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Isoprinosine has been reported to decrease progression to AIDS, primarily by preventing Pneumocystis
carinii pneumonia (PCP), in human immunodeficiency virus-infected patients, but the mechanism of action is
unknown. para-Acetamidobenzoic acid (PAcBA), one component of isoprinosine, is structurally related to
para-aminobenzoic acid (PABA), a precursor of de novo folate synthesis. This pathway is known to be
important for P. carinii because sulfonamides, which are effective anti-P. carinii agents, inhibit incorporation
of PABA into folate precursors by the enzyme dihydropteroate synthetase (DHPS). Inhibition of P. carinii
DHPS by PAcBA was investigated by using two assays. In short-term cultures of P. carinii from rats,
[3H]PABA incorporation into reduced folates was inhibited by both isoprinosine (mean ± standard error 50%Y
inhibitory concentration [IC50], 20 + 8.4 ,uM) and PAcBA free acid (IC50, 240 ± 100 ,uM); a soluble PAcBA
salt was more potent than PAcBA free acid alone (IC50, 29 ± 48 FM). The activity of PAcBA free acid was
confirmed in a cell-free DHPS inhibition assay (IC.., 120 + 120 FM). Inosine and dimethylaminopropanol, two
other components of isoprinosine, were poor inhibitors of PABA incorporation (IC50, >1,000 ,uM). PAcBA
free acid also showed activity in inhibiting the DHPS of Toxoplasma gondii, but was a poor inhibitor of the
DHPSs ofEscherichia coli and Saccharomyces cerevisiae. In a rat model of PCP, the PAcBA salt administered
intraperitoneally demonstrated no activity against established PCP either alone or when used in combination
with trimethoprim; the lack of efficacy in this model may be due to the rapid metabolism of the drug.
Prevention of PCP by PaCBA through inhibition of P. carinii DHPS may explain the activity of isoprinosine in
decreasing the progression to AIDS in human immunodeficiency virus-infected patients.

Isoprinosine has recently been shown in a randomized,
placebo-controlled trial to decrease the progression to AIDS
in human immunodeficiency virus (HIV)-infected patients
(14). Although isoprinosine has immunomodulatory proper-
ties in vitro, no immunological changes that correlated with
clinical benefit were seen in that randomized trial (12).
Because the primary benefit seen was a decrease in the
incidence ofPneumocystis carinii pneumonia (14), we inves-
tigated the possibility that the benefit of isoprinosine was
based on a specific anti-P. carinii effect.

Isoprinosine is composed of inosine and the para-aceta-
midobenzoic acid (PAcBA) salt of N,N-dimethyl-2-amino-
propanol, in a 1:3 ratio (2). PAcBA is structurally related to
para-aminobenzoic acid (PABA), a precursor of de novo
folate synthesis (Fig. 1). Sulfonamides and sulfones, which
are used to treat P. carinii pneumonia, exert their effects by
inhibiting the incorporation of PABA into folate precursors
by inhibiting the catalytic activity of the enzyme dihy-
dropteroate synthetase (DHPS). Because PAcBA is struc-
turally related to PABA, we hypothesized that PAcBA could
also inhibit P. carinii DHPS. We have previously used in
vitro screening assays to examine the relative abilities of
sulfonamides and sulfones to inhibit the DHPSs of both P.
carinii and Toxoplasma gondii (1, 7). In the study described
here we have demonstrated that isoprinosine inhibits P.

* Corresponding author.

carinii DHPS and T. gondii DHPS and that this inhibition is
attributable exclusively to PAcBA.

(This study was presented in part at the Annual Meeting of
the American Federation for Clinical Research, Seattle,
Wash., 3 May 1992, abstr. 143A.)

