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A B S T R A C T  

Clofazimine, a riminophenazine antimicrobial agent, and its analogue 
B669 were investigated for their effects on FaDu cells, a human squamous 
carcinoma cell line. These agents, at concentrations within the therapeutic 
range (0.25-2 lag/ml), caused a dose-dependent tumor cell cytotoxicosis 
which was greatly enhanced in the presence of human neutrophils. The 
neutrophil-mediated increment in tumoricidal activity, but not the direct 
antitumor effects of the drugs p e r  se, was inhibited by catalase. The effects 
of these drugs on three more cell carcinoma lines as well as on two primary 
cultures and a noncarcinoma cell line were also investigated and compared 
with the activity of the standard antitumor chemotherapeutic agents ble- 
omycin, cisplatin, and methotrexate. All seven cultures were sensitive to 
ciofazimine and B669 compared to six that were sensitive to cisplatin, 
three that were sensitive to bleomycin, and one that was sensitive to 
methotrexate. The treatment of FaDu cells with clofazimine and B669 was 
associated with enhanced activity of phospholipase Az, as evidenced by 
increased release of radiolabeled arachidonate and lysophosphatidylcho- 
line from membrane phospholipids. Inhibitors of arachidonic acid metab- 
olism, protein kinase C inhibitors, as well as water and lipid soluble 
antioxidants failed to protect the cells against the cytotoxic activity of 
clofazimine and B669. However, a-tocopherol, a lysophospholipid-com- 
plexing agent, completely blocked the antiproliferative effects of the rim- 
inophenazines and also protected the cells against the direct cytotoxic 
effect of lysophosphatidylcholine, while the lysophospholipid-neutralizing 
enzyme lysophospholipase protected against the riminophenazines. These 
observations demonstrate that the tumoricidal properties of clofazimine 
and B669 are probably due to increases in the lysophospholipid content of 
cell membranes. 

I N T R O D U C T I O N  

The r iminophenazine compound  clofazimine [B663; 3-(p-chloro- 

anilino) - 10 - (p-chlorophenyl) -2,10- dihydro- 2 -isopropylimino) phena- 

zine] is primarily an antileprosy agent (1-3). Apart from its direct 
antimicrobial activities clofazimine also enhances the phagocytic and 

antimicrobjal activities of  human and murine neutrophils (4) by sen- 

sitizing the cells to hyperreact to various stimuli leading to increased 

production of  reactive oxidants (5) with antimicrobial and tumoricidal 

potential (6). Previously published molecular  structure/function stud- 

ies revealed that the prooxidative interactions of  the r iminophenazines 

with neutrophils are dependent  on the presence and type of  alkylimino 

group at position 2 of the phenazine nucleus (7). One such compound,  

B669, was identified as being an exceptionally potent stimulant of  

superoxide generation by activated neutrophils (7). Clofazimine also 

possesses antiproliferative properties and inhibits the proliferation of  
phytohemagglutinin-st imulated lymphocytes (8, 9). 

In the present study we have investigated the direct effects of  
clofazimine and B669 on the proliferation of  various cancer cell lines 

in vitro as well as the effects of  these agents on neutrophil-mediated 

killing of  tumor cells. Our data demonstrate that clofazimine and 

B669 per  se are potent inhibitors of  the proliferation of  various cancer 

cell lines in vitro and also enhance the tumoricidal activity of  neutro- 

phils. Moreover, anti-proliferative lysophospholipids generated in the 

cell membrane of  clofazimine/B669-treated cancer cells are the me- 

diators of the direct antitumor activity of  these r iminophenazine 

agents. Because of  their unique mechanism of  action as well as their 
antimicrobial properties and, in the case of  clofazimine, lack of  organ 

toxicity and bone marrow suppression (10), these agents might  be 

useful for inclusion in cytotoxic chemotherapy. 

M A T E R I A L S  AND M E T H O D S  

Agents. The molecular structures of clofazimine and B669 [3-anilino-10- 
phenyl-2,10-dihydro-2-(cyclohexylimino)phenazine] are shown in Fig. 1. This 
material is the subject of a patent program by the University of Pretoria, South 
Africa (inquiries should be directed to The Head, Research Administration, 
University of Pretoria). Both agents were synthesized by Dr. J. E. O'Sullivan, 
Department of Chemistry, University College Dublin, Republic of Ireland. 
Methotrexate (amethopterin), bleomycin sulfate, and cis-diamine dichlorop- 
latinum (II) (cisplatin) were obtained from Sigma Chemical Co. (St. Louis, 
MO). All the drugs, except bleomycin sulfate (which is soluble in water), were 
dissolved in DMSO 3 to a concentration of 2 g/liter and diluted further in MEM 
supplemented with 10% heat-inactivated FCS directly before use. Control 
systems contained the corresponding DMSO concentrations only. 

