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A vitamin E-deficient diet containing fish oil is known to afford a protection against malaria in mice. In 
the present study we examined whether the dietary supplementation with e~-tocopherol-fortified n-3 po- 
lyunsaturated fatty acid (PUFA) ethyl esters (eicosapentaenoic acid (EPA) ethyl ester and docosahex- 
aenoic acid (DHA) ethyl ester) had a protective effect against malaria. Four groups of  mice were each 
given one of  the following diets: (1). powdered standard chow (REF group); (2). 90% (wt) lipid-free 
diet with 8% lard and2% safflower oil (SAF group); (3). 90% lipid-free diet with 8% lard and2% EPA 
ethyl ester (EPA group); and (4). 90% lipid-free diet with 8% lard and 2% DHA ethyl ester (DHA 
group). Safflower oil, EPA, and DHA were fortified with 0.2% a-tocopherol before mixing dietary 
components. After 6 weeks on these diets, mice were inoculated with Plasmodium yoelii, and the same 
diets were continued until the end of  the experiment. The survival rates of  the four groups 46 days after 
the inoculation w e r e  1/12, 0/12, 5/12, and 4/lO in the REF, SAF, EPA, and DHA groups, respectively. There 
was a significant difference in the survival rates (P < 0.025) among the groups. It may be possible to 
conduct a clinical trial with malarial patients using EPA or DHA ethyl ester fortified with a-tocopherol. 
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Introduction 

The final and effective means of controlling malaria 
would probably be immunization. However, the prog- 
ress of developing vaccines is slow, and their efficacy 
seems rather limited.l-3 Chloroquine has been the very 
reliable anti-malarial drug until drug-resistant strains 
of the parasite P l a s m o d i u m  fa lc iparum appeared in 
most of the endemic zone. 4 Controlling the malarial 
vector is hindered by its high cost and by the fear of 
possible world-wide insecticide pollution? Insecticide- 
resistant strains are also appearing? In view of some 
110 million new clinical cases each year, 4 other effec- 
tive means of controlling malaria, probably new anti- 
malarial drugs, should be developed while the vaccine 
development is still under way and not available. In 
addition, the development of such means should be 
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rapidly achieved because of the appearance of insec- 
ticide-resistant mosquitoes 5 and of the greenhouse ef- 
fects of increasing CO2 in the atmosphere, which 
probably widen the territory of the malarial vector 
both to the north and south. 

In 1957, Godfrey reported that a diet containing 
cod liver oil markedly suppressed the infection of red 
blood cells (RBCs) of mice by malarial parasites, but 
that supplementation with ct-tocopherol deprived the 
cod liver oil diet of its anti-malarial effects completely. 6 
This finding had long been forgotten until the more 
recent rediscovery by Levander et al. 7,8 that a vitamin 
E-deficient diet containing cod liver oil afforded a 
significant protection against Plasmodium yoelii in mice. 
The pro-oxidant stress induced by this diet might gen- 
erate free radicals and thus destroy parasites within 
RBCs without extensive hemolysis of host RBCs. 9 
However, the deprivation of vitamin E is not practical, 
and this regimen could hardly be applied to humans. 

The symptoms of malaria, fever, anorexia, malaise, 
and finally cachexia causing death, can be simulated 
by administration of tumor necrosis factor (TNF). 1° 
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Malarial infection probably induces TNF release from 
monocytes/macrophages and causes these symptoms 
because the prior administration of anti-TNF antibody 
to rats does reduce malarial symptoms (cerebral ma- 
laria) due to its infection." Dietary supplementation 
with fish oil (vitamin E not deprived) has been shown 
to reduce TNF release from monocytes in volunteers.~2 
Consequently, it is possible that the dietary supple- 
mentation with fish oil or with its probable active 
ingredients, n-3 polyunsaturated fatty acids (PUFA) 
such as eicosapentaenoic acid (20:5n-3, EPA) and do- 
cosahexaenoic acid (22:6n-3, DHA) ,  reduces the ce- 
rebral pathology of malaria without vitamin E 
deprivation. In the present study we fed mice diets 
containing pure EPA-  or DHA-ethyl  ester, which had 
been fortified with e~-tocopherol, for 6 weeks before 
the infection with parasites and thereafter. We inves- 
tigated the percentage of infected RBCs and survival 
rates as compared with mice on mouse chow or a 
safflower oil-supplemented diet also fortified with o~- 
tocopherol. 

