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\s=b\In searching for a new approach to the systemic treatment
of colorectal carcinoma, we have observed that certain lipo-
philic cationic compounds are accumulated and retained for a

significantly longer period in the mitochondria of living car-
cinoma cells than in normal cells or sarcoma cells. We report
the in vivo therapeutic effect of one of these compounds,
dequalinium chloride, on the W163 rat colon carcinoma iso-
graft, which grows rapidly in Wistar/Furth rats after primary
tumor implantation, and which recurs rapidly after primary
tumor resection. In the primary transplant model, tumors were

implanted, and daily dequalinium chloride treatments were

begun the following day in doses ranging from 1 to 10 mg/kg. In
the recurrence model, isografts were implanted, allowed to
grow for one week, and then all gross tumor was resected.
Dequalinium chloride was administered in varying daily doses
starting the day after resection. In both models, tumor was
removed on day 11 after implantation or resection. At sublethal
doses, dequalinium chloride significantly inhibited primary
tumor growth to 60% that of controls and recurrent tumor
growth to 50% that of controls. We propose that this unique
biologic approach of targeting carcinoma mitochondria with
lipophilic cationic compounds may provide a major new op-
portunity for treating colorectal carcinoma.

(Arch Surg 1986;121:1272-1275)

To date no effective systemic therapy for colorectal
carcinoma has been found. Chemotherapy agents such

as fluorouracil have had minimal response rates with colon
carcinoma1,2 and only prolong recurrence-free survival by
22% in rectal carcinoma when they are used in conjunction
with radiotherapy.3 Recently, Summerhayes et al" observed
that the lipophilic cationic compound rhodamine 123 is
retained for a significantly longer period in the mitochon¬
dria of living carcinoma cells than in normal cells or sarcoma
cells. The unusual retention of rhodamine 123 is also seen in
a majority of human colorectal carcinoma cell lines.5 Certain
animal tumors, such as the rat colon carcinoma W163, also
exhibit this unusual retention pattern, allowing for the in
vitro and in vivo testing of lipophilic cationic compounds as

tumor-targeting agents or tumor-specific chemotherapeu¬
tic drugs.

Certain lipophilic cationic compounds such as rhodamine
123 are cytotoxic in vitro to carcinoma cells that exhibit this
prolonged-retention phenotype.6'' High doses of rhodamine
123 are also cytotoxic to certain carcinoma cells in vivo.8 The
exact mechanism of this cell killing is undetermined but is
thought to be related to the inhibition of adenosine tri¬
phosphate synthesis in mitochondria.9 The tumoricidal ef¬
fect is enhanced when cells are simultaneously treated with
the glycolytic inhibitor 2-deoxyglucose.8 These phenomena
suggest that the simultaneous inhibition of aerobic mito¬
chondrial metabolism and glycolysis may be selectively
cytotoxic to carcinoma cells that retain the lipophilic cat¬
ionic compound.

We report the in vivo therapeutic effect of another
lipophilic cationic compound, dequalinium chloride, using
the 1,2-dimethylhydrazine-induced W163 rat colon tumor
isograft in a transplant and recurrence model. Both de¬
qualinium chloride and rhodamine 123 are lipophilic and
cationic in their chemical structures (Figure), with de¬
qualinium chloride having two positive charges whereas
rhodamine 123 has one. Dequalinium chloride localizes in
and causes morphologic changes to mitochondria in living
cells in a manner similar to rhodamine 123 (M.J.W., J. R.
Wong, C. S. Ha, et al, unpublished data, May 1986).
However, results from clonogenic assays show that de¬
qualinium chloride is much more selectively tumor cyto¬
toxic than rhodamine 123 when carcinoma cells and normal
cells are exposed to each compound for three hours, as
shown by Bernal et al6 and M.J.W., J. R. Wong, C. S. Ha,
et al (unpublished data, May 1986). Dequalinium chloride
has also been effective in vivo with other animal tumor
models, including the MB49 mouse bladder carcinoma and
dimethylbenzamine-induced rat mammary tumor (M.J.W.,
J. R. Wong, C. S. Ha, et al, unpublished data, May 1986).

MATERIALS AND METHODS
Animals and Tumors

Wistar/Furth (W/F) rats were used. They were housed in standard
plastic cages and fed standard rat chow (Agway) and tap water ad
libitum. In all experiments, 160- to 200-g W/F rats were used. All rats
were weighed on days 0, 5, and 11 ofthe 11-day experiment. The W163
tumor was originally explanted from a 1,2-dimethylhydrazine-in¬
duced rat colon carcinoma in a W/F rat. The isograft has been serially
passaged in our laboratory in W/F rats. Recent histologie sections of
the tumor isograft show that it is poorly differentiated adenocar¬
cinoma.
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Chemical structures of dequalinium chloride and rhodamine 123.