MATERIALS AND METHODS

Organisms. P. carinii organisms were obtained from im-
munosuppressed Sprague-Dawley rats and were partially
purified by Ficoll-Hypaque density gradient centrifugation
as described previously (11). The RH strain of T. gondii was
maintained by intraperitoneal passage in mice (9).
PABA uptake studies. PABA incorporation studies were

performed as described previously (8). Briefly, P. carinii
organisms were resuspended in RPMI-10% fetal calf serum,
incubated with or without drugs for 4 h, pulsed with 0.6 P,M
[3H]PABA (specific activity, 50 Ci/mmol), harvested after 18
h, washed, and pelleted. Folates were extracted and [3H]fo-
lates were resolved by reverse-phase high-pressure liquid
chromatography and quantitated as described previously (8).
In each experiment a single flask was used for each concen-
tration.
DHPS assay. Enzyme extracts were prepared by sonica-

tion of partially purified organisms and were assayed for
DHPS activity as described previously (1). The assay mix-
ture contained 5 mM MgCl2, 5 mM dithiothreitol, 10 ,uM
6-hydroxymethyl-7,8-dihydropterin pyrophosphate, 1 ,uM
[3H]PABA (final specific activity, 2 Ci/mmol), and 40 mM
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FIG. 1. Structures of PABA and its analogs.

Tris-HCl (pH 8.3), plus enzyme extract, in a final volume of
100 ptl. Drugs were added at various concentrations (one
sample per concentration) as indicated in the Results. After
incubation for 30 min at 37°C, the sample was placed on ice,
spotted onto Whatman 3MM chromatography paper, and
resolved by descending chromatography. The origin, which
contained the labeled product, was cut out and the radioac-
tivity was counted in a scintillation counter.

Studies in animals. For pharmacokinetic studies, rats
received PAcBa intraperitoneally as the N,N-dimethyl-2-
aminopropanol salt (PAcBA salt), and blood samples were
collected from three rats sacrificed at 1, 2, and 8 h. Serum
was diluted in an equal volume of phosphate-buffered saline,
and total PAcBA was extracted, processed, and quantitated
by the methods described above for folate extraction (8).
The concentration of PAcBA was determined on the basis of
a comparison with a standard curve by using PAcBA free
acid and was corrected for the efficiency of extraction;
PABA was used as an internal standard.
Therapy studies examining the efficacy of PAcBA salt in

the treatment of P. carinii pneumonia were performed as
described previously (10). Rats were immunosuppressed for
6 weeks, and the presence of P. carinii pneumonia was
confirmed by sacrificing two animals and examining impres-
sion smears of the lung that had been stained with Diff-Quik
for P. cannii organisms. Groups of rats (12 to 15 animals per
group) were then placed on one of the following treatment
regimens for 3 weeks: no therapy; oral trimethoprim-sul-
famethoxazole (10 mg of trimethoprim plus 50 mg of sul-
famethoxazole per animal per day given in the drinking
water); intraperitoneal PAcBA salt (500 mg/kg of body
weight [1.8 mM/kg] twice a day); PAcBA salt (500 mg/kg
twice a day) given intraperitoneally plus trimethoprim (10
mg/day) given orally. This dose of PAcBA was determined in

80

60

40

20

0

1 0-6 10-5 1 0-4 1 0-3 1 O-2

Concentration (M)
FIG. 2. Inhibition of de novo folate synthesis of P. carinii by

isoprinosine and its components. Cultures of P. carinii without
(control) or with the indicated inhibitor were pulsed for 18 h with
[3H]PABA, and then folates were extracted and identified as de-
scribed in Materials and Methods. Incorporation of [3H]PABA,
expressed as a percentage of the control, is shown along the left
axis, and the inhibitor concentration is shown along the bottom.
Results represent the means standard deviations of two experi-
ments for isoprinosine, six experiments for PAcBA free acid, six
experiments for PAcBA salt, three experiments for inosine, and four
experiments for N,N-dimethyl-2-aminopropanol. Not all concentra-
tions were examined in each experiment.

preliminary experiments to be the maximum dose that could
be tolerated without causing morbidity or mortality. All
surviving animals were sacrificed at day 21; approximately
0.5-cm2 pieces of lung were removed from the right and left
lower lobes, fixed in formaldehyde, and stained with methe-
namine silver.