Materials and methods 

Experimental design 

Three-week-old female BALB/c mice were purchased from 
Sankyo Labo Service (Tokyo, Japan), randomly assigned to 
one of four experimental diet groups of 12 (except for a 
group for DHA [n= 10]), and housed in groups of four or 
five per cage. The mice were fed experimental diets for 6 
weeks. The mice were then inoculated by intraperitoneal 
administration of 5 x 10 ~ parasitized erythrocytes suspended 
in 0.2 mL citrated saline. A malarial parasite, Plasmodium 
yoelii nigeriensis (N-67 strain), was obtained through the 
courtesy of Dr. Ryo Arakawa, Department of Parasitology, 
Toyama Medical and Pharmaceutical University, Toyama, 
Japan. After the inoculation, mice were fed the same diets 
continuously until the termination of the experiment. The 
antimalarial effects of various lipids were assessed by ob- 

serving survival of mice and parasitemia in Giemsa stained 
blood film made 7 days after the inoculation and every 3 
days thereafter. The experiments were terminated when par- 
asites became undetectable in any surviving mice three times 
in a row. 

Diets 

Four groups of mice were each given one of the following 
diets: (1). REF diet (a reference diet): powdered standard 
chow (CE-2, Nihon Clea, Tokyo); (2). SAF diet (a safflower 
oil-supplemented diet): 90% (wt) lipid-free powder diet 
(Funabashi Farm, Chiba, Japan) with 8% lard and 2% saf- 
flower oil; (3). EPA diet: 90% lipid-free powder diet with 
8% lard and 2% EPA ethyl ester; and (4). DHA diet: 90% 
lipid-free powder diet with 8% lard and 2% DHA ethyl 
ester. The EPA and DHA ethyl esters contained more than 
96% EPA and 95% DHA, respectively. These two oils were 
gifts from Nippon Oil and Fats, Tokyo, Japan. Safflower oil 
was purchased from a local supermarket. Before mixing the 
dietary components, DL-a-tocopherol (Wako, Tokyo, Ja- 
pan) was added to the EPA ethyl ester, the DHA ethyl ester, 
and the safflower oil at a concentration of 0.2% to prevent 
peroxidation of oils and possible vitamin E deficiency in 
mice. The fatty acid contents of the diets used are shown in 
Table 1. The lipid-free powder diet was mixed with lard and 
oil every other day and used on the same day or the next. 
If the mixed diet was not used on the same day, it was stored 
at -20  ° C for not more than 1 day. Lipid peroxides in diet 
did not increase appreciably during storage (data not shown). 
Diet was given in clean serving cups every afternoon and 
old cups were removed to take precaution against peroxi- 
dation of diets and contamination with urine and feces. Mice 
had free access to water and their respective diets in both 
pre- and post-inoculation periods. 

Lipid analysis 

A separate experiment was performed for lipid analysis with- 
out inoculation. Another four groups of female BALB/c mice 
(n = 5/group), which had been fed the same diets exactly the 
same way as described above for 6 weeks from the age of 3 
weeks, were analyzed for the plasma c~-tocopherol concen- 

Table 1 Fatty acid (g) and c~-tocopherol (mg) contents in 100 g of diets used in the study 

Diets 

REF* SAF EPA DHA 

16 0 
t6 1 
18 0 
18 1 n-9 
18 2 n - 6  
18 3 n - 3  
20 5 n-3 
22 5 m3 
22 6 n-3 

