, see 
[2, 3]). These investigations, some computer-aided, re- 
vealed certain common structural features shared by many 
MDR-reversing compounds. However, in view of  the 
structural diversity of  the MDR-reversing agents, it is not 
certain that the analyses carried out with a relatively limited 
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number of  compounds have yet revealed all the structural 
features of  the optimal MDR-reversing compound. 

We have previously analyzed the relationship between 
the chemical structure of  phenothiazines and related com- 
pounds and their ability to ameliorate MDR [3]. It was 
concluded that such activity was displayed by compounds 
containing two ring structures linked by a single alkyl 
bridge to a seconda12r or tertiary amine group. The MDR- 
reversal activity was enhanced by the presence of  a car- 
bonyl group. However, MDR-reversal activity has also 
been reported for many compounds that do not share these 
structural features. In fact, even in the verapamil molecule, 
the first and one of  the most effective in vitro MDR-re- 
versing agents, the two phenyl rings are connected to the 
amine by two separate alkyl bridges rather than by one 
bridge as found among the MDR-reversing agents of  the 
phenothiazine type [8]. It was therefore expected that 
MDR-reversal activity might also be found among other 
compounds sharing a bis(phenylalkyl)amine structure. In 
the present paper the in vitro MDR-reversal activity of  311 
such agents and related compounds is described and an 
effort is made to define further the structural features that 
are related to this activity. 

Materials and methods 

The 115 compounds presented in Table 1 were generously donated by 
the following suppliers (listed by compound number): 25 - Abbott 
Labs (Abbott Park, ILL); 18, 51, 111, and 113 - Asta Pharma 
(Frankfurt, Germany); 110 - Labs A Bailly-SPEAB (Ivry/Seine, 
France); 98, 99, and 104 - Bayer AG (Wuppertal, Germany); 26 and 76 
- Bristol-Myers Squibb (Princeton, N. J.); 73 and 75 - Duphar (Weesp, 
Holland); 102 - AB Hassle (Molndal, Sweden); 80 - Helopharm 
(Berlin, Germany); 19, 20, 23, and 27 - Hoeehst AG (Frankfurt, 
Germany); 36-41, 47, 72, 114, and 115 - E Hoffmann La Roche 
(Basle, Switzerland); 81 and 88 - I C I  (Macclesfield, UK); 8, 10-13, 
21, 96, 108, and 109 - Janssen Pharmaceutica (Beerse, Belgium); 43 - 
Jouveinal Labs (Fresnes, France); 22 - Kali-Chemie Pharrna GmbH 
(Hannover, Germany); 29 and 54-71 - Knoll AG (Ludwigshaferd 
Rhein, Germany); 7 - Lipha (Lyon, France); 4 - McNeil Pharmaceu- 
tical (Raritan, N. J.); 6, 81 - 84, 92, and 112 - Marion Merrell Dow Inc. 
(Cincinnati, Ohio); 100 and 103 - Miles Inc. (West Haven, Conn.); 



424 

93 - Norgine Ltd. (Oxford, UK); 24, 53, and 90 - Parke-Davis (Ann 
Arbor, Mich.); 101 - Pfizer Central Research (Groton, Conn.); 74 - 
Ravensberg GmbH (Konstanz, Germany); 2 and 5 - Rhone-Poulenc 
Ltd. (Dagenham,'Essex, UK); 106 - Rhone-Pulenc Rorer (Collegeville, 
Pa,); 77 - Riom Labs-CERM (Riom, France); 30 and 105 - Sandoz 
Ltd. (Basle, Switzerland); 52 - Sanofi Pharma (Brussel, Belgium); 3 - 
Servier (Suresnes, France); 14-17, 50, and 78 - Sterling Research 
(Rensselaer, N. Y.); 97 - Synthelabo Recherche (Bagneux, France); 42 
- Dr. K. Thomae GmbH (Biberach/Riss, Germany); 85, 86, 89, and 91 
- Upjohn Co. (Kalamazoo, Mich.); and 32 and 107 - Wyeth-Ayerst 
Research (Princeton, N. J.). Compounds 1, 9, 28, 31, 33-35, 44-46, 
48, 49, 79, 94, and 95 were purchased from Sigma-Aldrich Israel 
(Petach Tikva, Israel). 

