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Comparison of the Metabolism of a.Linolenic Acid and Its h6 
Desaturation Product, Stearidonic Acid, in Cultured NIH,3T3 Cells 
Richard C. Cantrill*, Yung-Sheng Huang, Gregory  W. Ells and David F Horrobin 
EFAMOL Research Institute, Kentville, Nova Scotia, Canada, B4N 4H8 

The incorporation and metabolism of a-linolenic acid 
(18:3n-3) and its h6 desaturase product, stearidonic acid 
(18:4n-3), were compared by NIH-3T3 cells. In the presence 
of fetal calf serum, cells accumulated exogenously added 
18:3n-3 and 18:4n-3 apparently at the expense of oleic acid 
(18:1n-9). Both 18:3n-3 and 18:4n-3 were elongated and de  
saturated to eicosatetraenoic acid (20:4n-3), eicosapenta- 
enoic acid (20:5n-3) and docosapentaenoic acid (22:5n-3), 
but not to docosahexaenoic acid (22:6n-3), and were incor- 
porated into phospholipids and triacylglycerols. Over a 
4<1 period, the growth of NIH~3T3 cells was slightly stimu- 
lated in the presence of 18:3n~3 (20 ~ghnl.) but was strongly 
inhibited in the presence of 18:4n-3 at the same concentra- 
tion. This inhibition may be caused by enhanced lipid per- 
oxidation as a result of the high levels of 18:4u-3 present. 
Lipids 28, 163-166 (1993). 

In recent years an increased dietary intake of fish oils, rich 
in long-chain n-3 fatty acids, has been vigorously pro- 
moted for its possible medical benefits. For instance" 
eicosapentaenoic acid (20:5n-3) may reduce the risk of 
thrombosis and, consequently, the risk of coronary disease 
(1,2). However, there is increasing evidence that excessive 
fish oil intake may induce adverse side effects (3,4). Some 
researchers have suggested that increasing the intake of 
a-linolenic acid (18:3n-3), the precursor of long-chain n-3 
fat ty acids, may provide the same beneficial effects but 
minimize the adverse effects of fish oil supplementation 
(5,6). Unfortunately, the activity of 56 desaturase in 
humans is relatively low (7), thus limiting the formation 
of long-chain n-3 fat ty acids and, consequently, their 
potential beneficial effects. 

Stearidonic acid (18:4n-3), the 56 desaturation product 
of 18:3n-3, is found in small quantities in borage and 
blackcurrant oils (8-10) and certain fish oils (for a review, 
see ref. 11). It has previously been shown in experimen- 
tal animals that stearidonic acid is a more effective dietary 
supplement than a-linolenic acid in the formation of long- 
chain n-3 fatty acids (12). In other words, supplementing 
the diet with stearidonic acid could compensate for the 
low activity of h6 desaturase and low availability of its 
products. 

To date few studies have compared the metabolism of 
stearidonic acid and a-linolenic acid in cultured cells. 
Previous studies in our laboratory have shown that  ad- 
ministration of certain n-6 polyunsaturated fatty acids 
(PUFA) in the concentration range of 5-60 ~g/mL kills 
many tumor cell lines in culture (13-15). We (16) and others 
(17) have also shown that 18:4n-3 was toxic to tumor cells 
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Abbreviations: Chol, cholesterol; DMEM, Dulbecco's modified essen- 
tial medium; HPLC, high-performance liquid chromatography; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PI + PS, 
phosphatidylinositol and phosphatidylserine; PUFA, polyun- 
saturated fatty acids; TG, triacylglycerol. 

in culture; however, its effect on a normal cell line has not 
been reported. In the present study, stearidonic acid and 
its direct precursor, o~linolenic acid, were added individ- 
ually, to cell culture medium, and their effects on NIH-3T3 
cells, a nonmalignant cell line, were compared. Cell growth 
was determined by cell counting, and the extent of incor- 
poration and modification of 18:3n-3 and 18:4m3 was 
determined in lipid extracts of the cells. 

