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Penicillic acid (PA) is a polyketide mycotoxin produced by several species of Aspergillus
and Penicillium. This mycotoxin is toxic in experimental animals and has also been reported
to be carcinogenic. The cytotoxicity of penicillic acid was studied in rat alveolar macro-
phages (AM) in vitro. The effects of penicillic acid on membrane integrity were studied by
measuring cell volume changes and 5'Cr release. There was significant 3!Cr release after 2 hr
exposure to 1.0 mM penicillic acid, but not after 1 hr exposure. There was a significant
decrease in adenosine triphosphate (ATP) in cell cultures exposed to 1.0 mM penicillic acid
for 4 hr. Inhibition of the incorporation of [3H]leucine into protein was both dose- and
time-dependent and protein synthesis was inhibited significantly after 2 hr exposure to =0.1
mM penicillic acid. RNA synthesis was inhibited to a lesser extent than protein synthesis.
Although there was a significant inhibition of RNA synthesis at 1.0 mM PA after 4 hr, there
was no inhibition of RNA synthesis even after 4 hr at any concentration <1.0 mM. The EDy,
dose after 2 hr exposure was 0.18 and 0.60 mM for protein and RNA synthesis, respectively.
There was significant inhibition of phagocytosis after 2 hr exposure at =0.3 mM penicillic
acid and the EDs, for phagocytosis was 0.09 mM. Thus phagocytosis was more sensitive to
the toxic effects of penicillic acid than any other cellular process studied. The results re-
ported in this study are similar to those observed for patulin in an earlier study from our
laboratory except that patulin was generally more toxic to alveolar macrophages than peni-
cillic acid. The data demonstrate that penicillic acid is toxic to rat alveolar macrophages in
vitro and suggest the possibility of a respiratory hazard to agricultural workers exposed to
contaminated grain. © 1986 Academic Press, Inc.

INTRODUCTION

Penicillic acid (PA) is a highly reactive, unsaturated lactone mycotoxin pro-
duced by several species of Penicillium and Aspergillus including some species
known to produce other mycotoxins. The fungi which produce this mycotoxin are
frequently isolated from common agricultural commodities and penicillic acid has
been shown to be present in animal feed (Wilson, 1976), tobacco (Snow ef al.,
1972), and blue-eye diseased corn (Kurtzman and Ciegler, 1970). Penicillic acid is
structurally similar to patulin and shares many of the cytotoxic properties of pat-
ulin (Busby and Wogan, 1981). Murnaghan (1946) reported that penicillic acid has
‘‘digitalis-like’” action on cardiac muscle, causes dilation of systemic blood
vessels, and has antidiuretic properties. Penicillic acid is bacteriostatic, cytotoxic
to mammalian cells producing inhibition of mitosis and chromosomal abnormali-
ties (Umeda er al., 1977; Wilson, 1976; Umeda, 1971; Natori et al., 1970), carci-
nogenic in rats (Dickens and Jones, 1961, 1965), mutagenic in mouse mammary
carcinoma cells (Umeda et al., 1977), and it causes single- and double-strand
breaks in HelLa and mammary carcinoma DNA (Umeda ef al., 1972). Macromo-

505

0013-9351/86 $3.00
Copyright © 1986 by Academic Press, Inc.
All rights of reproduction in any form reserved.



506 SORENSON AND SIMPSON

lecular synthesis was inhibited by penicillic acid in Hela cells (Kawasaki ef al.,
1971) and Tetrahymena pyriformis (Hayes, 1977). Where dose comparisons have
been made between penicillic acid and patulin, the latter mycotoxin was generally
found to produce its toxic effects at a lower dose and to a greater degree than
penicillic acid.

The purpose of this investigation was to study the toxicity of penicillic acid in
rat alveolar macrophages in vitro. Pulmonary alveolar macrophages perform sev-
eral important functions in the lung including phagocytosis of living and nonliving
foreign particles, regulation of T-lymphocyte proliferation, provision of T-helper
activity for antibody production, and production of mediators of cellular immu-
nity (Lipscomb er al., 1981). Thus, cytotoxic damage to alveolar macrophages
could lead to serious pulmonary and/or systemic damage.

