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Trimethoprim-sulfamethoxazole and pentamidine isethionate have been used extensively for the prophylaxis
and therapy of pneumonia caused by Preumocystis jirovecii. Problems associated with toxicity and potential
emerging resistance for both therapies necessitate the development of safe and effective analogs or new
treatment strategies. In the present study, a library of 36 compounds was synthesized by using the pentamidine
molecule as the parent compound modified by a 1,4-piperazinediyl moiety as the central linker to restrict
conformation flexibility. The compounds were evaluated for anti-Prneumocystis carinii activity in a biolumines-
cent ATP-driven assay. Four of the compounds were highly active, with 50% inhibitory concentration (ICs,)
values of <0.01 pg/ml; four had very marked activity (IC5, < 0.10 pg/ml); ten had marked activity (IC;, < 1.0
rg/ml); nine had moderate activity (IC;, < 10 pg/ml); one had slight activity (IC5, = 34.1 pg/ml); and the
remaining eight did not demonstrate activity in this assay system. The high level of activity was specifically
associated with an alkyl chain length of five to six carbons attached to one of the nitrogens of the bisamidinium
groups. None of the highly active compounds and only one of the very marked compounds exhibited any toxicity
when evaluated in three mammalian cell lines. The strategy of substitution of 1,4-piperazine-linked bisben-
zamidines produced compounds with the highest level of activity observed in the ATP assay and holds great

promise for the development of efficacious anti-P. carinii therapy.

Despite advances in the treatment of human immunodefi-
ciency virus infection, Pneumocystis jirovecii pneumonia re-
mains a leading cause of opportunistic infection and mortality
in human immunodeficiency virus-infected patients. Currently
available anti-Pneumocystis drugs are limited by significant
problems of efficacy, toxicity, and emerging resistance (14, 21,
37, 38). No member of the genus Prneumocystis can be main-
tained continuously outside the mammalian lung. Thus, drug
development, as well as other aspects of investigation of this
organism family, has been hindered.

The effective use of pentamidine isethionate for the treat-
ment of human Pneumocystis pneumonia was first reported in
1958 (18), and the early experience with the drug was summa-
rized in 1967 (19). Trimethoprim-sulfamethoxazole (TMP-
SMZ) later became the therapy of choice for this pneumonia
due to increased efficacy and reduced toxicity (16). Despite
concerted efforts focusing on modifications of the dihydrofo-
late reductase and dihydropteroate inhibitor portions of TMP-
SMZ and the diamidine structure of pentamidine, no com-
pound with increased anti-Prneumocystis carinii properties
without toxicity has emerged as a clinical drug (11). With the
potential problem of emerging resistance to the sulfa compo-
nent of TMP-SMZ (1, 21, 26), the significant failure rate of
prophylactic pentamidine, and its limited spectrum (17) and
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associated toxicity (2), it is necessary to identify new therapies
or modifications of existing compounds that provide increased
efficacy with no toxicity to the host.

From a structural point of view, pentamidine can be consid-
ered as a bisbenzamidine derivative in which both benzamidine
moieties are linked by a highly flexible pentyldioxy chain (Fig.
1A). We have been interested (12, 24, 25, 31, 34) in determin-
ing the effect of restricting the conformational flexibility of
pentamidine congeners on their anti-P. carinii and antiparasitic
activity. Based on these recent studies, we identified 4,4"-(1,4-
piperazinediyl)bisbenzenecarboximidamide (compound 19,
Table 1) as a promising lead compound. Therefore, we focused
our attention on the 1,4-piperazinediyl skeleton as a rigid
linker (Fig. 1B) and developed a library of piperazine-linked
bisbenzamidines and related compounds for a comprehensive
study on their structure-activity relationships. To further mod-
ulate the biological activity of this series of compounds, we
introduced an alkyl or cycloalkyl group of variable length and
size on one of the nitrogen atoms of the amidine moieties. The
importance of the terminal basic amidine functions were as-
sessed by replacing them with other nonbasic or less-basic
functionalities.

The anti-P. carinii activities of these compounds were eval-
uated in a cell-free ex vivo maintenance system that relies on
the assessment of viability by measurement of P. carinii ATP
with a luciferase-luciferin bioluminescence assay (8). Several of
the compounds exhibited very high anti-P. carinii activity with-
out toxicity to three mammalian cell lines. These compounds
hold strong promise for new therapeutic modalities for Preu-
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FIG. 1. Structure of pentamidine and general structure of the pi-
perazine-linked bisbenzamidines. (A) Pentamidine has two benzami-
dine moieties linked by a pentyldioxy chain. (B) 1,4-piperazinediyl
parent compound. Alkyl or cycloalkyl groups were introduced on one
of the nitrogen atoms of the amidine moieties (R).

mocystis pneumonia and are currently being tested in rodent
models for evaluation of in vivo efficacy.

MATERIALS AND METHODS

Organism sources. P. carinii were obtained from chronically immunosup-
pressed Long Evans and Brown Norway rats housed under conventional condi-
tions at the Cincinnati VA Medical Center or from CD rats (Charles River
Laboratories, Hollister, Calif.) inoculated intratracheally with P. carinii and
maintained under barrier conditions at the University of Cincinnati Laboratory
Animal Medicine Unit (Cincinnati, Ohio) (10). P. carinii were extracted and
purified from the lungs of rats after 8 to 12 weeks of immunosuppression,
enumerated, cryopreserved, and stored in liquid nitrogen as previously described
(7,9). Typically, infected rat lungs yield up to 2 X 10'° organism nuclei, with the
vast majority (ca. 95%) of the life cycle forms present as trophic forms and the
remainder (ca. 5%) being composed of cysts. P. carinii preparations were eval-
uated for microbial contamination, ATP content, karyotype, and host cell con-
tent prior to use in the ATP assay (7).