Chemicals, Reagents, and Enzymes. Unless indicated these were obtained 
from Sigma and radiochemicals were obtained from Du Pont NEN Research 
Products (Boston, MA) and Amersham International (Aylesbury, England). 

Cell Lines and Primary Cultures. The following cell lines were used: 
FaDu human pharynx squamous carcinoma (ATCC HTB 43); HeLa human 
cervix epithelioid carcinoma (ATCC CC 42); T24 human transitional cell 
bladder carcinoma (ATCC HTB 4); Vero African green monkey kidney (ATCC 
CCL 81); and primary human hepatocellular carcinoma (PLL/PRF/5) (PLC) 
kindly supplied by Dr. J. Alexander, National Institute of Virology, Johannes- 
burg, Republic of South Africa. The primary cultures used were HF and VK 
cells. 

Cytotoxicity Assay. Cytotoxicity assays were performed using round-bot- 
tomed 96-well tissue culture plates. Cultured cells were harvested from 75% 
confluent tissue culture flasks with 0.2% trypsin, washed, and resuspended in 
MEM (except in the case of T24 where McCoy's 5A medium was used) 
supplemented with 10% heat-inactivated FCS. To each well were added 2500 
tissue culture cells and the volumes were brought to 200 Fal with MEM 
supplemented with 10% FCS, containing the various solvent controls or con- 
centrations (0.25--4 ~tg/ml) of clofazimine or B669, the plates were incubated 
for 1-8 days at 37~ in an atmosphere of 5% CO2. Fewer cells were used 
(1000/well) for seeding the plates when incubation periods of 5, 7, and 8 days 
were used. The cytocidal potential of clofazimine and B669 was also investi- 
gated using four additional established cell lines and two primary cultures and 
compared with the activity of bleomycin, cisplatin, and methotrexate. For these 
studies an incubation period of 3 days was used throughout. At termination, 
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cells were fixed with 10% phosphate-buffered formalin, washed with phos- 
phate-buffered saline, and stained with 0.02% crystal violet. Plates were 
washed in water and left to dry and the stain was extracted with 10% sodium 
dodecyl sulfate at 37~ for 18 h. The absorbance was measured at 620 nm on 
a Titertek Multiskan plate reader. Background values (medium only) were 
subtracted from each reading. Results are expressed as the percentage of the 
untreated control systems. 

In some experiments the potential of various lipid and water-soluble anti- 
oxidant chemicals and enzymes, the LPC-hydrolyzing enzyme lysophospho- 
lipase, as well as inhibitors of cyclooxygenase, 5-1ipoxygenase and PKC, to 
protect against the cytotoxic effect of clofazimine and B669 on FaDu cells 
during a 3-day exposure time was investigated. These agents, at the final 
concentrations at which they were used in the cytotoxicity assays, are shown 
in Table 1. At the predetermined concentrations shown, none of the test agents 
per se had any effect on cell survival after a 3-day incubation period. In another 
set of experiments, cells were pretreated with AT (25 lag/ml) for 60 min at 
37~ followed by 2 washings and exposure to clofazimine and B669 at 
concentrations of 0.5-2 I.tg/ml. 

The effects of exposure of FaDu cells to the primary PLA2 hydrolysis 
products, arachidonic acid (1-30 lag/ml) and lysophosphatidylcholine (1-5 
~tg/ml), were also investigated. In these experiments the cells were first washed 
and treated in MEM without serum for 30 rain before the addition of 10% FCS. 

Neutrophil-mediated Cytotoxic Activity, The effects of the test agents on 
the tumoricidal properties of neutrophils were also investigated. Neutrophils 
were isolated from heparinized (5 units preservation-free heparin/ml) venous 
blood of healthy volunteers and separated on Ficoll-metrizoate cushions by 
centrifugation at 400 X g for 25 min. Residual erythrocytes in the neutrophil 
bands were removed by selective lysis with 0.83% (w/v) ammonium chloride. 
Neutrophils were washed once with MEM and resuspended to a concentration 
of 2.5 • 105/ml. In these experiments neutrophils were added to the test system 
at a cell ratio of 10 neutrophilsttumor cell and clofazimine and B669 at final 
concentrations of 0.125-2 lag/ml. Only the FaDu cells were used in this assay 
system with a fixed incubation period of 24 h. In some experiments the 
protective potential of catalase (250 units/well) was investigated. The cells 
were first preincubated for 5 min with this antioxidative enzyme before the 
addition of the neutrophils and/or riminophenazines. To investigate the possi- 
bility that low levels of neutrophil-mediated oxidants increase the sensitivity of 
FaDu cells to the riminophenazines, cells were preincubated with 2.5 and 5 IJM 
reagent H202 alone for 30 min before the addition of the experimental agents 
(i.e., in the absence of neutrophils). 

