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Abstract 0 Dequalinium chloride (DECA), a cationic, lipophilic mito- 
chondrial poison, selectively targets the mitochondrial membrane of 
certain epithelial carcinoma cells, in which it inhibits cellular energy 
production. It has demonstrated potency as a cytotoxic agent specific for 
carcinomas and may provide a novel approach for cancer therapy, either 
as a single agent or as an adjunct to conventional chemotherapy. The 
purpose of this study was to determine the toxicity of DECA in the murine 
model. One hundred female BALB/c mice were divided into three 
schedule groups. Group one received a single intraperitoneal (ip) dose 
of DECA at 10, 15, 20, or 25 mg/kg of body weight. Group two received 
DECAat 6,7,8,9, or 10 mg/kg ip every other day (QOD), and group three 
received DECA at 10, 11, 12, 13, or 14 mg/kg ip every 7 days. Over a 
30- to 60-day period, acute and subchronic toxicities were evaluated on 
the basis of the following clinical parameters: respiratory distress, weight 
loss, and mortality. After a single ip administration, we found a maximum 
tolerated dose of 15 mg/kg and a lethal dose (LDS0) of 18.3 mg/kg. Single 
ip doses of 20 and 25 mg/kg produced >50% mortality. Histologic 
examination of the tissues revealed significant damage to the liver and 
kidneys, with pulmonary congestion occurring secondary to renal- 
hepatic failure. A cumulative assessment revealed that 60% of the 
animals tolerated 15 doses of 6 and 7 mg/kg QOD and that 100% 
tolerated 5 doses of 11 and 12 mg/kg (every 7 days). Higher DECA doses 
under either regimen induced severe toxic effects and mortality. On the 
basis of these data, we have defined the primary toxic effects of DECA 
and derived a treatment schedule of 5 mglkg ip (QOD), thus increasing 
the potential for the greater effectiveness of this prototypic anticancer 
agent in future preclinical studies. 

For well over 35 years, dequalinium chloride (DECA), a 
quaternary ammonium salt compound originally intended as 
an active trypanosidal agent, has been used in a number of 
different applications. Commercially available as Dequadin 
(Evans Medical, UK), its widespread use in oral mouthwashes 
for endodontics led to its emergence as a topical antimicrobial 
and antifungal agent in vaginal ointments and paints.l-6 

Investigations into the anticarcinoma potential of DECA 
were initiated because of the similarity of the chemical 

structures of DECA and rhodamine-123, a mitochondrion- 
specific fluorescent dye. Chen et al. originally used rhoda- 
mine-123 as a specific probe to target the mitochondria in 
living cells.7 The high negative transmembrane electrical 
potential maintained by functional mitochondria, coupled 
with the net positive charge carried by the dye, explained the 
accumulation and retention of this compound within these 
organelles. Various researchers found that continuous expo- 
sure to rhodamine-123 selectively killed carcinoma cells 
compared with normal epithelial cells grown in vitro.al2 

DECA, a cationic, lipophilic mitochondrial poison, also 
expressed an increase in selective cytotoxicity in certain 
carcinomas.13-15 Its effectiveness in penetrating the cell 
membrane and targeting mitochondria was superior to that of 
rhodamine-123 because of its dual positive charge.15.16 

Epithelial cancer cells, which manifest increased accumu- 
lation and retention of these compounds and thus experience 
enhanced cytotoxic effects, are an ideal tumor model for the 
evaluation of DECA in a well-established, reproducible hu- 
man ovarian xenograft system.17 In vivo studies conducted by 
Christman et al.,15 using a murine xenograft model, demon- 
strated the selectivity of DECA for some epithelial carcino- 
mas. DECA doses of 2 mgkg of body weight administered 
intraperitoneally (ip) every other day produced significant 
tumor cytotoxicity with little apparent systemic toxicity. l5 

Similar results were seen in studies by Weiss et al.,13 who 
demonstrated the prolongation of animal survival in mice 
implanted ip with the MB49 bladder carcinoma and subse- 
quently treated with DECA. Furthermore, DECA was more 
effective than vinblastine, bleomycin, cisplatin, B-fluorou- 
racil, methotrexate, and cyclophosphamide in this animal 
model.13 Bleday et al.14 also demonstrated significant inhibi- 
tion of the primary tumor growth of a rat colon tumor isograft 
after DECA administration. These animals, however, were 
given ip doses ranging from 2 to  4 mg/kg every other day 
(&OD) over 25 days.14 

