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Guanylhydrazones are cationic heteroaromatic drugs similar to the diamidines which are effective in the
treatment of African trypanosomiasis and pneumocystosis. On the basis of their antitrypanosomal activity,
different guanylhydrazones were selected for evaluation in a rat model of Pneumocystis carinii pneumonia. The
most active compounds were the 2-(4'-formylphenyl)-1-methylimidazo-[1,2-a]pyridinium guanylhydrazones
which, at a dose of 2 mg/kg/day, were about as effective as trimethoprim-sulfamethoxazole at a dose of 50 mg
of trimethoprim per kg/day plus 250 mg of sulfamethoxazole per kg/day. The anti-P. carinii activity of these
guanylhydrazone derivatives was found with parenteral but not with oral administration. The 1,3-arylene
diketone bis(guanylhydrazones) were generally ineffective, although a triacetyl derivative showed some anti-P.
carinii activity. Nitroimidazole guanylhydrazone derivatives were also ineffective. Attempts to improve the
therapeutic efficacy of the different guanylhydrazones were limited by problems of toxicity. We conclude that
some guanylhydrazone derivatives are potent anti-P. carinii drugs and that further studies should be pursued
to develop safer compounds and investigate structure-activity relationships.

Drugs currently licensed for the treatment of Pneumocystis
carinii pneumonia in human immunodeficiency virus-infected
patients are characterized by problems of efficacy and/or a high
frequency of adverse reactions (18). Cationic aromatic com-
pounds such as the diamidines, which were originally devel-
oped as antitrypanosomal drugs, are known to have potent
anti-P. carinii properties (30, 32). The major limitation to the
wider use of these agents is their toxicity, as evidenced by the
fact that only one member of this class of compounds, penta-
midine isethionate, has been licensed for use in this country (1,
19). Research efforts to develop better diamidine derivatives
have proceeded along two general lines. Most of the work has
been devoted to synthesizing new compounds and examining
their structure-activity relationships (6, 15, 26, 27). Alterna-
tively, our laboratory has explored existing classes of cationic
drugs and found anti-P. carinii activity in the following: diami-
dines, carbanilides, aminoquinaldines, and phenanthridiniums
(30, 32).

Guanylhydrazones represent another class of quaternary
heteroaromatic drugs which have shown trypanocidal activity.
In a previous study, we found that methylglyoxal-bis(guanylhy-
drazone) (MGBG) had limited efficacy in an immunosup-
pressed-rat model of pneumocystosis (32). Over the past
decade, several hundred guanylhydrazone derivatives have
been synthesized and their structure-activity relationships have
been studied in a mouse model of African trypanosomiasis (24,
28, 29). In the present study, we used this information to select
and compare the activities of guanylhydrazone compounds in a
standard immunosuppressed-rat model of P. carinii pneumo-
nia.
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MATERIALS AND METHODS

Drugs. The compounds used in this study and their struc-
tures are shown in Fig. 1. MGBG was purchased from Sigma
Chemical Co., St. Louis, Mo. The following 1,3-arylene di-
ketone bis(guanylhydrazone) derivatives were synthesized by
R.S.K. and B.A.O. in accordance with procedures described by
Ulrich and Cerami: 1,3-diacetylbenzene-bis(guanylhydrazone)
hydrochloride (compound 4 in their series), 1,3,5-triacetylben-
zene-tris(guanylhydrazone) hydrochloride (compound 12), and
1,3-diacetylpyridine-bis(guanylhydrazone) hydrochloride (com-
pound 17) (28, 29). Several guanylhydrazones of 2-(4'-formyl-
phenyl)-1-methylimidazo-[1,2-a]pyridinium salts were synthe-
sized by R.J.S. as previously reported (24). These agents
included compound 1a-53, a dibromide salt; compounds 1a-62
and JC-1-127, which are identical except that the former is the
dibromide salt and the latter is the dichloride salt; and
compounds li-39 and JC-1-134, which are identical except that
1i-39 has a 7-methyl group and is the dibromide salt and
JC-I-134 has a 6-methyl group and is the dichloride salt. Two
other agents synthesized by R.S.K. and B.A.O. included 2-(4-
carbostyryl)-5-nitro-1-vinylimidazoleguanylhydrazone, which
was prepared by using the method of Ross and Jamieson (21),
and 2-(4-carbostyryl)-5-nitro-1-vinylimidazolethiosemicarba-
zone, which was newly synthesized in their laboratory.