Measurement of Cellular Phospholipase A2 Activity. The effects of clo- 
fazimine and B669 (final concentrations, 1, 2.5, 5, and 10 lag/ml) on PLA2 
activity in FaDu cells were measured according to the extent of release of 
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Fig. 1. Molecular structures of clofazimine and B669. 

Table 1 Antioxidants and enzyme inhibitors assayed for possible protective activity 
against the cytotoxic effect of clofazimine and B669 on FaDu cells 

Agent Mode of action 

Final 
concentration 

tested 

dl-a-Tocopherol Lipid-soluble antioxidant 25 lag/ml 
dl-a-Tocopherol acetate Lipid-soluble antioxidant 50 pg/ml 
Retinol Lipid-soluble antioxidant 3.12 Hg/ml 
Retinol acetate Lipid-soluble antioxidant 50 pg/ml 
Butylated hydroxytoluene Lipid-soluble antioxidant 6.25 lag/ml 
Butylated hydroxyanisole Lipid-soluble antioxidant 12.5 Hg/ml 
Dithiothreitol Reducing agent 60 Hg/ml 
Cysteine Water-soluble antioxidant 500 ttg/ml 
Catalase Antioxidant enzyme 500 units/ml 
Indomethacin Prostaglandin synthetase inhibitor 2.5 pg/ml 
Piroxicam Prostaglandin synthetase inhibitor 10 lag/ml 
Nordihydroguaiaretic acid 5'-Lipoxygenase inhibitor 2 lag/ml 
H-7 PKC inhibitor 100 
Lysophospholipase Lysophospholipid inactivator 250 milliunits/ml 

radiolabeled arachidonate and lysophospholipids by control and riminophena- 
zine-treated FaDu cells. 

Arachidonic Acid Release. FaDu cells were trypsinized, washed, and re- 
suspended in 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid-buffered, 
Ca2+-free HBSS (pH 7.4) to a concentration of 2 x 106/ml. The cells were then 
coincubated with 5 laCi/ml of [5,6,8,9, l 1,12,14,15-3H] arachidonate (specific 
activity, 79.9 Ci/m/mol; Du Pont NEN) for I0 min at 37~ in Ca2+-free HBSS 
to allow incorporation of radiolabeled arachidonate into the C-2 position of the 
glycerol backbone of membrane phospholipids and then washed and resus- 
pended to 1 x 106/ml in HBSS, containing 5 lag/ml indomethacin to minimize 
breakdown of [3H]arachidonate. The cells (1 x 106/ml) were then preincubated 
for 5 min at 37~ prior to the addition of clofazimine/B669 (final concentra- 
tions, t.0, 2.5, 5, and 10 ~tg/ml) and the tubes were incubated for 15 rain at 
37~ in an atmosphere of 5% CO2. The final volume in each tube was 2 ml (2 
x 106 cells). Appropriate solvent controls were included. The reactions were 
terminated by the addition of 5 ml of n-hexane/isopropyl alcohol/concentrated 
HC1 (final concentration, 0.1 M; 300/200/4, (v/v/v). Lipids were extracted as 
previously described (11). The upper organic phase was separated, retained, 
and dried under a stream of nitrogen. The lipids were dissolved in 100 lal of 
hexane/isopropyl alcohol (3/2, v/v) containing 2.7 jag of unlabeled arachido- 
hate to facilitate visual detection with iodine vapors. Aliquots of 10 lal were 
then spotted onto Silica Gel 60-precoated TLC plates (Merck, Darmstadt, 
Germany). The plates were developed in chloroform/acetone (96/4, v/v). After 
exposure to iodine vapors the arachidonate spots were localized and the silica 
removed and assayed for radioactivity. 

Lysophosphatidylcholine Assay. A previously described TLC method (12) 
was used to assay LPC levels in control and riminophenazine-treated tissue 
culture cells. FaDu cells (2 X 106/ml) were coincubated with 50 HCi/ml 
[9,10-3H]palmitic acid (60 Ci/mmol; Du Pont NEN) for 10 min in Ca2+-free 
HBSS to allow incorporation of palmitic acid into membrane phospholipids 
and then washed once and resuspended to 1 x 106 cells/ml in serum-free 
MEM. The cells were then preincubated for 5 rnin at 37~ prior to the addition 
of clofazimine/B669 (final concentrations, 1.0, 2.5, 5, and l 0 lag/ml) and the 
tubes were incubated for 15 min at 37~ The reactions were terminated by the 
addition of 3 ml of chloroform/methanol (2/1, v/v). Water (0.3 ml) was added 
to cause phase separation. After centrifugation the phospholipid-containing 
lower phase was removed and evaporated to dryness under a stream of nitrogen 
and dissolved in 50 lal of chloroform/methanol. Aliquots of I0 I11 as well as the 
appropriate standard (10 lag/ml LPC) were then spotted onto Silica Gel 60- 
precoated TLC plates (Merck). The plates were developed 2-3 times in 
chloroform/methanol/isopropyl alcohol/0.25% KC1/ethyl acetate (30/9/25/6/ 
18, v/v/v/v/v). After exposure to iodine vapors the LPC spots were localized, 
and the silica was removed and assayed for radioactivity. 