Although the effectiveness of DECA seems dose dependent, 
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its administration has been limited by undefined toxicities. 
Therefore, the rhodamine-123 data coupled with the DECA 
toxicity data from 35 years ago served as the basis for our 
preclinical investigation into the toxic effects of DECA in the 
murine model.3.8.18 

110 

Experimental Section 
Drug Preparation-DECA (lot no. 124F-0608; Sigma Chemical 

Co., St. Louis, MO) stock solution was prepared by sonicating the 
reagent for 15 minutes in sterile distilled water at a concentration of 
50 mg/mL. Successive dilutions were prepared from this stock 
solution with 0.9% normal saline as the vehicle. 

Animals-One hundred 7- to 9-week-old female BALB/c mice were 
obtained from Frederick Cancer Research Center (Frederick, MD). 
The animals were given a commercially available rodent lab chow 
and water ad libitum and maintained at a constant ambient temper- 
ature of 22 "C on 12-h l igh taark  intervals. After a 14-day acclima- 
tion period, the mice were divided into 18 groups and identified by ear 
tag before study initiation. The animals were monitored twice daily 
for abnormal symptomatology, and weight change was recorded 
biweekly. 

Intraperitoneal injections were administered into the lower left 
quadrant of the abdomen; quadrants were rotated for multiple 
injections. Drug doses were determined by use of each group's mean 
weight and were administered with uniform injection volumes of 0.5 
mL via a 27-gauge needle. 

Determination of the LD,bThe  toxic effects of DECA were 
examined in three separate experimental regimens. First, a prelim- 
inary probe was designed to determine the lethal dose (LD,,). This 
consisted of a single ip administration of DECA at 10, 15, 20, and 25 
mgkg. Two control groups received either placebo injections of saline 
or no treatment at all. Each group of eight animals was handled 
identically, and toxicity was evaluated over a period of 30 days. The 
surviving animals were euthanized by cervical dislocation, and gross 
necropsies were performed. 

Cumulative Toxicity-Two treatment schedules were designed to 
assess cumulative toxicity. Five treatment groups consisting of five 
animals each received DECA at 6, 7, 8, 9, or 10 mgkg ip &OD, and 
the other five treatment groups received doses of 10, 11,12,13, or 14 
mg/kg ip every 7 days. Control groups for each schedule received 
saline injections accordingly. On day 30, one animal representative 
of each group was euthanized, and a necropsy was performed; 
however, survivors were observed for a n  additional 30 days, after 
which necropsies were performed. 

Histology-The heart, lungs, liver, kidneys, brain, gastrointesti- 
nal tract, muscle, and spinal cord from each mouse were carefully 
preserved in 10% buffered formaldehyde solution and examined as 
pathology specimens. The organs were embedded in paraffin, and 
sections were stained with hematoxylin-osin (H&E) for light mi- 
croscopic examination. 

Results 
Determination of the LD5,,-hte and subchronic toxicities 

were assessed on the basis of the following parameters: respira- 
tory distress, weight loss, mortality, and histopathology. The 
maximum tolerated dose was determined to be 15 mg/kg. All 
mice receiving a single dose of 15 mg/kg ip did well, with only 
minimal toxic manifestations of labored breathing and a greasy 
appearance because of a lack of grooming. Interestingly, these 
symptoms subsided after 3 to 4 days. Recipients of 20 and 25 
mg/kg suffered symptoms of rapid and labored breathing accom- 
panied by cyanosis and marked weight loss (Table I and Figure 
1). Mortality OcCulTed 5 to 10 days after the administration of 
these doses. We found an LD,, of 18.3 mg/kg (Figure 2). This 
finding is comparable to the LD50 of 20.9 2 2.9 mg/kg previously 
reported by Babbs et al.,3 although we found >50% mortality at 
the two higher doses. 

