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ABSTRACT

Parinaric acid, a naturally occurring 18-carbon fatty acid containing 4
conjugated double bonds, is toxic to human monocytic leukemia cells at
concentrations of 5 MMor less. Conditioning of the medium reduces the
cytotoxic effect, suggesting that parinaric acid and not a metabolite is the
active agent. The mechanism of parinaric acid toxicity appears to involve
lipid peroxidation because the toxic action can be blocked by the addition
of butylated hydroxytoluene. When U-937 cells are differentiated to the
monocytic form, they become resistant to as much as 30 MMparinaric
acid. This difference in sensitivity may be explained in part by the fact
that the undifferentiated cells take up 3 to 4 times more parinaric acid.
Concentrations of parinaric acid less than 5 MMare also toxic to human
11IP-1 monocytic leukemia, III -00 human promyelocytic leukemia, and
Y-79 human retinoblastoma cells. Measurements of protein synthesis
indicate that differentiated U-937 cells, confluent cultures of human
fibroblasts, bovine aortic endothelial cells, and CaCo-2 colonie mucosa!
cells are much less sensitive to parinaric acid than the malignant cell
lines tested, suggesting that the cytotoxic action may be selective for
rapidly growing malignant tumors. Thus, parinaric acid may be the
prototype of a new class of lipid chemotherapeutic agents that contain a
conjugated system of double bonds and act by sensitizing tumor cells to
peroxidation.

INTRODUCTION

Polyunsaturated fatty acids can have important influences on
cellular proliferation (1,2). Essential fatty acids such as linoleic
acid (18:2 <<j-6)stimulate the proliferation of fibroblasts during
wound healing (3), suggesting that they may act as growth-
stimulatory factors under certain conditions. In addition, lino-
lenic acid, arachidonic acid (20:4 u-6), and the u-3 polyunsat-
urated fatty acids are cytotoxic to cultured cells at concentra
tions between 60 and 100 /UM(4, 5). The cytotoxic potential of
these fatty acids appears to be related but not directly propor
tional to the number of double bonds that they contain. Based
on these observations, it has been suggested that polyunsatu-
rated fatty acids containing 3 to 5 double bonds may be useful
as antitumor drugs (5, 6).

Although the mechanism through which these fatty acids
produce cytotoxicity in malignant cells has not been fully elu
cidated, it appears to correlate with Superoxide production (5)
and is reduced by the presence of antioxidants (7). The poly-
unsaturated fatty acids previously tested have had the usual
unconjugated configuration in which each pair of double bonds
is separated by a mÃ©thylÃ¨necarbon. A conjugated system of
double bonds, however, is known to be more effective in trap
ping electrons. To determine whether fatty acids containing
conjugated double bonds may be more cytotoxic for malignant
cells, we compared the effect of as-parinaric acid with corre
sponding unconjugated polyunsaturated fatty acids.

c/s-Parinaric acid (9C,11,,13,,15C-18:4) is an 18-carbon u-3
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polyunsaturated fatty acid that contains four conjugated double
bonds (8). Parinaric acid absorbs light between 280 and 320
nm and has been used previously as a fluorescent probe for
studies of membrane fluidity (9-12) and lipid peroxidation (13-
15). The findings we present indicate that parinaric acid is
cytotoxic to cultured human leukemia and retinoblastoma cells
at concentrations less than 5 /Â¿M.The cytotoxicity of these low
concentrations is specific for the malignant cells tested and is
prevented by the addition of an antioxidant. Concomitant stud
ies with unconjugated fatty acids emphasize the critical role
that double-bond configuration can exert in enhancing the

cytotoxic effect of polyunsaturated fatty acid against malignant
cells.

MATERIALS AND METHODS

Cell Culture Conditions. U-937 human monocytic leukemia, HL-60
human promyelocytic, and Y79 human retinoblastoma cells were ob
tained from the American Type Culture Collection and maintained in
RPMI-1640 supplemented with 15 MMHEPES,3 2 mM L-glutamine,
and 10% FBS. THP-1 human monoblastic leukemia cells were cultured
in RPMI-1640, described above, which was additionally supplemented
with MEM vitamins (Sigma Chemical Co., St. Louis, MO), nonessen-
tial amino acids without L-glutamine (Sigma Chemical Co.), and 2.2
mg/ml 2-mercaptoethanol. Human skin fibroblasts, bovine aortic endo
thelial cells, and CaCo-2 human colonie mucosal cells were grown to
confluence in Dulbecco's modified Eagle's medium containing 10%
FBS, 2 HIM L-glutamine, 15 MMHEPES, and 0.4 Mg/ml gentamicin

supplemented with nonessential amino acids and MEM vitamins. The
culture medium during conditioning or cytotoxicity testing contained
5% FBS. Cells were free of Mycoplasma contamination on periodic
testing.