MATERIALS AND METHODS

Mpycotoxins. Penicillic acid was obtained from Aldrich Chemical Company
(Milwaukee, Wisc.) and fresh stock solutions were prepared daily in dimethyl
sulfoxide (DMSO) for each experiment. Appropriate solvent controls were in-
cluded in all experiments.

Alveolar macrophage isolation and culture. Alveolar macrophages were har-
vested from male Long—Evans hooded rats by tracheal lavage (Gerberick and
Sorenson, 1983), In brief, the cells from several animals were pooled, washed by
centrifugation at 550g, resuspended in medium 199 containing 2% fetal bovine
serum (FBS) and antibiotics (100 u/ml penicillin G and 100 pg/ml streptomycin
sulfate), and plated in Linbro tissue culture plates (Linbro, Hamden, Colo.).
After a 2-hr incubation at 37°C in 5% CO, to allow adherence, the medium was
replaced with fresh Medium 199 containing 10% FBS until needed for experi-
ments. Unless indicated otherwise, cells were cultured in Medium 199 containing
10% FBS and were incubated at 37°C in a humidified atmosphere in 5% CO,.
Exposure times ranged from 0.5 to 4 hr for the various experiments; they are
indicated in the tables. The cell preparations appeared to be homogeneous popu-
lations of alveolar macrophages based on phagocytosis and nonspecific esterase
studies (Gerberick and Sorenson, 1983). The viability of the alveolar macrophage
preparations were consistently 90-95% based on trypan blue dye exclusion.

Determination of mean cell volume. Mean cell volume was determined using a
Coulter counter equipped with Channelyser following treatment in suspension in
Hanks’ balanced salt solution (Sorenson ef al., 1985).

Chromium release assay. Freshly isolated AM were incubated with sodium
[$1Cr]chromate for 45 min, washed three times, and resuspended in Medium 199.
Aliquots (0.1 ml) of labeled cells, along with 0.1 ml of Medium 199 containing the
mycotoxin or solvent control, were incubated for the desired time. After incuba-
tion, 0.1 ml of supernatant (550g) was transferred to a clean tube and counted in a
gamma scintillation counter. Total release was obtained by lysing the cells with
Triton X-100. The percentage chromium release equals the experimental release
value divided by the total release value. Both values were corrected for sponta-
neous release (Sorenson ef al., 1985).

Adenosine triphosphate (ATP) determination. ATP levels in treated and un-
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treated monolayer cultures were determined by the luciferin—luciferase assay
(Sorenson et al., 1985). At the time of treatment, the medium was removed by
aspiration and replaced with fresh medium containing mycotoxin. Sodium iodo-
acetate was used as a positive control. ATP was extracted directly without re-
moving the cells from the plates. ATP determinations were done in a darkened
laboratory with an ATP photometer using dark-adapted scintillation vials.

Macromolecular synthesis. For protein-synthesis studies AM monolayers were
incubated in Minimum Essential Medium (Eagle) with L-glutamine but lacking
leucine (Sorenson et al., 1985). The cells were incubated with mycotoxin and
[*Hlleucine (1 pnCi/ml), After the desired incubation interval the culture plates
were chilled on ice, the medium removed and the cells washed, and the mono-
layers solubilized. Proteins were precipitated in hot trichloroacetic acid (TCA)
and TCA-precipitable material was collected on glass-fiber filters, washed, placed
in scintillation vials, and counted by liquid scintillation (Sorenson et al., 1985).

For RNA synthesis studies the treated and untreated AM cultures were incu-
bated with [5-*H]uridine (1 wCi/ml). After incubation, the cultures were chilled on
ice, rinsed, and solubilized. The solubilized material was counted by liquid scin-
tillation (Gerberick et al., 1984),

Phagocytosis of SCr-labeled sheep erythrocytes. AM monolayers were pre-
pared in Linbro tissue culture plates and incubated with PA. After exposure, the
medium was removed and 0.5 ml of fresh medium containing 2 x 107 >1Cr-labeled
sheep red blood cells was added (Snydermann ef al., 1977). The monolayers were
then incubated 1 hr. After incubation the medium was removed and the bound
extracellular sheep cells were lysed with lysing medium (Snydermann et al.,
1977). The monolayers were washed twice more with lysing medium, dissolved
with 0.5% SDS, and counted by gamma scintillation (Snydermann et al., 1977).

