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Bisbenzamidines, such as pentamidine isethionate, are aromatic dicationic compounds that are active
against Pneumocystis and other microbes but are oftentimes toxic to the host. To identify potential anti-
Pneumocystis agents, we synthesized bisbenzamidine derivatives in which the parent compound pentamidine
was modified by a 1,4-piperazinediyl, alkanediamide, or 1,3-phenylenediamide moiety as the central linker.
Several of the compounds were more active against P. carinii and less toxic than pentamidine in cytotoxicity
assays. For this study, we evaluated nine bisbenzamidine derivatives representing a range of in vitro activities,
from highly active to inactive, for the treatment of pneumocystosis in an immunosuppressed mouse model. Six
of these in vitro-active compounds, 01, 02, 04, 06, 100, and 101, exhibited marked efficacies against infection
at a dose of 10 mg/kg of body weight, and four compounds, 01, 04, 100, and 101, showed significant increases
in survival versus that of untreated infected control mice. Compound 100 was highly efficacious against the
infection at 20 mg/kg and 40 mg/kg, with >1,000-fold reductions in burden, and resulted in improved survival
curves versus those for pentamidine-treated mice (at the same doses). All six bisbenzamidine compounds that
exhibited high in vitro activity significantly decreased the infection in vivo; two compounds, 12 and 102, with
marked to moderate in vitro activities had slight or no activity in vivo, while compound 31 was inactive in vitro
and was also inactive in vivo. Thus, the selection of highly active compounds from in vitro cytotoxicity assays
was predictive of activity in the mouse model of Pneumocystis pneumonia. We conclude that a number of these
bisbenzamidine compounds, especially compound 100, may show promise as new anti-Pneumocystis drugs.

Pneumocystis is an opportunistic fungus that is a leading
cause of fatal pneumonia in persons infected with human im-
munodeficiency virus and in other immunocompromised hosts
(15, 23, 30). Drugs in clinical use to treat pneumocystosis are
limited by problems of efficacy, frequent adverse effects, and
emerging resistance (1, 19, 21, 22). Most development and
testing of new compounds for anti-Pneumocystis activity have
been conducted by using organisms derived from rodents (11,
31). Because a long-term in vitro propagation system for any
species of Pneumocystis is unavailable, we developed a short-
term cell-free system that assesses viability by measuring Pneu-
mocystis ATP with a luciferase-luciferin bioluminescence sys-
tem (7, 8). This system is semiautomated and permits the
screening of hundreds of compounds per year. Promising
agents are selected on the basis of anti-Pneumocystis activity
and a lack of toxicity or low toxicity in one to three mammalian
cell lines for further study in an immunosuppressed rodent
model of Pneumocystis pneumonia (12, 43, 45). The relation-
ship of this system to human pneumocystosis has become more
complicated by the increasing evidence of genetic diversity and
host specificity among Pneumocystis populations from different
mammalian species (3, 18, 25, 32). Currently, the literature

contains descriptions of the following four Pneumocystis spe-
cies: Pneumocystis carinii and P. wakefieldiae from rats (9, 10,
16, 32) P. murina from mice (24), and P. jirovecii from humans
(16, 32). The lack of availability of P. jirovecii organisms necessi-
tates the use of organisms isolated from rodent sources. Despite
genetic differences, drug responses in animal models have had a
high correlation to activities in humans with Pneumocystis pneu-
monia and continue to be reliable predictors (11, 43).