MATERIALS AND METHODS 
Cell cultur~ NIH-3T3 cells, obtained from Dr. R. Bassin 
(NIH, Bethesda, MD), were maintained in Dulbecco's 
modified essential medium (DMEM) (Flow Labs, 
Mississauga, Ontari(~ Canada) containing 10% fetal calf 
serum (Flow Labs), without the addition of antibiotics. 
The protocol for the examination of the effects of 18:3n-3 
and 18:4n-3 on cell growth has been described previously 
(18). Cells were seeded in 24-well plates at a density of 
104 cells per well (0.5 mL) and allowed to attach. Twenty- 
four hours later (Day 0), the medium was replaced with 
fresh medium containing 5% fetal calf serum (total fatty 
acid content -- 12.5 ~g/mL medium; major fat ty acids in 
percent: 16:0, 21, 16:1, 5; 18:0, 12; 18:1, 24; 18:2n-6, 6; 
20:3n-6, 3; 20:4n-6, 11; 20:5n-3, 1; 22:4n-6, 1; 22:5n-6, 2; 
22:5n-3, 3; 22:6n-3, 4) and either 18:3n-3 or 18:4n-3. Solu- 
tions of each fatty acid in ethanol (40 mg/mL) were diluted 
with medium to give final concentrations between 5 and 
30 ~g/mL. The final ethanol concentration was maintained 
at 0.2%. Control wells received fresh medium containing 
0.2% ethanol. Cells were observed daily by phase contrast 
microscopy. After an additional 4 d in culture, cells were 
detached with trypsin and counted in a haemocytometer 
counting chamber. The trypan blue exclusion technique 
was used to determine the number of dead cells (19). Some 
experiments were carried out in the presence of ferrous 
ions (FeC12.4H20 10 ~g/mL) or dl-a-tocopherol (Sigma, 
St. Louis, MO; 10 ~M). 

Determination of fatty acid profiles. For lipid analysis, 
cells were seeded in 5 mL medium at a density of 105 
cells per 6-cm Petri dish and supplemented with either 
18:3n-3 or 18:4n-3 according to the protocol described 
above After 3 d cells were released from the dish with 
trypsin, pelleted at 900 X g and resuspended in phosphate 
buffered saline (pH 7.4, composition as in ref. 20). For fatty 
acid quantitation, 17:0 was added to each sample as in- 
ternal standard. Lipids were extracted by the method of 
Folch et aL (21), and the lipid class distribution was 
determined by high-performance liquid chromatography 
(HPLC) (22). Data were expressed as area percentage and 
were taken directly from the HPLC/mass detector analy- 
sis. Different lipid classes were expressed as a ratio which 
was calculated from the area percentage data for in- 
dividual samples. For fatty acid analysis, phospholipids 
and triacylglycerols (TGs) were first separated by thin- 
layer chromatography (23). After transmethylation of lipid 
extracts (24), the fatty acid composition of the growth 
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medium, cells and phospholipid and TG fractions was 
determined by gas-liquid chromatography as described 
elsewhere (12). 

All data are presented as mean +_ SD (n = 4). Statistical 
analysis was performed using one-way analysis of variance 
and the Student 's  t-test using the SPSS-PC+ software 
package (SPSS Inc ,  Chicago, IL). 

RESULTS 

Ef fec ts  of  18:3n-3 and 18:4n-3 on cell growth. Supplemen- 
tation with either fa t ty  acid (20 pg/mL) led to the ap- 
pearance of lipid droplets within 24 h. The number of 
droplets decreased as time progressed. This observation 
has also been made when NIH-3T3 cells were incubated 
with other exogenous fa t ty  acids (16:0, 18:2n-6, 18:3n-6 
and 20:4n-6; Cantrill, Ells and Horrohin, unpublished 
data). Phase contrast  microscopy revealed no other 
changes in cell morphology in either control or supple- 
mented media. Cell number was not affected by either 
fa t ty  acid during the first two days after supplementa- 
tion. Thereafter, cells grown in 18:4n-3 supplemented 
medium ceased to proliferate, whereas cells grown in the 
control medium and those treated with 18:3n-3 continued 
to divide {Fig. 1). On Day 4 the number of cells in the 
18:3n-3 supplemented medium was greater than in the 
control medium. 

The effects of 18:3n-3 and 18:4n-3 supplementation at 
different concentrations are shown in Figure 2. On Day 
4, 18:4n-3 at concentrations greater than 10 pg/mL had 
significantly suppressed the proliferation of NIH-3T3 cells 
and few viable cells remained at concentrations above 25 
pg/mL. On the other hand, 18:3n-3 caused a 25-50% in- 
crease in cell number above control levels. The effect of 
18:4n-3 was exacerbated by the addition of ferrous ions 
(FeC12.4H20 10 ~g/mL) and reduced by the simultaneous 
addition of dl-a-tocopherol (10 ~M) (Fig. 2). 