Drugs. PAcBA free acid, N,N-dimethyl-2-aminopropanol,
and other PABA analogs were obtained from Sigma (St.
Louis, Mo.). Isoprinosine was obtained from the Division of
AIDS, National Institute of Allergy and Infectious Diseases.

Data analysis. Mean + standard error 50% inhibitory
concentrations (Is5S) for both PABA incorporation inhibi-
tion and DHPS inhibition were determined by using the
ALLFIT program (3) on a personal computer (International
Business Machines).

RESULTS
Inhibition of folate metabolism in P. carinii was investi-

gated by two assays. In a short-term tissue culture assay
evaluating the ability of isoprinosine to inhibit incorporation
of [3H]PABA by intact P. carinii into reduced folates,
isoprinosine was able to inhibit incorporation by P. carinii in
a dose-dependent manner; nearly complete inhibition was
seen at a concentration of 10' M, and partial inhibition was
seen at 10' and 10-5 M (Fig. 2). No inhibition was seen at
106 M. The mean standard error IC50 of isoprinosine in
this assay was 20 8.4 puM (Table 1). The free acid of
PAcBA could also inhibit [3H]PABA incorporation by P.
carinii, although at concentrations greater than those of
isoprinosine (Fig. 2), with an IC50 of 240 + 100 ,uM. PAcBA
free acid is poorly soluble in water, while PAcBA salt has a
greater solubility in water. This salt was as effective as
isoprinosine in inhibiting [3H]PABA incorporation (IC50, 29
+ 48 ,uM). Inosine and N,N-dimethyl-2-aminopropanol, the

PABA

PAcBA
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TABLE 1. Inhibition of DHPSs from P. carinii and T. gondii by PABA analogs

IC50 (RM)
Organism Drug

Intact organisms Cell-free DHPS

P. cainni Isoprinosine 20 ± 8.4 (2)a
PAcBA free acid 240 + 100 (6) 120 + 120 (4)
PAcBA salt 29 ± 48 (6)
Inosine > 1,000 (3)
N,N-Dimethyl-2-aminopropanol > 1,000 (4)
Sulfamethoxazole 0.71 + 0.17b
Benzoic acid 170 ± 26 (2)
3-Aminobenzoic acid 1,700 + 2000 (2)
3,4-Diaminobenzoic acid 220 ± 200 (2)
4-Chlorobenzoic acid >1,000 (2)
4-Dimethylaminobenzoic acid > 1,000 (2)
2,4-Dichlorobenzoic acid >1,000 (2)

T. gondii Isoprinosine 23 ± 7 (3)
PAcBA free acid 54 ± 18 (5)
Sulfadiazine 19 ± 5b

a Numbers in parentheses are the number of experiments used to determine the value.
b Values are from previous studies (1, 7).

other two components of isoprinosine, demonstrated no
consistent inhibition of [3H]PABA incorporation by P. car-
inii at these concentrations (IC50, >1,000 ,uM; Fig. 2).

In an assay evaluating the inhibition of P. carinii DHPS in
crude cell enzyme extracts, the free acid of PAcBA was
found to be an effective inhibitor at concentrations similar to
those seen in the intact cell assays (IC50, 120 ± 120 ,uM;
Table 1). In a single experiment, N,N-dimethyl-2-aminopro-
panol and inosine had no effect at concentrations up to 1,000
,M. The IC50 of sulfamethoxazole, previously determined
by the identical assay (7), was 0.71 + 0.17 p,M.
To determine whether other non-sulfa analogs of PABA