ATP assay. Cryopreserved organisms were thawed rapidly at 37°C, centrifuged
to remove the cryoprotectants, and resuspended in RPMI medium with 20% calf
serum and other additives (e.g., nonessential amino acids) (pH 7.5 to 8.0), 380
mOsm (7, 20). Drugs to be tested were prepared in culture medium or in
dimethyl sulfoxide (DMSO; final concentration, <0.2% [vol/vol]), and 10% nu-
clei/ml were added in 0.5 ml of culture medium to each well of a 48-well plate.
Each drug concentration was studied in triplicate in at least two different assays
with two different batches of P. carinii. Media without drug, with P. carinii, and
with 10 pg of ampicillin/ml served as negative controls. For each assay, a set of
triplicate wells received pentamidine isethionate at 1 pg/ml as the positive drug
activity control. The plates were incubated at 35°C in 5% CO,. At 24, 48, and
72 h, the wells were agitated, and 10-ul samples from each well removed and
placed directly into individual wells of a 96-well white plate (Greiner Scientific,
Ocala, Fla.) containing 30 pl of 3.5% trichloroacetic acid in 2 mM EDTA (pH
1.5) to release intracellular ATP. The samples were automatically mixed with the
luciferin/luciferase reagent via an injector and immediately measured for light
emission at 562 nm with a FluoSTAR Optima plate reader (BMG Labtechnolo-
gies, Inc.). Each well was read in triplicate,and values are expressed as the
average relative light units (RLU).

In addition to the negative and positive controls for drug activity mentioned
above, a quench control was run for every drug tested. This control evaluated
whether the drug had an inhibitory effect on the enzyme-substrate reaction. The
highest concentration of a drug used in an assay was placed in triplicate wells
containing 10”7 M ATP, luciferin, and luciferase and compared to wells without the
drug but containing the ATP and reagents. Any reduction in RLU from wells with
the drug versus wells without the drug would indicate inhibition of the reaction. No
such inhibition was observed with the compounds in the present study.

Each compound was initially evaluated at 100 wg/ml to screen out inactive
compounds. If a 50% or greater decrease in ATP compared to untreated organ-
isms was observed for the compound at 100 pg/ml, a three-concentration series
was then run to determine the 50% inhibitory concentration (ICs; 10, 1, and 0.1
pg/ml). Compounds with a high degree of activity (reduction to <50% of control
levels at all concentrations) were tested again at further reduced concentrations
(nanogram levels).

The effects of drugs on the ATP of Pneumocystis pools were calculated by
using the following formula: {[(4 — B) — (C — B)]/(A — B)} X 100 = percent
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decrease in ATP, where A is the average RLU of medium/ampicillin control, B
is the background RLU, and C is the average RLU of drug treatment.

Data analysis. The percent decrease in ATP content of a compound was used
in a linear regression formula with the log drug concentrations to determine the
1Cs, (GraphPad Software v2 for Science; GraphPad, San Diego, Calif.). Based
on the ICs, values, each agent was classified by using an activity scale. The
original scale had four categories: very marked, marked, moderate, and none (8).
A fifth category of “slight” activity was added to expand the scale to accommo-
date drugs that are able to attain levels higher than 10 pg/ml in serum and were
effective in vitro at between 10 and 50 pg/ml in our ATP assay (39). In the
present study, we further extended the scale to accommodate compounds with
the highest in vitro activity observed to date, i.e., highly active. The categories in
the current drug activity scale are thus as follows: highly active (compounds with
an ICs; of <0.010 wg/ml), very marked (ICsqs of 0.011 to 0.099 pg/ml), marked
(ICs0s from 0.10 to 0.99 pg/ml), moderate (ICs,s from 1.0 to 9.99 pg/ml), slight
(ICs0s8 from 10.0 to 49.9 wg/ml), and none (i.e., inactive; ICsqs of =50 pg/ml).

Toxicity to mammalian cells. Compounds demonstrating high, very marked,
and marked activities on the rating scale were subsequently tested for toxicity to
mammalian cells before consideration for in vivo testing in the mouse (Prneumo-
cystis murina) pneumonia model. The ATP assay was used to evaluate viability of
mammalian cell monolayers in a manner similar to that established for assess-
ment of anti-P. carinii activity. Confluent monolayers of the lung cell carcinoma
cell line A549 (ATCC CCL-185), the liver cell line Hep-G2 (ATCC HB-8065),
and the primary diploid lung fibroblast line WI-38 (ATCC CL-75) were estab-
lished in 48-well plates containing 1 ml of the appropriate American Type
Culture Collection-recommended growth medium (www.atcc.org). Media con-
taining 1, 10, and 100 times the concentration of the ICs, calculated for anti-P.
carinii activity were added to the plate wells in triplicate. Medium alone served
as a negative control, and antimycin A (75 pg/ml) was used as a positive control.
The plates were incubated at 35°C, 5% CO,. At 24, 48, and 72 h, media in each
well were aspirated, and 1 ml of 3.5% trichloroacetic acid in 2 mM EDTA (pH
1.5) was added to each well. After incubation at room temperature for 10 min,
the plates were stored at —20°C until completion of the experiment. The plates
were processed by thawing them to room temperature with agitation. Then, 5-pl
samples from each well were removed and placed directly into individual wells of
a 96-well opaque white plate containing 100 pl of buffer (200 mM Tris, 2.5 mM
EDTA [pH 7.75]). The RLU value corresponding to the ATP content was
determined as described above.