U-937 cells were differentiated to their macrophage form by exposure
to 0.2 MMTPA in 1 mg/ml dimethyl sulfoxide for 48 h (15-17). The
medium containing TPA then was replaced with regular culture me
dium containing 10% FBS. Differentiation was confirmed by cell adhe
sion to the surface of the flasks and reduction of nitroblue tetrazolium
96 h after the initial TPA exposure. Viability was assessed microscop
ically by trypan blue exclusion in a hemacytometer. The differentiated
cells were physically dissociated from the culture dish prior to testing
for viability.

Fatty Acids. The fatty acids tested were oleic acid (18:1 w-9), linolenic
acid (18:3 u-3), moroctic acid (18:4 unconjugated w-3; 6c,9c,12<:,15c-
18:4), and rÃ¡-parinaric acid (18:4 conjugated o>-3;9,,11C,I3C,15,-18:4).
In order to evaluate the reproducibility of parinaric acid cytotoxicity,
this fatty acid was obtained from three independent commercial sources.
Parinaric acid, obtained from Calbiochem (San Diego, Ã‡A),ICN Bio-
chemicals (Irvine, CA), or Molecular Probes (Eugene, OR), was stored
in the shipped container at -70Â°C. Prior to use, the parinaric acid was

dissolved in 95% ethanol to a final concentration of 3 mM and stored
in an oxygen-free, light-protected vial at -70Â°C. The parinaric acid

concentration of this solution was determined spectrophotometrically
prior to use (18). To further ascertain the reproducibility of our data,
parinaric acid also was purified from Impatiens blasamina seeds (19).
Two g of the seeds were ground in a mortar, and the oil was extracted
overnight with 100 ml of hexane at room temperature in a light-

'The abbreviations used are: HEPES 4-(2 hydroxyethyl)-l-piperazineethane-

sulfonic acid; FBS, fetal bovine serum; MEM, minimal essential medium; TPA,
12-O-tetradecanoyl phorbol-13 acetate; PBS, phosphate-buffered saline; BHT,
butylated hydroxytoluene; LDSO,50% lethal dose.
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protected flask. The solvent was then removed under vacuum at 30Â°C,

and the oil was transesterified with 40 ml of 1% sodium methoxide.
The total methyl esters were spotted on preparative silica gels (1 mm
thick) and developed with hexane:diethyl ether (6:4, v/v). After spraying
with 8-anilino-4-naphthalenesulfonic acid, the parinaric acid-methyl
ester band was identified under UV light, scraped, and extracted into
chloroform. The methyl ester was saponified with 5% alcoholic NaOH
at room temperature, and the content was measured by UV absorbance
(18). The freshly prepared parinaric acid remained biologically active
and chemically stable without the addition of an antioxidant for 4 weeks
when stored in hexane at -70Â°C under argon in a light-protected

container.
All fatty acids were added to the culture system as the sodium salt.

Briefly, 3 drops of 0.1 N NaOH were dried in a test tube, 100 /Â¿Iof a 3
mM fatty acid solution in ethanol were added to this tube, and the
solvent was evaporated under nitrogen (in the dark for parinaric acid).
The resulting sodium salt was then resuspended in the culture medium,
and the pH was adjusted to neutral. For some short-term toxicity
experiments, parinaric acid was added in 0.001 % ethanol (final concen
tration), since we found that ethanol at concentrations of <0.01% had
no effect of itself on cytotoxicity.

Cytotoxicity Studies. Trypan blue exclusion was used to assess cell
viability for all short-term experiments (20). The trypan blue dye in
PBS was mixed with the cell suspension and incubated for 5 min. The
number of viable cells was then counted microscopically in quadrupli
cate using a hemacytometer.