Cellular lipid distribution. To compare the effect of 
18:3n-3 and 18:4n-3 supplementation on cellular lipid class 
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FIG. 2. Concentration<lependent effect of 18:3n-3 and 18:4n-3 on 
NIH-3T3 cells. Cells were cultured for four days in the presence of 
different concentrations of either 18:3n-3 (B) or 18:4n-3 (&) between 
0 and 30 pg/mL. 18:4n-3 treated cells were also grown in the presence 
of either ferrous ions (FeCI2.4H20 10 pg/mL) f/x) or dl-a-tocopherol 
(10 pM) (V}. Data are presented as % control (total cell count at 
0/~ghnL fatty acid) +__ SD (n = 4). 

distribution, cells were harvested, and analyses were per- 
formed on Day 3, before any cytotoxic effects were evi- 
dent. Table 1 shows that  the presence of either fa t ty  acid 
caused a marked increase in the relative amount  of TG 
and phosphatidylethanolamine (PE) and a decrease in the 
proportions of free cholesterol (chol) and phosphatidyl- 
choline (PC) in total cellular lipids. The ratios of different 
lipid classes were calculated in order to determine if these 
relative changes were solely a reflection of TG formation 
or were more complex. Cells treated with 18:4n-3, as com- 
pared with 18:3n-3, had a 40% increase in the chol/PC 
ratio, a 20% increase in the PE/PC ratio and a 33% in- 
crease in the TG/chol ratio (Table 1). These results indicate 
that  the two fatty acids have different effects on lipid class 
distribution. 
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FIG. 1. Time-dependent effect of 18:3n-3 and 18:4n-3 on NIH-3T3 
c ,Ks. Cells were cultured for four days in control medium (�9 or 
in the presence of 20 ~g/mL of either 18:3n-3 (11) or 18:4n-3 (b). Data 
are presented as mean total cell count +__ SD (n = 4). *Cell counts 
significantly different {P < 0.05) from control values on the same day. 

TABLE 1 

Lipid Class Distribution of NIH-3T3 Cells Treated for Three Days 
with 18:3n-3 or 18:4n-3 a 

Control 18:3n-3 18:4n-3 

Area % 
TG b trace c 10.7 • 1.0 15.9 • 3.1 d 
Chol 14.5 10.5 __ 0.5 11.7 • 1.0 
PE 19.1 23.1 __ 0.9 22.2 • 0.5 
PI + PS 1.6 2.3 _ 0.1 0.9 -- 0.1 d 
PC 60.7 46.0 --- 0.6 36.8 __ 3.2 d 
SPM trace 3.7 ___ 0.2 3.6 __- 2.2 

Ratio 
Chol]PC 0.24 0.23 __ 0.02 0.32 __ 0.04 d 
Chol]PE 0.76 0.45 • 0.01 0.53 -- 0.04 d 
PE/PC 0.31 0.50 • 0.04 0.60 • 0.05 
TG/Chol -- 1.03 • 0.12 1.37 • 0.35 

aResults are expressed as area % • SD (n = 4). For abbreviations, 
see footnote to title. 

bMay contain trace amounts of cholesterol esters. 
c Present at less than 1%. 
dSignificantly different from 18:3n-3 treated cells (P < 0.05). 
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TABLE 2 

Fatty Acid Composition of NIH-3T3 Cells Grown in Culture with Either 18:3n-3 or 18:4n-3 at a Concentration of 20 ~g/mI/Z 

Fatty Day 1 Day 3 
acid Control 18:3n-3 18:4n-3 Control 18:3n-3 18:4n-3 

Total 32.2 • 10.7 48.2 • 14.7 32.2 • 11.4 19.8 • 2.3 

18:3n-3 trace b 21.2 • 6.4 c 0.1 • 0.0 d trace 
18:4n-3 0.1 • 0.1 1.5 • 0.5 c 10.7 • 4.3 c,d 0.2 • 0.0 
20:4n-3 0.1 • 0.0 0.8 • 0.3 c 1.3 • 0.5 c trace 
20:5n-3 0.2 • 0.1 1.2 • 0.4 c 1.3 • 0.6 c 0.1 • 0.0 
22:5n-3 1.3 • 0.5 1.3 • 0.4 0.9 • 0.5 0.2 • 0.0 
22:6n-3 1.3 • 0.5 1.1 • 0.3 1.3 • 0.9 0.3 • 0.0 