Chemical syntheses. The key step for the preparation of 1,4-diarylpiperazines
was a double nucleophilic displacement of fluorine in 4-fluoro derivatives by the
nitrogen atoms of piperazine. That reaction, performed in boiling dimethyl
formamide, produces the expected tricyclic molecules in good yields (e.g., com-
pound 29 was obtained in 70% yield), provided the aromatic precursor bears a
strong electron-withdrawing group in the para position. Conversion of the bis-
benzonitrile derivative into the targeted bisbenzamidines was effected by the
Pinner reaction (29). 'H nuclear magnetic resonance (NMR) spectra were ob-
tained by using a Varian Inova instrument (500 MHz), chemical shifts () are
given in parts per million (ppm) with tetramethylsilane (TMS) as an internal
reference. Infrared (IR) spectra were recorded on a Perkin-Elmer Spectrum One
instrument operating in the diffuse reflectance mode. Solvents and reagents are
commercially available (Aldrich Co., Acros Organics, Fisher Scientific, and
Sigma Chemical Co.) and were used without further purification.

Compounds 6 (25%), 10 (50%), 13 (50%), and 20 (30%) (24), compounds 23
(40%) and 19 (45%) (31), compounds 9 (35%), 22 (40%), 24 (35%), 25 (55%),
26 (20%), 33 (45%), and 36 (80%) (34), compounds 17 (65%), 21 (40%), 27
(10%), 31 (60%), 32 (70%), and 34 (10%) (25), and compounds 28 (85%) (40),
29 (70%) (4), 30 (65%) (30), and 35 (80%) (32) were prepared according to
published procedures, and the overall percent yields obtained in the present
study are indicated in parentheses. Elemental analyses were performed by M-
H-W Laboratories, Phoenix, Ariz. There is a patent pending for compounds 1
through 36 (M. T. Cushion, P. D. Walzer, T. L. Huang, J. J. Vanden Eynde, and
A. Mayence, 25 November 2003, U.S. patent application 60/525-089, patent
pending).

General procedures for preparation: 4,4'-(1,4-piperazinediyl)bisbenzenecar-
boximidamides. A mixture of 4,4’-(1,4-piperazinediyl)bisbenzonitrile (2 mmol;
0.6 g) in dichloromethane (250 ml) and methanol (10 ml) was saturated with HCI
gas, and the reaction medium was left at room temperature for 4 days. The
precipitate (crude imidate) was filtered, washed with acetone, and treated with
the appropriate amine (20 mmol) in refluxing ethanol (50 ml) for 1 h. After it
cooled, the precipitate was filtered and thoroughly washed. When no precipita-
tion occurred, the solution was concentrated under reduced pressure, and the
residue was triturated with ether; the solid was filtered and thoroughly washed.
Pure analytical samples were obtained without further purification.



VoL. 48, 2004 ANTI-P. CARINII PIPERAZINE-LINKED BISBENZAMIDINES 4211

TABLE 1. Structures and biological activities of pentamidine, piperazine-linked bisbenzamidines, and structurally related 1,4-diarylpiperazines

ICs (png/ml and uM)?

Compound Structure Anti-P. carinii
P activity P. carinii A549 Hep-G2 WI-38
NH.HCI
1 ChHy-CHy Highly active 0.001 >0.107 >0.107 >0.107
HN-CHy CH. 0.002 >0.200 >0.200 >0.200
CH,
NH.HCI
2 Highly active 0.001 >0.140 >0.140 >0.140
HN—(CHz)4~CHs 0.002 >0.261 >0.261 >0.261
NH.HCI
3 Highly active 0.004 >0.409 >0.409 >0.409
HN—(CH_)5-CH, 0.007 >0.726 >0.726 >0.726
4 NH.HCI o Highly active 0.009 >0.900 >0.900 >0.900
3
NH.HCI
5 Very marked 0.034 >3.40 2.54 >3.40
HN—(CHz)s-CH3 0.058 >575 429 >5.75
NH.HCI
6 Very marked 0.046 >4.63 >4.63 >4.63
HN—(CHa)s-CHs 0.091 >9.12 >9.12 >9.12
NH.HCI
7 — Very marked 0.058 >5.80 >5.80 >5.80
HN—> 0.115 >11.52 >11.52 >11.52
8 __,<NH'H°' Very marked 0.069 >0.690 >0.690 >0.690
HN_Q 0.117 >1.17 >1.17 ~1.17
9 N ey Marked 0.116 >11.6 >11.6 >11.6
NHO 0.208 >2.07 >2.07 >2.07
NH.HCI
10 — Marked 0.139 356.0 >13.9 >13.9
HN=CH, 0.242 618.5 >24.2 >24.2
1 _<N”'”C' Marked 0.180 226 223 2.0
HN—(CH_);-CHj 0.290 3.65 3.60 3.23
NH.HCI
12 — Marked 0.195 >1.95 >1.95 >1.95
HNO 0317 >3.17 >3.17 >3.17
NH.HCI
13 — Marked 0.226 >22.6 >22.6 >22.6
“”‘O 0.425 >42.5 >42.5 >425
NH.HCI
14 Marked 0.284 3.17 6.63 252
HN~—(CH,)s-CHs 1.20 13.5 >120.1 >120.1