Measurement of the Effects of Clofazimine and B669 on the Activity of 
Purified Porcine PLA2, The effects of the riminophenazines on the activity of 
purified PLA2 (from porcine pancreas) were assayed using 1-stearoyl-2- 
[5,6,8,9,11,12,14,15-3H]arachidonyl-L-3-phosphatidylcholine (specific activ- 
ity, 135 Ci/mmol; Amersham) as substrate. The reaction mixtures (1 ml) 
contained 20 rnM Tris-HCl (pH 8.5), 5 rnM CaCI2, 0.625 laCi of radiolabeled 
PLC, 50 nmol of unlabeled cartier PLC, 200 nmol of unlabeled LPC, and 5 
~tg/ml of ciofazimine or B669. Control systems contained the corresponding 
concentration of DMSO. LPC was included in the assay system to promote the 
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fl)rmation of phospholipid micelles (13). Reactions were initiated by the ad- 
dition of PLA2, (final concentration, 10 units/ml) and the tubes were incubated 
for 15 rain at 37~ The 15-rain incubation period and the fixed concentration 
of the enzyme were determined in a series of preliminary experiments. The 
reactions were then terminated by the addition of n-hexane/isopropyl alcohol, 
and [3H]arachidonate in the reconstituted lipid evaporates assayed by radio- 
metric TLC as described above. PLA2 activity was directly related to the 
amount of [3H]arachidonate released from radiolabeled PLC. 

Measurement of the Effects of Clofazimine and B669 on the Activity of 
Purified Lysophospholipase. The effects of the riminophenazines on the 
activity of purified lysophospolipase (2-1ysophosphatidylcholine acylhydro- 
iase-phospholipase B from Vibrio species) were assayed using l-[l-~4C]palm- 
itoyl-L-lyso-3-phosphatidylcholine (specific activity, 56 mCi/mmol; Amer- 
sham) as substrate. The reaction mixtures (1 ml) contained 20 m~ Tris/HCI 
(pH 7.0), 0.25 pCi of radiolabeled LPC, 200 nmol of unlabeled LPC, and 5 
/ag/ml of clofazimine or B669. Control systems contained the corresponding 
concentration of DMSO. Reactions were initiated by the addition of 200 
milliunits (final concentration) of lysophospholipase and the tubes were incu- 
bated for 15 rain at 37~ The reactions were then terminated by the addition 
of 1.5 ml chloroform/methanol (2/1, v/v) and the remaining intact [14C]LPC 
was assayed by radiometric TLC as described above. 

Measurement of Possible Complexing of AT with Ciofazimine and 
B669. The UV absorption spectra of mixtures of AT (up to 100 pg/ml) and 
clofazimine or B669 in ethanol (up to 10/ag/ml) relative to identical concen- 
trations of the individual agents were measured as described previously (14), 
using a Pye Unicam SP 1700 double beam UV spectrophotometer. 

LDH Release Assay. The cytotoxic potentials of clofazimine and B669 for 
FaDu cells after a 60-min treatment were assayed using a standard spectro- 
photometric assay for the measurement of LDH (15). Briefly, 5 • 105 cells 
were coincubated at 37~ with 5 and 10 pg of the experimental drugs in 1 ml 
of Cae+-free HBSS without serum for 60 rain. After treatment the cells were 
removed by centrifugation and the supernatants were assayed for cytosolic 
LDH. 

R E S U L T S  

Effects of  Clofazimine and B669 on the Survival of FaDu Cells  

after Exposure for U p  to 8 Days .  Clofazimine and B669 caused a 

dose-dependent  inhibition of  the proliferation of  FaDu cells (Figs. 2 

and 3) which was significant (P  < 0.05) at concentrat ions as low as 

0.25 pg/ml and detectable after 24 h. B669 was considerably more 

active (approximately 3-fold) than clofazimine.  

