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Abstract. Due to preferential uptake and retention, the small 
molecular weight lipophilic, cationic antimicrobial agent 
dequalinium chloride (DEÇA) displays potent in vitro and in 
vivo antitumor activity against carcinoma cells. The primary 
mechanism of DEÇA activity is directed against the 
mitochondria where it disrupts cellular energy production. 
One of the direct antitumor effects of tumor necrosis factor 
(TNF) is also targeted against the mitochondria. The ability 
of DEÇA to synergize this effect was examined in vitro 
against a panel of human ovarian cancer cell lines. The data 
from single agent and combined drug exposure were 
analyzed by the isobologram methods of Tsai et al (Cancer 
Res 49: 2390-2397, 1989). We demonstrate that TNF and 
DEÇA strongly synergize in vitro at clinically achievable 
doses for TNF and potentially clinically achievable doses for 
DEÇA. The degree of synergy varied with the cell line tested 
with UCI-101 being the least responsive and PA-1 cells 
displaying the greatest synergistic effect. DEÇA treatment 
also prolonged animal survival in mice bearing the PA-1 
intraperitoneal ovarian carcinoma xenograft. Single agent 
DEÇA (5 mg/kg; qod) increased animal survival by 37% 
(p=0.002) whereas recombinant human TNF (0.5 fig/mouse; 
qod) increased survival by 12% (p=0.27) in those animals 
treated 3 days post tumor injection. Sequential DECA/TNF 
enhanced animal survival by 45% (p=0.0002) in similarly 
treated animals. DEÇA, as a mitochondrial poison is an agent 
capable of potentiating the effects of tumor necrosis factor 
against ovarian cancer cell lines. 

Introduction 

Tumor necrosis factor (TNF) is a cytokine derived from 
activated monocytes or macrophage (1). TNF alpha has been 
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demonstrated to be cytotoxic both in vitro and in vivo (2) to a 
variety of human and murine cell lines and to increase the 
survival of athymic mice bearing an intraperitoneal human 
ovarian carcinoma xenograft (3). TNF's mechanisms of action 
are both direct and indirect. One of the direct cytotoxic effects 
appears to be an interference with mitochondrial electron 
transfer, effectively creating dysfunction in the mechanisms 
of cellular energy production (4). This disruption of energy 
production may have profound effects in the growth control 
of tumor cells either through a direct starvation of the cell or, 
when used in conjunction with a variety of cytotoxic agents, 
by a blockage of the energy dependent repair processes 
needed for the cell to recover from drug induced damage. 

Lipophilic cationic compounds such as rhodamine 123 
have also displayed cytotoxic activity against carcinomas in 
vitro and in vivo (5-7). Dequalinium chloride (DEÇA) is a 
lipophilic cationic compound in use as an antimicrobial agent 
in mouthwash and vaginal tablets. DEÇA has a structure 
similar to rhodamine; however, while rhodamine has a single 
positive charge, dequalinium has two (8). DEÇA has been 
reported to inhibit protein kinase C (9) as well as to 
selectively accumulate and be retained by the mitochondria of 
carcinoma cells where it inhibits cellular energy production 
(5). It has been proven to be more cytotoxic than rhodamine 
in certain experimental systems (5,6,10,11). Bodden et al, 
have also shown a potent inhibitory action on calmodulin by 
DEÇA with an associated antiproliferative effect (12). The 
mechanism of action of these compounds, although 
undetermined, appears to be related to inhibition of 
mitochondrial adenosine triphosphate synthesis (13), 
specifically the inhibition of Fl-ATPase through direct 
binding with the enzyme molecule (14). 

Bleday et al (15) have demonstrated a significant 
inhibition of the primary tumor growth of a rat colon tumor 
isograft following DEÇA treatment. Weiss et al (16) also 
demonstrated a prolongation of animal survival in mice 
intraperitoneally implanted with the MB49 bladder carcinoma 
or the CX-1 human colon carcinoma and subsequently treated 
with DEÇA. Furthermore, they found DEÇA to be more 
effective than 5-fluorouracil, cisplatin, vinblastine, bleomycin, 
methotrexate or cyclophosphamide in this animal model. 
DEÇA was also more effective than cisplatin in the control of 
human ovarian xenograft in athymic mice (17). 
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Individually, both DEÇA and TNF display antitumor 
activity and because both drugs seem to have a direct effect 
on mitochondrial function, we studied the activity of the two 
agents in combination against human ovarian cancer cell 
lines in vitro and in an in vivo xenograft model. 

