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Abstract—The effects of cantharidin on subcellular particles of rat liver were investi-
gated. Some mitochondrial processes were affected. In the poisoned animal oxidative
phosphorylation was found to be uncoupled. In vitro studies showed a variable effect,
uncoupling when succinate or D L-f-hydroxybutyrate was used as substrate and a
stimulation when L-glutamate, a-ketoglutarate, or pyruvate was utilized. With the
latter substrates the amount of inorganic phosphate uptake and oxygen consumption
increased about twofold, and the P/O ratio was maintained. The effect was sensitive
to 2,4-dinitrophenol.

Cantharidin was shown to be capable of causing swelling in rat liver mitochondria.
This action was not reversed by 2,4-dinitrophenol or carbonyl cyanide phenylhydrazine.

Amino acid incorporation into microsomal protein was not impaired in the canthari-
din-poisoned animal. Lysosomal hydrolases were found not to be increased in these
animals.

CANTHARIDIN (C10H1204) is a toxic compound that has been studied in recent years
because of its vesicant properties on skin. The histological changes in skin produced
by cantharidin (CAN), acantholysis or separation of cells, results in an intraepidermal
vesiclel resembling the microscopic changes seen in pemphigus vulgaris.2 We have been
investigating the biochemical effects of CAN in skin and liver. Stoughton and Bagatell3
have presented evidence that CAN induces an enzymatic acantholysis in skin,

In recent years, accumulated data have suggested an effect of CAN upon terminal
oxidation of carbohydrate. Haas et al.4 showed that CAN inhibits respiration in
mouse liver slices. Allison and Williamson® found that respiration and anaerobic
glycolysis of mammalian tissue and yeast were inhibited by CAN. They also noted a
decrease in intracellular level of ATP in the yeast cells respiring in the presence of CAN,
On the other hand, oxygen uptake of yeast cells respiring in the absence of glucose
was increasedin the presence of CAN. Weakley and Einbinder$ have shown that 0-1 M
malonate and 0-1 M glucose prevent induction of acantholysis by CAN in skin slices.
Decker? has shown that both oxidation and phosphorylation in mitochondria aged
after isolation from rat livers utilizing glutamate or succinate are inhibited by CAN.
Methylene blue and 2,4-dinitrophenol completely or partially reversed the inhibition
of oxygen uptake. Decker concluded that acantholysis requires energy supplied by
oxidative phosphorylation.

* Supported in part by Research Grants AMO05808 from the National Institutes of Health and
DA-49-193-MD-2335 from the Armed Forces Epidemiology Board.
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In the present investigation, the effect of CAN in vivo and in ritro was investigated.
The effect of cantharidin upon known biochemical processes associated with isolated
cell particles of rat liver was determined. We found an effect of CAN upon the mito-
chondria.

MATERIALS AND METHODS
A. Biological preparations

Mitochondria were isolated from rat liver and kidney according to the procedure
described by Schneider.8 Versene was not used in these studies. The final pellet was
suspended in 0-25 M sucrose to give a suspension containing 20 mg protein/ml.
Chicken liver mitochondria were prepared by an unpublished procedure of M. F. Utter.

Microsomes were prepared from 24-hr fasted rats by the method of Sachs.? Fresh
preparations wete used in all experiments. The supernatant fraction from the 105,000-g
centrifugation was used as the source of pH 5 enzyme and soluble RNA. Lyso-
somes were prepared exactly as described by Rademaker and Soons.1? In the mito-
chondrial swelling experiments, the mitochondria were prepared in 0-44 sucrose
without Versene. The last wash and final suspension were made in 0-15 M KClI plus
0-02 M Tris, pH 7-4.

In preparation of the CAN-poisoned animal, male albino rats (250 g) of the
Holtzman strain were used. About 5 mg cantharidin in 0-1 M Tris buffer, pH 7-4, was
injected into the left lower quadrant of the peritoneal cavity. This dose is about ten
times the amount required to give acantholysis. The animals were sacrificed 60 min
after injections. The usual time of death is 75 min post injection.