Comparison of the Cytotoxic Effects of B669, Clofazimine,  Cis- 

p la t in ,  B l e o m y c i n ,  and Methotrexate for Five Established Tissue 
Culture Cell Lines and Two Primary Cultures. All the cultures 

tested were sensitive to clofazimine and B669 (Fig. 4). The order of  
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Fig. 2. Effects of c]ofazimine on the growth of FaDu cells after a l-day, 2-day, 5-day, 
7-day, and 8-day treatment. Data are expressed as the mean percentage of the correspon- 
ding control systems of 4 different experiments. 
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Fig. 3. Effects of B669 on the growth of FaDu cells after a l-day, 2-day, 5-day, 7-day, 
and 8-day treatment. Results of 4 different experiments are expressed as the mean 
percentage (0D62o, absorbance at 620 nm) of the corresponding control systems. 
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Fig. 4. Comparison of the cytotoxicity of B669, clofazimine, cisplatin, bleomycin, and 
methotrexate for HE VK, human pharynx squamous carcinoma (FaDu), primary human 
hepatocellular carcinoma (PLC), Vero African green monkey kidney (Vero), human tran- 
sitional cell bladder carcinoma (T24), and human cervix epithelioid carcinoma (HeLa) 
cell cultures after a 3-day treatment. Results of three different experiments are expressed 
as the mean percentage (0D62o, absorbance at 620 nm) of the corresponding control 
systems. 
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Fig. 5. Effect of catalase (250 units/well) on the cytotoxic effects of neutrophils on 
FaDu cells treated with clofazimine and B669 after a 24-h treatment. Results are expressed 
as the mean percentage (OD6zo, absorbance at 620 nm) inhibition --- SEM. 

Table 2 Effects of clofazimine and B669 in the presence and absence of AT 
(25 pg/ml) on the growth of FaDu cells 

AT, 25 lag/ml (% of control) 

Treatment Absent Present 

0 . 5 p ~  B669 7.0_+0.6 a 93.8_+6.3 b 
l p ~ m l B ~ 9  15.0_+4.4 83.5_+9.5 
2p~mlB~9  16.3_+4.8 89.0_+6.5 

1 lag/ml clofazimine 62.0 _+ 12.7 94.8 _ 4.6 
2 lag/ml clofazimine 47.3 _+ 12.3 90.3 _+ 6.1 
4 lag/ml clofazimine 29.0 _+ 4.4 73.5 _+ 2.5 

a Results from 3-4 separate experiments are presented as the mean percentage _+ SEM 
of the relevant control systems. The absolute values for the AT/riminophenazine-free and 
the AT-containing riminophenazine-free control systems were 0.385 _+ 0.029 and 0.401 _+ 
0.031 at A62o, respectively. 

b All the values in this column are statistically significant (P < 0.005) compared to the 
corresponding riminophenazine-treated, AT-free systems. 

susceptibility for clofazimine was HeLa > T24 > FaDu > HF > VK 
> PLC > Vero and for B669 the order was HeLa > T24 > FaDu > 

HF > PLC > Vero > VK. B669 was again more potent than clofa- 

zimine and caused complete cell death at concentrations 2 to 3 times 
less than those of  clofazimine. All the cultures tested, except PLC, 

were sensitive to cisplatin (Fig. 5). The order of  susceptibility was T24 

> Vero > FaDu > VK > HE T24 and to a much lesser extent, HeLa, 

VK, and Vero cells were sensitive to bleomycin.  Vero and HeLa cells, 

but not the other cell lines, were slightly sensitive to methotrexate at 

the concentrations and incubation conditions used in this assay. Re- 

suits obtained with cultures not sensitive to one or more of the test 

agents are not shown. 

Effects of Various Antioxidants as well as Cyciooxygenase, 5'- 
Lipoxygenase ,  and PKC Inhibitors on Clofazimine and B669- 
mediated Inhibition of FaDu Cell Growth. Of the various agents 

listed in Table 1, only AT and lysophospholipase protected FaDu cells 
against the anti-proliferative effects of  both clofazimine and B669. 

The effects of  AT (25 l.tg/ml) on the growth of  FaDu cells coincubated 

with clofazimine (1, 2, and 4 lag/ml) and B669 (0.5, 1, and 2 I~g/ml) 
are shown in Table 2. However, preincubation of  the cells with AT 

(25 ~g/ml) for 60 min, fol lowed by 2 washings and exposure to 

clofazimine and B669 (0.5, 1, and 2 lag/ml) did not protect the cells 

against the cytotoxic effect of  the drugs. Coincubation of the cells with 
lysophospholipase (250 milliunits/ml) caused partial but statistically 
significant protection against the anti-proliferative effects of  the rim- 

inophenazines. The growth of  cells treated with 2.5 gtg/ml clofazimine 
in the absence and presence of  lysophospholipase was 61 ___ 12 and 
72 _ 11% (P < 0.005) of  the untreated control value. The corre- 

spondingvalues for B669 (1 pg/ml) were 57 _+ 5 and 74 + 6% (P < 

0.01" data from 2 experiments). Lesser protection was observed with 

30 milliunits/ml of  lysophospholipase,  while heat inactivation 

(80~ min) of  the enzyme totally abolished the protective activity 

(data not shown). 
Effects of Clofazimine and B669 Treatment in the Presence of 

Neutrophils on the Survival of FaDu Cells after a 24-h Incubation 
Period. Coincubation of neutrophils with FaDu cells (10:1) caused an 

8 _+ 4% decrease in cell survival (Fig. 5), while the corresponding 

decreases observed with clofazimine (0.5 l~g/ml) or B669 (0.5 ~g/ml) 

alone (in the absence of  neutrophils) were 11 _ 6 and 27 +_ 10%, 
respectively. However, exposure of  FaDu cells to combinations of  

neutrophils and clofazimine or B669 caused a significant (P < 0.05 

and P < 0.005, respectively) synergistic increase in tumor cell lysis. 