The dose, route, and frequency of administration of the
drugs used in these experiments were based mainly on experi-
ence obtained by using these compounds in the mouse model
of African trypanosomiasis. Modifications were then made on
the basis of efficacy and tolerance by the rats.

Animal model. The experimental protocol has been de-
scribed in detail in our previous reports (16, 30-32). Briefly,
adult male Sprague-Dawley rats (Harlan Industries, Madison,
Wis., or Sasco, Inc., St. Louis, Mo.) with naturally acquired
latent P. carinii infection were immunosuppressed with corti-
costeroids (methylprednisolone acetate [4 mg] injected subcu-
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taneously [s.c.] once weekly) to induce pneumocystosis. After
about 6 weeks, when the pneumonia reached moderate inten-
sity, the rats were randomly divided into treatment and control
groups of 10 to 20 animals each. Drugs to be studied were
given by parenterally or by oral gavage in single or divided
doses for 3 weeks, during which time the animals remained on
the immunosuppressive regimen. At the end of this time, the
rats were sacrificed by an overdose of carbon dioxide or
halothane anesthesia.

Evaluation of drug activity. Analysis of the activity of the
anti-P. carinii drugs, which was performed by using procedures
described in our earlier reports (16, 30-32), was based on the
severity of pneumocystosis in the lungs rather than on animal
survival because the rats occasionally died from causes such as
drug toxicity or infection with other organisms. Ordinarily,
animals must have received at least 10 days of treatment to be
included in the data analysis because it usually takes this long
to observe an effect against P. carinii; however, with highly
potent but toxic drugs (e.g., some of the guanylhydrazone
compounds used here), this period is reduced to 7 days. To
determine the magnitude of P. carinii pneumonia, the right
lung was weighed, homogenized, and stained with cresyl echt
violet to count the number of organism cysts per lung; in
selected instances, the homogenate was stained with Diff-Quik,
a variant of the Wright-Giemsa stain, to count all of the
developmental stages of P. carinii. The lower limit of detection
is 1.12 X 10° organisms per lung. The left lung was used for
histologic studies, which were also performed on a selective
basis; staining was performed with hematoxylin and eosin and
methenamine silver, and pneumocystosis intensity was graded
on a scale of 0 to 4+ based on the degree of alveolar involve-
ment. All specimens were analyzed in a blinded manner.

Drug efficacy was determined by comparing the P. carinii
infection in the treatment groups with that in the control
steroid (C/S) group. In our previous studies, several different
drugs and dose regimens were usually analyzed in a given
experiment and the results were presented in a figure (16,
30-32). Since the data frequently did not follow a normal
pattern of distribution, we used nonparametric statistical tech-
niques, such as the Kruskall-Wallis test for analysis of variance
and the Wilcoxin rank sum test with the Bonferroni correction
for comparison of individual groups. The anti-P. carinii activity
of drugs was also classified by calculating the reduction in the
median cyst or nucleus counts in the treatment groups com-
pared with controls.

The data presented here summarize our experience with
guanylhydrazone derivatives in the treatment of experimental
pneumocystosis over a period of several years. These com-
pounds were evaluated in experiments along with other, unre-
lated candidate anti-P. carinii drugs; thus, we were interested
in only a small portion of any given study. We felt that the most
efficient way of presenting this information would be to express
the mean * the standard deviation of each group in tabular
form. In preliminary experiments, we compared data analyses
of different treatment regimens by use of geometric means *+
standard deviation and the ¢ test with analysis by use of
medians and the Wilcoxin rank sum test. Anti-P. carinii drugs
used included pentamidine, inhibitors of dihydrofolate reduc-
tase used with sulfamethoxazole or dapsone, atovaquone, and
clindamycin used with primaquine. Excellent correlation be-
tween the two methods of data analysis was found. Therefore,

FIG. 1. Structural formulas of the guanylhydrazone derivatives
tested in this study.
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TABLE 1. Treatment of P. carinii pneumonia