Materials and methods 

Cell lines. The human ovarian carcinoma cell lines 
NIH:OVCAR-3; PA-1 (American Type Culture Collection, 
Frederick, MD); 222 (provided by Dr B. Bonavida, University 
of California, Los Angeles); and UCI-101 were used for these 
studies. The latter cell line (UCI-101) was derived from 
biopsy material from a University of California - Irvine 
patient with recurrent ovarian cancer previously treated with 
cytotoxic chemotherapy. The cell lines were maintained in 
RPMI 1640 tissue culture medium supplemented with 10% 
fetal calf serum, glutamine (2 mM), insulin (0.2 U/ml) 
(required for NIH:OVCAR-3); penicillin (100 U/ml) and 
streptomycin (100 |ig/ml). All cell lines were incubated at 
37°C in an atmosphere of 5% C02 in air. 

Reagents. TNF: Recombinant human tumor necrosis factor 
alpha was obtained courtesy of Genentech, Inc. (South San 
Francisco, CA). All dilutions were prepared in complete 
tissue culture medium containing fetal calf serum as a protein 
source. 
DEÇA: Dequalinium chloride (Sigma, St. Louis, MO) stock 
solution was prepared by dissolving the reagent in sterile 
water using a water bath sonicator. Further dilutions were 
prepared in complete tissue culture medium. 

Reagents were sterilized as needed by passage through a 
0.22 fim syringe filter. 

In vitro assay. The effect on cellular proliferation of TNF and 
DEÇA treatment either alone or in combination was assayed 
as follows: 

Briefly, exponentially growing ovarian carcinoma cells 
were seeded into 96-well flat bottom tissue culture plates 
(0.5-1.0xl04 cells/well in 0.1 ml) and allowed to attach 
overnight in the incubator. Test agents, alone or in 
combination were then added to the individual wells in 0.1 
ml volume and the cells maintained in culture for 3-4 cell 
doublings. Upon assay termination, culture supernatants were 
aspirated and viable cells stained with 50 (il of a 1 % crystal 
violet solution as described by Yamamoto et al (18). 
Quantification of the staining was assessed by reading the 
absorbance at 570 nm on a Dynatech MR700 Microplate 
Reader (Dynatech, Inc., Chantilly, Va.). Results (survival) 
were expressed as a percentage of untreated controls. All 
data points represent the average of quadruplicate wells. 
Variation among the quadruplicate wells within a single data 
point was found to be between 5 and 10%. 

TNF receptor assay. The effect of DEÇA pretreatment on 
cell TNF receptor numbers and equilibrium binding was 
determined by the methods of Ininnis et al (19). Briefly, 
twenty-four well tissue culture plates were seeded with lxlO6 

PA-1 or NIH:OVCAR-3 cells in phenol red free MEM tissue 
culture medium supplemented with 1 % charcoal treated fetal 

bovine serum and the cells cultured for 18 hours in the 
presence or absence of 1.0 |J,M DEÇA. After treatment, the 
cells were incubated with 0.5-15 ng [l25I]TNF (Amersham, 
Arlingto Heights, II; SA, 400 Ci/mmol) in triplicate in the 
presence or absence of 100 fold excess unlabeled TNF. 
Following a 3-4 hour incubation at 4°C, the medium was 
removed and the cells washed twice with ice cold phosphate 
buffered saline. The cells were solubilized in 0.3 M NaOH 
and radioactivity determined in a Clinigamma counter 
(Pharmacia LKB, Piscataway, NJ). The specific binding was 
calculated by subtraction of counts bound in the presence of 
unlabeled TNF from total bound counts and a Skatchard 
analysis conducted on the equilibrium binding data. 