Preincubation with catalase (250 units/well) prevented neutrophil- 

mediated enhancement  of  cytotoxic activity (Fig. 5) but had no effect 
on the direct tumoricidal properties of  the drugs p e r  se (results not 

shown). Similar results were observed with 1 and 2 lag/ml clofazimine 

and 0.125 and 0.25 lag/ml B669 (results not shown). 

The treatment of  FaDu cells with 2.5 and 5 IJM H202 caused a 92 + 
8 and 35 _+ 8% inhibition of  growth, respectively. However, exposure 

of  the cells to combinations of  H202 and either clofazimine (0.5-2 

IJg/ml) or B669 (0.125-1 lJg/ml) did not cause any synergistic in- 

creases in tumor cell death. 
Effects of Clofazimine and B669 on Phospholipase A2 Activity. 

The effects of the r iminophenazines (1-10 ~g/ml) on the activity of  
PLA2 in FaDu cells were measured according to the release of  the two 

primary hydrolysis products, unsaturated fatty acid and LPC from 

phosphatidylcholine pre-labeled in the C-2 and C-1 positions of  the 
glycerol backbone with [3H]arachidonate and [3H]palmitate, respec- 

tively. Data for the release of [3H]arachidonate and [3H]LPC are 

shown in Table 3. The riminophenazines,  especially B669, caused 

dose-related enhancement  of  the release of  these two primary PLA2 

hydrolysis products, indicating that exposure of FaDu cells to the 

r iminophenazines increases the activity of  PLA2. The addition of  AT 

(25 pg/ml) to the experimental system had no effect on the rimi- 
nophenazine-mediated increase in [3H]arachidonic acid release (re- 

sults not shown). 
Effects of Lysophospholipids and Arachidonic Acid on the 

Growth of FaDu Cells. The effects of  LPC (1-5 IJg/ml) on FaDu cell 

growth are shown in Table 4. This agent caused a dose-related inhi- 
bition of cell growth which was statistically significant at all concen- 

trations tested (P  < 0.05-P < 0.005). Treatment of  FaDu cell's with 25 

lag/ml AT prior to exposure to LPC protected against the inhibitory 

effect of  LPC on cell growth (Table 4). On the other hand, arachido- 

nate at concentrations of up to 30 lag/ml did not affect cell growth. 

Table 3 Release 3 of[  H]arachidonate and [3H]LPC from FaDu cells after a 15-min 
treatment with clofazimine or B669 

(% of control) 

Treatment [3H]Arachidonate [3H]LPC 

1 lag/ml clofazimine ND" 131 _+ 14 b 
2.5 lag/ml clofazimine ND ~ 155 _+ 14 
5 pag/ml clofazimine 127 _+ 8 c 205 _+ 27 
10 lag/ml clofazimine 158-+ 18 ND 

1 lag/ml B669 194_+ 8 148 _+ 14 
2.5 lag/ml B669 ND" 167 _+ 6 
5 lag/ml B669 198 _+ 26 321 _+ 31 
10 lag/ml B669 240 -+ 33 ND 

a ND, not done. 
b All the values shown in this column are statistically significant (P < 0.05-P < 0.005) 

by comparison with the relevant control systems. 
c Results from 4-9 experiments are presented as the mean percentage _+ SEM of the 

riminophenazine control systems. The absolute values for the drug-free control systems 
were 10158 • 1628 and 7575 _ 82 cpm for the release of [3H]arachidonate and [3H]LPC, 
respectively. 
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Table 4 Effects of  LPC after a 5-day treatment in tile presence and absence of AT 
(25 I~g/ml) on the growth of  FaDu cells 

LPC 
concentration 

(lag/ml) 

AT, 25/ag/ml (% of control) ~ 

Absent Present b 

1.0 75.1• 96.6• 
2.5 26.0• 101.4• 
5.0 1.9• 88.4• 

a Results of 3 separate experiments are presented as the mean percentage _+ SEM of the 
relevant control systems. The absolute values for the AT/LPC-free and the AT-containing, 
LPC-free control systems were 610.7 _+ 14.0 and 598.3 • 20.7 at A62o, respectively. 

b All the values are statistically significant (P < 0.005) compared to the relevant 
LPC-treated AT-free systems. 

