











DITERCALINIUM DISPOSITION AND MITOCHONDRIAL DAMAGE

Fig. 7. Electron micrographs of rat tissues. 4, control rat liver cells with G (glycogene granules), M (mitochondria), N (nucleus), and P (peroxisome). B, control
mitochondrial ultrastructure; C and D, liver cells from ditercalinium-treated rats: ditercalinium is administered i.v. at 0.5 to 3 mg/kg. After 48 h, liver and kidneys
are removed. After treatment at 0.5 mg/kg, mitochondria become smaller and condensed (B). E and F, the mitochondria are swollen and loose their cristae and the
matrix and appear electron clear (bars, 1 um).
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different from those in control cells. In kidney, the same alter-
ations were observed, especially mitochondrial swelling, al-
though less pronounced than in the liver. Cristae were not
observed or were scattered at the periphery of a low density
matrix.

After a 4-h exposure to ditercalinium, hepatocytes in culture
mainly show mitochondrial alterations (Fig. 8B). They are
larger than in controls (Fig. 84) and show a great variability in
their matrix density, with a loss of cristae in the darkest
mitochondria. A few aberrant membraneous structures appear
(Fig. 8B, bottom left). This is much more visible after 24 h of
exposure to the drug (Fig. 8C), many mitochondria have a
dense matrix, and large vacuoles filled with membraneous res-
idues are frequent in the cytoplasm.

DISCUSSION

In this paper, we report the tissue disposition and elimination
of tritium-labeled ditercalinium in rat. Using the fluorescence
properties of ditercalinium, the mitochondrial localization of
drug is described, and mitochondrial damage is followed by
electron microscopy.

After a Phase I clinical trial, which demonstrated that the
maximal tolerated dose was 15 mg/m? with an irreversible
hepatotoxicity as the dose-limiting side-effect, a reinvestigation
of distribution and elimination of ditercalinium was under-
taken. During our studies, after i.v. injection to rats, we noted
a fast tissue distribution, particularly in liver and kidneys,
followed by a slow elimination process. This could be explained
by tissue binding, due to the very high lipophilicity of ditercal-
inium. Total radioactivity measurements demonstrated that
after 1 week, 27 and 8% of the total administered dose was still
sequestered in liver and kidneys, respectively. In accord with
this finding, only 3% of the administered dose is excreted in
urine after 7 days.

However, care must be taken in interpreting these data on
the basis of total radioactivity measurements which correspond
to the unchanged drug and/or its potential biotransformation
products although it appears that ditercalinium is not metabo-
lized to a large extent (27).

Another observation confirmed the tissue sequestration of
this drug. In three postmortem human liver biopsies, it was still
possible to detect unchanged ditercalinium by high-perform-
ance liquid chromatography and fluorescence detection, 40 to
60 days after drug administration, and a liver microvacuolar
steatosis was found.*

Ditercalinium shows a very weak fluorescence in water, while
a strong fluorescence enhancement is observed in isopropanol.
This effect was previously described for a number of planar
chromophores such as ethidium or acridine (23). In polar
hydrophobic solvents, an exaltation with hyperchromic absorp-
tion was observed, which could explain the bright granular
fluorescence noted in hepatocyte both in vivo and in vitro
exposed to ditercalinium. A lipophilic membrane interaction
could lead to this fluorescence enhancement.

Two sites of interaction should be considered in the interpre-
tation of our data. Actually, ditercalinium could interact with
two cellular compartments which were revealed by fluorescence
microscopy: cytoplasmic and nuclear. Most of the fluorescence
is localized in the cytoplasm of living cells. The granular cyto-
plasmic fluorescence is probably due to the accumulation of
ditercalinium into mitochondria. The granular aspect of the
fluorescence suggests mitochondrial alterations. The absence

4 Unpublished results.

of nuclear ditercalinium fluorescence does not exclude the
possibility that a low concentration of drug could exist in the
nuclei with ditercalinium intercalated into the nuclear DNA.
Moreover, a quenching by DNA and nucleoproteins might
prevent nuclear fluorescence. Upon UV illumination, the cyto-
plasmic fluorescence is quickly translocated predominantly to
the nucleus. This translocation could be the result of phototoxic
effect observed with many cyanine dyes as carcinoma-specific
mitochondrial sensitizers in vitro (28).