Bisbenzamidines are aromatic dicationic compounds that
have a broad range of activities against protozoa, fungi, myco-
bacteria, viruses, and tumors but are usually toxic to the host
and not well absorbed (2, 6, 31). The only bisbenzamidine in
clinical use is pentamidine isethionate, which is used to treat
pneumocystosis, leishmaniasis, and trypanosomiasis. We and
other investigators have studied the structure-activity relation-
ships of bisbenzamidine derivatives and their efficacies in ro-
dent models of Pneumocystis pneumonia (14, 17, 20, 34–36, 39,
42, 44). A series of compounds in which pentamidine was modi-
fied by a 1,4-piperazinediyl, alkanediamide, or phenylenedi-
amide moiety as the central linker to modulate conformational
flexibility was developed in our laboratories (12, 13, 28, 29, 37).
Forty-six of these agents were evaluated in the ATP assay, and
some were found to be more active than pentamidine against
P. carinii, with minimal toxicity to mammalian cells (12, 37).
For this study, we have extended these observations to examine
the activities and toxicities of selected bisbenzamidine de-
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TABLE 1. Structures, in vitro activities, and toxicities of bisbenzamidine and bisbenzimidazolidine compounds

Compounda R group or structure Pc IC50
(�g/ml)

In vitro
activity rank

A549 IC50
(�g/ml)

Piperazine-linked bisbenzamidines and
bisbenzimidazolidine

01 0.001 Highly active 93.9

02 0.001 Highly active 66.3

04 0.009 Highly active 15.6

06 0.046 Very marked 27.6

12 0.019 Marked 1.95

31 �100 Inactive �100

Alkanediamide or phenylenediamide-linked
bisbenzamidines

100
b

0.001 Highly active 1,000

101 0.0008 Highly active 500

102 0.578 Marked 81.4

Pentamidine 0.300 Marked 18.2

a Numbers correspond to compound numbers in reference 12.
b Number unique to this study.
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rivatives in an immunosuppressed mouse model of pneumo-
cystosis.

MATERIALS AND METHODS

Compounds. Bisbenzamidines were synthesized in the laboratory of Tien
Huang, College of Pharmacy, Xavier University of Louisiana, according to pre-
viously described procedures (12, 13, 28, 29, 33, 37, 38). The structures and purity
of the compounds were confirmed by spectroscopic methods (infrared and high-
resolution proton nuclear magnetic resonance) and elemental analyses. The
general formulas of the compounds are shown in Table 1. Pentamidine was
obtained from American Pharmaceutical Partners, Inc. (Los Angeles, CA).

In vivo studies. Evaluations of anti-Pneumocystis activities were conducted
with an immunosuppressed mouse model of pneumocystosis, using mice infected
with P. murina; the techniques used have been described in our earlier reports
(11, 40, 41, 43, 45). All procedures were performed under IACUC-approved
protocols at the University of Cincinnati. The immunosuppressed state was
induced by administration of 4 �g/ml dexamethasone (Butler, Columbus, OH) in
the drinking water. When the infection reached a moderate intensity (after 6 to
7 weeks), the mice were randomly divided into treatment and control groups of
8 to 12 animals each. Compounds to be tested and pentamidine were dissolved
in 2% ethanol and were administered by intraperitoneal injection on a mg/kg-
of-body-weight basis once daily for 5 days/week, at 1, 5, and 10 mg/kg for most
compounds and 20 and 40 mg/kg for selected compounds. The drugs were
administered for 3 weeks, during which the mice remained on the immunosup-
pressive regimen. Control animals receiving steroids (C/S) received no treat-
ment. The data presented represent a total of three separate experiments.

Efficacy was based on a reduction in organism burden, as determined by
microscopic quantification. All specimens were examined on a blinded basis (11,
39, 43, 45). The mice were required to receive treatment for at least 7 days to be
included in the data analysis. The right lung was homogenized and stained with
cresyl echt violet, which selectively stains the cyst form of P. murina. The lower
limit of detection by this enumeration method is 1.75 � 104 (log10 4.24)/lung. The
cyst counts were log transformed, and the group outcomes were compared by the
Kruskal-Wallis test, followed by Dunn’s multiple comparison test, using INSTAT
v.3 (GraphPad Software for Science, San Diego, CA). Survival curves were based
on the 21-day treatment period and were compared using GraphPad Prism v.4.
Significance was accepted when the P value was �0.05.