A soft agar clonogenic assay was used to assess the replication
capacity of the undifferentiated U-937 cells following treatment with
parinaric acid (21). The cloning medium consisted of RPMI-1640
supplemented with 15 /UMHEPES, 2 mM L-glutamine, 20% equine
serum, and 0.3 g/dl agar. Prior to cloning, the cells were washed and
counted in a hemacytometer. The cells (250/ml) were then mixed with
the cloning medium at 39-40Â°C,and 2-ml aliquots containing 500 cells

were placed in 10 x 35 mm culture dishes. After the mixture solidified
at room temperature, it was incubated at 37Â°Cfor 10 days in 5% CO2.

Colonies consisting of at least 50 cells were counted using a dissecting
microscope.

To assess the viability of the adhesion-dependent, nonmalignant cell
lines, [3,4-'H]leucine (60 Ci/mmol; Amersham, Chicago, IL) incorpo

ration was measured. Cells were exposed to parinaric acid for 24 h and
then washed with Dulbecco's PBS and incubated for 3 h with 1 ml of
modified Eagle's medium containing 2 /jCi/ml ['Hjleucine. The me
dium was removed, the cultured cells were washed with ice-cold Dul
becco's PBS, and 1 ml of 5% trichloroacetic acid was added. After 10

min, the trichloroacetic acid was removed, 1 ml 0.5 N NaOH was added,
and 0.5 ml of the mixed cell lysate was placed in scintillation tubes.
Fifty p\ of 6 N HC1 were added to each tube to neutralize the pH, and
4.5 ml of Budget-Solve solution were added prior to counting in the
liquid scintillation spectrometer (22). Quenching was monitored with
the external standard. This method gave toxicity results identical to
those of trypan blue exclusion when tested with suspension cultures of
undifferentiated U-937 cells.

Parinaric Acid Incorporation into Cell Lipids. U-937 cells (6 x IO6)

were incubated with parinaric acid in RPMI-1640 medium containing
5% FBS. Following incubation, the cells were sedimented at 1500 g for
10 min at 4Â°C.The cells were washed twice with ice-cold PBS, and the
total lipids were extracted with chloroform-methanol (23) in the pres
ence of 2 Mg/ml BHT as an antioxidant. The parinaric acid content of
the extracted cell lipids was determined by UV absorbance at 309 nm
(24). The values are expressed relative to the phosphorus content of the
cell lipid extract.

Lipid Phosphorus Assay. Analysis of the lipid phosphorus content of
the extracted cell lipids was carried out by the malachite green method
(25). Aliquots of extracted lipid were evaporated at 37Â°Cunder nitro

gen. Fifty n\ of reagent-grade perchloric acid were added, and the lipids
were digested by refluxing for 20 min at 185Â°C.After the samples were

cooled to room temperature, the phosphorus was solubilized in 450 p\
H2O and assayed at 660 nm following addition of the chromogen
solution.

RESULTS

Cytotoxicity. To evaluate the importance of double-bond con
figuration in fatty acid-mediated cytotoxicity, we compared 18-

carbon fatty acids containing 1 (oleic acid), 3 (linolenic acid),
or 4 (moroctic acid) unconjugated double bonds, and 4 double
bonds in a conjugated configuration (parinaric acid) in U-937
human leukemia cells. Fig. 1 shows the cytotoxic effect of these
fatty acids following a 24-h incubation with 1 x 10s cells/ml.

Oleic acid, linolenic acid, and moroctic acids were cytotoxic at
concentrations exceeding 50 UM, which is consistent with pre
viously reported data (5). By contrast, parinaric acid was cyto
toxic at much lower concentrations, with a LD50 of 2 ÃŸM.

To assess whether lethal cellular injury was produced when
cultured U-937 cells were exposed to parinaric acid, clonogenic
growth was also evaluated. Fig. 2 shows that U-937 cells grew
well in a clonogenic assay after exposure to parinaric acid at
concentrations up to 5 JIM. However, when 7.5 UM parinaric
acid was present, significant reductions in clonogenic growth
were observed. These results indicate that low concentrations
of parinaric acid (5 ^M Â¡nthis experiment) substantially reduce
cell viability but do not irreversibly inhibit the cellular processes
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Fig. 1. Comparative toxicity of fatty acids in the undifferentiated form of U-
937 cells. Cells kept protected from light were incubated Â¡nRPMI-1640 contain
ing 5% FBS at 37"C in a humidified 50% CO2 incubator for 24 h. Viability was

assessed by trypan blue exclusion. Each point is the mean of 3 values obtained
from separate cultures.
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Fig. 2. Effect of parinaric acid concentration on the viability of undifferentiated
U-937 cells. Viability was measured by trypan blue exclusion (â€¢)and clonogenic
growth (Ei). The cells were initially incubated for 24 h in RPMI-1640 containing
5% FBS and different concentrations of parinaric acid. Columns, mean of 4
values, each obtained from a separate culture; bars, SE.
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Fig. 3. Comparison of parinaric acid toxicity in different malignant cell lines.