Mice and xenografts. Specific pathogen free female Balb/c 
athymic 'nude' mice, 8-10 weeks of age, were allowed 
sterile laboratory diet and water ad libitum and maintained 
on a 12 hour light/dark cycle. Ovarian cancer xenografts 
were established by intraperitoneal injection of 2xl07 

cultured PA-1 cells. Subsequent tumor passages were mouse 
to mouse with the third serial passage injection mice being 
used for these studies. The survival times of tumor bearing 
mice and biological behavior of the xenografts remained 
relatively constant during this time. 

In vivo drug treatment. Four treatment arms consisting of 9 
mice/arm were established. Treatment groups were: (i) 
Untreated control; (ii) Single agent DEÇA (5 mg/kg every 
other day); (iii) Single agent TNF (0.5 |Ug/mouse every other 
day); and (iv) Combination DECA+TNF given at the above 
doses. Animals received only one drug per day given on 
alternate days. For PA-1 xenografts, drug treatments were 
initiated on day 3 following tumor cell injection. All mice 
received daily LP. injections of either drug or vehicle (saline 
with 0.2% fetal calf serum; 0.5 ml/mouse) in alternating 
abdominal quadrants. All drug treatments were discontinued 
60 days post tumor injection. 

Data analysis. Comparison of means was performed using a 
Student t-test employing the Statgraphics computer statistical 
analysis system (STSC Inc, Rockville, MD). Pharmacological 
synergism was studied by isobologram analysis for a number 
of in vitro inhibitory concentrations (IC) (20,21). Briefly, 
cells were exposed to varying concentrations of TNF or 
DEÇA as a single agent and individual dose response curves 
constructed. An 'envelope of additivity' was derived from 
the data of the single agent responses for a desired degree of 
growth inhibition. The upper and lower limits of this 
envelope represent the expected inhibitory effects if the test 
agents act independently of each other. DEÇA and TNF were 
then tested in combination and the doses of the individual 
agents that produced the desired degree of cell kill were 
plotted on the isobologram. If the combined dose points fall 
within the envelope then the combination is considered 
additive. Should the combined drug points fall below the 
envelope then the combination is synergistic and if it is 
above the envelope then the combination is less than additive 
in effect. The effect of DECA±TNF on animal survival was 
assessed by Kaplan-Meier and Wilcoxon log-rank statistics. 
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Figure 1. A. Individual dose response curves for UCI-101 cells exposed to 
dequalinium or TNF in vitro. Enclosed area represents an area of 
pharmacologic synergy. B. Isobologram displaying envelope of additivity 
for a 30% inhibition in vitro. Individual points identified in Table IA. Area 
I=synergy; II=additivity; III=sub-additive. 

Figure 2. A. Individual dose response curves for 222 cells exposed to 
dequalinium or TNF in vitro. Enclosed area represents an area of 
pharmacologic synergy. B. Isobologram displaying envelope of additivity 
for a 50% inhibition in vitro. Individual points identified in Table IA. 

Results 

The individual dose response curves to single agent 
dequalinium or tumor necrosis factor are presented in panel 
A of Figs. 1-4. For the cell lines tested, a greater than 90% 
reduction in cell numbers was achieved following a 10 jiM 
DEÇA dose. The IC50 concentrations for dequalinium ranged 
from 0.6 uM for the PA-1 and UCI-101 cell lines to 2.0 U.M 
for NIH:Ovcar-3. The 222 cell line had an intermediate value 
of 0.8 u.M. To date, resistance to dequalinium has been 
observed only in an adriamycin resistant variant of the 
A2780 ovarian cancer cell line where a concentration of 10 
(iM DEÇA was required to achieve 50% growth inhibition 
(data not shown). The IC^ levels for single agent tumor 
necrosis factor ranged from 6 ng/ml for the NIH:Ovcar-3 cell 
line to 900 and 1000 ng/ml for 222 and UCI-101 cell lines, 
respectively. An intermediate value of 400 ng/ml TNF was 
observed as the IC50 level for the PA-1 cell line. The area of 
in vitro pharmacologic drug synergy following sequential 
drug exposure has been boxed in Figs. 1-4 panel A. These 
areas represent the dosage range from the single agent 
individual dose response curves that, when combined, result 
in a greater than additive tumor cell kill in vitro. 

Synergy was observed in vitro for the cell lines tested 
following combined DECA/TNF treatment but the degree of 
synergy varied for the individual cell lines. Panel B of Figs. 