An identical cytoplasmic localization of 2-methylellipticin-
ium acetate, a fluorescent derivative of ellipticine, has been
described in Chinese hamster lung cells where fluorescent gran-
ulations were observed (29). Comparable results were reported
in cryosections of cardiac tissue, which described the intrami-
tochondrial localization of doxorubicin (30), and suggested that
mitochondrial localization in isolated perfused rat heart could
be implicated in the mechanism of doxorubicin cardiotoxicity.

Ditercalinium is a biscationic compound with at least two
positive charges (on its quaternary ammonium groups), we
postulate that as compared to a monocationic agent like rho-
damine 123, the selective accumulation and toxicity would be
increased. In response to a negative electric membrane poten-
tial, the Nersnt equation predicts that the equilibrium of a
double cation is the square of that of a monovalent cation.

Generally most cations use specific carriers to pass through
the cell membrane. For these biscationic drugs, the membrane
passage, accumulation, and retention could be explained by the
lipophilicity of the molecule (31). Ditercalinium with the bi-
functional 7H-pyridocarbazole, without any polar substitution,
exhibits a high lipophilicity which allows the drug to passively
cross the plasma and the mitochondrial membranes.

The fact that ditercalinium fluorescence is observed especially
in mitochondria reflects the mitochondrial overconcentration
of the drug, and is due to the high potential of the mitochondrial
membrane (32).

Electron microscopic observations confirmed selective ultra-
structural changes at the level of mitochondria with important
swelling and alterations of the double membrane and cristae.
Ultrastructural damage localized on the mitochondria could be
correlated to the pattern of ditercalinium cytoplasmic fluores-
cence. Other drugs also lead to mitochondrial alterations such
as MGBG, ethidium bromide, novobiocine, ellipticine, and
paraquat (33-37), but most of them induce reversible damages,
MGBG and ethidium bromide also give structural alterations
of closed circular mt DNA without substantial degradation (33,
38). Recent results suggest that mt DNA could be another
target for this drug. Indeed, a specific elimination of mt DNA
was detected by DNA-DNA hybridization in ditercalinium-
treated L1210 cells (14).

Ditercalinium inhibits ATP production and interferes with
the oxidative phosphorylation in isolated rat liver mitochondria
in vitro.® Initially, we postulated that the toxicity could be due
to an organic free radical, but experiments of electron spin
resonance, cyclic voltametry, and lipid peroxidation studies in
vitro could not prove the existence of organic free radicals
originating from ditercalinium.

At present, two mitochondrial drug interactions could play a
role in mitochondrial toxicity: a hydrophobic interaction in the
mitochondrial membranes that leads to direct inhibition of
respiratory complexes and/or, the elimination of mt DNA
which could not code for mitochondrial proteins and leads to a
delayed cytotoxicity (14).

Thus, antimitochondrial action can be exhibited by different

* To be published.
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Fig. 8. Electron micrographs of cultured rat hepatocytes. 4, control; B, hepatocytes after treatment with 1 uM ditercalinium for 4 h (B); and for 24 h (C). After
incubation, mitochondrial double membranes are altered with membraneous residues and the loss of cristae. Nuclei and chromatin do not seem different from those
in control hepatocytes (bars, 1 um).
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lipophilic cationic compounds. Somereports of Chen and Nass
(16, 33) already proposed an antimitochondrial activity as a
basis for chemotherapy, for example dequalinium or MGBG.
Here, we have described a selective accumulation of ditercali-
nium in rat liver and kidneys and, more particularly, in mito-
chondria which may probably be the target for cell toxicity. The
localization of mitochondrial fluorescence is correlated to elec-
tron microscopy which confirmed the mitochondrial damages.
These results cast some light on the possible correlation be-
tween the tissue sequestration in patients, observed during
Phase I clinical trial and the selective toxicity on mitochondria.
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