Cells were exposed to different concentrations of parinaric acid in RPMI-1640
containing 5% FBS. Points, mean of value obtained from 3 separate cultures;
bars, SE, included except in those cases when the bar is smaller than the data
point.

Table 1 Cytotoxicity of parinaric adii conditioned media
The culture medium contained RPMI-1640, 5% FBS, and in those cases where

5 MMparinaric acid was added. 0.1% ethanol. This medium was incubated with
undifferentiated U-937 cells for up to 24 h. At 12, 18. and 24 h the cells were
removed by centrifugation, and the conditioned medium was assessed by trypan
blue exclusion following a 24-h incubation with the new cells. Cell viability was
also assessed following incubation with various "control" media, including fresh

medium containing no added parinaric acid, medium containing parinaric acid
that was not conditioned by a previous incubation with cells, medium containing
0.1% ethanol but no parinaric acid, and parinaric acid-free medium which had
been conditioned for 24 h by incubation with U-937 cells.

CultureconditionsControl

5 uM parinaric acid
12 h parinaric acid conditioning
18 h parinaric acid conditioning
24 h parinaric acid conditioning
24 h control conditioned media
Ethanol control (0.1%)Viable

cells
at 24h(%)100

Â±9"

8Â± 1
55 Â±13

125 Â±21
102 Â±7
128 Â±16
118 Â±6

Â°Mean values obtained from 4 cultures Â±SE.

necessary for subsequent proliferation; when concentrations
above the LD50 are reached, we observed significant reductions
in the proliferative capacity of U-937 cells. Additional cytotox-
icity experiments using [3H]thymidine incorporation corrobo
rate our trypan blue toxocity data.4

The toxicity of parinaric acid in U-937 cells was compared
to that produced in other cancer cell lines that grow in suspen
sion culture. These results are presented in Fig. 3. The U-937
LD50 in this experiment, 1.5 MM,is somewhat lower than that
seen in Fig. 1. Variability such as this in the toxicity of different
commercial preparations of parinaric acid was observed
throughout this work. To minimize this variability, all of the
studies shown in this figure were completed with the same lot
of parinaric acid within a short period of time. HL-60 cells, a
human promyelocytic leukemia cell line, were slightly more
sensitive to parinaric acid than the U-937 cells. THP-1 human
monoblastic leukemia cells distinct from U-937 cells were
somewhat more resistant but still exhibited appreciable sensi
tivity to parinaric acid. Y-79 human retinoblastoma cells were
extremely sensitive to parinaric acid, and no viable cells were
found when the parinaric acid concentration was 2 UM or
greater.

Conditioned Medium. Parinaric acid is a reactive substance
and can undergo chemical modification. Therefore, the possi
bility existed that parinaric acid may be interacting with sub
stances in the culture medium to form a toxic product or may
be converted by the cultured cells into a toxic metabolite that
accumulates in the medium and thereby causes the observed
cell toxicity. To test these possibilities, we examined the toxicity
of parinaric acid-containing media that had been conditioned
through incubation with undifferentiated U-937 cells for 24 h.
If parinaric acid had been converted to a stable, transferable
toxic product, the conditioned media should have produced
greater cytotoxicity than media containing parinaric acid that
had not been previously exposed to cells. The results of condi
tioning, shown in Table 1, indicate that only 8% of the U-937
cells remained viable following a 24-h incubation with 5 MM

parinaric acid. When this medium containing an initial concen
tration of 5 MMparinaric acid was conditioned with U-937 cells
for either 18 or 24 h, it was no longer toxic to fresh cells.
Control media containing no parinaric acid, which also had
been exposed to U-937 cells for 24 h, continued to support cell
growth to the same extent as unconditioned control media.
Media conditioned for only 12 h exhibited about half as much
cytotoxic effect as the fresh medium. These results suggest that
parinaric acid itself, rather than a putative toxic product re
leased into the extracellular fluid, is the cytotoxic agent.