B. Analytical methods

Manometric technique. The conventional direct Warburg method was used. Each
14 to 16 ml flask contained in a final volume of 3.0 ml: 40 pmoles KosHPO4-KH2PO4
buffer, pH 7-4; 15 pmoles Tris-HCI buffer, pH 7-4; 7-5 pmoles ADP; 10 pmoles
MgCls; 60 umoles glucose; 30 umoles NaF; 300 Kunitz-MacDonald units hexokinase;
50 umoles substrate; and 10 mg mitochondrial protein. Cantharidin was used as the
Tris salt; 0-25 M sucrose was used to make the final volume 3-0 ml. Readings were
taken every 10 min for 30 min and the reaction was stopped by adding 0-2 ml 659
tricholorocetic acid. The mixture was centrifuged, and the centrifugate was used for
inorganic phosphate determination by the method of Gomori.l

Protein incorporation studies. The reaction mixture consisted of 0-5 ml of a micro-
somal suspension containing 1-5 ml of the supernatant from the 105,000-g centrifuga-
tion, 8 to 10 mg of protein, and 0-4 ml of the ATP-generating system described by
Smuckler and Benditt.)? Valine-1-14C was the amino acid whose incorporation into
microsomal protein was determined. The incubation and isolation procedures were
similar to those of Smuckler and Benditt. The protein residue was dissolved in 1-3 ml
of concentrated formic acid, and 1-0-ml aliquots were counted in a liquid scintillation
counter. Protein was determined either by the biuret method of Gornall ef al3 or
the Folin-phenol method of Lowry ef al.14

Enzyme assays. Acid phosphatase, cathepsin, and glucose-6-phosphatase activities
were assayed as described by Gianatto and deDuve.l® Rhodanese activity was assayed
by the method of Rosenthal et @l1® Succinoxidase activity was determined by the
manometric procedure of Schneider and Potter.17
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Mitochondrial swelling measurements. Mitochondrial swelling was followed by
changes in turbidity (Dsgo) in a Beckman DU spectrophotometer modified by a
Gilford Instruments model 2000 multiple absorbance recorder. Recordings were
made at 5-sec intervals. The mitochondrial suspension was added in appropriate
amounts to 0-125 M KCl + 0-02 M Tris buffer, pH 7-4. The total content of the
cuvet was 4-0 ml.

Lipid peroxide determination. The thiobarbituric acid color reaction was determined
by the method of Ottolenghi.18

C. Materials

All common chemicals were of analytical reagent grade. Valine-1-14C with a
radioactivity of 1 uc/umole was obtained from New England Nuclear Corp. Sodium
pyruvate, 2-phosphoenolpyruvic acid, and pyruvate kinase were obtained from the
California Corp. for Biochemical Research. Hexokinase type III or 1V, GTP, L-
glutamate, and a-ketoglutarate were obtained from the Sigma Chemical Co.; ATP
and ADP were products of the Pabst Brewing Co.; CAN was purchase from Inland
Alkaloid Co. D,L-B-Hydroxybutyric acid sodium salt was obtained from Mann
Research Labs.; carbonyl cyanide phenylhydrazone was a gift from Dr. P. G. Heytler
of the Dupont Co. Distilled water was redistilled from an all-glass still.

RESULTS

Effects upon mitochondria. Our initial attempts to determine which subcellular
biochemical events are affected by cantharidin led us first to study the mitochondria.
Succinoxidase activity of the liver mitochondria of rats poisoned with CAN was
decreased when compared to control preparations. The coupled oxidation of succinate
by the mitochondria in the presence of inorganic phosphate and ADP was then
studies. These investigations showed that there was an uncoupling of the liver and
kidney mitochondria of poisoned animals with a marked decrease in P/O ratio
(Table 1). Other substrates tested, such as L-glutamate and D,L-8-hydroxybutyrate, also
followed this pattern.