Continued on following page
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TABLE 1—Continued
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ICs, (ng/ml and pM)”

Anti-P. carinii
Compound Structure L
activity P. carinii A549 Hep-G2 WI-38
Pentamidine Marked 0.300 14.3 23.7 22.3
0.506 24.0 40.0 37.7
NH.HCI
15 Marked 0.537 >53.7 24.8 4.54
HN—(CHy)11CH3 0.734 >73.4 33.8 6.20
NH.HCI
16 Marked 0.542 6.08 >54.2 >54.2
HN—CH,-CH3 1.20 135 >120.1 >120.1
Hh+cr
17 - Marked 0.711 >71.0 >71.0 >71.0
H 131 >130.6 >130.6 >130.6
18 NH-HCI Marked 0.723 6.30 ND 7.64
HN--(CHy)g-CHy 1.07 9.32 11.3
LHCI
19 NHHC Moderate 1.03 1633 ND 21
NH, 2.61 413.1 61.0
20 Hror Moderate 1.44 >100.0 ND ND
— } 3.03 >2,250.0
HN
21 Moderate 1.53 >153.0 ND ND
NH.HCI 3.61 >361.0
HN—-CH3
2 Moderate 1.60 1,070.0 ND 53.9
NH.HCI 334 2,231 113.4
HN—(CH,),-CHs
23 Moderate 1.71 >130.0 ND ND
H,or 3.82 290.6
_</Nj
HN
24 NH.HCI Moderate 2.5 >250.0 ND ND
5.43 >543.0
HN—]
25 NH.HCI Moderate 3.01 >181.0 ND ND
cH 6.28 >377.0
7 3
HN—CH_
CH3
26 NH Moderate 33 60.0 ND ND
N—on 95.9 169.3
o}
27 Moderate 6.48 149.2 ND ND
HN—NH, 17.0 866.8

Continued on following page
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TABLE 1—Continued

Anti-P. carinii

ICs, (ng/ml and pM)”

Compound Structure -
activity P. carinii A549 Hep-G2 WI-38
28 -NO, Slight 34.1 ND ND ND
103.9
29 -CN No activity >100 ND ND ND
>125
0
NN
30 - No activity >100 ND ND ND
H >125
HaC,
N
31 _<NJ No activity >100 ND ND ND
CHa >125
32 Q\NLN@ No activity >100 ND ND ND
v/ >125
_<Oj
33 0 No activity >100 ND ND ND
>125
Q
34 —C-0CHs No activity >100 ND ND ND
>125
o)
35 _<H No activity >100 ND ND ND
>125
o]
36 _<CH No activity >100 ND ND ND
3 >125

“ICsps are expressed in micrograms per milliliter (first value) and molar units (second value). ND, not done.

arboxi

4,4’-(1,4-Piperazinediyl)bis[N-(2-methylbut-1-yl) b idamide],
dihydrochloride salt 1. The overall yield (based on compound 29) was as follows:
55%; melting point (mp) > 300°C; 'H NMR (DMSO-d,) § 9.4 (brs, 2 H), 9.2 (br
s, 2 H), 88 (brs,2H),7.7(d, 4 H,J =9 Hz), 7.1 (d, 4 H,J = 9 Hz), 3.5 (s, 8
H), 3.4 (m, 4 H), 1.8 (m, 2 H,J = 7 Hz),1.5 (m, 2 H), 1.2 (m, 4 H), and 0.8 (m,
12 H,J = 7 Hz) ppm; IR = 3,062, 1,667, 1,606, 1,515, 1,450, and 1,235 cm ™,
Anal. Calc. for C,5H,,N¢0.2 HCI (535.59) C, 62.79; H, 8.28; and N, 15.69. Found:
C, 62.52; H,7.94; and N, 15.49.

4,4’-(1,4-Piperazinediyl)bis (N-pentyl benzenecarboximidamide), dihydrochlo-
ride salt 2. The overall yield (based on compound 29) was as follows: 45%; mp
> 300°C; "H NMR (DMSO-d,) 8 9.5 (br's, 2 H), 9.2 (br s, 2 H), 8.7 (br s, 2 H),
7.7(d,4H,J=9Hz),7.1(d,4H,J =9 Hz),3.5(s,8H),3.3(t,4 H,J =7 Hz),
1.6 (m, 4 H,J = 7 Hz), 1.3 (m, 8 H,J = 7 Hz), and 0.9 (t, 6 H,J = 7 Hz) ppm;
IR = 3,063, 1,672, 1,606, 1,515, 1,396, and 1,235 cm™!. Anal. Calc. for
CysHyoNG0.2 HCI (535.59) C, 62.79; H, 8.28; and N, 15.69. Found: C, 62.59;
H,8.44; and N, 15.48.