Histologic sections of each organ, including the brain and 
spinal cord, of representative mice from each group were 
examined on day 30. Compared with controls, the drug- 
injected mice demonstrated significant histologic alterations 
consisting of cytoplasmic vacuolation of the hepatocytes and 

- 

Table I-DECA-induced Toxicity after SingieDose Administration' 
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a Observations were made for eight mice over a 15-day period after 
DECA exposure. Dyspnea accompanied by cyanosis. ' Nonretractabie 
doughy skin.  Unkemptappearance (ruffled, greasy, or yellow fur). The 
animal experienced difficulty orienting itself when placed on its back. ' Clear fluid from eyes and a weepy appearance. 
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Figure 2-Effects on animal survival of single-dose DECA exposure. 

renal tubular cells; these changes were dose dependent. Mice 
receiving 10 mg/kg showed no histologic changes; at 15 
mg/kg, minimal cytoplasmic vacuolation occurred in the 
proximal renal tubular cells. Doses of 20 and 25 mgkg 
produced vacuolation in both proximal and distal tubules that 
was associated with tubular cell necrosis (Figure 3, arrows). 
The liver began to demonstrate fine vacuolation of the 
hepatocytes affecting the entire lobule, with the exception of 
a rim of normal cells around the portal tracts (Figure 4, P and 
C). The histologic changes are identical to the "acute fatty 
changes" of the liver observed in human beings. 

Pulmonary congestion, observed in gross necropsies as 
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Figure 3-Microvacuolization of the cytoplasm of the proximal renal 
tubules with focal tubular cell necrosis (arrows). H&E original magnifi- 
cation x 172.5. 

: 14 rng/kg DECA 

Figure &Fatty liver of a mouse. Note the microvesicular infiltration 
primarily in the central and mid-zonal areas. P, Portal area; C, central 
vein. H&E original magnification x 172.5. 

hemorrhagic lungs, was secondary to renal-hepatic failure. 
An examination of muscle tissue revealed no apparent 
damage, although ultrastructural damage was difficult to  
determine without the aid of electron microscopy. However, 
an overall “wasted” appearance of the animals was attrib- 
uted to a state of hypercatabolism in the debilitated 
animals. 

Cumulative Toxicity-Sixty percent of animals tolerated 
15 doses of 6 and 7 mgkg injected QOD (Figures 5 and 6), 
whereas all mice withstood 5 doses of 10, 11, and 12 mg/kg 
once a week, before experiencing any dose-limiting symp- 
toms (Figures 7 and 8). Although one animal from the 
lO-mg/kg group died after receiving the second injection, 
the death was due to a perforation of the small intestine, 
which was histologically confirmed as  resulting in acute 
peritonitis. The animals from these groups demonstrated 
only slightly labored breathing. Total body weight dropped 
(20-30%) but then stabilized (Figures 5 and 7). Higher 
DECA doses, of 13 and 14 mgkg (every 7 days) and 8,9, and 
10 mg/kg (QOD), resulted in severe dyspnea accompaniedby 
cyanosis and eventual death (Figures 6 and 8). A dramatic 
decrease in body weight (40-45%) also accompanied these 
doses (Figures 5 and 7). Weight loss was appreciable in all 
surviving groups but slowly resolved once drug adminis- 
tration was discontinued. Although a measurement of 
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Figure +Mean animal weight loss during DECA exposure with a QOD 
treatment schedule. 
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Figure &Effects on animal survival of cumulative DECA treatment with 
a QOD treatment schedule. 

120 

110 [ - 100 
v 90 

80 2 
z 70 

-a 

dietary intake was not performed, minimal consumption of 
food after drug exposure was observed. 

Animals receiving doses of 6 and 7 mg/kg QOD began 
experiencing respiratory difficulty after the administration of 
the 10th injection. Tubular cell necrosis and liver damage 
with concomitant lung congestion were noted for these ani- 
mals at necropsy after the 10th injection. Surviving animals 
in this group tolerated an additional five injections with 
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Figure &Effects on animal survival of cumulative DECA treatment with 
a weekly treatment schedule. The asterisk denotes animals euthanized 
30 days after the fifth DECA injection. 

significant weight loss before the study was terminated, and 
an overall 40% mortality was observed. 