No. of Mean log,, cyst

Study Drug group Dose regimen® rats count = SD P value®

1-3 MGBG 25-75 mg/kg/day s.c., i.m., or i.p. 3-7 days/wk 60 8.59 = 0.50 NS
C/S 68 8.69 * 0.57

4 Compound 4 10—5 mg/kg 5 days/wk s.c. 11 8.36 £ 0.53 NS
Compound 12 10—5—2.5 mg/kg 5 days/wk s.c. 9 720 £ 1.0 NS
Compound 17 10—5 mg/kg 5 days/wk s.c. 11 8.08 = 0.85 NS
C/S 20 7.38 £ 1.51

5 Compound 4 5 mg/kg 3X wkly s.c. 20 8.38 = 0.80 NS
Compound 12 5 mg/kg 3X wkly s.c. 14 7.55 £0.99 0.0001
Compound 17 5->3 mg/kg 3X wkly s.c. 13 8.39 = 0.46 NS
C/S 17 8.73 = 0.57

6 1a-53 3 mg/kg/day s.c. 13 8.45 + 0.59 NS
la-62 3 mg/kg/day s.c. 9 7.44 = 0.96 0.002
1i-39 3 mg/kg/day s.c. 11 7.71 = 0.86 0.006
C/S 11 8.59 + 0.56

7 la-62 3—1.5 mg/kg/day s.c. 19 6.53 = 0.87 <0.0001
1i-39 3—1.5 mg/kg/day s.c. 17 7.04 = 0.30 <0.0001
C/S 18 8.52 +1.18

8 JC-1-127 10 mg/kg/day p.o. 19 7.94 = 0.52 NS
JC-1-127 30 mg/kg/day p.o. 18 7.76 = 0.51 NS
JC-1-134 10 mg/kg/day p.o. 19 7.78 = 0.59 NS
JC-1-134 30 mg/kg/day p.o. 17 7.59 = 0.39 NS
C/S 22 7.89 = 0.79

9 la-62 0.5 mg/kg/day s.c. 15 6.24 = 0.89 <0.0001
1a-62 2 mg/kg/day s.c. 15 5.44 =051 <0.0001
JC-1-127 0.5 mg/kg/day s.c. 15 5.97 = 0.80 <0.0001
JC-1-127 2 mg/kg/day s.c. 9 537 £ 0.75 <0.0001
1i-39 0.5 mg/kg/day s.c. 16 7.15 + 0.94 NS
1i-39 2 mg/kg/day s.c. 13 6.17 = 0.84 <0.0001
JC-1-134 0.5 mg/kg/day s.c. 15 7.00 *+ 0.79 NS
JC-1-134 2 mg/kg/day s.c. 15 6.24 = 0.43 <0.0001
TMP-SMX 50 mg of TMP per kg/day, 250 mg of SMX per kg/day p.o. 13 5.13 = 0.30 <0.0001
C/S 19 7.88 = 1.10

10 N-vinyl-metro-guan® 12.5 mg/kg 5 days/wk, 6.25 mg/kg 2 days/wk i.m. 15 8.00 + 0.88 NS
N-vinyl-metro-guan 100—25 mg/kg 5 days/wk, 12.5 mg/kg 2 days/wk i.m. 9 8.11 = 0.76 NS
N-vinyl-metro-thio? 12.5 mg/kg 5 days/wk, 6.25 mg/kg 2 days/wk i.m. 17 8.13 £ 0.66 NS
N-vinyl-metro-thio 100 mg/kg 5 days/wk, 50 mg/kg 2 days/wk i.m. 15 8.30 £ 0.72 NS
C/s 16 7.76 = 0.81

4 i.m., intramuscularly; i.p., intraperitoneally; p.o., orally.

5 To determine values, each group was compared with the C/S group in the same experiment. P < 0.05 was considered significant. NS, not significant. —, dose

reduction (e.g., 10—5 mg signifies 10 mg reduced to 5 mg).
¢ N-Vinyl-metro-guan, N-vinyl-metro-guanylhydrazone.
¢ N-Vinyl-metro-thio, N-vinyl-metro-thiosemicarbazone.

in this report we have used geometric means as the principal
method of presenting the results; medians have been included
on a selective basis to indicate that this close correlation
extends to the analysis of guanylhydrazones.