1-4 show a representative isobologram for each of the 
individual cell lines. The particular points indicated on the 
isobolograms as being synergistic are referenced in Tables 
IA and IB. Minimal synergy (IC30) was observed in the UCI-
101 cells. UCI-101 cells when exposed to single agent 
DEÇA at 0.1 (iM or 1.0 ng/ml TNF showed a reduction in 
cell numbers of 15 and 5%, respectively. These two agents, 
when combined resulted in a 33% inhibition of cell numbers. 
Synergy (47% inhibition) was observed in the 222 cell line 
following 0.5 fiM DEÇA (29% inhibition as single agent) or 
0.1 ng/ml TNF (5% reduction individually). For the PA-1 
cell line single agent DEÇA at 0.05 |iM killed 7% of the cells 
while 1.0 ng/ml TNF reduced cell numbers by 31%. A 69% 
reduction in cell numbers resulted from the combination of 
these agents at those doses. A 47% inhibition of cell growth 
was observed following 0.1 JiM DEÇA (6% reduction -
single agent) and 0.1 ng/ml TNF (8% reduction). 

The effects of DEÇA treatment on TNF receptor numbers 
and binding varied with the cell line (Table II). DEÇA 
pretreatment had no effect on TNF receptors for the PA-1 
cell line which showed only a 5% increase in receptor 
numbers and 2% increase in the kD. The effect was more 
dramatic on the NIH:Ovcar-3 cell line with a 38% reduction 
in receptor numbers and 33% reduction in kD. 

The data in Table III show that single agent TNF had 
minimal inhibitory action on the PA-1 tumor when tested 3 
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Figure 3. A. Individual dose response curves for PA-1 cells exposed to 
dequalinium or TNF in vitro. Enclosed area represents an area of 
pharmacologic synergy. B. Isobologram displaying envelope of additivity 
for a 50% inhibition in vitro. Individual points identified in Table IB. Area 
I=synergy; II=additivity; III=sub-additive. 

Figure 4. A. Individual dose response curves for NIH:Ovcar-3 cells exposed 
to dequalinium or TNF in vitro. Enclosed area represents an area of 
pharmacologic synergy. B. Isobologram displaying envelope of additivity 
for a 50% inhibition in vitro. Individual points identified in Table IB. Area 
I=synergy; II=additivity; IH=sub-additive. 

days following tumor cell injection (13% inhibition). Single 
agent DEÇA was most effective when treatment of PA-1 
tumor bearing animals was initiated 3 days following 
intraperitoneal tumor cell injection. Combination DEÇA and 
TNF resulted in the greatest increases in animal survival. 
However, no statistical difference could be demonstrated in 
animal survival between single agent DEÇA and 
combination DECA+TNF. The individual survival curve 
(Fig. 5) shows an initial survival advantage with the 
combination chemotherapy. 

Discussion 

The use of biological response modifiers is rapidly becoming 
the fourth cancer treatment modality they are used as single 
agents or in the adjuvant setting in conjunction with surgery, 
radiation or chemotherapy. Early clinical experience with 
TNF has been limited due to the acute toxicities encountered. 
Clinical use of agents that augment the tumor cell killing 
effect of TNF may result in an enhanced therapeutic index 
with a subsequent reduction in toxicities. Dequalinium 
chloride may be such an agent. Phase I studies for TNF 
following at a maximally tolerated dose of 200 (j.g/m2 

resulted in peak plasma concentrations of 20-80 ng/ml 
(22,23). These levels for TNF were comparable to the ones 
used in our experiment that led to TNF synergy with DEÇA. 

The mechanism of action for combination DECA+TNF 
ultimately resides in the antimitochondrial effects of 
dequalinium. Maximum synergistic activity for the two drug 
combination was observed when DEÇA was administered a 
minimum of 8 hours prior to TNF. Since DEÇA disrupts 
cellular energy production through a direct binding with and 
subsequent inactivation of the mitochondrial enzyme Fl-
ATPase (14). This pretreatment time may be required to 
allow for a depletion of cellular energy reserves thus 
inhibiting the energy dependent repair processes associated 
with TNF treatment. The effect of DEÇA could not be 
attributed to an action on the subsequent uptake and binding 
of TNF as receptor numbers and binding studies show that, in 
the case of NIH:Ovcar-3 cells, DEÇA pretreatment resulted 
in a >30% reduction in TNF receptor numbers and binding. 
Whether this represents a direct effect on membrane fluidity 
or an inability to synthesize new receptors following DEÇA 
induced energy deprivation has yet to be determined. 