Protection by BHT. To evaluate the mechanism of parinaric
acid-mediated cytotoxicity, we studied the effect of concurrent
exposure of U-937 cells to parinaric acid and the antioxidant
BHT. Undifferentiated U-937 cells were incubated with 1.5 MM
parinaric acid for 24 h in the presence of increasing concentra
tions of BHT, as shown in Fig. 4. BHT reduced parinaric acid
cytotoxicity in a dose-dependent manner, and the protective

effect approached a maximum value when the concentration of
BHT was >50% of the concentration of parinaric acid. These
results suggest that an oxidative mechanism is probably in
volved in the process whereby parinaric acid produces
cytotoxicity.

Effect on Nonmalignant Cells. U-937 cells are arrested in a
promonocyte stage of development and can be differentiated to
a mature monocyte form through exposure to TP A (15-17). As
one assessment of the specificity of parinaric acid cytotoxicity

4 Unpublished observations.
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Fig. 4. The protective effect of BHT against parinaric acid toxicity in undiffer
entiated U-937 cells. Cells were cultured in RPMI-1640 containing 5% FBS,
supplemental HEPES, L-glutamine. and 1.5 JIM parinaric acid for 24 h. Cell
viability was assessed by trypan blue exclusion and is expressed as a percentage
of viability obtained in control cultures. Columns, mean value obtained from 3
separate cell cultures; bars, SE.
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Fig. 5. Comparison of parinaric acid toxicity in undifferentiated and differen
tiated forms of U-937 cells. Undifferentiated (D) and differentiated P) U-937
cells were exposed to various concentrations of parinaric acid for 48 h in RPMI-
1640 containing 5% FBS. with supplemental HEPES and L-glutamine. Viability
was assessed by trypan blue exclusion; the differentiated cells were physically
dissociated from the culture dish prior to exposure to trypan blue. Columns, mean
value obtained from three separate cultures; ears, SE.

for malignant cells, we compared the response of rapidly grow
ing undifferentiated U-937 suspension cultures with that of U-
937 cells converted to the differentiated, monocytic form. Be
cause U-937 cells survive for only 1 week in culture following
differentiation, this comparison had to be made by testing short-
term toxicity as measured by trypan blue exclusion. Fig. 5
shows that the differentiated, adherent U-937 cells were not
affected by exposure to concentrations of parinaric acid as high
as 30 ÃŸMfor 48 h, whereas 10 n\i parinaric acid produced 70%
cytotoxicity in the undifferentiated U-937 cultures.

To further evaluate the specificity of parinaric acid toxicity
for malignant cells, the metabolic integrity of undifferentiated
U-937 cells was compared with that of their differentiated
counterparts and three other mature cell lines following pari
naric acid exposure. This was done by measuring [3H]leucine
incorporation into cell total protein following a 24-h exposure
to 2 Â¿tMparinaric acid. As shown in Fig. 6, the ['Hjleucine

results indicate that protein synthesis was reduced by 85% in
the undifferentiated U-937 cells following parinaric acid expo
sure. A similar reduction in viability measured by trypan blue
exclusion was obtained with this preparation of parinaric acid
(data not shown), confirming the validity of the ['H]leucine
assay as an indication of metabolic integrity. By contrast, a 24-
h incubation with 2 /Â¿Mparinaric acid did not reduce [3H]leucine

incorporation into cell total protein in confluent cultures of
human skin fibroblasts, bovine aortic endothelial cells, or the
differentiated form of the U-937 cells. Likewise, the small
reduction in [3H]leucine incorporation observed in CaCo-2

cells, a widely used model for human intestinal epithelium
derived from a colon carcinoma (26), was not statistically
significant (one-tailed t test).

Parinaric Acid Uptake. To investigate the mechanism of
cytotoxicity, we measured the uptake of parinaric acid by U-
937 cells. The amount of parinaric acid taken up by U-937 cells
was determined from the UV absorbance spectrum of the cell
lipid extract according to the method of Rintoul and Simoni
(24). Fig. 1A shows the absorbance spectrum of the cell lipids
extracted from U-937 cells that had not been exposed to pari
naric acid. An absorbance maximum was observed at 275 nm.
Fig. IB illustrates the spectrum of the U-937 lipid extract
following a 6-h incubation of U-937 cells with parinaric acid.