On day 60, surviving animals representative of each 
group were euthanized. At that time, no significant alter- 
ations were seen in mice that had received a total of 15 
doses of 7 mg/kg (&OD). This finding suggests that the 
damage that may have been incurred resolved itself once 
drug administration was stopped. Similarly, a mouse re- 
ceiving five weekly doses of 13 mg/kg demonstrated the 
same resolution of adverse pathology. 

Discussion 
DECA is an agent capable of acting through a variety of 

mechanisms relevant to the potential control and treatment 
of cancer. Among these, the action of DECA has been related 
to the selective accumulation and retention of this agent 
within the mitochondria of certain carcinomas.19 The primary 
mechanism of action, although yet undetermined, appears to 
be related to the inhibition of ATP synthesis in the mitochon- 
dria, specifically the inhibition of F1 ATPase.20.21 Various 
investigators have shown that DECA can act as a calmodulin 
antagonist, thereby affecting cellular viability.16J2 The inhi- 
bition of calmodulin also serves to sensitize multi-drug- 
resistant cells to chemotherapeutic agents.23 Rotenberg et al. 
also reported the inhibition of murine protein kinase C by 
DECA.24 

We previously showed that DECA can act in synergy with 
the in vitro effects of tumor necrosis factor against a panel 
of seven different human ovarian cancer cell lines.25-28 
DECA, as a single agent and as an adjuvant to biological 
response modifiers such as tumor necrosis factor, also has 
significant cytotoxic activity against human ovarian car- 
cinomas transplanted into nude mice when used at a dose 
of 5 mg/kg QOD.29 

In light of the unique carcinoma-specific characteristics of 
this agent, its potential use in the treatment of epithelial 
ovarian carcinomas and perhaps other malignancies seems 
feasible. However, an understanding of the toxicity of the 
drug before the initiation of human trials is needed. To date, 
only limited toxicological information is available, the main 
focus being directed toward the antimicrobial activity of this 
compound.3 The data were used to identify a level of DECA 
that had antimicrobial activity when applied to topical use in 
humans. Consequently, such a level may not be appropriate 
for the treatment of cancer, and higher doses would be 
expected to result in a greater response. 

Our data demonstrate that DECA given at high doses 
results primarily in hepatic and renal toxicities in the murine 
model (Figures 3 and 4). Babbs et a l . 3  had previously reported 
respiratory failure as the primary toxic reaction in mice; 
however, we found the respiratory difficulty accompanying 
high doses of DECA to be a secondary manifestation resulting 
from a congestive lung disorder associated with severe renal 
toxicity. 

DECA toxicity also produces rapid and extreme weight loss 
(Figures 1, 5, and 7). This result was not unexpected, in 
consideration of the activity of DECA and the use of a murine 
system. We attribute the rapid weight loss in part to the 
inhibition of ATP synthesis within the cells. Such an inhibi- 
tion would result in a depletion of storage depots (fat) and the 
subsequent inability to produce new depots. This effect is 
magnified by the rapid metabolism of mice and would not be 
expected to be as extreme in humans. Further studies are 
necessary to substantiate this suggestion, as it was not 
confirmed by our studies. It is also important to  note the 
correlation between activity and appetite in these animals as 
well. Listless animals experienced anorexia and therefore lost 
a substantial amount of weight because of hypercatabolism. 

Interestingly, it appears that DECA toxicity is reversible 
after the cessation of drug therapy. Mice euthanized on day 60 
showed no significant alteration of tissues. This finding is of 
great importance and should be taken into consideration in 
the design of new treatment schedules for DECA as cancer 
therapy . 

The failure of conventional treatment modalities for ova- 
rian cancer, as well as other epithelial malignancies, neces- 
sitates a search for agents that are more active by themselves 
or are capable of augmenting the efficacy of other anticancer 
agents. For years, the tumor cell nucleus has been the 
primary target for anticancer chemotherapeutic drugs. 
Agents that can act on targets other than the cell nucleus are 
currently under investigation, and the mitochondrial poisons 
represent one such class of new investigational drugs. It is 
hoped that DECA will have a substantial impact on the 
modern-day treatment of cancer as a possible alternative to 
conventional chemotherapeutic agents. 
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