Anti-Pneumocystis activity in the mouse model was scored as follows: very
marked activity, �500-fold reduction in mean cyst count; marked activity, 100- to
499-fold reduction; moderate activity, 10- to 99-fold reduction; slight activity, 5-
to 9-fold reduction; and inactive, �5-fold reduction. In vivo activities of the
compounds were compared to their in vitro activities in the ATP assay, which had
the following categories: highly active, 50% inhibitory concentration (IC50) of
�0.010 �g/ml; very marked activity, IC50 of 0.011 to 0.099 �g/ml; marked activity,
IC50 of 0.10 to 0.99 �g/ml; moderate activity, IC50 of 1.00 to 9.99 �g/ml; slight
activity, IC50 of 10.0 to 49.9 �g/ml; and inactive, IC50 of �50 �g/ml.

In vivo toxicities of test compounds. Evaluation of the toxicities of test com-
pounds was performed in three ways and followed previously described proce-
dures (17, 20). In the first type of evaluation, the dexamethasone-immunosup-
pressed mice receiving the compounds were monitored for acute reactions to the
compounds immediately after injection by direct observation for 10 to 15 min.
The overall health and general well-being of the mice were observed daily
throughout the 21-day course of treatment. Weights were taken weekly. A two-
fold loss of weight compared to C/S controls was considered a toxic response.
The second method of evaluation relied on histopathological analysis of livers,
lungs, and pancreases removed from selected treated mice at necropsy. Hema-
toxylin- and eosin-stained sections were graded subjectively according to a pre-
viously published scale, from 0, indicating no deleterious effects compared to C/S
mice, to 3�, indicating severe cellular damage (20).

The third method was to determine the maximum tolerated doses (MTDs) of
pentamidine and the most promising candidate, compound 100, in non-dexa-
methasone-treated mice (male C3H/HeN mice of 5 weeks of age and 21.1 to 26.4 g;
Charles River, Hollister, CA). These studies were performed under an NIH
contract held by Chuck Litterest. All procedures were performed under IACUC-
approved protocols. A three-phase experimental approach was used. In phase I,
the pilot study, single intraperitoneal injections of the compounds were admin-
istered to one male mouse per group, at dose levels from 20 mg/kg to 500 mg/kg.
Mortality, body weight, and clinical observations were made on days 1 and 8 (the
end of the study). Phases II and III determined the MTDs of compound 100 and
pentamidine following single administration at dose levels from 5 to 40 mg/kg,
using three male mice per group. Besides the end points listed for the pilot study,

clinical pathology, gross necropsy, and histopathology were performed on mice
on day 4.

Blood was collected from the retro-orbital sinuses of mice under isoflurane
anesthesia. Blood for clinical pathology evaluation was sent to Quality Clinical
Laboratories (Mountain View, CA) for analysis. Standard chemistries and he-
matological assessments were conducted. Gross necropsy was performed on
animals sacrificed on day 4 in phases II and III and on all animals that were
found dead or were sacrificed due to moribund conditions. External examination
of all body orifices and surfaces and examination of all cranial, thoracic, and
abdominal organs were performed and recorded. Organs were weighed, and the
heart, kidney, liver, lung, spleen, thymus, small intestine, and mesenteric lymph
nodes were retained and fixed in phosphate-buffered 10% formalin for his-
topathological examination.

A one-way analysis of variance was performed on body weight and clinical
pathology data and organ weight data (LABCAT software; Innovative Program-
ming Associates, Inc., Princeton, NJ). Null hypothesis rejection was set at P
values of �0.05.

RESULTS

The selection criteria for the compounds evaluated in these
studies were based on their activities in our in vitro drug
screening system and their lack of or low toxicities in one or
more mammalian cell lines (12). For each compound, Table 1
shows the structure in relation to the parent compound, the in
vitro efficacy against P. carinii, expressed as the IC50 (the con-
centration of compound required to reduce the ATP content
of treated cells by 50% versus that of untreated cells), the in
vitro activity rank, and the IC50 for the A549 cell line, a human
lung cell line (toxicity). Compounds exhibiting a range of in
vitro activities, from highly active to inactive, were chosen for
this study to evaluate the in vitro-in vivo correlation.