Our standard test system has been described elsewhere [6]. Briefly, 
P388 murine leukemia cells and a P-glycoprotein-containing MDR 
subline (P388/ADR) were maintained in RPMI 1640 medium supple- 
mented with 10% fetal calf serum, 10 gM 2-mercaptoethanol, peni- 
cillin base (50 IU/ml), and streptomycin (50 btg/ml). An inoculum of 
ceils was transferred to fresh medium once every 4 days to maintain 
exponential growth. The sensitivity of both cell lines to a given drug 
was assessed as follows. Cells (! x 106) were cultured in 10 ml 
medium in the presence of various drug concentrations (up to 100 bta,/, 
or lower if limited by solubility). Once a day for 4 days the density of 
the cells was measured with a Coulter counter (Coulter, Harpenden, 
UK). The cell-growth rate was calculated from the slope of the log cell 
density versus time by linear regression analysis. The growth rate at 
each drug concentration was expressed as a percentage of the control 
growth rate (no drug). Dose-response curves were thus produced and 
used to determine the concentration of drug effective in inhibiting the 
growth rate by 50% (EDs0). In repeated experiments the standard 
deviation of this parameter was consistently < 10% of the EDs0 values 
obtained. The ability of a compound to ameliorate MDR was evaluated 
by comparing the EDs0 obtained in P388/ADR cells incubated in the 
absence versus the presence of 0.2 btM ADR. This ADR concentration 
was just below the concentration that produced a detectable growth- 
inhibitory effect on these cells (the ADR EDs0 values in P388 and 
P388/ADR cells were 3.5 x 10-s and 9 x 10-7 M, respectively). 

We have previously shown that evaluation of the MDR-reversal 
activity of a compound using this experimental design is not inferior to 
that obtained using a design whereby the cells are incubated with 
increasing concentrations of ADR in the presence or absence of one 
subinhibitory concentration of the compound tested [4, 5]. Both 
experimental designs detected cytostatic synergism between the tested 
compounds and ADR with equal efficiency. The real advantage of the 
experimental design used in this study is the straightforward ability to 
compare MDR-reversal activity among the compounds tested. More- 
over, this experimental design is substantially more economical. 

Results and discussion 

In the phenothiazines study we found that certain structural 
features interfered with MDR-reversal activity, including 
(a) the lack of  a secondary or tertiary amino group, (b) the 
presence of  a carboxyl group, (c) the presence of  a single 
ring structure or the situation in which one or both rings 
were of  the pyridine type [3]. In the present study, 93 
compounds with such adverse features were tested and 
83.4% of them had at best marginal MDR-reversal activity 
(ratio, < 3) as defined in the legend to Table 1. Only 9 
compounds (bucainide, pifarnine, TMB8, 3-methyl chlor- 
oquine, dibucaine, mefloquine, quinine, euprocin, and ni- 
cergoline) displayed good activity (ratio, ~>10 but < 17). 
These data are not shown but are available on request. 

The structure-activity relationship (SAR) analysis of  the 
other 218 compounds tested in the present study revealed 
additional structural features that reduced MDR-reversal 

activity and that were not noticed in the phenothiazines 
study. They include (a) the location of  the amine group in 
an imidazole ring; (b) hydroxyl or primary amine function 
on the phenyl rings; (c) permanent charge; and (d) 
the situation in which one or both ring structures are a 
pyrrolidine, oxindole, isoindolinone, piperidine, iso- 
quinoline, 1,2,3,4-tetrahydroisoquinoline, 2,3-benzofuran, 
1-isobenzofuranone, 1,4-benzodioxan, benzimidazole, N- 
benzylbenzimidazole, pyrimidine, 4-phenyloxazole, thia- 
zole, morpholine, 1,3,4-triazolo[1,5a]pyridine, 1,3,4-tria- 
zolo[ 1,5a]-5,6,7,8-tetrahydropyridine, 1,2,3-benztriazole, 
tetrazole, 2,3-dihych'oindene, or naphthalene. In the present 
study, 103 compounds with these adverse features were 
tested and 66% of them produced an MDR-reversal ratio of  
< 3 .  Only 5 compounds (isoconazole, R40500, tolna- 
persine, R6033, and nafiverine) yielded a ratio o f />  10 (but 
< 14). These data are not shown but are available on re- 
quest. 

The results obtained for the remaining 115 compounds 
tested, which do not have the adverse structural features 
mentioned above, are shown in Table 1. The data in the 
table were entered according to similarities in molecular 
sm~cture. For each compound tested, the EDs0 value (ex- 
pressed in micromolar concentration) obtained in P388 and 
P388/ADR cells are listed in columns A and B, respec- 
tively. For each compound, the ratio of  the EDs0 value 
obtained in P388/ADR cells in the absence of  ADR to that 
measured in its presence (0.2 gM ADR) is shown in column 
C. Therefore, the value in column C represents the ability 
of  the compound to reverse MDR. The growth-inhibitory 
activity of  almost every compound was also tested in drug- 
sensitive P388 cells in the presence of  0.01 g M  ADR; 
however, in no case was a > 2-fold decrease in the ED50 
value observed (data not shown). As shown in column C of  
Table 1, 20 compounds (17.4%) produced an MDR-reversal 
ratio of  < 3 ,  72 (62.6%) gave a ratio of  I>10, and 28 
(24.3%) yielded a ratio of />30.  