Dequalinium presents itself as an agent with activity in a 
number of venues which all have direct applications to the 
treatment of ovarian cancer. DEÇA as a single agent resulted 
in significant (>90%) tumor cell kill at doses of 10 uM. 
Although there is no human data available for dequalinium, 
based on the animal experience, a 10 |iM concentration of 
DEÇA should be achievable in the human. 
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Table IA. Synergistic effect of sequential dequalinium and TNF exposure on human ovarian cancer cell lines. 

Cell 
line 

UCI 101 

222 

DEÇA 
U.M 

0.01 

0.10 

1.00 

0.05 

0.10 

0.50 

% 
Kill 

<1 

15 

56 

<1 

<1 

29 

TNF 
ng/ml 

0.1 
1.0 
10 

0.1 
1.0 
10 

0.1 
1.0 
10 

0.1 
1.0 
10 

0.1 
1.0 
10 

0.1 
1.0 
10 

% 
Kill 

<1 
5 

14 

<1 
5 

14 

<1 
5 

14 

5 
23 
29 

5 
23 
29 

5 
23 
29 

DEÇA + TNF 
% Kill 

8 
19 
25 

10 
33 
34 

58 
67 
70 

25 
37 
37 

30 
40 
41 

46 
54 
60 

Additive/ 
Synergistic 

A 
S 
sa 

sa 

A 

A 
A 
A 

S 
S 
A 

S 
S 
S 

sb 

A 
A 

Inhibitory 
concentration 

IC20 
IC30 

IC30 

IC30 
IC40 

IC30 
IC40 
IC40 

IC50 

A=Additive; S=Synergy; illustrated Fig. 3B; illustrated Fig. 4B. 

A=Additive; S=Synergy; illustrated Fig. IB; illustrated Fig. 2B 

Table IB. Synergistic effect of sequential dequalinium and TNF exposure on human ovarian cancer cell lines. 

Cell 
line 

PA-1 

NIH:OVCAR-3 

DEÇA 
UM 

0.05 

0.10 

0.50 

0.05 

0.10 

0.50 

% 
Kill 

7 

15 

42 

<1 

6 

29 

TNF 
ng/ml 

0.1 
1.0 
10 

0.1 
1.0 
10 

0.1 
1.0 
10 

0.1 
1.0 
10 

0.1 
1.0 
10 

0.1 
1.0 
10 

% 
Kill 

15 
31 
36 

15 
31 
36 

15 
31 
36 

8 
40 
62 

8 
40 
62 

8 
40 
62 

DEÇA + TNF 
% Kill 

53 
69 
66 

53 
65 
67 

67 
79 
81 

43 
56 
71 

46 
51 
70 

54 
57 
72 

Additive/ 
Synergistic 

Sa 

S 
S 

sa 

s 
s 
A 
A 
A 

Sb 

s 
A 

Sb 

A 
A 

Sb 

A 
A 

Inhibitory 
concentration 

IC50 
IC70 
IC60 

IC50 
IC60 
IC60 

IC50 
IC50 

IC50 

IC50 
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Table II. Effect of DEÇA pretreatment on cell surface TNF receptor numbers and TNF binding/ 

aDECA pretreatment of 1.0 pM for 18 hours. 

Figure 5. Effect of combination DECA/TNF on PA-1 tumor bearing animal survival. 

Table III. Effect of DEÇA ± TNF on PA-1 tumor bearing 
animal survival. 

aANOVA analysis; b5 mg/Kg LP., QOD; c0.5 pg/mouse, QOD; 
d5 mg/Kg I.P., QOD alternating with 0.5 pg/mouse, QOD. 

In summary, synergy was observed between DEÇA and 
TNF in a panel of human ovarian cancer cell lines. This 
synergy was encountered at concentrations of DEÇA and 
TNF that would be achievable in the human. Based on these 
data, investigational trials using these compounds should be 
considered in suitable ovarian cancer patients. 
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