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Fatty acids, lipid peroxidation and diseases
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Many studies have implicated oxygen radicals and lipid peroxidation in various diseases.
Polyunsaturated fatty acids (PUFA) are believed to be one of the keys for understanding
the damage that can be done to cells by free radicals. Free radical attack on PUFA may
result in (1) the loss of PUFA which play important roles in cell membrane structure and
as precursors for eicosanoid (prostaglandin and leukotriene) formation and (2) the
formation of lipid peroxides and related compounds which can themselves cause damage
to other cellular constituents.

It is feared that provision of PUFA, which would provide further substrates for free
radical attack, might make diseases worse. Contrary to this idea, evidence from recent
studies on the effect of PUFA supplementation on a variety of diseases supports the view
that PUFA have desirable rather than undesirable effects. Examples of desirable effects
of PUFA supplementation on rheumatoid arthritis and other inflammatory disorders,
alcoholic liver damage, radiation protection, and especially cancer is presented.

ANTI-TUMOUR EFFECTS OF PUFA

Cancer cells, as compared to normal cells, are resistant to lipid peroxidation (Masotti
et al. 1989; Horrobin & Bégin, 1989). This difference in lipid peroxidation is thought to
be due to (1) a low PUFA content in tumours compared to normal cells, (2) a decreased
concentration in tumours of cytochrome P-450 which normally participates in the
initiation of lipid peroxidation, (3) a decreased content of NADPH in tumours and (4) an
elevated antioxidative activity in tumours. These factors are present singly or in
combination in cancer cells. Of all these factors, the critical one appears to be the
antioxidants:PUFA ratio which is increased many times in tumour cells compared with
normal cells (Cheeseman et al. 1984, 1986; Masotti er al. 1988). Also there is evidence
that the degree of tumourigenicity correlates inversely with PUFA content (Roos &
Choppin, 1984, 1985). For these reasons, supplementation of specific PUFA may be
desirable in controlling tumour development. Therefore, we examined the effects of
various PUFA added exogenously at concentrations that are cytotoxic to carcinoma cells
but not to normal cells (Bégin et al. 1986).

The relative cell killing potential of PUFA containing two (linoleate, LA), three
(a-linolenate, ALA; v-linolenate, GLA; dihomo-y-linolenate, DGLA), four (arach-
idonate, AA), five (eicosapentaenoate, EPA) and six (docosahexaenoate, DHA) double
bonds were determined following direct exposure on growing tumour and non-tumour
cells in vitro. Initial experiments revealed that a dose of 10-30 pg/ml (0-5-1-5 ng/cell) of
PUFA was lethal to tumour cells but not to non-tumour cells. The lethal effect was slow,
taking 3-4 d to become apparent and 7-10 d to become complete. As shown in Fig. 1,
tumour cells were more sensitive to cytotoxic PUFA than non-tumour cells, and different
PUFA showed different cytotoxic potential. GLA and AA were the most effective
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Fig. 1. Relative toxic effects of n-3 and n-6 polyunsaturated fatty acids (PUFA) on tumour and non-tumour
cells. Tumour (human breast, ZR-75-1; human lung, A-549; human prostate, PC-3; ®) and non-tumour
(human skin fibroblast, CCD-41SK; simian kidney. CV-1 and BSC-1; canine kidney, MDCK; 0) cell lines were
seeded at 1x10¢ cells per well in twenty-four-well tissue culture plates and challenged with 20 wg fatty acid/ml 1
d after seeding. Cell viability was determined 9-14 d after supplementation by the trypan-blue-dye exclusion
method. Because their response was similar for each fatty acid, the different tumour cell lines were grouped
together. The same applies in the case of the different non-tumour cell lines. Relative cytotoxic potential was
determined on human breast tumour cells. (A), PUFA-induced lethal effects. Percentage of dead cells was
evaluated as: (number of dead cells in a culture/total number of cells) x 100; (B), ability of PUFA to inhibit the
growth of tumour and non-tumour cells. Percentage inhibition of cell production was calculated as: ((total
number of cells in supplemented cultures/total number of cells in unsupplemented cultures) x 100) —100%.
AA, arachidonate; EPA, eicosapentaenoate; cLA, cis-linoleate; DHA, docosahexaenoate; GLA. y-lino-
lenate; ALA, a-linolenate; DGLA, dihomoy-linolenate; tLA trans-linoleate; CONT, control.
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PUFA at killing the tumour cells followed by EPA and cisI.A and ALA. DHA was less
effective whereas transLA and Cig.¢ were not lethal. Similarly, the growth of tumour
cells was more inhibited than the growth of normal cells in the presence of some PUFA,
but not others (Bégin er al. 1986).