In-vitro studies were performed by incubation of CAN with rat liver mitochondria.
We found as did Decker? that relatively high concentrations of CAN (5 mM) were
necessary to produce the uncoupling effect. We did find that the effect of CAN upon
the rat liver mitochondria in vitro varied with the substrate tested (Table 2). Succinate
and D,L-B8-hydroxybutyrate followed the pattern found in the in vivo study—namely,
an uncoupling of oxidation from phosphorylation. However, when L-glutamate,
o-ketoglutarate, or pyruvate was the substrate, the P/O ratios were maintained and,
in fact, a near two-fold stimulation of inorganic phosphate uptake and oxygen con-
sumption was noted. The stimulatory effect increased with the concentration of CAN
in the vessel. We have determined that a concentration of 2,4-dinitrophenol as low
as 6 uM in the presence of 8 Mm Can will abolish the stimulatory effect noted.
The phosphate uptake is almost abolished, whereas oxygen consumption contines at
greater than normal levels. This uncoupling of oxidation from phosphorylation
serves to indicate that the stimulatory effect is not related to substrate phosphory-
lation 1?
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We have extended our studies to the in vitro effect of CAN upon rat kidney and
chicken liver mitochondria. We found that with these preparations, CAN shows an
uncoupling effect with succinate as well as L-glutamate as substrate (Table 3).

Mitochondrial swelling. As a result of our experiments on oxidative phosphoryla-
tion, we tested the ability of CAN to cause swelling of rat liver mitochondria. This
compound is indeed a potent swelling agent with some unique properties. The ability
to cause swelling is not strictly proportional to concentration (Fig. 1). The lowest
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Fi1G, 1. Swelling of rat liver mitochondria related to cantharidin concentration. Suspension medium
was 0-125 M KCl + 0-02 M Tris buffer, pH 7-4. Results shown are the average of at Jeast three close
determinations.

concentration of CAN noted to cause swelling is 63-8 uM. The CAN-induced swelling
is inhibited by cyanide but is not affected by 2,4~dinitrophenol and carbonyl cyanide
phenylhydrazone (Fig. 2) in concentrations known to inhibit oxidative phosphoryla-
tion. High concentrations of cantharidin can overcome the inhibition by cyanide.
The swelling is readily reversed by ATP. Addition of ATP + Mg?+ -+ bovine serum
albumin had a slightly better reversal effect than ATP alone (Fig. 3); Mg2* or albumin
alone showed no ability to cause reversal. Chicken liver mitochondria also undergo
swelling upon CAN addition.

The ability to produce lipid peroxides as determined by the thiobarbituric acid
reaction was tested. We were unable to detect any difference in the cantharidin-treated
mitochondria as compared to their controls. Concentrations of CAN up to 255 mM
were used in these studies.
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Fii. 2. Effect of known inhibitors of oxidative phosphorylation on swelling of rat liver mitochondrai
induced by 0-26 mM cantharidin. Results shown represent a minimum of six determinations.
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Fic. 3. Reversal of cantharidin-induced swelling by ATP. One hundreth of the volume in the cuvet
(0-04 ml) was added. The final concentration of ATP was 1 mM in each instance. The final concentra-
tion of Mg?*+ was 5 mM and of albumin was 2 mg/ml. Results shown are the average of five close
determinations.
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Effect upon lyosomes. Lysosomal particles have been associated with cellular death.2¢
We reasoned that the acantholytic liver and skin cells may represent dying cells and
therefore examined the lysosomal particles from the livers of cantharidin-poisoned
rats. DeDuve and collaborators?! have shown that acid phosphatases and cathepsin
activities in rat liver are associated with the lysosomal particles. We examined these
enzymatic activities in the CAN-poisoned rat plus rhodanese as a representative
enzyme associated with mitochondria and glucose-6-phosphatase associated with
microsomal particles. We found, as seen in Table 4, that the activity of enzymes

TABLE 4. ENZYMATIC ACTIVITIES ASSOCIATED WITH SUBCELLULAR
PARTICLES IN THE CANTHARIDIN-POISONED RAT AS COMPARED TO CONTROL

ANIMALS
Enzyme Fraction examined Control CAN-Treated
Acid phosphatase Lysosomes 243 265
Cathepsin Lysosomes 0-43 0-38
Rhodanese Mitochondria 103 112
Glucose-6-phosphatase Microsomes 12-7 11-5

Activities are expressed as decomposition of one pmole substrate per min/g liver tissue.

associated with the lysosomal particles from treated animals does not vary from the
control preparations. We did not examine the activities of these enzymes in the soluble
phase.