RESULTS

Penicillic acid caused a significant increase in mean cell volume after 2 hr ex-
posure at 1.0 mMm (Table 1). There was significant chromium release within 30 min
exposure to a concentration of 0.1 mM PA. Chromium release was both dose- and

TABLE 1
CELL VOLUME CHANGES FOLLOWING 2 HR EXPOSURE OF ALVEOLAR MACROPHAGES
TO PENICILLIC ACID

Treatment
(mM) MCV«
Control® 1238.8 + 33.8
0.1 1167.5 + 49.4
0.3 1151.9 + 58.5
1.0 1332.5 + 41.8¢

@ Mean cell volume in cubic micrometers; average of 8 replicate samples = SD.
b Cells treated with the carrier solvent in the medium.
¢ Significantly larger than controls, one-tailed ¢ test, P < 0.05.
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time-dependent (Table 2) and reached a value of 11.9% after 2 hr exposure to 1.0
mM PA.

Penicillic acid had relatively little effect on ATP levels in these cells. In four
separate experiments, 1.0 mMm penicillic acid always produced a significant de-
crease (P < 0.05) in ATP levels compared to untreated controls after 4 hr expo-
sure (Table 3). On the other hand, the results at 2 hr were less consistent and
there was a significant difference in only three of the four experiments. The data
shown in Table 3 are from the experiment in which the difference was insignifi-
cant. We chose to be conservative because the data are not unequivocal. As can
be seen in Table 3, however, 2 hr exposure to 1.0 mM penicillic acid led to a
moderate decrease in ATP. There was no significant decrease in ATP even after 4
hr at any concentration <0.3 mm.

Penicillic acid inhibited protein synthesis after 2 hr exposure at 0.3 mM (Table
4). Penicillic acid had less effect on RNA synthesis than on protein synthesis
(Table 5). There was a significant inhibition of RNA synthesis after 2 and 4 hr
exposure to 0.3 mM penicillic acid. On the other hand there was no inhibition of
RNA synthesis at <0.3 mM even after 4 hr exposure.

Penicillic acid had a significant effect on phagocytosis (Table 6). It is note-
worthy that phagocytosis was the most sensitive parameter studied and there was
significant inhibition (P < 0.05) at 2 hr exposure at 0.03 mM penicillic acid. The

TABLE 2
EFFECT OF PENICILLIC ACID ON CHROMIUM RELEASE FROM ALVEOLAR MACROPHAGES IN CULTURE
Concentration
(mm) cpm? % Release?

30 min exposure

Control© 865.0 = 20.1
0.03 888.5 = 35.5 0.3
0.1 918.7 = 13.54 0.7
0.3 926.0 = 24.94 0.8
1.0 1150.7 + 45.3¢ 3.9
60 min exposure
Control¢ 908.8 = 18.3
0.03 910.3 = 34.6 0.0
0.1 931.5 = 15.44 0.4
0.3 975.0 + 48.64 1.2
1.0 1340.2 + 43.74 7.8
120 min exposure
Control¢ 991.8 + 38.2
0.03 1002.8 = 19.3 0.2
0.1 1044.0 + 17.44 0.9
0.3 1380.0 = 114.74 6.3
1.0 1721.3 = 82.24 11.9

2 Counts per minute; average of S replicate tubes = SD.

b % Release = (treated-control)/(total-control); total release was determined by lysing the cells with
Triton X-100.

¢ Cells treated with the carrier solvent in the medium.

4 Significantly higher than the control; one-tailed ¢ test, 10 df.
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TABLE 3
EFFECT OF PENICILLIC ACID ON LLEVELS OF ADENOSINE TRIPHOSPHATE IN ALVEOLAR
MACROPHAGE CULTURES

Exposure time (hr)

Concentration
(mM) 1 2 4
Control@ 109.9 = 13.0° 83.3 =+ 13.6 77.1 = 13.8
0.03 1143 = 12.7 95.4 = 16.6 105.1 = 12.4
0.1 116.7 £ 9.8 101.2 = 19.9 119.6 + 8.2
0.3 1159 = 13.9 110.4 = 229 87.1 = 6.4
1.0 104.5 = 9.4 73.3 = 14.6 26.4 £ 2.3¢

@ Cells treated with the carrier solvent in the medium.
b ng ATP/ml; average of 4 replicate samples = SD.
¢ Significantly lower than the control, one-tailed ¢ test, P < 0.05.