In the first study, the following four compounds were eval-
uated in a mouse model of Pneumocystis pneumonia: com-
pound 100, a pentanediamide-linked bisbenzamidine, which
showed the highest in vitro activity; compound 06, a pipera-
zine-linked bisbenzamidine, with very marked in vitro activity;
pentamidine, the prototype bisbenzamidine compound, with
marked activity; and compound 31, a piperazine-linked bisbenz-
amidazolidine with no in vitro activity (Table 1). All agents
were administered at 10 and 1 mg/kg. At 10 mg/kg, compounds
100 and 06 and pentamidine significantly reduced the organism
burden relative to that for the untreated control group (P �
0.001 for all groups) (Fig. 1A). All three of these compounds
were comparable in their efficacies in reducing the mean log10

P. murina cyst count, from 7.52/lung in the corticosteroid (C/
S)-treated control group, by 234-, 204-, and 182-fold, respec-
tively. As expected, compound 31 had no effect on the infec-
tion, and mice in these groups died at the same rate as the
untreated mice (Fig. 1B). In contrast, both compound 100 and
pentamidine significantly extended the survival of the mice in
their respective groups versus those in the untreated control
group (Fig. 1B). There was no significant difference in survival
curves between the groups receiving 10 mg/kg pentamidine and
10 mg/kg compound 100. Toxicity was observed for the mice
that were given 10 mg/kg compound 06, in spite of the reduc-
tion in organism burden. These mice experienced dramatic and
rapid weight loss and tremors. They were sacrificed by day 15
after initiation of treatment, and necropsy revealed pale livers
and kidneys. Compound 100 given in doses of 1 mg/kg and 0.1
mg/kg (data not shown) exhibited some anti-Pneumocystis ac-
tivity, decreasing the cyst count 12- and 5-fold, respectively, yet
these reductions did not reach statistical significance (Fig. 1A).
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Likewise, pentamidine and compound 06 were ineffective at 1
mg/kg, and no further experiments were conducted using that
or lower concentrations.

In study 2, we extended the investigation to include several
other bisbenzamidines, including compound 101, a hexanedi-
amide-linked bisbenzamidine; compounds 01, 02, and 04, which
are piperazine-linked bisbenzamidines; and compound 12, a
piperazine-linked bisbenzimidazolidine (Table 2). Compound
101, which was highly active in vitro (IC50, 0.0008 �g/ml),
significantly reduced the P. murina cyst counts, from 7.23 �
0.20/lung to 5.31 � 0.69/lung (83-fold) and 6.01 � 0.66/lung
(17-fold), when given at doses of 10 mg/kg and 5 mg/kg, re-
spectively. Compounds 01, 02, and 04, which exhibited the
highest activities in vitro, all significantly reduced the organism
burdens in mice at 10 mg/kg (Table 2). Only compound 01

showed a significant reduction (15-fold) at the 5-mg/kg dose. In
contrast, compound 12, a piperazine-linked bisbenzimidazoli-
dine which showed reduced in vitro activity (IC50, 0.195 �g/
ml), did not significantly decrease the infection at either dos-
age. Mice receiving a 10-mg/kg dose of compounds 101, 01,
and 04 had significantly increased survival (Table 2), while
mice receiving 5 mg/kg of compounds 101 and 01, but not 04,
also experienced longer survival times. In contrast, mice re-
ceiving both doses of compound 02 experienced lethargy im-
mediately after receiving the drug and had symptoms similar to
those described for mice receiving compound 06. Although
mice receiving the 10-mg/kg dose recovered, they then devel-
oped rapid weight loss and tremors, which resulted in all ani-
mals being sacrificed by day 8 of treatment. Mice administered
the 5-mg/kg dose recovered from their lethargy, did not de-