A substantial increase in absorbance occurred between 280 and
330 nm. The difference spectrum, shown in Fig. 7Cby the solid
line, is triphasic with maxima at 288, 304, and 320 nm. An
absorbance spectrum of a parinaric acid standard, shown by the
dotted line in Fig. 1C, is almost identical. This indicates that a
substantial amount of parinaric acid is incorporated into the
cell lipids without chemical modification of the conjugated
double-bond structure.

Parinaric acid uptake was calculated from the UV difference
spectrum obtained from the cell lipid extract, using the absorb
ance value at 309 nm (24). Fig. 8 compares the amount of
parinaric acid incorporated into the lipids of undifferentiated
and differentiated U-937 cells. The cells were incubated for 6 h
with 2.5 to 20 Â¡IMparinaric acid. Both of the U-937 cell types
incorporated parinaric acid, but the uptake at each concentra
tion was 3 to 4 times greater in the undifferentiated form.

DISCUSSION

Previous studies have shown that polyunsaturated fatty acids
such as 7-linolenic, arachidonic, and eicosapentaenoic acids are
selectively toxic to malignant cells at concentrations above 50
UM (5, 6). This work demonstrated that the degree of toxicity
is dependent on the number of double bonds that the fatty acid
contains and correlates with its ability to generate Superoxide
anions (5). These findings suggested the possibility of a chem-
otherapeutic approach in which neoplastic cells are sensitized
to oxidative damage through incorporation of fatty acids sus
ceptible to lipid peroxidation (6). The fatty acids previously
evaluated in this context were polyunsaturates that contained
double bonds separated by mÃ©thylÃ¨necarbons. While these
commonly occurring unsaturated fatty acids undergo peroxi
dation, they are much less sensitive to peroxidation than fatty
acids that contain a conjugated system of double bonds. This
probably accounts for the present finding that U-937 leukemia
cells are more sensitive to m-parinaric acid, which has four
conjugated double bonds, than to the ordinary polyunsaturated

Fibroblasts

BAEC

Caco2

Differentiated U-937

Undifferentiated U-937

60 80 100

[3H] Leucine Incorporation (%)

Fig. 6. Comparison of parinaric acid toxicity in different cell lines. Human
skin fibroblast, bovine aortic endothelial cells, and CaCo-2 human colonie mu-
cosal cells were grown to confluence in Dulbecco's modified Eagle's medium
containing 10% FBS, 2 mM L-glutamine, 15 MMHEPES, and 40 /jg/ml gentamicin
supplemented with nonessential amino acids and MEM vitamins. This media was
replaced with one containing 5% FBS prior to incubation with parinaric acid.
The viability of cells following a 24-h incubation with 2 Â¿IMparinaric acid was
assessed by ['H]leucine incorporation and is expressed as a percentage of [3H]

leucine incorporation into control cultures not exposed to parinaric acid. Columns,
mean value obtained from 3 separate cultures; bars, SE.
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Fig. 7. UV absorbance spectrum of parinaric acid in the cell lipids of undiffer-

entiated U-937 cells. The total lipids were extracted from the cells with chloro-
form/methanol, and the chloroform phase was isolated for spectroscopic analysis
(24). A, UV absorbance spectrum of U-937 cell lipids; A, UV absorption spectrum
of U-937 cell lipids following 6-h incubation with 10 tiM parinaric acid; C, ,
difference spectrum obtained by subtracting the tracing shown in A from that in
B; , absorbance spectrum of a parinaric acid standard, essentially superim
posable on the difference spectrum of parinaric acid in the cell lipids.

fatty acids. In comparative tests, the LD50 for U-937 leukemia
cells was more than 25 times lower with parinaric acid than
moroctic acid, a corresponding 18-carbon w-3 polyunsaturate
in which the four double bonds are not conjugated (Fig. 1).
This newly observed cytotoxic action of parinaric acid may
complicate its use as a probe for membrane fluidity in malignant
cells.

Since the cytotoxic effect of parinaric acid was prevented by
the antioxidant BHT, the mechanism almost certainly involves
cellular peroxidation. Furthermore, because parinaric acid is
active at concentrations of <5 MM,it is most unlikely that this
cytotoxicity is due to a detergent effect.