Selectivity of the anti-tumour effects of parental (LA and ALA) and 6-desaturated
PUFA (other fatty acids tested) was confirmed by challenging tumour cells in the
presence of non-tumour cells. As reported elsewhere (Bégin et al. 1986), in these tests,
GLA, AA, EPA, DGLA and DHA but not LA and ALA eliminated tumour cells
effectively. GLA and DGLA were the cytotoxic PUFA showing the greatest selectivity.
This difference in the sensitivity observed between tumour and non-tumour cell lines of
different tissue origins was fully reproduced between a tumour cell line and its
corresponding normal cell type (Bégin er al. 1989). Cancer cell sensitivity to the various
PUFA do vary, but to date, after investigating over twenty different human cancer cell
lines, no cancer cell line investigated has yet been found which cannot be killed by at
least one PUFA, and most cell lines are susceptible to the lethal effects of several
different PUFA (Leary et al. 1984; Bégin, 1987).

As yet there are only a limited number of studies on the use of 6-desaturated PUFA in
vivo. In various animal tumour models, evening primrose (Oenothera biennis) oil (EPO)
enriched in LA and GLA, and fish oil enriched in EPA and DHA blocked tumour
development when added in the diet (Ghayur & Horrobin, 1981; Karmali et al. 1984,
1985; Jurkowski & Cave, 1985; Gabor & Abraham, 1986; Abou El-Ela et al. 1987;
Pritchard et al. 1990). Other studies using EPO have shown no effects (Ramchurren et al.
1985; Lee & Sugano, 1986). There have been no epidemiological studies attempting
directly to look at the relationships between the 6-desaturated fatty acids and human
cancer.

Tonizing radiation is capable of generating free radicals which lead to lipid peroxi-
dation. Both free radicals and PUFA peroxidation products can damage DNA and one
of the late effects of radiation is the development of cancer. It, therefore, seems
reasonable to consider that the greater the PUFA levels the greater the genetic damage.
Contrary to expectation, injection of LA at physiological concentrations after irradiation
protected chromosomes in mouse bone-marrow cells in vivo and human iymphocytes in
vitro from damage induced by gamma radiation (Norman ez al. 1988). Metabolites of LA
such as GLA, prostaglandins PGE1 and PGI2 were also protective in mouse bone
marrow when added after irradiation (Das et al. 1985).

MECHANISM OF PUFA-INDUCED ANTI-TUMOUR TOXICITY

Four sets of experiments suggested that lipid peroxidation was playing a key role in
PUFA-induced cytotoxicity. First, the levels of hydroperoxide degradation products and
of superoxide radicals were compared in PUFA-supplemented human breast cancer cells
and human normal skin fibroblasts or normal simian kidney cells used as a working
model. As shown in Fig. 2, PUFA which were most effective in destroying the tumour
cells were those which produced the highest levels of superoxide radicals and hydro-
peroxides degradation products measured as thiobarbituric acid-reactive material
(TBARM) (Gavino et al. 1981). Higher concentrations of these toxic products were
found in the cancer cells than in the non-tumour cells. Second, using GLA-supplemented
human breast cancer cells in conditions described in Bégin et al. (1988), superoxide
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Fig. 2. Levels of superoxide radicals and hydroperoxides degradation products in tumour and non-tumour cells
supplemented with polyunsaturated fatty acids (PUFA). Cells in parallel cultures were grown in the presence
of 20 pg indicated fatty acid/ml. Superoxide radicals () werc measured in human breast tumour cells
(ZR-75-1) and normal human skin fibroblasts (CCD-41SK) by nitroblue tetrazolium reduction 3 d after
supplementation (before the appearance of cytopathological effects). Values arc expressed as optical density
(OD) at 490 nm. Hydroperoxides degradation products (3) were measured in human breast tumour cells and
normal simian kidney cells (CV-1) as thiobarbituric acid-reactive material (TBARM). Values are expressed as
malonaldehyde-equivalent (fmol/cell) on day 6 after supplementation (at which time arachidonate (AA) had
killed all tumour cclls). The cffects of other fatty acids in parallel cultures on these variables were also
determined at that time for comparison. GLA, y-linolenate; EPA, eicosapentaenoate; DHA, docosohexaeno-
ate: CONT, control.

dismutase (EC 1.15.1.1), an enzyme known to block the production of superoxide
radicals and antioxidants like w-tocopherol, butylated hydroxytoluene and butylated
hydroxyanisole known to block the propagation of lipid peroxidation inhibited the
cytotoxic effects dose dependently. The removal of hydroperoxides by the addition of
glutathione peroxidase (EC 1.11.1.9) or selenium also inhibited the cytotoxic effects
dose dependently. In contrast, iron known to catalyse the degradation of hydroperoxides
enhanced the killing of cancer cells by GLA. Third, using inhibitors of eicosanoid
synthesis, we confirmed that neither inhibitors of cyclooxygenase or of lipoxygenase (EC
1.13.11.12) nor both inhibited the effect of GLA. Fourth, the addition of a-tocopherol to
the cancer cell cultures challenged with EPA reduced both cell killing and hydroperoxide
degradation products (Bégin et al. 1988).