FIG. 1. In vivo efficacies of compounds 100, 06, and 31 and pentamidine at 1 and 10 mg/kg and survival curves for the 10-mg/kg dose. (A) P.
murina cyst burdens determined by microscopic quantification were log transformed and expressed as means � standard deviations (log10 cysts per
lung) (y axis). All four compounds were evaluated at 10 and 1 mg/kg and compared to the untreated controls (no Tx) (x axis). Asterisks denote
statistical significance, with P values of �0.05. (B) Survival curves were based on the 21-day treatment period with 10 mg/kg and were analyzed
using GraphPad Prism v.4. Asterisks denote curves that are statistically different from the untreated control curve (P � 0.05).
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velop other signs of toxicity, and were not sacrificed prema-
turely. The survival curve for mice given the 5-mg/kg dose of
compound 02 was no different from that for untreated mice,
suggesting that the infection, not the compound, was the cause
of death (Table 2). However, mice receiving the 10-mg/kg dose
of compound 02 had statistically shorter survival times than did
untreated control mice, with treated animals surviving an av-
erage of about 7 days versus 13 days for the untreated mice.
Since the treated animals had significantly reduced organism
burdens, the premature death was likely caused by the toxic
effects of compound 02. Compound 102, a 1,3-phenylenedi-
amide-linked bisbenzamidine with reduced in vitro activity
(IC50, 0.578 �g/ml), was ineffective against P. murina when
administered at doses of 5 and 10 mg/kg.

In the third and final study (Table 3), compound 100, the
pentanediamide-linked bisbenzamidine with the highest in
vitro activity and no apparent toxicity at the doses tested, was
compared to pentamidine at dosage levels of 40 and 20 mg/kg
to assess whether toxicity would occur at these increased levels.
Also included in the study were 5-mg/kg and 10-mg/kg doses of
compound 100, compound 01, and pentamidine to assess the
reproducibility of the previous results. The 40-mg/kg dose of
pentamidine was highly toxic to mice. Within a day after the

first injection, 10 of the 12 mice had died. The remaining two
mice were sacrificed the following day. Early deaths indicating
toxicity were also apparent for the mice receiving 40 mg/kg of
compound 100. After the first injection, three mice were found
dead the following day, and one other mouse died after the
fourth day of treatment. The remaining seven mice received
the minimum length of treatment to be included in the analysis
(7 days); four completed the full 21-day regimen. The mean
log10 P. murina cyst count for the seven surviving mice was
dramatically reduced, from 7.52 � 0.35 for the untreated con-
trol mice to 4.48 � 0.62, for a �1,000-fold reduction (P �
0.001) (Table 3). There was no difference in the survival curves
for the mice treated with 40 mg/kg of compound 100 and the
untreated controls, which was most likely due to the toxic
effects of the compound, which were most apparent during the
early days of dosing. At 20 mg/kg, both compound 100 and
pentamidine were highly effective in reducing the mean log10

P. murina cyst count, by 1,660-fold and 851-fold, respectively
(P � 0.001) (Table 3). Likewise, a significant increase in sur-
vival was observed with both treatments versus that for un-
treated control mice.

As in the previous studies, all three compounds significantly
reduced the organism burden when administered at 10 mg/kg
(Table 3), and the magnitudes of the reductions were similar to
the results in the first study (Fig. 1). However, pentamidine was
the only compound causing a significant decrease in organism
burden at 5 mg/kg and increased survival times versus those for
untreated mice (P � 0.016) at 10 mg/kg (Table 3). Interest-
ingly, compound 100 was the only compound to show a signif-
icant increase in mouse survival at 5 mg/kg (P � 0.0016),
despite the lack of significant efficacy at this concentration
(Table 3). Eleven of 12 mice receiving compound 100 at 5
mg/kg survived the entire 21-day regimen, compared to 8 of 12
mice in the pentamidine group, 6 of 12 mice treated with
compound 01, and 4 of 12 mice in the C/S group.