Effects of  Clofazimine and B669 on the Activities of  Purified 
Phospholipase Az and Lysophospholipase. Neither clofazimine nor 
B669 at a fixed concentration of 5 lag/ml affected the activities of 
purified PLA2 or lysophospholipase. The amount of arachidonate 
released from radiolabeled PLC in the presence of PLA2 was 19 _ 1, 
20 +_ 1, and 21 +_ 1 nmol for the control system and systems con- 
taining 5 ~tg/ml clofazimine and B669, respectively (data from 4 
different experiments). The amount of LPC hydrolyzed by lysophos- 
pholipase was 103 +_ 16, 100 _ 2, and 91 _+ 7 nmol for the control 
system and systems containing 5 lag/ml clofazimine and B669, re- 
spectively (data from 2 different experiments). 

Spectrophotometric Analysis of Mixtures of  AT and Clofaz- 
imine or B669. The UV spectra of ethanol solutions of clofazimine or 
B669 before and after the addition of AT were unchanged, demon- 
strating the absence of interactions between the test agents. 

Effects of  Clofazimine and B669 on LDH Release. Clofazimine 
and B669 at 5 and 10 lag/ml had no effect on LDH release by FaDu 
cells after a 60-min treatment at 37~ in Ca2+-free HBSS. 

DISCUSSION 

The cytotoxic effects of clofazimine described here were observed 
at physiologically relevant concentrations. Ingestion of 200 or 600 mg 
clofazimine daily gives peak serum levels of 0.7 to 1 lag/ml and 3 to 
4 ~g/ml of the drug, respectively (2, 3). Tissue levels are considerably 
higher (16). Although the antiproliferative effect of clofazimine on 
phytohemagglutinin-stimulated lymphocytes is well documented (8, 
9), this is, to our knowledge, the first report on the in vitro antitumor 
potential of this agent. 

In contrast to the other standard chemotherapeutic agents investi- 
gated, clofazimine and especially B669 were active against all the 
cultures tested, although they were somewhat less active against slow- 
er-growing primary cultures and Vero cells. The carcinoma cell lines, 
especially PLC and to a lesser extent FaDu and HeLa cultures, were 
mostly resistant to methotrexate and bleomycin, while cisplatin was 
effective against all the cultures except PLC. Many cancer patients 
treated with anticancer drugs die of progressive disease, which ac- 
quires resistance to different chemotherapeutic agents (17). The lack 
of resistance to the riminophenazine compounds tested suggests that 
these agents may have a novel mechanism of action. Most of the 
standard chemotherapeutic drugs act directly or indirectly on DNA, 
with the possible restriction that protective repair mechanisms may 
circumvent the cytotoxic effect of chemotherapy (17). 

Clofazimine and B669 also increase the production of reactive 
oxidants by phagocytes (5, 7). These agents (oxidants) are both anti- 
microbial and tumoricidal (6). The addition of neutrophils to clofaz- 
imine- or B669-treated FaDu cells greatly enhanced the cytotoxic 
effect of the riminophenazines. It is unlikely that this enhancement is 
due to increased sensitivity of oxidant-exposed FaDu cells to clofaz- 
imine or B669 since reagent H202 did not increase the susceptibility 
of FaDu cells to the riminophenazines. However, catalase protected 

the cells against the increase in cell death mediated by riminophena- 
zine-treated neutrophils, demonstrating that the enhanced cytotoxic 
effect is due to increased production of oxidants. Clofazimine- and 
B669-mediated enhancement of the generation of reactive oxidants by 
stimulated neutrophils is associated with increased activity of phos- 
phol ipase  A 2 and is blocked by pretreatment of the phagocytes with an 
inhibitor of this enzyme (5, 7). 

Since clofazimine activates PLA2 in lymphocytes and phagocytes 
(5, 8), we investigated the relationship between enhanced activity of 
this enzyme and the antiproliferative properties of the riminophena- 
zines. Increased release of [3H]LPC and [3H]arachidonic acid was 
observed during exposure of FaDu cells to clofazimine or B669. 
Neither agent, at the concentrations tested, affected the viability of 
FaDu cells during a l-h incubation period. The activities of purified 
PLA2 and lysophospholipase were unaffected by either clofazimine or 
B669 (5 ~g/ml), demonstrating that the riminophenazines do not ap- 
pear to act directly on either enzyme. In the cell membrane these 
highly lipophilic agents may disrupt membrane structure making the 
integral phospholipids more susceptible to attack by PLA2. 