Parinaric acid in low concentrations appears to be selectively
toxic to rapidly growing malignant cells. The leucine incorpo
ration measurements indicate that differentiated U-937 mono-
cytes, human skin fibroblasts, bovine aortic endothelial cells,
and human CaCo-2 intestinal epithelial cells are resistant to
parinaric acid at a concentration that almost completely inhibits
protein synthesis in U-937 leukemia cells. Furthermore, the
leukemic form of the U-937 cells was much more sensitive to
parinaric acid than the monocytic form, indicating that protec
tion against the cytotoxic effect of parinaric acid develops when
the U-937 cells undergo differentiation. These findings are
consistent with reports that the generation of Superoxide ions
and other free radicals is greater in tumors than in nonmalig-
nant cell lines (27, 28).

One possible explanation for maturational differences in
sensitivity to parinaric acid is that neoplastic cells contain lower

levels of antioxidant enzyme activity than more differentiated
cells (28). For example, immature cells are reported to have
lower Superoxide dismutase levels than cells that have under
gone differentiation (29-31). In the Novikoff and Yoshida

hepatomas, however, the rates of lipid peroxidation and
amounts of the related microsomal enzymes are lower than in
normal rat liver (32, 33). Therefore, not all tumors will have an
enzymatic composition that facilitates lipid peroxidation to a
greater extent than their corresponding nonmalignant cells.

A property that probably contributes to the greater sensitivity
of the U-937 leukemia cells to parinaric acid is an increased
capacity to take up parinaric acid when compared with their
differentiated monocyte form. Additional studies will be needed
to determine whether other malignant cells that are highly
sensitive to parinaric acid, such as the Y-79 retinoblastoma,
HL-60 leukemia, and THP-1 leukemia, also take up relatively
large quantities of parinaric acid at low concentrations. Based
on the results from the U-937 cells, it seems unlikely that an
increase in uptake alone is sufficient to account for the greater
cytotoxicity seen in undifferentiated cells. At a concentration
of 20 MM,the uptake of parinaric acid by differentiated U-937
cells was equivalent to the amount taken up by the leukemic U-
937 cells at a concentration of 5 MM(Fig. 8). Yet, parinaric acid
produced little or no cytotoxicity in the differentiated cells at
concentrations as high as 30 MM(Fig. 5), whereas the leukemic
U-937 cells were highly sensitive to parinaric acid at concentra
tions of 5 /Â¿Mor less (Figs. 1-3). Therefore, other factors
probably contribute to the increase in leukemic U-937 cell
sensitivity to parinaric acid.

One possibility has to do with the fact that all of the neo
plastic cells tested in the present study grow as suspension
cultures, whereas the differentiated U-937 cells and the other
nonmalignant cell lines adhere to the surface of the culture
dish. This difference in the physical state of the cultures, to
gether with some increase in the tendency to generate reactive
oxygen species (5, 6, 29-31, 34), may contribute to the greater
response of the neoplastic cells to low concentrations of pari
naric acid.

The transfer experiments show that media containing pari
naric acid becomes less cytotoxic after exposure to U-937 cells
(Table 1). This finding excludes the possibility that the toxic
effect is due to the accumulation in the medium of a metabolite,

Undifferentiated
Differentiated

5 10 15

Parinaric Acid (uM)
20

Fig. 8. Comparison of parinaric acid incorporation into the total cell lipids of
undifferentiated and differentiated U-937 cells. The cells were grown in RPMI-
1640 containing 5% FBS, supplemented with HEPES and L-glutamine. Parinaric
acid concentration is expressed relative to the phosphorus content of the cell lipid
extract. Points, mean values obtained from 3 separate experiments; bars, SE.
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such as an autooxidation product, resulting from exposure of
parinaric acid to aerobic incubation conditions. The decrease
in effectiveness of the conditioned medium probably is due to
uptake of parinaric acid by the first set of cells, thereby lowering
the concentrations to which the second set of cells is exposed.
This suggests that parinaric acid itself is the active agent, a
conclusion consistent with the spectroscopic data indicating
that the conjugated system of double bonds is retained in the
cell lipids for at least a 6-h period (Fig. 7). However, these
results do not exclude the formation of a toxic metabolite of
parinaric acid that is retained intracellularly.

In summary, the present results suggest that the incorpora
tion of a small amount of parinaric acid is sufficient to increase
the sensitivity of neoplastic cells to oxidative damage. Because
it contains a conjugated system of double bonds, parinaric acid
is more effective than other polyunsaturated fatty acids previ
ously utilized for this purpose (3, 6, 35). Thus, parinaric acid
may be the prototype of a new class of chemotherapeutic agent
that acts by enhancing lipid peroxidation in neoplastic cells.
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