Total n-3 3.1 27.1 15.6 0.8 
% Total 9.5% 56% 48% 3.9% 

Total n-6 7.0 • 2.3 5.0 • 1.6 3.1 • 1.3 2.5 

18:1n-9 7.2 • 2.5 4.0 • 1.2 3.5 • 0.9 7.4 

30.8 • 7.6 65.2 • 9.7 

5.2 • 1.1 c 0.3 • 0.1 d 
1.1 • 0.2 c 17.3 • 2.1c, d 
1.2 • 0.3 c 6.7 • 1.1c, d 
4.2 • 1.0 c 4.9 • 1.1 c 
1.4 • 0.3 c 1.4 • 0.3 c 
0.3 • 0.1 1.5 • 0.5c, d 

13.5 32.3 
44% 50% 

2.1 • 0.5 5.2 • 0.2 

3.1 • 0.7 6.5 • 0.8 

aResults are expressed as ~g/106 cells, mean • SD (n = 4). 
bIndicates present in amounts below 0.1/~g/106 cells. 

c Significantly different from control values (P < 0.05). 
dSignificantly different from 18:3n-3 treated values (P < 0.05). 

C e l l u l a r  f a t t y  a c i d  c o m p o s i t i o n .  I n c u b a t i o n  w i t h  e i the r  
18:4n-3 or  18:3n-3 s i gn i f i c an t l y  i nc reased  t h e  a m o u n t  of 
n-3 f a t t y  acids  in to ta l  cel lular  l ipid ex t rac ts .  The  n-3 f a t t y  
ac ids  inc reased  a t  t he  expense  of m o n o u n s a t u r a t e d ,  espe- 
c ia l ly  18:1n-9, and  n-6 f a t t y  ac ids  {Table 2). On D a y  1 on- 
ly  m o d e s t  a m o u n t s  of e l onga t i on  a n d  d e s a t u r a t i o n  prod-  
u c t s  of e i the r  18:3n-3 or  18:4n-3 were presen t ,  a n d  no  in- 
c reases  in t he  a m o u n t s  of 22:5n-3 a n d  22:6n-3 were seen. 
B y  D a y  3, the  a m o u n t  of the  p roduc t s  was  increased above 
D a y  1 values. The  ma jo r  me tabo l i t e  of 18:3n-3 was 20:5n-3, 
a n d  the  m a j o r  m e t a b o l i t e s  of  18:4n-3 were 20:4n-3 and  
20:5n-3. The  a m o u n t  of  22:6n-3 was  i nc r ea sed  above  con- 
t ro l  va lues  on ly  in 18:4n-3 s u p p l e m e n t e d  cel ls  {Table 2). 

The  ce l lu lar  f a t t y  ac id  c o n t e n t  (~g/106 cells) in 18:3n-3 
t r e a t e d  cells was  s l i g h t l y  h ighe r  t h a n  in con t ro l  or  in 
18:4n-3 t r e a t ed  cells on  D a y  1 {Table 2). Th is  resu l ted  f rom 
an  increase  in t o t a l  ce l lu la r  n-3 f a t t y  acids.  I n  18:3n-3 a n d  
18:4n-3 t r e a t ed  cells, t he  levels of n-3 f a t t y  ac ids  were 27.1 
a n d  15.6 ~g/106 cells, respec t ive ly ,  a n d  c o n s t i t u t e d  ap- 
p r o x i m a t e l y  50% of t h e  t o t a l  f a t t y  acids.  Th i s  was  more  
t h a n  a four fo ld  inc rease  above  the  levels  p r e s e n t  in con- 
t ro l  cells.  