Reagents
Dequalinium chloride was dissolved in water using a bath

sonicator. Fluorouracil, methotrexate sodium, and doxorubicin
hydrochloride were also used.

Experimental Design
Two models were used to test drug efficacy. In a transplant

model, 3-mm3 pieces of W163 rat colon tumor isograft were placed
subcutaneously into the left thigh of W/F rats while they were
under methoxyflurane (Metafane) inhalational anesthesia. Skin
incisions were closed with stainless steel clips. Injections of
dequalinium chloride, standard chemotherapeutic agents, or phys¬
iologic saline for controls were begun 24 hours after implantation.
In the recurrence model, isografts were implanted subcutaneously
as described above and allowed to grow for one week, and then all
gross tumor was resected. Injections were begun 24 hours after
tumor resection. All treatment or control groups contained six rats
each. In dequalinium chloride-treated groups, route of adminis¬
tration for the transplant and recurrence models was either by
subcutaneous (SC) or intraperitoneal (IP) injection. Fluorouracil,
methotrexate, and doxorubicin were given IP. Dequalinium
chloride was administered in doses of 1, 4, or 10 mg/kg on days 1
through 4 and 7 through 10. Standard chemotherapy agents
were administered in doses that approximated the lethal dose for
10% survival ofthe group for 200-g rats of a similar strain.10 Fluo¬
rouracil was given at 12.5 mg/kg, methotrexate sodium at
0.5 mg/kg, and doxorubicin hydrochloride at 2 mg/kg, using the
same injection schedule for dequalinium chloride and saline (days 1
through 4 and 7 through 10). Injections for all compounds and saline
were of equal volume (0.5 mL). Because of the fast growth rate of
the W163 tumor, all tumor isografts, either primary or recurrent,
were resected and weighed on the 11th day after tumor implanta¬
tion or resection.

Additional Experiments
To help determine whether dequalinium chloride was more effec¬

tive as a constant infusion or when given as "pulse" therapy, two
groups of rats in the transplant model received dequalinium chloride
via a subcutaneously implanted osmotic pump. The pump delivered a
constant infusion of drug or saline either SC or IP. Rats receiving
dequalinium chloride IP via the pump were given a total dose of
12 mg/kg over the course of the experiment, whereas rats in the SC
treatment group received a total dose of 40 mg/kg (for comparison,
rats that received 4-mg/kg injections on days 1 through 4 and 7
through 10 were given a total dose of 32 mg/kg). Two other groups of
rats in the transplant model received dequalinium chloride IP in pulse
treatments of 3 and 5 mg/kg on days 1, 4, and 8.

Histologie Findings
Biopsy specimens ofthe tumor, muscle, brain, heart, lung, small

bowel, kidney, and liver were taken from two randomly selected
rats in both dequalinium chloride-treated groups and control
groups. Biopsy specimens were immediately placed in 4% buffered
formaldehyde and processed at the Department of Pathology, New
England Deaconess Hospital, Boston. All biopsy specimens were
reviewed by a pathologist who was "blinded" as to the rat's
treatment group.

Statistics
Mean ± SD was calculated for all treatment and control groups.

Comparisons of groups were done using Student's unpaired t test.

RESULTS
As seen in Table 1, dequalinium chloride, at doses of 1 and

4 mg/kg SC, was effective in significantly inhibiting tumor
growth in the transplant model. In the recurrence model
(Table 1), dequalinium chloride, at 1 mg/kg SC, had no
significant effect, but tumor weight in rats treated with
4 mg/kg SC was 50% lower than that of controls. The
difference in effect between the recurrence and transplant
models at 1 mg/kg may be secondary to a decrease in blood
supply and, consequently, drug delivery to the surgically
resected area. Dequalinium chloride at 10 mg/kg SC was
lethal after three or four injections.

Dequalinium chloride, at 1 mg/kg IP, had no tumor-
inhibitory effect (Table 1). At a dose of 4 mg/kg, rats died on
day 8 ofthe experiment. At a dose of 10 mg/kg, rats died on
day 4. The results of pulse IP treatments at doses of 3 and
5 mg/kg showed inconsistent tumor-inhibitory effects that,
overall, were not significantly different from those in con¬
trols (data not given).