4,4’-(1,4-Piperazinediyl)bis(N-hexyl benzenecarboximidamide), dihydrochlo-
ride salt 3. The overall yield (based on compound 29) was as follows: 75%; mp
295 to 297°C; '"H NMR (DMSO-d,) 8 9.0 (br's, 6 H), 7.7 (d, 4 H,J = 9 Hz), 7.1
(d, 4 H,J = 9 Hz),3.5 (s, 8H), 3.4 (t, 4 H,J = 7Hz), 1.6 (m, 4 H, J = 7 Hz),
1.3 (m, 8 H), and 0.9 (t, 6 H, J = 8 Hz) ppm; IR = 3,171, 1,674, 1,620, 1,520,
1,394, and 1,166 cm~'. Anal. Calc. for C5,H,sN40.2 HCL1H,O (581.66) C, 61.95;
H, 8.66; and N, 14.45. Found: C, 61.69; H, 8.29; and N, 14.28.

4,4'-(1,4-Piperazinediyl)bis [N-(4-methylbut-1-yl) b

arboxi

. ide]
’

dihydrochloride salt 4. The overall yield (based on compound 29) was follows:
40%; mp > 300°C; '"H NMR (DMSO-d,) 8 9.4 (brs, 2 H), 9.2 (br s, 2 H), 8.7 (br
s,2H),7.7(d,4H,J =9 Hz),7.1 (d,4 H,J = 9 Hz), 3.5 (s, 8 H), 3.4 (t, 4 H),
1.7 (m,2H), 1.5 (m,4 H,J = 7Hz), and 0.9 (m, 12 H,J = 7 Hz) ppm; IR = 3,093,
1,668, 1,605, 1,515, 1,393, and 1,235 cm™!'. Anal. Calc. for C,gH4,Ng0.2 HCI
(535.59) C, 62.79; H, 8.28; and N, 15.69. Found: C, 62.52; H, 8.37; and N, 15.83.
4,4’-(1,4-Piperazinediyl)bis (N-heptyl benzenecarboximidamide), dihydrochlo-
ride salt 5. The overall yield (based on compound 29) was follows: 40%; mp
286°C (decomp); '"H NMR (DMSO-dy) § 9.6 (brs, 6 H), 7.7 (d, 4 H,J = 9 Hz),
7.1(d,4H,J =9 Hz),3.5 (s, 8 H),3.4 (t,4 H), 1.6 (m, 4 H,J = 7 Hz), 1.3 (m,
16 H), and 0.8 (t, 6 H,J = 7 Hz) ppm; IR = 3,099, 1,678, 1,608, 1,518, 1,392, and
1,240 cm ™. Anal. Calc. for C5,H5N0.2 HCL.1 H,O (609.72) C, 63.03; H, 8.93;
N, 13.78. Found: C, 62.59; H,8.73; and N, 13.66.
4,4'-(1,4-Piperazinediyl)bis(N-cyclobutyl benzenecarboximidamide), dihydro-
chloride salt 6. The overall yield (based on compound 29) was follows: 25%; mp
> 300°C; "H NMR (DMSO-dy) 8 9.6 (br s, 2 H), 9.1 (br s, 2 H), 8.6 (br s, 2 H),
7.7(d,4H,J=9Hz),71(d,4H,J =9 Hz),42 (m,2 H,J = 8§ Hz), 3.5 (s, 8
H), 2.4 and 2.2 (2 m, 8 H,J = 8 Hz), and 1.8 (2 m, 4 H,J = 8 Hz) ppm; IR =
3,076, 1,667, 1,601, 1,519, and 1,236 cm™'. Anal. Calc. for C,qH;,N0.2 HCI
(503.51) C, 62.02; H, 7.21; and N, 16.69. Found: C, 62.24; H,7.27; and N, 16.85.
4,4’-(1,4-Piperazinediyl)bis(N-cycloheptyl benzenecarboximidamide), dihy-
drochloride salt 8. The overall yield (based on compound 29) was follows: 40%;
mp > 300°C; '"H NMR (DMSO-d,) 8 9.0 (br's, 6 H), 7.6 (d, 4 H,J = 9 Hz), 7.1
(d, 4 H,J = 9 Hz),3.9 (m, 2 H,J = 4 Hz), 3.5 (s, 8 H), 1.9 (m, 4 H), 1.6-1.5 (m,