On  D a y  3, t he  t o t a l  f a t t y  ac id  c o n t e n t  of b o t h  con t ro l  
and  18:3n-3 t r e a t e d  cells was  r educed  by  30% wi th  r e spec t  
to  D a y  1 values.  However, the  f a t t y  ac id  con ten t  of 18:3n-3 
t r e a t e d  cel ls  r e m a i n e d  50% h ighe r  t h a n  t h a t  of con t ro l  
cel ls  on D a y  3. The  f a t t y  ac id  c o n t e n t  of 18:4n-3 t r e a t e d  
cel ls  on D a y  3 was  twice  t h a t  m e a s u r e d  on D a y  1. Th i s  
va lue  was also 2- and  3-fold higher  t h a n  t h a t  of the  18:3n-3 
t r e a t e d  and  of t h e  con t ro l  cells, respect ively ,  on D a y  3. A t  
t h i s  t ime,  the  levels of  n-3 f a t t y  ac ids  were 4% of  t he  t o t a l  
f a t t y  ac id  c o n t e n t  in  con t ro l  cells  and  44 a n d  50% in 
18:3n-3 and  18:4n-3 t r e a t e d  cells, respect ive ly .  

Table  3 shows the  d i s t r i b u t i o n  of 18:3n-3 and  18:4n-3 
a n d  t h e i r  m e t a b o l i t e s  in t h e  TG and  p h o s p h o l i p i d  frac- 
t i ons  on  D a y  3. In  t he  TG f rac t ion ,  m o s t  of t he  n-3 f a t t y  
ac ids  in t h e  18:3n-3 t rea ted  cells were recovered as  18:3n-3. 
However ,  a s i gn i f i c an t  p r o p o r t i o n  of 18:4n-3 h a d  been  
e l o n g a t e d  to  20:4n-3 and  s u b s e q u e n t l y  d e s a t u r a t e d  to  
20:5n-3 in t h e  18:4n-3 t r e a t e d  cells.  I n  t h e  p h o s p h o l i p i d  
f rac t ion ,  20:5n-3 was  t h e  m a j o r  p r o d u c t  in b o t h  18:3n-3 
a n d  18:4n-3 t r e a t e d  cells,  and  a s u b s t a n t i a l  a m o u n t  of 

TABLE 3 

Percent Distribution of n-3 Fatty Acids in Triacylglycerol 
and Phospholipid Fractions of NIH-3T3 Cells Incubated 
for Three Days with Either 18:3n-3 or 18:4n-3 (20/~g/mL? z 

Fat ty  acid Control 18:3n-3 18:4n-3 

Triacylglycerols 
18:3n-3 0.2 + 0.1 33.3 --- 1.3 c 0.5 + 0.1 d 
18:4n-3 0.5 --- 0.3 5.1 - 0.5 c 17.4 _ 6.3c, d 
20:4n-3 trace b 7.6 - 0.3 c 27.9 • 1.OC, d 
20:5n-3 trace 8.0 • 0.4 c 13.6 • 1.9c, d 
22:5n-3 0.1 --- 0.1 3.8 • 0.3 c 4.1 + 1.4 c 
22:6n-3 0.2 + 0.1 1.1 • 0.1 c 0.8 + 0.2 c 

Phospholipids 
18:3n-3 0.3 • 0.1 22.4 • 0.2 c 1.3 + 0.3c, d 
18:4n-3 trace 3.2 • 0.3 c 9.9 • 3.3c, d 
20:4n-3 trace 3.1 • 0.1 c 10.7 • 0.6c, d 
20-5n-3 0.4 • 0.1 11.9 • 0.6 c 15.2 • 1.8c, d 
22:5n-3 1.0 • 0.1 3.0 • 0.1 c 4.0 • 1.0 c 
22:6n-3 1.3 • 0.2 1.1 • 0.1 1.5 • 0.2 

a Results are expressed as mean • SD (n = 4). 

bpresent at less than 0.1%. 

c Significantly different from control values (P < 0.05). 

dSignificantly different from the 18:3n-3 values (P < 0.05). 

20:4n-3 was  a lso  obse rved  in t h e  18:4n-3 t r e a t e d  cells. The  
r e su l t s  a lso  show t h a t  t he  a m o u n t  of  22:5n-3 or  of  22:6n-3 
d id  n o t  d e p e n d  on t h e  p r ecu r so r  f a t t y  acid.  