Fatty acid contents 

0.58 1.72 1.60 
0.24 024 

0.09 0.66 064 
1.03 3.98 3.84 
1.99 2.96 1 28 
0.22 008 0.08 
0.04 1.92 E 

0.05 

~-tocopherol contents 

1 60 
0.24 
0.64 
384 
1 28 
008 

008 E 
190 E 

o~-tocopherol 4.7 13.0 13.0 130 

90 g of the lipid-free powder diet used for the SAF, EPA, and DHA diets contained 21.8 g casein, 50.9 g corn starch, 9.5 g sucrose, 2.8 g 
cellulose powder, 0.3 g DL-methionine, 0.9 g vitamine mixture containing 9 mg o~-tocopherol, and 3.8 g mineral mixture 
*According to the manufacturer's information. 
E, Provided in the form of ethyl ester. 
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trations (n = 5/group) and the fatty acid composition of the 
total phospholipids in RBCs (n = 4/group). These mice were 
not inoculated with malarial parasite. Under ether anes- 
thesia, a blood sample was drawn from the heart, anticoa- 
gulated with heparin, and centrifuged to separate plasma 
and packed RBCs. Plasma was frozen at - 2 0  ° C until the 
measurement of a-tocopherol concentrations, which was done 
within 4 weeks after plasma sampling. Packed RBCs were 
washed twice with saline and frozen at - 2 0  ° C until the fatty 
acid analysis, which was done within 2 weeks after sampling. 
The a-tocopherol concentrations of five mice of each diet 
group were analyzed by high-performance liquid chromatog- 
raphy according to the method of Bieri et al.'3 with a slight 
modification. After the total lipid extraction from RBCs 
according to Folch et al.J 4 the total phospholipids of RBCs 
were isolated by thin-layer chromatography on silica gel 60- 
plates (Merck, Darmstadt, Germany) using petroleum ether/ 
diethyl ether/acetic acid (80:20:1) as solvent. Methanolysis 
of phospholipids was done at 70 ° C for 45 rain with 6% 
sulfuric acid in anhydrous methanol. Methylated fatty acids 
were analyzed by gas chromatography using a GC-14A (Shi- 
madzu, Kyoto, Japan) equipped with a 30-m SP-2330 column 
(Supelco, Bellefonte, PA USA)." 

Statistical analysis 
Data are expressed as means _+ SD. Significant difference 
among dietary groups was detected by analysis of variance, 
and differences between two groups was analyzed according 
to Scheff6. Survival rates among different groups were ana- 
lyzed by chi-square test. P < 0.05 was determined as 
significant. 

Results 

At inoculation there were no significant differences in 
body weight among the four groups (the R E F  group: 
21.8 _+ 0.5 g; the SAF group: 21.4 _+ 0.2 g; the EPA 
group: 21.5 +_ 0.3 g; and the D H A  group: 21.8 _ 0.3 
g). 

As shown in Figure 1, the survival rates were 1/i2, 
%% 5/12, and 4/10 in the REF,  SAF, EPA,  and D H A  
groups, respectively. There  was a significant difference 

,00 ....................... :'k 

5o l ]  
"~ . . . .  DHA 

i . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  R E.F. ... .  
SAF 

2'0 3~0 40 

Days after i n o c u l a t i o n  Inoculation 

Figure 1 Survival rates of malarial mice fed different diets. Mice 
were fed one of the four diets for 6 weeks before inoculation and 
until the termination of the experiment. : the EPA group; 
- - :  the DHA group; . . . .  : the REF group; . . . .  : the SAF group. 
There was a significant difference in survival rates among the groups 
(P < 0.025). 

in survival rates among the four groups according to 
chi-square test used for 4 x 2 analysis (P < 0.025). 