Acute toxicity studies with escalating doses from 5 to 500
mg/kg were conducted with compound 100 and pentamidine.
Toxicities associated with compound 100 at doses of 50 mg/kg
and above included severe hypoactivity, dyspnea, and general
hypothermia. Pentamidine was toxic at doses of 20 mg/kg and
higher, and mice in these groups experienced moderately ruf-
fled fur, squinting, hunched posture, slight to severe hypoac-
tivity, dyspnea, and weight loss. Doses of 50, 100, and 500

TABLE 2. Study 2 activities of bisbenzamidines against P. carinii

Compound Dose
(mg/kg)

No. of
cysts (log10

�mean � SD	)

Fold
reduction
(vs C/S)

Significance of
cyst no. vs C/S

value (P �
indicated
value)a

Significance vs
C/S survival
(P value)a

01 10 5.33 � 0.75 80 0.001 0.04
5 6.09 � 0.82 14 NS 0.002

02 10 5.63 � 1.50 40 0.05 0.0002b

5 6.80 � 0.80 3 NS NS
04 10 5.56 � 0.93 47 0.01 0.0002

5 7.00 � 0.53 2 NS NS
12 10 6.39 � 0.72 7 NS NS

5 6.63 � 0.20 4 NS NS
101 10 5.31 � 0.69 83 0.001 0.0001

5 6.01 � 0.66 17 0.05 0.001
102 10 7.56 � 0.23 NS NS

5 7.06 � 0.45 2 NS NS

a NS, not significant.
b Decreased survival versus untreated C/S controls due to toxicity.

TABLE 3. Study 3 activities of bisbenzamidines against P. carinii

Compound Dose
(mg/kg)

No. of cysts (log10
�mean � SD	)

Fold reduction
(vs C/S)

Significance of cyst no. vs C/S
value (P � indicated value)a

Significance vs C/S
survival (P value)a

100 40 4.48 � 0.62 1,096 0.001 NS
20 4.30 � 0.20 1,660 0.001 0.0005
10 5.26 � 1.01 182 0.01 NS

5 6.09 � 0.95 27 NS 0.0016
01 10 5.50 � 1.35 104 0.01 NS

5 6.36 � 1.28 15 NS NS
Pentamidine 40b 0.0001c

20 4.59 � 0.51 851 0.001 0.01
10 5.44 � 1.02 93 0.01 0.016

5 5.62 � 1.17 79 0.05 NS

a NS, not significant.
b Not scored due to toxicity.
c Survival of treated mice was significantly decreased versus that of C/S control mice.
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mg/kg of compound 100 and doses of 100 and 500 mg/kg of
pentamidine were lethal in these acute studies.

At doses below 50 mg/kg, mice treated with pentamidine
showed ruffled fur, while no toxicity was observed for com-
pound 100 at these doses. More animals exhibited ruffled fur
when pentamidine was administered in 20% dimethyl sulfoxide
than when it was administered in sterile saline, suggesting that
dimethyl sulfoxide may potentiate the pentamidine-associated
adverse effects.

None of the observed hematology or clinical chemistry val-
ues for either drug were considered to be of toxicologic signif-
icance. This was consistent with the lack of effects on organ
weights and the absence of histopathologic findings for mice
treated with dexamethasone and compound 100 or pentami-
dine. The MTD of compound 100 was estimated to be 40
mg/kg and that for pentamidine in these studies was approxi-
mately 50 mg/kg.

DISCUSSION

Although the bisbenzamidines have been available for many
years, problems such as toxicity have resulted in only one
compound, pentamidine, being licensed for clinical use (2, 4, 5,
26, 34). Yet since these agents are active against a variety of
microorganisms and because much is known about their struc-
ture-activity relationships, investigators have remained inter-
ested in developing new drugs that overcome the limitations of
their predecessors. In previous reports, we found promising
antiprotozoal and anti-Pneumocystis activities of bisbenzami-
dines by using a 1,4-piperazinediyl skeleton as a rigid linker
(12, 13, 28, 33, 37). We then synthesized a library of piperazine-
linked bisbenzamidine derivatives and showed that many of
these drugs were highly potent and had minimal toxicities in
vitro (12). In addition, we recently discovered that bisbenzami-
dines linked with an alkanediamide linker were highly potent
against rat P. carinii in vitro and displayed minimal toxicities in
several human tumor cell lines (37).