DISCUSSION 

S u p p l e m e n t a t i o n  of g r o w t h  m e d i u m  w i t h  e i the r  18:3n-3 
or  18:4n-3 inc reased  t h e  q u a n t i t i e s  of n-3 f a t t y  ac ids  in 
N I H - 3 T 3  cells. A s  shown in Table 2, however, t he  t o t a l  
f a t t y  ac id  c o n t e n t  on D a y  3 was  30% lower t h a n  on D a y  
1 in b o t h  con t ro l  a n d  18:3n-3 t r e a t e d  cells, whereas  i t  was  
i nc r ea sed  2-fold in 18:4n-3 t r e a t e d  cells. The  e x p l a n a t i o n  
for  t h e s e  d i f ferences  is  p r o b a b l y  r e l a t ed  to  t he  r a t e  of cell  
prol i ferat ion,  s ince t he  n u m b e r  of 18:4n-3 t r e a t e d  cells had  
on ly  d o u b l e d  s ince  D a y  1, whe reas  t he  n u m b e r  of 18:3n-3 
t r e a t e d  cel ls  h a d  i nc r ea sed  6-fold. 
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Treatment  with 18:3n-3 increased the levels of the post  
A6 desaturase n-3 fa t ty  acids (18:4n-3, 20:4n-3, 20:5n-3 and 
22:5n-3) indicating tha t  NIH-3T3 cells have an active A6 
desaturase sys tem (Table 2). In 18:4n-3 treated cells, there 
was an increase in 20:4n-3 levels but  the level of 20:5n-3 
was not  affected. The da ta  suggest  tha t  A5 desaturase ac- 
t iv i ty  was low in these cells and migh t  have l imited the 
product ion of 20:5n-3. Following either t rea tment ,  the 
amounts  of 22:5n-3 and 22:6n-3 were similar on both Day 1 
and Day 3. 

I t  is also possible tha t  the metabolism of n-3 fa t ty  acids 
is not  solely regulated by the act ivi ty of the desaturat ion 
and elongation enzymes bu t  also by  their  incorporation 
into phospholipid and TG fractions. I t  has been proposed 
recently (25) tha t  the dis tr ibut ion and metabol ism of n-6 
fa t ty  acids is a consequence of the availabil i ty of a c c e p  
tor molecules (PUFAs are predominant ly  found in the 2- 
position of phospholipids). There also exists the possibility 
of compet i t ion between n-3 fa t ty  acids of different chain- 
length and degree of unsa tura t ion  for esterification into 
different posit ions of TG and phospholipid molcules. 

An increased supply of n-3 f a t ty  acids increased their  
incorporation into phospholipids and also led to the for- 
mation of TGs (Table 1). Acylation into TGs and the subse~ 
quent formation of intracellular perinuclear lipid droplets 
is evidence of another  cellular response to excess PUFA 
intake  The formation of these lipid droplets was probably 
responsible for the changes in the lipid class rat ios 
(Table 1). These changes could not  be a t t r ibu ted  solely to 
the increase in TG content  since the proport ions of dif- 
ferent lipids were not  reduced to the same extent.  Thus, 
it is likely tha t  the format ion of the lipid droplet  boun- 
dary membrane led to the alterations in the cholesterol/PC 
and the PE/PC ratios (Table 1). These shif ts  in the 
chol/phospholipid ratios may  have also induced the incor- 
porat ion of more PUFA into phospholipids. 

I f  the incorporation of PUFA into phospholipid is 
restr icted by the number  of sites on suitable acceptor 
molecules, then excess f a t ty  acid esterified into neutral  
lipids may  be subsequent ly  incorporated into phospho- 
lipid as cell number  increases (26). In 18:3n-3 treated cells, 
the format ion of long-chain metaboli tes  and their  ac- 
cumulat ion in neutral  lipid stores was lower than  in 
18:4n-3 t rea ted  cells (Table 3). This may  have served to 
reduce the accumulat ion of subs t ra tes  for lipid peroxida- 
t ion since it has  been shown previously t ha t  f a t ty  acids 
with three and more double bonds are cytotoxic to many  
tumor  cell lines in culture (14). This process is thought  
to be caused by the formation of lipid peroxides (27) since 
the cytotoxic effect of post  A6 desaturase  n-6 f a t ty  acids 
cannot  be prevented by certain cyclooxygenase or prosta- 
glandin syn the tase  inhibitors (28). However, cell death  
may  be accelerated by the addit ion of ferrous or copper 
ions and blocked by vi tamin E and other antioxidants (18). 
Our observat ions suppor t  the involvement of lipid perox- 
idation in the lethal process (Fig. 2). The provision of 
18:4n-3 to cells leads to the accumulat ion of subs t ra tes  
for lipid peroxidation, a process which is likely to cause 
cell death. 
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