Statistical analysis of the degrees of parasitemia was 
per formed only for the data of day 7, when all the 
mice were still alive. Parasitemia in the R E F  group on 
day 7 (33 +_ 25%) was more severe than in any other 
groups (11 _+ 3, 4 _ 2, and 10 _ 7% in the SAF, 
EPA,  and D H A  groups, respectively, P < 0.05). The 
degree of parasi temia at day 7 of infection was highly 
associated with the survival of mice thereafter.  All the 
mice with less than 2.5% as infected RBCs on day 7 
survived until the termination of the experiment,  
whereas those with more than 2.5% as infected RBCs 
had a higher mortality rate (data not shown). 

The fatty acid composit ion of the total phospholipids 
of RBCs is shown in Table 2. In the EPA group the 
contents of E P A  and docosapentaenoic acid (22:5n-3) 
were significantly increased compared  with the other 
groups; in the D H A  group the content of D H A  was 
significantly increased compared  with the other groups. 

Table 2 The fatty acid composition (mot %) of the phospholipid fraction of RBCs and the plasma c~-tocopherol contents (l~g/mL) 

Diets 

REF SAF EPA DHA 

Fatty acid composition (n-4/group) 

1 6 : 0  38.2-+1.3" 32.7-+09 b 37.3-+1.0 a 33.5-+2.15 
1 8 : 0  13.0-+0.7 "b 13.5+-0.3 a 13.9-+0.4" 12.5±0.4 b 
18 : ln-9 10.1 -+0.3 a 12.6_+0.15 14.9+0.3 c 14.3_+0.2 c 
18 : 2n-6 9.4_+0.4 a 7.1 +-0.2 b 4.3+-0.2 c 6.3-+01 d 
2 0 : 4 n - 6  9.2_+1.1a 13.6_+0.8 b 4.1 _+02 c 6 . 6 - 0 . 8  e 
20 : 5n-3 (EPA) 0.42 +_ 0.06 a 0.02 -+ 0.025 5.7_+ 0 6  c 1.6_+ 0 2  d 
22 : 5n-3 0.94 _+ 0.04 a 0.59 _+ 0.01 b 2.93 _+ 026  ° 0.85 _+ 0.05 a 
22 : 6n-3 (DHA) 4.3_+0.7" 2.9_+0.3 b 3.9-+0.2" 113_+20 c 

a-tocopherol contents (n= 5/group) 

c~-tocopherol 2.2 -4- 0.3 a 5.7 _+ 0.6 b 4.7 _+ 0.3 c 4.0 _+ O4 c 

Mice were fed one of the four diets for 6 weeks and killed without inoculation. The fatty acid composition of RBC phospholipids and the 
plasma e-tocopherol contents were measured by gas chromatography and high-performance liquid chromatography, respectively. Values 
without common superscripts are different at P < 0.05. 
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In general, the contents of linoleic (18:2n-6) and ar- 
achidonic acids (20:4n-6) were lower in the EPA and 
D H A  groups than the other two groups. 

The plasma c~-tocopherol concentrations are shown 
in Table 2. The concentrations were roughly propor- 
tional to dietary concentrations of c~-tocopherol. The 
plasma concentrations were lower in the REF group, 
whose dietary concentration was 4.7 mg/100 g diet, 
than in the other  dietary groups, in which dietary 
concentration was 13.0 mg/100 g diet. When the dietary 
concentrations of c~-tocopherol were the same (the 
SAF, EPA,  and D H A  groups), plasma concentrations 
were inversely correlated to the unsaturation degree 
of supplemented oils, other than lard which was com- 
mon to the three diets, namely safflower oil (approx- 
imately two double bonds per fatty acid), EPA ethyl 
ester (five double bonds per fatty acid), and D H A  
ethyl ester (six double bonds per fatty acid). 

Discussion 
In the present study we showed that the pre- and post- 
inoculational supplementation with the purified n-3 
PUFA ethyl esters, which had been fortified with ~- 
tocopherol,  increased the survival rates of mice inoc- 
ulated with Plasmodium yoelii. This finding cannot be 
explained by the plasma ~-tocopherol concentrations 
because those of the REF  group were lower than the 
EPA and D H A  groups, and those of the SAF group 
were higher than the EPA and D H A  groups. 