RESULTS

Analysis by P. carinii cyst counts. MGBG served as the
prototype compound, and the data from three experiments
(studies 1 to 3), which were published previously (32), have
been combined to summarize our experience with this agent
(Table 1). As judged by P. carinii cyst counts in the MGBG and
C/S groups, this experience was disappointing. MGBG caused
severe reactions at injection sites, and thus a variety of dose
regimens were explored. Although we found some differences
among these regimens, we concluded that further testing of
this drug was not justified.

In study 4, which investigated the bis(guanylhydrazone)
derivatives synthesized by Ulrich and Cerami (28, 29), the
drugs were administered at a dose of 10 mg/kg/day s.c.;
however, this had to be reduced because of early deaths of the
rats and other signs of severe systemic toxicity (Table 1).
Compound 12 appeared to have the greatest anti-P. carinii
activity, although the cyst count reduction did not reach
statistical significance. In study 5, compound 12, used at dose
of 5 mg/kg/day 3 days/week s.c. lowered the mean cyst count
over 15-fold, from 8.73 per lung in the C/S group to 7.55 per
lung, which was highly significant. Similar data were obtained
by analysis of median cyst counts (Table 2). Even at the
reduced doses, all three guanylhydrazone derivatives caused
adverse reactions in the animals.

The first experiment (study 6) evaluating the imidazo[1,2-
aJpyridinium guanylhydrazones synthesized by R.J.S. (24)
compared compounds 1a-53, 1a-62, and 1i-39 at a dose of 3
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TABLE 2. Evaluation of treatment of P. carinii pneumonia
by different methods of analysis

Cyst count per lung Median
Study Drug group histologic
Mean (log,o) Median score
5 Compound 12 7.55 6.43 % 10° 2+
C/S 8.73 8.02 x 10® 4+
9 la-62 5.44 112 x 10° 05+
JC-1-127 5.37 1.12 x 10° 0+
1i-39 6.17 1.56 x 10° 1+
Jc-134 6.24 1.56 x 10° 0.5+
C/S 7.88 1.43 x 108 3.5+

mg/kg/day s.c. (Table 1). Anti-P. carinii activity was found in
1a-62 and 1i-39 but not in 1a-53; however, all compounds
caused early deaths and other evidence of systemic toxicity. In
study 7, the initial dose was 3 mg/kg/day, which was then
reduced to 1.5 mg/kg/day for improved tolerance and rat
survival (Table 1). 1a-62 and 1i-39 lowered the mean cyst count
from log,, 8.52 per lung in the C/S group to log,, 6.53 per lung
(98-fold) and 7.04 per lung (30-fold), respectively. Study 8
analyzed JC-1-127, the dichloride salt analog of 1a-62, and
JC-I-134, the dichloride salt analog of 1i-39 (Table 1). These
compounds had been prepared in the hope that a more soluble
chloride formulation would be better absorbed after oral
administration than the dibromide salt. Although both prepa-
rations were well tolerated by the rats, they showed no anti-P.
carinii activity. In study 9, we compared both formulations of
these compounds by parenteral administration (Table 1). 1a-62
and its analog JC-I-127 exhibited comparable, dose-related
activities against P. carinii and were well tolerated; at 2
mg/kg/day, these drugs lowered the mean cyst count from 7.88
per lung in the C/S group to 5.44 per lung (275-fold) and 5.37
per lung (323-fold), respectively; similar data were obtained
when the data were analyzed by median counts (Table 2).
These results compared favorably to the cyst count of 5.13 per
lung achieved with the standard positive control drug, tri-
methoprim (TMP)-sulfamethoxazole (SMX) administered at
50 mg of TMP per kg/day and 250 mg of SMX per kg/day
(Table 1). 1i-39 and its analog JC-I-134 also showed dose-
related activity, but the magnitude of cyst reduction (45- to
50-fold) was not quite as great as that obtained with 1a-62 and
JC-1-134.

2-(4-Carbostyryl)-5-nitro-1-vinylimidazole-guanylhydrazone
and 2-(4-carbostyryl)-5-nitro-1-vinylimidazole-thiosemicarba-
zone were evaluated in a final experiment (Table 1). The drugs
were administered in two doses but did not exhibit any anti-P.
carinii activity. The doses of these agents also had to be
reduced because of adverse effects.