In the phenothiazines study the presence of  a carbonyl 
group was found to enhance MDR-reversal activity; the 
question was therefore raised as to whether the presence of  
such a group would also affect the MDR-reversal activity 
of  the bis(phenylalkyl)amines. As shown in Table 2, only 
10.9% of the carbonyl-containing compounds presented in 
Table 1 produced an MDR-reversal ratio of  < 3, whereas 
73.9% yielded a ratio of  ~>t0. These figures are similar to 
those found among the carbonyl-containing phenothiazines. 
It is also evident from Table 2 that among the carbonyl- 
containing compounds the presence of  a tertiary amine 
group supports MDR-reversal activity to a greater extent 
than that of  a secondary amine and that a cyclic amine 
function enhances the activity more than a noncyclic amine 
function. The same conclusions were drawn from the re- 
sults obtained with the phenothiazine compounds, which 
points out their generality. 

Among the carbonyl-lacking compounds, 21.7% pro- 
duced an MDR-reversal ratio of  < 3 ,  whereas 55.1% yiel- 
ded a ratio of  I> 10 (Table 2). This is a much higher pro- 
portion of  MDR-reversal-active compounds than that found 
among the carbonyl-lacking phenothiazines. The compari- 
son of  the structure and activity of compounds 62 versus 
54, 17 versus 15, and 59 and 60 versus 56 suggested that 



Table 1. Effectiveness of MDR reversal obtained using 115 compounds in P388 and P388/ADR cells in vitro 
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(Column A EDs0 value in gM obtained in P388 cells, column B EDso value in gM obtained in P388/ADR cells, column C ratio of the EDs0 value 
obtained in P388/ADR cells in the absence of ADR to that determined in the presence of 0.2 gM ADR) 

the replacement of a phenyl ring with a 3,4-dimethoxy- 
phenyl or phenyldioxymethane or 3,5-dimethoxyphenyl or 
3,5-diethoxyphenyl could augment the MDR-reversal ac- 
tivity in carbonyMacking compounds. As indicated in 
Table 2, among the carbonyl-lacking compounds that 
contained such groups, 93.9% produced an MDR-reversal 
ratio of >/10 and 57.6% yielded a ratio of ~>30. These 
figures clearly indicate the enhancing effect of these re- 
sidues on the MDR-reversal activity of the bis(phenyl- 
alkyl)amines. The role of such groups on the MDR-reversal 
activity of carbonyl-lacking phenothiazines is not known, 
as such compounds were not tested. Among the carbonyl- 
lacking compounds that did not contain dimethoxyphenyl 
groups, 36.1% produced an MDR-reversal ratio of < 3 and 
19.4% yielded a ratio of i>10 (Table 2). These figures are 
similar to those obtained among the carbonyl-lacking 
phenothiazines. 

Many of the verapamil-like compounds possessed a 
nitrile residue, which could have contributed to their high 

degree of MDR-reversal activity. However, the comparison 
of the structure and activity of compounds 54 versus 52 and 
55 versus 53 indicates that the nitrile residue has no effect 
on MDR-reversal activity. The comparison of compounds 
68 and 72 with compound 56 indicates that a primary amine 
or a 1,3-dithiane-l,l,3,3-tetraoxide group in the same lo- 
cation does ameliorate MDR-reversal activity. 

In the phenothiazines study, it was shown that MDR- 
reversal activity could be maintained in compounds in 
which one or both phenyl rings were substituted by cy- 
clopentyl, cyclohexyl, thienyl, or 5-norbornen-2-yl rings. In 
the present study the following ring structures were also 
found to support such activity: indole (compounds 14-17),  
3,4-dihydrocarbostryl (compounds 19 and 20), quinazoline 
(compound 24), phthalazine (compound 111), and 1,3- 
benzodioxazole (compound 40). 

In summary, the present and the previously reported 
phenothiazines studies suggest that MDR-reversal activity 
relates to the following structural features: two or three 

Table 2. MDR-reversal activity of the compounds presented in Table 1 (grouped according to their structural features) 

Structure Number of MDR-reversal ratio 
compounds 

>3 ~>3but <5 ~>5but <10 ~>10 but <30 >~30 

With a carbonyl 46 5 2 5 25 9 
Non-cyclic secondary amine l 1 
Cyclic secondary amine 8 3 5 
Noncyclic tertiary amine 11 1 1 6 3 
Cyclic tertiary amine 26 2 4 14 6 

Without a carbonyl 69 15 7 9 19 19 
+ Dimethoxyphenyl 33 2 12 19 
- Dimethoxyphenyl 36 13 7 9 7 
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phenyl rings (or other specific rings as indicated above) that 
are connected through one or two bridges (of a variety of 
types) to a cyclic or noncyclic secondary to tertiary amine 
group and that also possess carbonyl and/or dimethoxy- 
phenyl functions. 
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