4214 CUSHION ET AL.

12 H,J = 8 Hz), and 1.4 (m, 8 H) ppm; IR = 3,062, 1,669, 1,605, 1,516, and 1,230
em ™. Anal. Calec. for C5,H,N0.2 HCI (587.67) C, 65.40; H, 8.23; and N, 14.30.
Found: C, 65.27; H, 8.04; and N, 14.32.
4,4’-(1,4-Piperazinediyl)bis(N-octyl benzenecarboximidamide), dihydrochlo-
ride salt 11. The overall yield (based on compound 29) was follows: 60%; mp
235°C (decomp); '"H NMR (DMSO-d,) § 9.0 (br s, 6 H), 7.7 (d, 4 H,J = 9 Hz),
71(d,4H,J =9Hz),35(s,8H),3.4(t,4H,J = 7Hz) 1.6 (m, 4 H,J = 7 Hz),
1.3 (m, 20 H), and 0.8 (t, 6 H,J = 7 Hz) ppm; IR 3,107, 1,678, 1,611, 1,518, and
1,394 cm ™. Anal. Calc. for C5,Hs,N0.2 HCL.1.5 H,O (646.78) C, 63.14; H, 9.19;
and N, 12.99. Found: C, 62.97; H, 8.81; and N, 13.11.
4,4’-(1,4-Piperazinediyl)bis(N-cyclooctyl benzenecarboximidamide), dihydro-
chloride salt 12. The overall yield (based on compound 29) was follows: 45%; mp
> 300°C; '"H NMR (DMSO-d,) 8 9.0 (br's, 6 H), 7.6 (d, 4 H,J = 9 Hz), 7.1 (d,
4H,J=9Hz),39 (m,2H,J =4Hz),35(s,8H),34(t,4H,J =7Hz) 1.7
(m, 12 H), and 1.5 (m, 16 H) ppm; IR = 3,145, 1,661, 1,601, 1,516, and 1,447
em ™! Anal. Calc. for C3,HsoNg. 2 HCL2H,O (651.73) C, 62.66; H, 8.66; and N,
12.90. Found: C, 62.79; H, 8.44; and N, 13.07.
4,4'-(1,4-Piperazinediyl)bis(N-nonyl benzenecarboximidamide), dihydrochlo-
ride salt 14. The overall yield (based on compound 29) was follows: 70%; mp
256°C (decomp); '"H NMR (DMSO-d,) § 8.9 (brs, 6 H), 7.7 (d, 4 H,J = 9 Hz),
71(d,4H,J =9Hz),35(s,8H),3.4(t,4H,J = 7Hz) 1.6 (m, 4 H,J = 7 Hz),
1.3 (m, 24 H), and 0.8 (t, 6 H,J = 7 Hz) ppm; IR = 3,112, 1,682, 1,614, 1,519,
and 1,394 cm ™ L. Anal. Calc. for C34HssNg0.2 HCL1.5 H,O (674.83) C, 64.07; H,
9.41; and N, 12.45. Found: C, 63.93; H, 9.06; and N, 12.33.
4,4’-(1,4-Piperazinediyl)bis(N-dodecyl benzenecarboximidamide), dihydro-
chloride salt 15. The overall yield (based on compound 29) was follows: 75%; mp
284°C (decomp); '"H NMR (DMSO-dy) 5 8.6 (brs, 6 H), 7.7 (d, 4 H,J = 9 Hz),
7.1(d,4H,J =9 Hz),3.5 (s, 8 H),3.4 (t,4 H) 1.6 (m, 4 H,J = 7 Hz), 1.3 (m,
36 H), and 0.8 (t, 6 H,J = 7 Hz) ppm; IR = 3,110, 1,679, 1,614, 1,519, and 1,395
cm ™. Anal. Calc. for C4;,H;oN40.2 HCL.1 H,O (749.98) C, 67.26; H, 9.94; and N,
11.20. Found: C, 67.33; H, 9.91; and N, 10.85.
4,4’-(1,4-Piperazinediyl)bis (N-ethyl benzenecarboximidamide), dihydrochlo-
ride salt 16. The overall yield (based on compound 29) was follows: 60%; mp >
300°C; '"H NMR (DMSO-d,) § 9.5 (br s, 2 H), 9.1 (br s, 2 H), 8.7 (br s, 2 H), 7.7
(d,4H,J=9Hz),71(d,4H,J =9Hz),35(,8H),34(q,4 H,J =7Hz),
and 1.2 (t, 6 H,J = 7 Hz) ppm; IR = 3,135, 1,667, 1,621, 1,519, and 1,397 cm ™ ..
Anal. Calc. for C,,H30N40.2 HCL0.5 H,O (460.44) C, 57.39; H, 7.22; and N,
18.25. Found: C, 57.21; H, 7.31; and N, 18.00.
4,4’-(1,4-Piperazinediyl)bis(N-decyl benzenecarboximidamide), dihydrochlo-
ride salt 18. The overall yield (based on compound 29) was follows: 50%; mp
271°C (decomp); '"H NMR (DMSO-dy) 5 8.9 (brs, 6 H), 7.7 (d, 4 H,J = 9 Hz),
7.1(d,4H,J =9 Hz),3.5 (s, 8 H),3.4 (t,4 H) 1.6 (m, 4 H,J = 7 Hz), 1.3 (m,
28 H), and 0.8 (t, 6 H,J = 7 Hz) ppm; IR = 3,110, 1,679, 1,613, 1,519, and 1,242
em ™! Anal. Calc. for C35H,N40.2 HCL. (675.86) C, 67.53; H, 9.54; and N, 12.43.
Found: C, 67.73; H, 9.46; and N, 12.18.

RESULTS

Chemical syntheses. In the syntheses of this series of com-
pounds, the pentamidine structure (Fig. 1A) was modified by
inserting a 1,4-piperazinediyl linker between the two benzami-
dine groups (R = amidine, compound 19). The N-substituted
derivatives were obtained by a Pinner reaction performed with
4,4'-(1,4-piperazinediyl)bisbenzonitrile 29 and the appropriate
amine. Compounds 20 and 23, in which the amidine moiety
was included in a ring, were prepared in a similar way but with
1,3-diaminopropane and 1,3-diaminoethane, respectively. The
substance bearing an amidoxime group (compound 26) was
also synthesized by a Pinner reaction because the action of hy-
droxylamine on compound 29 did not produce compound 26. The
bisbenzaldehyde 35 (obtained from piperazine and 4-fluoroben-
zaldehyde) was used as the starting material to afford the bisben-
zimidazole derivative 17, the phenylhydrazone-containing sub-
stance 30, and products substituted by dioxolanes (compound 33)
or imidazolidines (compounds 31, 32) rings. 1,4-Diarylpiperazines
28 (dinitro derivative), 34 (diester), and 36 (diketone) were
readily accessible by direct condensation of piperazine with the
appropriate 4-fluoroarene. Finally, a reaction between 34 and
hydrazine produced the dicarboxhydrazide 27.
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FIG. 2. Anti-PCP activity of piperazine-linked bisbenzamidines. A
graph of the “minus log of the anti-P. carinii activity expressed in mM”
versus the number of carbon atoms in the aliphatic moiety of the R

substituent, when that moiety is a linear alkyl group or a cycloalkyl group,
is shown.