were able to inhibit P. carinii DHPS, a number of other
compounds (Fig. 1) were evaluated in the enzyme assay.
Benzoic acid and 3,4-diaminobenzoic acid were inhibitory at
concentrations similar to that of isoprinosine (Table 1); the
remaining compounds showed substantially less activity.
To examine the effect of PAcBA on the DHPSs of other

organisms, enzyme extracts of T. gondii, Eschenichia coli,
and Saccharomyces cerevisiae were used in DHPS inhibi-
tion assays. T. gondii DHPS was inhibited in a manner
similar to that of P. carinii (Fig. 3) by isoprinosine, the free
acid of PAcBA, and PAcBA salt. The IC50s of isoprinosine
and PAcBA free acid in the T. gondii DHPS assay were 23 +

7 and 54 + 18 ,uM, respectively. The IC50 of sulfadiazine, the
standard sulfonamide used in the treatment of toxoplasmo-
sis, was previously determined to be 19 + 5 ,uM by the same
assay (1). PAcBA free acid was a poor inhibitor of E. coli
and S. cerevisiae DHPSs (IC50s, approximately 300 and 400
R,M; Fig. 4). In comparing the inhibition of DHPSs from the
four organisms, only P. cannii and T. gondii DHPSs were
inhibited at 10-4 M PAcBA free acid (Fig. 4), although the
DHPSs of all four organisms were at least partially inhibited
by 10-' M PAcBA free acid.
The pharmacokinetics of PAcBA were determined follow-

ing single-dose administration of 500 to 2,700 mg of PAcBA
salt per kg (1.8 to 9.6 mM/kg) to nonimmunosuppressed rats.
There was an approximately linear relationship between the
PAcBA dose and the peak concentration of PAcBA in
plasma, described by the equation y = 1.Ix - 278. The
relationship between PAcBA levels in serum to the dose of
PAcBA salt administered can be described as follows. For

PAcBA doses of 500 (1.8), 1,350 (4.8), and 2,700 (9.6) mg/kg
(mM/kg), peak concentrations in plasma were 0.18 + 0.03,
1.29 + 0.43, and 2.70 + 1.70 mM (mean + standard error of
the mean; each value represents the mean for three animals).
The half-life of PAcBA in plasma was approximately 75 min.
To examine the potential therapeutic benefit of PAcBA,

immunosuppressed rats were treated parenterally for 21
days with PAcBA salt, 500 mg/kg (1.8 mM/kg) twice a day,
alone or in combination with trimethoprim. No decrease in
the severity of P. caninii pneumonia was seen in either
PAcBA treatment group compared with that seen in controls
with no drug treatment, as evaluated by methenamine silver
staining of lung specimens. In the group treated with tri-
methoprim-sulfamethoxazole, the infection cleared in all
animals.
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FIG. 3. Inhibition of T. gondii DHPS by isoprinosine, PAcBA
free acid, the salt of PAcBA and N,N-dimethyl-2-aminopropanol,
and N,N-dimethyl-2-aminopropanol alone. Results represent the
means + standard deviations of five experiments for PAcBA free
acid, three experiments for isoprinosine, two experiments for N,N-
dimethyl-2-aminopropanol, and a single experiment for the PAcBA
salt. Not all concentrations were examined in each experiment.
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FIG. 4. Comparison of inhibition of the DHPSs of P. caninii, T.
gondii, E. coli, and S. cerevisiae by PAcBA free acid. Results
represent the means + standard deviations of four experiments for
P. carinii, five experiments for T. gondii, and three experiments
each for E. coli and S. cerevisiae. The curve for T. gondii is the same
as that in Fig. 3.