Analysis by lung histology. In general, the results of histo-
logic examination correlated well with P. carinii quantitation
(Table 2). The most active drugs, 1a-62, 1i-39, and their JC
counterparts, reduced the median histologic score from 3.5 to
4+ in the C/S group to 0 to 1+. On hematoxylin and eosin
staining, heavily infected lungs exhibited minimal inflamma-
tory changes and the typical vacuolated alveolar exudate; when
stained with methenamine silver, clusters of organisms were
seen.

DISCUSSION

Antitrypanosomal and anti-P. carinii activities have been
shown to be properties of quaternary aromatic compounds and
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structurally unrelated drugs (5, 23, 30, 32). We undertook the
present study to determine whether guanylhydrazone deriva-
tives, which are effective in the treatment of trypanosomiasis in
mice, have activity in our rat model of pneumocystosis. The
results presented here summarize our experience with these
compounds over several years. We also compared data analysis
by geometric means and the z-test with analysis done by using
medians and the Wilcoxin rank sum test and found that the two
methods gave very similar information.

The bis(guanylhydrazones) of which MGBG is the proto-
type, have been investigated as antitrypanosomal and antitu-
mor agents (4, 7). Since these drugs are relatively inexpensive
and easy to synthesize, it was thought that they might be
particularly suitable for use in poor African countries plagued
by trypanosomiasis in cattle (29). Of the bis(guanylhydrazones)
tested in a mouse model of African trypanosomiasis (28, 29)
and in our rat model of pneumocystosis, compound 12, the
triacetylbenzene derivative, was the most active.

The imidazo[1,2-a]pyridinium guanylhydrazones used in the
present study were selected from a large number of com-
pounds on the basis of favorable efficacy and toxicity in the
therapy of Trypanosoma rhodesiense infection in mice (24).
These drugs exhibited much greater anti-P. carinii activity than
the other guanylhydrazone derivatives and are among the most
potent cationic heteroaromatic agents we have ever tested.
Compound 1a-62 (or JC-I-127, the dichloride salt) was the
most active drug; when used at a dose of 2 mg/kg/day, this
agent lowered the cyst count to levels comparable to those
achieved with high dose TMP-SMX. 1i-39 was also very active,
but 1a-53 was inactive. The latter result was somewhat surpris-
ing in light of the fact that 1a-53 appeared to be the most
promising antitrypanosomal compound in mice (24).

Neither of the 5-nitro-1-vinylimidazole derivatives (21) ex-
amined here showed any anti-P. carinii activity. Our experience
with nitroimidazole compounds with or without addition of
guanylhydrazones in the treatment of pneumocystosis has
generally been disappointing (30).

The principal structural characteristic shared by the guanyl-
hydrazones, diamidines, and related compounds is the cationic
nature of the heteroaromatic ring, which appears to play an
important role in their antimicrobial properties (24). Current
investigative interest in the mechanism of action of these drugs
has focused on binding to the minor groove of DNA and
inhibition of topoisomerase (8, 10, 17, 20, 22), although other
pathways have also been studied (2, 3, 25). Studies of these
drugs with trypanosomes have shown good correlation in the
ability of these agents to bind to DNA, induce petite mutants
in Saccharomyces cerevisiae, and exert trypanocidal activity in
the mouse model (8, 12, 24). This approach has also been
applied to P. carinii and other microbes, but further studies are
needed to determine its value for prediction of in vivo activity
(9, 11, 25, 27).

The major impediments to the clinical development of
guanylhydrazones and other cationic compounds have been
their toxicity and general need for parenteral administration.
The successful use of aerosol pentamidine (4) suggests that
other methods of administration should be explored. Among
the more novel approaches which might be considered are
topical administration (14) and conjugation to monoclonal
antibodies directed towards the specific drug target (13).

In summary, this study has shown that some guanylhydra-
zone derivatives selected for activity in a mouse model of
African trypanosomiasis are highly effective in the treatment of
pneumocystosis in immunosuppressed rats. This information,
combined with results of recent in vitro studies, should be
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helpful in developing new anti-P. carinii drugs with improved
potency and reduced toxicity.
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