Effects upon amino acid incorporation into microsomal protein. Recent studies by
Smuckler and Benditt!?2 and Recknagel and Lombardi?? have indicated that in the
carbon tetrachloride-poisoned rat, the primary action is upon the microsomal fraction.
The ability of microsomes isolated from such poisoned animals to incorporate amino
acids into protein is impared. In our experiments, microsomes isolated from control and
treated rat livers were incubated with Suc of valine-1-14C. Microsomes from three control

TABLE 5. INCORPORATION OF VALINE 114-C INTO MICROSOMAL PROTEIN

Microsomes  105,000-g dpm
Supernatant
Control Control 544
Control Treated 374
Treated Control 487
Treated Treated 368

Tracer was 4 uc of valine-1-14C. The media used is as described in text. Microsomal protein was ad-
justed to 8 mg in each experiment. Activity measurements were converted to disintegrations per
minute (dpm) by addition of an internal standard.

animals incorporated the amino acid on the average of 1,525 4- 45 dpm, and those
from three treated animals incorporated on the average 1,545 -~ 80 dpm. In another
set of experiments (Table 5), liver microsomes from control animals were incubated
with liver supernatant fraction from control or experimental animals, and microsomes
from experimental animals were incubated with supernatant fractions from control
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or experimental animals. Our data indicate that there is some impairment of amino
acid incorporation by the 105,000-g supernatant solution obtained from the liver
of the cantharidin-poisoned rat.

DISCUSSION

We have used rat liver as a model system to study the effects of the vesicating agent
upon cellular particles. Opie?3 in 1912 first showed that animals poisoned by canthari-
din exhibited the same histological changes in liver portal cells and kidney tubule
cells as that seen in the skin epidermis. The dosage employed in this study is a lethal
one, and the cellular changes in liver and kidney occur in 15 min or less.24 Correlation
of the biochemical events reported here with cellular acantholysis requires further
investigation.

The in vitro studies reported here show that a concentration of 5 mM CAN is
required as an uncoupling agent when succinate is used as substrate. Other substances
such as salicylate?s are also known to uncouple oxidative phosphorylation at this
concentration. The stimulatory effect noted with L-glutamate, a-ketoglutarate, or
pyruvate as substrate would indicate that possibly some process related to, or as a
result, of the oxidative decarboxylation that these compounds undergo may be the
site of action.

The investigation of the ability of CAN to cause swelling of rat liver mitochondria
may be of importance in determining the primary pathologic event. We have found
that the smallest concentration of CAN necessary to produce acantholysis in skin
epidermal cells in vitro is 20 uM. This compares favorably with the lowest concentra-
tion of CAN, 63-8 uM, found to cause swelling of mitochondria in vitro. The results
reported here make it difficult to classify CAN with other known swelling agents, since
compounds such as phosphate and thyroxine are inhibited by 2,4-dinitrophenol and
CAN is not. The reversal of cyanide inhibition of CAN-induced swelling may indicate
the possibility that oxidative phosphorylation plays no active role in this process.
The lack of inhibition by the potent inhibitors 2,4-dinitrophenol and carbonyl cyanide
phenylhydrazone also supports this supposition. The disruptive influence of CAN
on the mitochondrial membrane does not result in lipid peroxide formation, The
ability of CAN-induced swollen mitochondria to “contract” in the presence of ATP
would indicate that they are not completely distorted. It is possible that the compound,
being lipid soluble, acts generally to disrupt lipoprotein membranes in some manner.
Electron microscopy of liver cells from poisoned animals indicates that the outer
cell membrane, the mitochondrial membrane, and the endoplasmic reticulum are
distorted.28
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