To identify the primary products of phospholipase activation with 
anti-proliferative activity, we investigated the effects of the major 
degradation products of PLA2, LPC, and arachidonic acid on the 
proliferation of FaDu cells. LPC, at concentrations of 1 lag/ml and 
higher, caused dose-related inhibition of cell growth, while arachi- 
donic acid at concentrations of up to 30 lag/ml had no effect. While 
implicating LPC, which possesses both detergent and membrane- 
destabilizing properties (19), these data did not exclude other metab- 
olites and reactive oxidants generated during the metabolism of 
arachidonic acid by cyclooxygenase and lipoxygenase enzymes. It is 
also possible that, because of the extremely lipophilic properties and 
redox potential (-0.18 V at pH 7) of clofazimine (1), intracellular 
generation" of H202 by redox cycling mechanisms may contribute to 
the cytotoxic activity of this agent. However, inclusion of a water- 
soluble antioxidant (cysteine) or enzyme (catalase), lipid-soluble 
antioxidant (retinol, retinol acetate, butylated hydroxytoluene, or 
butylated hydroxyanisole), prostaglandin synthetase inhibitors 
(indomethacin or piroxicam), or an inhibitor of 5'-lipoxygenase 
(nordihydroguaiaretic acid) all failed to protect the cells against the 
cytotoxic effects of the riminophenazines. These observations dem- 
onstrate that oxidants generated intracellularly by the drugs per  se due 
to possible redox cycling mechanisms, as well as products generated 
during the metabolism of arachidonic acid, are not primarily involved 
in riminophenazine-mediated inhibition of cell growth. Although to- 
copherol acetate did not protect the cells against the toxic effects of 
clofazimine and B669, AT, originally included as a lipid-soluble an- 
tioxidant, proved to be a striking exception, indicating a critical re- 
quirement for the hydroxyl group on the chromanol nucleus of AT. 
This agent (AT) almost completely blocked the inhibitory effects of 
the riminophenazines on cell growth. The protective effects of AT 
were eliminated by washing the cells, demonstrating a continuous 
requirement for this agent throughout the incubation period. It is 
improbable that the protective effects of AT are due to interaction of 
this agent with the riminophenazines since (a) no complex formation 
could be demonstrated by spectrophotometric analysis of mixtures of 
the two compounds and (b) AT did not inhibit the increase in PLA2 
activity mediated by clofazimine and B669. It also seemed unlikely 
that these protective effects of AT were related to the antioxidant 
properties of the molecule since other lipid-soluble antioxidants were 
ineffective. Notwithstanding its antioxidant properties, AT also pos- 
sesses other biological activities which could account for the observed 
protection against the cytotoxic effects of the riminophenazines. It has 
been reported that AT inhibits both the activation and translocation 
of cytosolic PKC (20, 21) and may interfere with the activity of 
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5 ' - l ipoxygenase  (22) and PLA2 in some experimental  systems (23) but 

not in others (24). The failure of  H-7 and nordihydroguaiaret ic  acid to 

protect FaDu cells f rom the cytotoxic effect of  clofazimine and B669 

appears to discount PKC or 5 ' - l ipoxygenase  inhibition, respectively, 

as potential mechanisms of  r iminophenazine- induced cytotoxicity. 

We were  also unable to demonstrate  any inhibitory effects of  AT on 

PLA2 activity in FaDu cells. AT also possesses membrane-stabi l izing 

properties due to its ability to complex with, and neutralize, lysophos- 

pholipids through two types of  interaction, namely,  the formation of  a 

hydrogen bond between the AT chromanol  nucleus hydroxyl  group 

and the C .O group o f  the phospholipid and the interaction o f  the acyl 

chains o f  the lysophospholipids with the chromanol  nucleus methyl 

groups o f  AT (19). In the present  study we observed that pretreatment 

of  FaDu cells with AT effect ively protected these cells against the 

antiproliferative activity o f  LPC. The most  compel l ing evidence in 

favor  of  the involvement  of  lysophospholipids as mediators of  the 

antiproliferative activity of  the r iminophenazines was derived from 

experiments  with the LPC-hydrolyzing  enzyme,  lysophospholipase.  

The  antiproliferative effects of  clofazimine and B669 were partly, but 

significantly, neutralized by coincubation of  FaDu cells with this 

enzyme.  These  data strongly support enhancement  of  phospholipid 

hydrolysis  in FaDu cells, leading to increased release of  the mem-  

brane-destabil izing antiproliferative agent LPC, as being the primary 

biochemical  mechanism of  the cytotoxic action of  the r iminophena-  

zines. 

Finally we have observed that clofazimine,  primarily an ant imyco-  

bacterial agent, which is also active against gram-posit ive bacteria, 4 

and its analogue B669 possess direct ant i tumor activity in vi tro.  More-  

over, these agents also potentiate the oxidant-mediated tumoricidal 

mechanisms of  neutrophils. This apparently unique dual mechanism 

of  anti tumor activity, together  with their antimicrobial properties and 

apparent low toxicity, makes  these drugs attractive contenders for 

evaluation in clinical and exper imental  cancer  chemotherapy.  
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