At first we considered that the present study seemed 
inconsistent with the findings of Levander et al. TM who 
found that a vitamin E-deficient diet containing fish 
oil afforded a protection against malaria in mice, but 
that the protective effects of fish oil diets disappeared 
if the diets were fortified with a-tocopherol .  Actually, 
there were some differences in experimental protocols 
between the present study and theirs. The parasites 
used were different (Plasmodium yoelii nigeriensis ver- 
sus Plasmodium yoelii yoelii). Supplemental n-3 fatty 
acids were different; they used fish oils and ours were 
purified n-3 P UF A ethyl esters. However,  difference 
in molecular forms of n-3 PUFA ethyl esters does not 
appear to be an important factor because Levander et 
al. recently showed that the ethyl ester concentrate 
prepared from menhaden oil was as effective as men- 
haden oil itself when diets containing either oil were 
deprived of vitamin E. 16 Interestingly, a closer exam- 
ination of the work of Levander et al. 7 suggests that 
there was a difference in antimalarial effects between 
a corn oil diet with vitamin E and a cod liver oil diet 
with vitamin E, with the 60-day survival rates of mice 
fed these two diets being almost 0% and 25%, re- 
spectively. They did not stress this finding, probably 
because this difference was not significant and because 
the cod liver oil diet without vitamin E was much more 
effective than the cod liver oil diet with vitamin E. 

More recently, Levander et al. observed partial pro- 
tective effects of fish oil ethyl esters against malaria, 
which varied in a stepwise manner  depending on the 
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vitamin E content of the diet.* Moreover,  they also 
reported a partial protective effect of menhaden oil 
when mixed directly into a ground chow diet with 
normal tocopherol nutr i ture.f  Taking these facts into 
account, we now consider that the present study is in 
agreement with theirs. 

From our experimental design it is impossible to 
decide whether vitamin E-deficient diets containing n- 
3 PUFAs are superior to c~-tocopherol-fortified diets 
containing n-3 PUFAs in terms of antimalarial power. 
However,  we do not think it is practical to put patients 
in the vitamin E-deficient state. Because vitamin E is 
contained in many foods, the only way to induce such 
a condition is to institute the total parenteral nutrition 
without lipid emulsion, which has more or less vitamin 
E. In addition, it would take a long time to deprive a 
body of vitamin E because of a large vitamin E reserve 
in fat tissue. Consequently, our findings indicate a very 
practical way for the application of n-3 PUFAs as an 
antimalarial nutritional support. 

It is not clear why the n-3 PUFA supplementation 
improved the survival rate of mice infected with ma- 
larial parasites. N-3 PUFA-rich membranes of RBC 
(see Table 2) may have a pro-oxidant and thus anti- 
malarial character," even in the presence of normal 
plasma concentrations of a-tocopherol.  Changes in im- 
mune function due to n-3 £ U F A  supplementation 17 
may have something to do with the antimalarial effects: 
in fact we found that the antigen presenting cell activity 
was reduced by dietary EPA. ~s As described in the 
introduction, TNF appears to be an important factor 
of malarial symptoms, "~ and TNF production by mon- 
ocytes is reduced by the dietary supplementation with 
fish oil in volunteers. 12 This may be another mechanism 
of action. Although Lokesh et al. recently found that 
TNF production by mouse macrophages was enhanced 
by dietary n-3 PUFAs,  ~9 the significance of TNF may 
be reduced by n-3 PUFAs because a number of effects 
of TNF are prevented by cyclooxygenase inhibition.-'" 
It is well known that EPA and D H A  inhibit 
cyclooxygenase.2~,:2 

In conclusion, the present study indicated that the 
administration of c~-tocopherol-fortified n-3 PUFAs 
improved survival rates of mice inoculated with ma- 
larial parasites. It may be possible to conduct a clinical 
trial with malarial patients using the aforementioned 
oils. 
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