ED;, dose for phagocytosis, protein synthesis, and RNA synthesis was 0.09,
0.18, and 0.60 mM, respectively, after 2 hr exposure.

DISCUSSION

Penicillic acid is acutely toxic to rat alveolar macrophages in vitro, causing cell
swelling, 5!Cr release, decreased ATP levels, inhibition of protein and RNA syn-
thesis, and inhibition of phagocytosis in alveolar macrophage monolayer cultures.

In contrast to delayed mean cell volume changes induced by penicillic acid,
there was significant 3!Cr release within 30 min exposure at a concentration of 0.1
mM penicillic acid. On the other hand, consistently significant mean cell volume
increase required 2 hr exposure at 0.3 mM penicillic acid. The relative sensitivity
of mean cell volume and °!Cr release as indicators of cytotoxicity observed
in these studies was consistent with our work with patulin reported earlier
(Sorenson et al., 1985). Although mean cell volume and 5!Cr release both reflect
membrane transport properties, >!Cr release is a direct effect of membrane

TABLE 4
INHIBITION OF PROTEIN SYNTHESIS IN ALVEOLAR MACROPHAGE CULTURES BY PENICILLIC ACID?
] 1 hr 2 hr 4 hr
Concentration
(mM) cpm + SD? % Control cpm = SD % Control cpm = SD % Control
Control¢ 434.4 + 1404 — 1143.1 = 215.5 — 2723.3 = 303.9 —
0.01 514.4 = 499 118.4 1074.4 = 181.8 94.0 2197.4 = 116.1¢ 80.7
0.03 487.8 = 62.6 112.3 971.5 = 173.9 85.0 2125.8 + 86.44 78.7
0.1 4549 + 126.3 104.7 811.1 = 181.6 71.0 1180.4 = 229.14 43.3
0.3 387.8 = 102.9 89.3 440.9 = 26.27 38.6 281.1 = 60.94 10.3
1.0 239.1 = 92.24 55.0 147.2 = 33.84 12.9 99.6 + 32.94 3.7

@ [*H]Leucine incorporatjon.

& Counts per minute + SD.

¢ Cells treated with the solvent carrier in the medium.
4 Significant, P < 0.05.
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TABLE 5
INHIBITION OF RNA SYNTHESIS IN ALVEOLAR MACROPHAGE CULTURES BY PENICILLIC ACID?
1 hr 2hr 4 hr
Concentration
(mm) cpm = SDP % Control cpm = SD % Control cpm = SD % Control
Control¢ 7024.6 + 2143.2 —_ 18,830.9 = 1569.0 —_ 29,074.8 = 3082.0 —_
0.1 7404.7 + 2010.2 105.4 16,858.7 = 1300.3 89.5 26,172.1 = 1730.0 90.0
0.3 7716.5 = 1769.8 109.8 14,982.9 = 1399.0¢ 79.6 12,918.8 = 2370.0¢ 44.4
1.0 6290.4 = 3190.1 89.5 5,122.6 + 765.44 27.2 4483.1 = 743.14 15.4

2 [3H]Uridine incorporation.

5 Counts per minute + SD.

¢ Cells treated with carrier solvent in the medium.
4 Significant, P < 0.05.

