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ABSTRACT

Docosahexaenoic acid(DHA), a @3 series fatty acid and arachidonic acid(AA). a 06 series farty
acid were found in relatively high concentrations in the phospholipids(PLs) of cell membranes of
nerve tissues, and they can be affected by various factors. The present study examined the effects
of dietary 06 and ®3 fatty acid composition on P/M/S and on »3/6 fatty acid ratios in brain
PLs of 2nd generation rats. The expeimental diets consisted of 10% fat(by wt), which were
computer- searched mixed oil(M') with P/M/S ratio, 1 : 1.4 : 1 and w6/03 ratio, 6 : 1 and
safflower 0il('S’) poor in 3 fatty acids. The experimental diets were started 3 -4 wks prior to
conception. During the lactation period, the feeding mothers were switched 1 wk after birth and
provided the pups for 2 wks with milk which had compositions different from that of their
natural mother. The same diet as their mothers was provided from weaning to 9 wks of age. The
‘M and 'S’ rats were again subdivided into MM, MS, SS, SM rats according to diet which their -
lactating mothers were fed from the begining of the experiment. The relative percentage of P/
M/S fatty acids in brain PLs in all experimental groups converged to a very similar value at 9
wks of age, indicating the existence of a control mechanism for the degree of fatty acid
unsaturation. The w3/06 fatty acid ratios of brain PLs converged to about 1.0 in MM & SM
groups and 10 0.7 in SS & MS groups, suggesting also the existence of some balance between ©3
and 06 fatty acids in developing rat brain. The concentrations of 3 fatty acids, especially DHA,
in the SM group were increased and became similar to those in MM group at 9 wks of age. The
increase in DHA of brain PLs was counterbalanced by a decrease in 22 : 5@6. Therefore, the
ratios of 22 : 616,/22 : 5w6 were higher in both MM & SM groups than those of §§ & MS$
groups at 9 wks of age. Although dietary 3 and o6 fatty acids affected 22 : 6w3 and 22 : 506
contained in rat brain PLs reciprocally, the relative percentage of AA did not appear to be
significantly influenced by the diet in all groups at 9 wks of age, suggesting that a mechanism for
the maintenance of a certain level of AA in brain PLs exists.

In conclusion, the m3/w6 fatty acid and 22 : 603/22 : 506 ratios, but not P/M/S ratio, of
rat brain PLs were affected by the postnatal dietary changes. Futher studies are required to clarify
the mechanism(s) of ensuring a certain level of DHA and of maintaining a similar level of AA in
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rat brain PLs after weaning(9 wks) regardless of prenatal and postnatal dietary changes. (Korean J

Nutrition 31(5) : 897~905, 1998)
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Introduction

Docosahexaenoic acid(DHA, 22 : 6w3) and arachid-
onic acid(AA, 20 : 406) are the predominant ®3 and
6 series long chain polyunsaturated fatty acids(LC-
PUFA) in the mammalian central nervous system".
Both fatty acids are found in membrane phospholi-
pids(PLs) and are known to be essential for develop-
ment and function of the brain®'®. DHA and AA are
derived from the essential fatty acids, @-linolenic aicd
(o-LnA, 18: 303) and linoleic acid(LA, 18 : 206),
respectively. The capacity to elongate and desaturate
essential fatty acid precursors has been a concern for
the premature infant born with low fat stores and sub-
sequently minimal stores of LCPUFA'.

Dietary deficiencies of ®3 fatty acids during devel-
opment are associated with reductions of levels of
DHA in the brain, with a reciprocal increase in levels
of 22 : 506" ", These changes are accompanied by
effects on various measures of visual function in ro-
dcntsns)l.?).

Infant formula as a substitute for human breast mi-
lk has become an acceptable alternative for feeding
preterm infants. Changes to the composition of infant
formula designed to optimize brain development by
adding of DHA and AA have been studied''"®. Die-
tary 06/®3 fatty acid ratio for infants has been reco-
mmended to be within the range of 4/1-10/1, wh-
ich is similar to that found in human milk'.

This study focused on the effects of diets either
with desirable ratios of both w6/w3 and P/M/S
(mixed oil-fed group) or with deficient in ®3 series
fatty acids(safflower oil-fed group) on the P/M/S
and 06/m3 fatty acid ratios in brain PLs of the 2nd
generation rat.