DISCUSSION

The present study demonstrated that isoprinosine can
inhibit the DHPS of P. caninii and that this inhibition can be
attributed to PAcBA, one of the components of isoprinosine.
Furthermore, in an intact short-term culture system, incor-
poration of PABA into reduced folates was inhibited by
isoprinosine and PAcBA salt at similar concentrations of
each drug, demonstrating that the drugs are taken up and
active in intact organisms. The present study thus suggests
that the beneficial effects of isoprinosine seen in a random-
ized clinical trial of human immunodeficiency virus-infected
patients may have been due to the prevention of P. caninii
pneumonia (14). The inhibitory activity of PAcBA salt or
free acid was substantially less than that which we found for
sulfamethoxazole, the standard sulfonamide used for treat-
ing P. carinii pneumonia, in a previous study (7). Nonethe-
less, the lack of toxicity seen with isoprinosine in clinical
trials suggests that high, potentially effective doses of
PAcBA can be safely administered. It is of interest that the
free acid of PAcBA was apparently 10-fold less effective
than the PAcBA salt; it is conceivable that entry into the
organism is facilitated by formation of the neutrally charged
salt.
Although no beneficial effects of the PAcBA salt were

seen in an animal model of P. carinii pneumonia when it was
administered alone or in combination with trimethoprim,
metabolism and elimination of drugs in humans and rodents
differ, and this may account for the observed lack of efficacy
of the PAcBA salt. The PAcBA salt has a short half-life in
rats (approximately 75 min); sufficient concentrations of
drug in serum may not have been maintained for a long
enough period of time to achieve inhibition of P. carinii
growth in vivo, despite the twice-daily administration of
drug. Because the levels of PAcBA achieved in humans
following administration of isoprinosine have been poorly
defined, we are unable to determine how the levels achieved
in rats compare with those found in humans. Additionally,
the drug may be more active as a prophylactic agent than as

a therapeutic agent. Other drugs, such as trimethoprim-

sulfamethoxazole, have been shown to be effective prophy-
lactically in humans at much lower doses than are used for
the treatment of acute pneumonia (5). In one series of
experiments, however, no prophylactic benefit of the
PAcBA salt was seen in the rat model (la).
Even if PAcBA is ineffective in treating or preventing P.

cannii infections in vivo, the identification of an inhibitor of
P. caninii DHPS that is not related to sulfonamides is a
critical finding of the present study, since such a compound
could greatly improve the treatment and prevention of P.
cannii pneumonia. The currently used inhibitors of DHPS,
which include the sulfonamides and sulfones, are associated
with a high incidence of adverse reactions, especially in
patients with human immunodeficiency virus infection. It is
possible that the sulfur contributes to these adverse reac-
tions. In previous studies non-sulfur-containing analogs of
PABA were reported to be poor inhibitors of DHPSs from
bacteria, and alteration of the para-amino group has been
reported to result in the loss of inhibitory activity (13).
PAcBA was found to have no inhibitory effects on the DHPS
of E. coli in one report (16), although the concentrations
assayed were not stated. Other studies have found that
compounds with a modification in the amino group of PABA
were active against intact E. coli or streptococcal species (6).
Phosphanilic acid (p-aminobenzene phosphonate), which is a
non-sulfur-containing PABA analog in which the amino
group is intact but a phosphonate group has replaced the
carboxy group, has been reported to inhibit the DHPS
activities and replication of E. coli and Pseudomonas aeru-
ginosa, as well as to inhibit the growth of Mycobactenum
tuberculosis (4, 15). As for other organisms, the data pre-
sented in this report demonstrate that substitutions at the 4
position of PABA (other than an acetamido group) result in
a substantial decrease in inhibition of the P. carinii DHPS.
The observation in the present study that DHPSs from

different organisms differ in their susceptibilities to PAcBA
free acid supports the concept that these enzymes are
structurally different and raises the possibility that agents
with limited activity against bacterial DHPS may be clini-
cally active against P. caninii or T. gondii. These studies
suggest that the screening of PABA analogs, which have
been dismissed as clinically ineffective on the basis of
studies with bacteria, is warranted. The recent cloning of P.
caninii DHPS (17) should facilitate such studies and may
ultimately lead to the identification of effective, nontoxic
agents for the treatment of these devastating infections.
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