The major difference between the compounds reported in
the present study and compounds reported earlier by others (4,
14, 17, 20, 34–36) is the type of linker joining the two benzami-
dine groups. Previous investigators used a wide range of both
flexible and restricted linkers, with 2,5-furan being the most
promising. The linkers used herein (1,4-piperazinediyl, alkane-
diamide, and 1,3-phenylenediamide) are uniquely different
from these linkers. We have demonstrated the importance of
the nature (electronic and conformational effects) of the cen-
tral linker in influencing the biological properties of this class
of compounds (13, 28, 33, 37).

In the present study, we tested several of these compounds
in our mouse model of pneumocystosis to determine if in vitro
activity could be translated into in vivo activity. Of the piper-
azine-linked bisbenzamidines, compounds 01, 02, 04, and 06
exhibited highly active (IC50s of �0.01 mg/�l) or very marked
(IC50s of �0.099 mg/�l) activity in vitro. In agreement with
their in vitro activities, these agents exhibited marked (�100-
fold reduction) or moderate (�10-fold reduction) anti-Pneu-
mocystis activity when administered at a dose of 10 mg/kg in
our immunosuppressed mouse model of pneumocystosis.
However, notable toxicity was associated with compounds 02
and 06, which was not predicted at the in vitro level. The in vivo

data suggest that piperazine-linked bisbenzamidines with
straight alkyl chains of four or five carbons substituted at one
of the amidinium nitrogens are linked with toxicity (com-
pounds 02 and 06), whereas those compounds with branched
alkyl chains of five carbons (compounds 01 and 04) or a bulky
cyclic ring (compound 12) were not toxic at the tested doses. In
vivo testing of additional analogs will be needed to confirm this
structure-activity relationship. Compound 31, a piperazine-
linked bisbenzimidazolidine, exhibited no anti-Pneumocystis
activity in vitro and was also ineffective in vivo. Compound 12
was predicted to have at least modest efficacy in vivo because
it achieved a reduced but marked activity in vitro. Although it
reduced the P. murina cyst burden sevenfold, the effect was not
statistically significant.

Of the alkane or phenylenediamide-linked bisbenzamidines,
compounds 100 and 101 were highly active in the ATP assay,
with little apparent toxicity (9). In vivo, compound 100 exhib-
ited marked anti-Pneumocystis activity at 10 mg/kg and very
marked activity at 20 mg/kg and 40 mg/kg. Compound 101
showed moderate activity at 5-mg/kg and 10-mg/kg doses. In
contrast, compound 102, which had marked activity in vitro,
was ineffective in vivo. The reasons for this discrepancy are
unclear. None of these compounds were toxic to the treated
mice, in agreement with the in vitro data. Compound 100
consistently provided robust therapeutic efficacy and was bet-
ter tolerated at higher doses than pentamidine in the P. mu-
rina-infected mouse model. Future studies will include combi-
nations with other compounds at reduced doses and in orally
available preparations.

In light of the in vivo toxicity resulting from two of the
piperazine-linked bisbenzamidines and the apparent inconsis-
tency of in vivo activities for compounds showing reduced in
vitro activities, it would seem prudent to modify our in vitro
screening criteria to select compounds that have P. carinii
IC50/A549 IC50 ratios of �0.00001 with only the highest anti-P.
carinii activities in vitro.

The data obtained from our in vitro and in vivo studies
establish a basis for future analyses of structure-activity rela-
tionships of the bisbenzamidines and their mechanism of ac-
tion. Despite many years of use, how these drugs exert their
antimicrobial effects remains controversial. Targets of interest
have included topoisomerase I (14, 31), topoisomerase II (4),
group I introns (27, 46), transporters (6), and mitochondria (6,
7, 12, 13). Using the described in vitro-in vivo approach, it
should be possible to develop highly potent drugs with minimal
toxicity to the host.
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