The differences found in TBARM in the cancer cells supplemented with GLA, AA,
EPA and DHA may reflect differences in the rate of lipid peroxidation and in the rate of
metabolism of TBARM or differences in the uptake or distribution of the PUFA. The
most unexpectcd result was the relative ineffectiveness of DHA in either raising
TBARM levels or killing the cancer cells in spite of its high degree of unsaturation and its
expected readiness to peroxidize. Results of incorporation studies demonstrated that
tumour cells incorporated equal or less amounts of PUFA than non-tumour cells (Das
et al. 1987). However, differences in the proportion of the added PUFA into phos-
pholipids and ether lipids were observed depending on the PUFA and between tumour
and non-tumour cell lines (Das et al. 1987). Although preliminary. since thc PUFA levels
incorporated into phospholipids and neutral ether lipids varicd concomitantly but in
opposite directions, the results suggest that the greater the proportion of the PUFA into
phospholipids compared to the proportion in the neutral cther lipids the greater the
cytotoxic potential of the PUFA.
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In the light of the anti-tumour activity of LA-derived 6-desaturated PUFA, the
interpretation linking the tumour-promoting effect of LA (as observed in rodents) to
increased peroxidation must be re-examined. Hypotheses as to how dietary fatty acid
composition decreases tumour growth include (1) changes in fatty acid composition of
the membranes, (2) alterations in the physical-chemical characteristics of the mem-
branes, (3) changes in prostaglandin metabolism, (4) modulation of intracellular
hormone action. The ability of PUFA to modify invasiveness and the host defence
system is another important mechanism by which they exert their anti-tumour effects in
the host (Bégin, 1987).

DESIRABLE EFFECTS OF PUFA SUPPLEMENTATION IN DISEASES

EPO and borage (Borago officinalis) seed (BO) oils, rich in LA and GLA, and fish oil,
rich in EPA and DHA, have been used as dietary supplements either singly or in
combination in attempts to prevent or to treat inflammatory—immunopathological
responses with encouraging results (Kunkel et al. 1981; Stackpoole & Mertin, 1982;
Prickett et al. 1983; Kremer et al. 1987; Papanicolaou, 1987; Belch er al. 1988; Tate et al.
1988). These studies suggest that certain PUFA can prevent and suppress the develop-
ment of acute and chronic inflammation that can lead to tissue damage. One application
of these findings is making its way in the treatment of rheumatoid arthritis: it was proved
possible for 80-90% of the patients with mild rheumatoid arthritis to decrease or stop
non-steroidal anti-inflammatory drug treatment when 6 g EPO or EPO-fish oil was given
(Belch et al. 1988). This was achieved with no deterioration in clinical or laboratory
measures of rheumatoid arthritis activity. Fish oil and olive oil, the latter at three times
the dose used for EPO or EPO-fish oil, appeared also effective in improving rheumatoid
patients (Gail Darlington, 1987; Kremer et al. 1987).

In alcohol-dependent patients, chronic ethanol consumption decreases cell membrane
fluidity and leads to a decrease in LA levels as well as an alteration in the LA:AA ratio
due to the ability of ethanol to inhibit the enzymes associated with the conversion of LA
to AA (Glen et al. 1987). Consumption of either n-3 or n-6 PUFA in the form of
safflower oil, EPO, or cod liver oil, all sharply reduced ethanol consumption in hamsters
(Cunnane, 1985) and both GLA and AA protected against ethanol-induced damage in
rats (Horrobin, 1987). In humans, results of clinical trials on the effects of fatty acid
supplements during alcohol withdrawal have been so far limited to fatty acid supple-
ments of the n-6 series. For example, in a double-blind, placebo-controlled trial, EPO
reduced the requirement for tranquillizers and produced a significantly faster return of
liver enzymes toward normal than placebo (Glen er al. 1987).

CONCLUSION

The results of these studies argue against the idea that PUFA supplementation makes
worse the diseases in which free radicals have been implicated. PUFA supplementation
resulted in an elevation of the concentrations of PUFA in the tissue examined. At the
same time that there is an elevation in the concentrations of substrates for lipid
peroxidation, there is either no change in the disease state or a significant improvement.
Only in rare cases has PUFA administration been shown to make a disease worse.
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Free radicals could cause damage either by destroying necessary PUFA or by reacting
with valuable PUFA to form toxic peroxidation products and other substances which
actually do the damage or both. The results yet available suggest that the loss of PUFA
due to free radical attack is important. PUFA supplementation may be helpful rather
than harmful possibly due in part to the quenching of free radicals by the presence of the
PUFA and in part to replacement of PUFA damaged by peroxidation.

These observations indicate that, with regard to many discases, possibly including
cancer, PUFA supplementation with avoidance of AA is not harmful and may be
protective or even therapeutic.
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