There was no significant weight loss among rats receiving
sublethal doses of dequalinium chloride. Also, rectal tem¬
peratures in treated rats, as a gross measure of uncoupled
mitochondrial metabolism, was not elevated compared with
controls.

The results in rats receiving dequalinium chloride by con¬
tinuous infusion pump are given in Table 1. Tumor weight in
rats that had received a constant infusion of 12 mg/kg of
dequalinium chloride IP was 55% that of controls. Of note,
there was a reactive ascites with thickened peritoneum in
all of these rats that most likely would have limited any
increases in dose. Dequalinium chloride given SC at a total
dose of 40 mg/kg limited tumor weight to 42% that of
controls. Weight loss among dequalinium chloride-treated
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Table 1.—Results in Transplant Model and Recurrence Model*

Tumor Weight, g

Dose, mg/kg Controls Treated Treated/Controls, %
Transplant Model, Subcutaneous

7.2 4.3 60t
7.2 4.3 60f

10 7.2 Lethal

Transplant Model, Intraperitoneal
8.7 8.4 97
8.7 Lethal

10 8.7 Lethal
Transplant Model, Implantable Osmotic Pump

12 (intraperitoneal) 6.0 3.3 55f
40 (subcutaneous) 8.3 3.6 42f

Recurrence Model, Subcutaneous
11.8 10.8 92
11.8 5.8 50f

10 11.8 Lethal
*ln transplant model, subcutaneous and intraperitoneal, and in recurrence

model, rats were given dequalinium chloride on days 1 through 4 and 7
through 10; in implantable osmotic pump study, rats were given dequalinium
chloride for ten days.

tP<.05.

rats over the course of these pump experiments was only 7%
of body weight.

The effects of three standard chemotherapy agents on

W163 isograft growth are given in Table 2. In both the
transplant and recurrence models, dequalinium chloride
had a greater tumor inhibitory effect than methotrexate,
and in the recurrence model, dequalinium chloride was as

effective as fluorouracil.
The histologie sections from biopsy specimens of brain,

heart, lung, liver, small bowel, colon, and kidney of de¬
qualinium chloride-treated rats were normal. Even in rats
that had received 10 mg/kg/d SC, and that were killed
because they were obviously terminally ill, there were no

histologie changes.
In an effort to get some indication as to the clinical

potential of cytotoxic lipophilic cationic compounds such as

dequalinium chloride, we correlated our rhodamine 123
retention data for human colorectal carcinoma cell lines5
with quantified carcinoembryonic antigen (CEA) secretion
as measured by the American Type Tissue Collection.11 As
shown in Table 3, there appears to be a trend for decreased
rhodamine 123 retention with decreased CEA secretion.

COMMENT

Lipophilic cationic compounds such as dequalinium chlo¬
ride represent a new class of potentially useful chemothera¬
peutic agents for the clinical treatment of solid tumors such
as colorectal cancer, for which there is presently no effec¬
tive systemic therapy.13 As seen in Table 1, dequalinium
chloride inhibits tumor growth in both transplant and re¬
currence rat colorectal tumor isograft models. The inhibi¬
tion of tumor growth in the recurrence model demonstrates
that dequalinium chloride is effective against existing tu¬
mor and is not just an inhibitor of isograft establishment.
With both the transplant and recurrence models, dequal-

Table 2.—Intraperitoneal Standard Chemotherapy Agents:
Effects on W163 Tumor Isograft Growth

Transplant Model, g Recurrence Model, g
(% of Controls) (% of Controls)

Controls 7.0(100) 7.7(100)
Methotrexate 5.4(77) 5.5(71)
Fluorouracil 1.8 (26)* 4.0 (52)t
Doxorubicin 0.3 (4)* 0.5 (6)*

*P<.01.
tP<.05.

Table 3.—Retention of Rhodamine 123 in
Relation to CEA Secretion*

Percentage of Cells With
Retention at 16-24 h Cell Line CEA, ng/10 d/10" Cells

>80 187 1916
218 118
224 0.0
228 0.7
229 908
233 2564

10-60 222 2.8
227 0.15
220 0.0
220.1 0.0

MIP101 0.0
Clone A 0.0

 Retention by mitochondria in human colorectal carcinoma cells. CEA
indicates carcinoembryonic antigen.

inium chloride appears to be more effective than methotrex¬
ate, and in the recurrence model, as effective as fluo¬
rouracil.

The mechanism of toxic effect and rat death was not made
clear by our histologie sections. The lack of histologie
changes, especially in the liver and kidney, most likely
indicates a neuromuscular or metabolic cause of death.