Anti-P. carinii activities. The structure-activity relationships
for the piperazine-linked bisbenzamidines and the toxicities of
each compound in three different mammalian cell lines are
shown in Table 1. Compounds were ranked in order of the
lowest concentration necessary to reduce the ATP content of
P. carinii populations by 50% (i.e., the ICs,) compared to
untreated control populations (8). Note that the ICs, values
are expressed on a microgram per milliliter and micromolar
basis. The activity level was expressed on a scale (from highly
active to no activity) modified from previous studies (8, 39). At
the time the scale was established, no compounds were effective
below an ICs, of 0.012 pg/ml (e.g., potassium cyanide); thus,
<0.100 pg/ml was set as the highest level of activity and given a
semiqualitative assessment as “very marked.” In the present
study, we identified four compounds with ICs, values that were
reduced in concentration by a log or more from the very-marked
ranking. To differentiate this activity, a rank of highly active was
assigned and defined as an ICs, of <0.010 pg/ml.

Three of the four highly active compounds contained
branched alkyl groups (compounds 1 and 4) and an n-alkyl
group (compound 2) of five carbons, with the other n-alkyl
group containing an additional sixth carbon (compound 3).
This requirement for a five- to six-carbon chain was quite
specific, since the addition of one carbon to the alkyl chain
increased the ICs, to 0.034 pwg/ml (compound 5) and a reduc-
tion to a four-carbon alkyl chain resulted in an ICy, of 0.046
pg/ml (compound 6). However, both of these compounds re-
tained very high inhibitory activities with a ranking of very
marked. The other two compounds in the very-marked activity
group contained 4 (compound 7) and 7 (compound 8)-carbon
cycloalkyl groups. Derivatives bearing a cyclic ring of five
(compound 13), six (compound 9), or eight (compound 12)
carbon atoms exhibited only a marked activity.

An association with the presence of five to six carbon atoms
in the linear alkyl group and the highest inhibitory activity was
apparent. A graphic representation of this relationship is
shown in Fig. 2. The trend is similar but not as dramatic for the
cycloalkyl carbon atom number.

The activity of most of the compounds (12 of 26) fell in the
marked category of activity. This level of activity was reported
for both of the most clinically efficacious anti-P. carinii treat-
ments, TMP-SMZ and pentamidine isethionate, with I1Cs, val-
ues of 0.104 pg/ml (8) and 0.300 pg/ml (Table 1), respectively.
In this series of piperazine-linked bisbenzamidines, the trend
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of decreased activity associated with alkyl chains shorter than
four carbons and longer than seven carbons is readily apparent.
A reduction in carbon chain length to two and three carbons
resulted in ICs, values of 0.542 pg/ml (compound 16 [marked
activity]) and 1.60 pg/ml (compound 22 [moderate activity]),
whereas a single carbon chain (compound 21) or lack of an
alkyl group (compound 19) resulted in moderate activity at
ICs0s of 1.53 and 1.03 pg/ml, respectively. Increases of alkyl
chain length to 8, 9, 10, and 12 carbons (compounds 11, 14, 18,
and 15) all resulted in marked activity. A benzyl ring substitu-
ent (compound 10) analog also showed marked activity. When
both the amidinium nitrogens are part of a five- or six-mem-
bered cyclic system (compounds 17, 20, and 23), the activities
were either marked or moderate. Except derivatives 26 (hy-
droxylamine) and 27 (carboxhydrazide), which were character-
ized by a moderate activity, the other 1,4-diarylpiperazines that
were not substituted by terminal amidines moieties appeared
to be devoid of activity against P. carinii.

Toxicity. Two transformed cell lines derived from two dif-
ferent organ systems and a primary cell line were chosen for
evaluation of the relative toxicity of each compound. The A549
cell line is an epithelial lung cell line derived from a human
carcinoma and has been used for this purpose in previous
studies (39). The Hep-G2 cell line is an epithelial cell line
derived from a human hepatocellular carcinoma, and WI-38 is
a human diploid cell line derived from normal embryonic (3
months of gestation) lung tissue.