damage, whereas change in mean cell volume occurs indirectly as a result of (1)
leakage, (2) inhibition of the Na*, K* pump (Na*,K*-ATPase), (3) decreased
ATP, or (4) a combination of all of the above. Constant mean cell volume depends
on a balance between inward leakage of Na*t and the active outflux of Na™* by the
pump. ATP is the energy source for the active outflux of Nat by the pump (Tos-
teson and Hoffman, 1960). Chan ez al. (1979) reported that PA was a selective
inhibitor of Na*,K*-ATPase in mouse brain and Kidney tissue in vitro. ATP
levels were significantly lowered by penicillic acid only after 4 hr exposure at 1.0
mM. In contrast, patulin produced a dose-dependent decrease in ATP levels after
1 hr exposure with significant inhibition (P < 0.05) at a concentration of 0.05 mM
(Sorenson et al., 1985) in the same in vitro system. Although rubratoxin B (De-
saiah et al., 1976) and patulin (Phillips and Hayes, 1977) inhibit oligomycin-sensi-
tive Mg2*-ATPase, penicillic acid did not (Chan et al., 1979). The oligomycin-
sensitive Mg2*-ATPase complex has been linked to oxidative phosphorylation
(Racker, 1975). Thus, the toxicity of PA may not relate directly to energy produc-
tion.

Penicillic acid inhibited the synthesis of both protein and RNA synthesis al-

TABLE 6
EFFECT OF PENICILLIC ACID ON PHAGOCYTOSIS OF 1Cr-LABELED SHEEP ERYTHROCYTES?

Concentration

(mM) cpm? Percentage control
Control® 4230.0 = 365.3 100
0.01 4152.8 = 337.6 98.2
0.03 3340.4 = 283.0¢ 79.0
0.1 2141.4 * 209.29 50.6
0.3 525.6 + 93.24 12.4
1.0 202.6 = 45.04 4.8

2 Exposure time: 2 hr.

b Counts per minute; means of 5 replicate cultures = SD.
¢ Cells treated with carrier solvent in the medium.

4 Significantly different from controls, P < 0.05.
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though protein synthesis was affected to a greater degree. For example, there was
significant inhibition of RNA synthesis after 2 and 4 hr exposure to 0.3 mM PA,
whereas there was significant inhibition of protein synthesis at 0.3 and 0.01 mM
after 2 and 4 hr exposure, respectively. Since the energy requirements for both
classes of macromolecular synthesis are similar, the difference cannot be ex-
plained as a result of decreased ATP supply. Furthermore, protein and RNA syn-
thesis were inhibited earlier than, and at concentrations of PA below the level
required for detectable reduction of ATP. The difference in sensitivity of protein
and RNA synthesis suggests that inhibition of RNA synthesis might result, at
least in part, from depletion of essential synthetic enzymes, although direct inhi-
bition of RNA synthesis cannot be excluded. Kawasaki et al. (1972) studied the
effect of PA on macromolecular synthesis in HeLa cells after 1 hr exposure and
reported that inhibition of DNA synthesis was ‘‘a little more prominent’ than
RNA and protein synthesis at 100 pg/ml (0.59 mm), although ‘‘a significant differ-
ence among the inhibition of their synthesis was scarcely proved.”” The data pre-
sented in Fig. 6 of their paper suggest that protein synthesis was more sensitive
under those conditions (1 hr exposure at 0.59 mM PA) than RNA synthesis.

Phagocytosis was somewhat more sensitive to PA than protein synthesis. Con-
ceivably, there could be a direct effect of PA on the membrane, unrelated to
leakage, which affects the ability of the macrophage to phagocytize, or an effect
of PA on microtubule function. It may also be possible that the observed inhibi-
tion of phagocytosis is the combined effect of PA on two or more metabolic and/
or cellular functions.

When PA was injected into mice (ip), cysteine had a protective effect if given
(ip) prior to, but not after PA administration (Chan et al., 1980). The large differ-
ence in results between pre- and post-treatment with cysteine led these investi-
gators to suggest the formation of short-lived active metabolite(s) which rapidly
bind to target molecules, since cysteine administered after PA administration did
not reverse the toxicity.

There are a number of similarities between PA and patulin. Both are carcino-
genic polyketide lactone mycotoxins of similar molecular size (MW = 170 and
154, respectively) produced by Penicillium species. In addition, both mycotoxins
are sensitive to sulfhydryl groups. Patulin appears to be slightly more toxic than
PA (kawasaki et al., 1972).

These studies have demonstrated that penicillic acid is highly toxic to pulmo-
nary alveolar macrophages in vitro. Thus inhalation of workplace aerosols con-
taminated with penicillic acid could have major deleterious effects on normal
macrophage function.
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