Treatment with low-dose injections or infusions of de¬
qualinium chloride on a daily basis was more effective than
pulse treatments at sublethal doses. Though the exact
mechanism of tumor cytotoxic effect is not known, this
suggests that carcinoma cells, which have increased mem¬
brane potentials, both plasma and mitochondrial,12 may
concentrate low serum levels of the compound in their
mitochondria. Since lipophilic cationic compounds have
been shown to inhibit adenosine triphosphate synthesis,9
concentration of these compounds by the mitochondria of
transformed epithelial cell lines could inhibit oxidative
phosphorylation to such an extent as to disrupt normal
cellular function.

Dequalinium chloride and other lipophilic cationic com¬

pounds have the potential to be clinically useful in the
treatment of colorectal carcinoma and other solid tumors. A
majority of human colorectal cell lines retain the lipophilic
cationic compound rhodamine 123.5 However, as shown in
Table 3, there is a trend toward decreased rhodamine 123
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retention with decreased CEA secretion and differentia¬
tion. One might speculate from the in vitro data that in vivo,
cytotoxic lipophilic cationic compounds may be more effec¬
tive against well-differentiated human colorectal tumors
than poorly differentiated tumors. The increased rhoda¬
mine 123 retention in the higher CEA-secreting cell lines
may be due to the fact that well-differentiated tumors have
been noted to have a greater tendency for oxidative phos-
phorylation than poorly differentiated tumors, which tend
to be highly glycolytic.13 A tendency for increased oxida¬
tive phosphorylation in well-differentiated cancers implies
that there may be an increased mitochondrial membrane
potential. This increased mitochondrial membrane poten¬
tial would cause a greater uptake and retention of lipophilic
cationic compounds in well-differentiated colorectal cancers

and, consequently, a greater disruption of normal cellular
function.

Our goals for the future workup of dequalinium chloride
and other lipophilic cationic compounds will include the
application of these compounds to appropriate animal tumor
models whose cell types demonstrate mitochondrial reten¬
tion of rhodamine 123. Further biodistribution and studies
on toxic effects are also being carried out. Also, we are

studying the mechanism of cytotoxic effect at the cellular
organelle level.
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Discussion

Q It seems that with the dequalinium chloride in the carcinoma
line that you've looked at, you have a narrow range in which you get
a toxic effect and it is irretrievable. When you gave 10 mg the
results were irretrievable and the animals died; 1 mg was ineffec¬
tive, resulting in a narrow window. I wonder whether combining
this with agents would be where something like this might be of
use. However, it's more like a cytostatic, and it is cytotoxic when
you get to high enough levels. You would want to make use of its
inhibitory effect and then complement that with other chemother¬
apy. Have you combined this in any of your studies with fluorouracil
or some other agent?
A Yes, we have—not with the W-163 isograph model but using a
bladder carcinoma model MB-49 in mice we've combined these
mitochondrial targeting agents, lipophilic cationic dyes, mostly
dequalinium chloride, with standard conventional chemotherapy
agents. Dequalinium chloride is better than seven of eight conven¬
tional chemotherapy agents in tumor/control values. However, if
you combine it with cisplatin you get cure rates with established
tumor up to 40% to 50%. So it does seem to have a synergistic
effect.

Q With the rhodamine 123, you show there is an uptake that is
correlated with differentiation. One would wonder whether some¬

thing like this could be useful as a marker, for example, in looking
at patients followed up for ulcerative colitis: those that might have

atypia preceding a neoplastic change. Is something like this a po¬
tential marker for the change between in situ cancer, or even in
polyps, vs frank carcinoma?

A These compounds may be cytotoxic in and of themselves. Even if
they are not cytotoxic, they accumulate and are retained in tumor
epithelial cell lines and in particular in well-differentiated lines. We
are going to see how this retention in vivo labels cells taken from
colonie washings so we can then explore diagnostic applications.

Q Did this prevent tumor growth or recurrence in animals? How
did you analyze your data?

A Since this is such a fast-growing tumor, the animals die from
local tumor growth in three to four weeks. We closed our

experiments at approximately two weeks to look at tumor and host
histologie findings for sublethal and toxic doses. We did actually
take out these isographs and measure tumor weight, which is a bit
more accurate than trying to get three-dimensional measure¬
ments. In one group ofanimals, we stopped the drug therapy at two
weeks and did not kill them. The tumor begins to take off once you
stop these treatments. The growth curve is parallel to the control
animals but is shifted over by several weeks. It is not clear whether
the drug is cytostatic or cytotoxic at this time. We are screening
many compounds and hope to come up with better cytotoxic agents
than even dequalinium chloride.
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