Testing in all three cell lines was conducted with compounds
that showed the most promise for in vivo evaluation, i.e., those
that had marked or better anti-P. carinii activity. Generally, the
toxicity results for a given compound were similar for all three
lines. There were only three cases in which a compound was
toxic in one or two cell lines and not in the other. These
included compound 5, which showed toxicity in the Hep-G2
line at 75 times the ICs,; compound 10, which was toxic to the
AS549 line at 2,560 times the ICs,; and compound 15, which was
toxic to the Hep-G2 and WI-38 cell lines but not the A549 line
at 46 and 8 times the ICs, value. Remarkably, all four of the
highly active compounds showed no toxicity in any cell line at
100 times the anti-P. carinii ICs,. This lack of toxicity was also
apparent in the next level of activity. Only one of the four
compounds with very-marked activity (compound 5) showed
slight toxicity in the Hep-G2 line at 75 times the ICy, without
toxicity in the other two cell lines. As the anti-P. carinii activity
decreased, the number of compounds exhibiting toxicity in-
creased. Six of eleven compounds with marked activity, includ-
ing pentamidine, had toxicity in one or more of the cell lines,
and four of the nine compounds with moderate activity showed
toxicity. The moderately active compounds were usually
screened only in the A549 cell line, since compounds with this
level of activity were not selected for further study in animal
models. For the same reason, compounds with slight or no
activity were not tested in the cell line assays.

DISCUSSION

Pentamidine and related compounds have long been used to
treat a variety of infectious diseases, especially trypanosomiasis
and leishmaniasis, caused by parasitic protozoans but also in-
fections caused by fungi, bacteria, malarial parasites, some
viruses, and Pneumocystis spp. (5, 33). Problems related to
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toxicity, oral availability, and resistance have hindered the
widespread use and development of these compounds, despite
promising approaches to synthesis of prodrugs and other sub-
stitution strategies (15). However, with increasing evidence for
P. jirovecii resistance to TMP-SMZ (1, 27, 42), we considered
it worthwhile to revisit the basic pentamidine structure with
newly devised substitution strategies. Previously, we showed
promising antiprotozoal and anti-P. carinii activities with a
1,4-piperazinediyl skeleton as a rigid linker (24, 25, 31). These
results provided the rationale for the synthesis of the series of
piperazine-linked bisbenzamidines and related compounds
presented here. Several compounds within the library of piper-
azine-linked bisbenzamidines were found to demonstrate very
high anti-P. carinii activity in an in vitro system, with little to no
associated toxicity in three mammalian cell lines. Eight com-
pounds (compounds 1 to 8 [Table 1]) exhibited higher activity
than TMP-SMX in the same screening system (IC5, = 0.104
pg/ml) (8), and these eight and an additional six compounds
demonstrated higher activity than the parent compound, pen-
tamidine (Table 1). A definite structure-activity relationship
was observed among the most efficacious compounds, with a
five- to six-carbon chain defining the highest activities and a
shorter or longer chain resulting in decreased efficacy. Toxicity
to the mammalian cell lines began with compounds in the
marked category, with one exception: compound 5 in the very-
marked category exhibited toxicity in the Hep-G2 cell line.

The mechanism(s) of action of pentamidine appear to be com-
plex and incompletely understood. Because pentamidine and re-
lated compounds were shown to bind to the minor groove of the
DNA molecule, it was initially thought that the anti-P. carinii
properties were reliant upon inhibition of the organism’s topo-
isomerase I (13, 28). This was not found to be the case, and later
studies with recombinant P. carinii topoisomerase I as a reagent
rather than semipurified extracts provided further evidence that
the cytotoxic mechanisms of pentamidine were not targeted to
this enzyme (35). Topoisomerase II (3) or inhibition of group I
intron splicing (22, 41) were suggested as other potential targets.
In some pathogenic protozoa, such as Trypanosoma brucei brucei
(5), the efficacy of pentamidine has been linked in part to the
function of at least three transporters. Loss of these transporters
conferred a resistant phenotype. Collapse of mitochondrial mem-
brane potential leading to loss of mitochondrial activity was as-
sociated with pentamidine toxicity in Leishmania species (5, 36).

Data in the present study only permit us to speculate as to
the potential mechanisms of action of this series of com-
pounds. The highly active compounds (compounds 1 to 4 in
Table 1) are predominantly charged at physiological pH and
may be taken up into the target site(s) via transporters (5).
DNA-binding affinity measurements to calf thymus DNA and
poly(dA-dT) were performed but did not show a direct corre-
lation with the anti-P. carinii activity (data not shown). Several
of the more potent compounds, namely, compounds 11, 14, 15,
17, and 18, were poor DNA binders, whereas the less-potent
compounds, namely, 19 to 25, were strong DNA binders. This
suggests that binding to DNA may not be the major mode of
action against P. carinii for this series of compounds.

The nature of the in vitro system, which permits only mini-
mal replication, also does not support a mechanism of action
that targets DNA replication. Rather, the rapid and dramatic
decreases in ATP levels suggests that the target may be the
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mitochondria, as we postulated in previous studies (6), or per-
haps transporters, as reported in other parasitic pathogens (5).
Potential mitochondrial toxicity is supported by our recent
observations (23, 24) that bisbenzamidines, including pentam-
idine, can form complexes with heme (ferriprotoporphyrin
IX). Therefore, these compounds could target heme-contain-
ing macromolecules such as the cytochrome bc; complex, an
essential respiratory enzyme present in the mitochondrial
membrane of eukaryotic organisms. Further experiments are
under way to verify the hypothesis that the cytochrome bc,
complex could be a potential target for the bisbenzamidines.

The activities of compounds 1, 2, 3, and 4 were the highest
ever observed with the present in vitro assay system. Studies in
the mouse model of Pneumocystis pneumonia are ongoing to
evaluate in vivo efficacy, and strategies for improving bioavail-
ability are being evaluated.
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