Materials and Methods

1. Animals and diets
Female Sprague-Dawley rats weighing 170-230g

were divided into two groups and fed the experimen-
tal diets for 3—4 wecks prior to their conception.

-Maternal experimental diets consisted of 10%w,/w)

fat, which were either mixed oil(M’) with a P/M/S
ratio, 1/1.4/1 and a w6/®w3 ratio, 6.1/1 or saf-
flower oil(S) poor in ®3 fatty acid. This mixed oil
with the desirable ratios of P/M/S and w6/w3 was
chosen from various combinations of oils generated
by a self-developed computer program. The mixed
oil consisted of menhaden oil, soybean oil, corn oil,
canola oil, palm oil(5, 5, 20, 25 and 45 weight%).
The purified menhaden oil containing lg of tocop-
herol acetate per kg oil was donated by the Zapata
Haynie Corp(U.S.A). The purified corn oil & cano-
la oil were donated by the Sam Yang Co., Ltd{Seoul,
Korea) ; the purified soybean oil by the Dong Bang
Co., Ltd{(Seoul, Korea) : the purified palm oil by the
Nhong Shim Co., Led (Seoul, Korea).

Three days after delivery, the litters were adjusted
to 8- 10 animals for each mother. During the lacta-
tion period, at 1 week after birth, the feeding moth-
ers were switched to provide the new-born pups for 2
weeks with the maternal milks from the same or dif-
ferent mothers until 3 weeks of age. Thus ‘M’ and 'S’
rats were subdivided further into MM, MS, SS and
SM grdups according to diet which their lactating
mothers were fed from the begining of the experi-
ment. After weaning, rats were fed continuously with
the same diet as their lactating mothers up to 9
weeks of age. The DHA contents and w6/w3 fatty
acid ratios of the 8th day milk were 0.55% and 7.14
for M group, and 0.13% and 50.0 for S group,
respectively. The fatty acid compositions of experi-
mental diet and the 8th day milk are shown in Table
1. Animals were sacrificed at 0, 1, 3 and 9 weceks of
age to measure fatty acid composition of brain PLs.

2. Lipid and fatty acid analysis
The lipids of brain were extracted according to the
method of Folch, et al.'”” Total PLs from brain were
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Table 1. Fatty acid compositions of experimental diets and the rat milk at lactation 8th day

d Experimental diet " Rat milk
Fatty acids Mixed oil (M) " Safflower oil (5) M 2 R
- wt % of total fatty acids -

Saturates 28.0 11.4 438 440
Monounsaturates 40.0 9.1 35.7 14.9
Polyunsaturates 281 78.0 18.3 38.0
18 : 2w6 241 77.7 13.8 329
20 3wb6 = - 0.40 0.89
20 : 406 - 0.2 1.14 2.05
22 . 4m6 - - 0.23 0.69
22 : 506 - - 0.32 0.40
Totalwb 24.2 78.0 16.1 37.5
18 : 33 24 - 0.85 0.33
20 : 5m3 0.5 - 0.47 0.05
22 : 5m3 - - 0.34 0.08
22 603 0.5 - 0.55 0.13
Totalw3 39 - 2.20 . 0.56
®6/w3 6.1 - 7.14 50.0
P/M/S4) 1.0/1.4/1.0 6.9/0.8/1.0 0.44/0.85/1.0 0.88/0.34/1.0

1) Mixed 0il(10% by wt) consisted of 0.5% menhaden oil, 0.5% soybean oil, 2.0% corn oil, 2.5% canola oil, and 4.5%
palm oil(This mixture was selected from the computer-searched combinations of various fats and oils for this study).

2) M : Milk of mother group fed mixed oil diet
3)S

Milk of mother group fed with «3 fatty acid deficient diet

4) P/M/S : Polyunsaturated / monounsaturated / saturated fatty acids.

separated by thin layer chromatography(TLC). The
PLs arcas on the silica gel were scraped off im-
mediately after the TLC procedure and methylated
by the procedure of Lepage & Roy'®. The composi-
tions of fatty acid methyl esters were then measured
by gas liquid chromatography(GLC, Hewlett-Packard
5890A). For the gas chromatographic separation, a
bonded fused-silica capillary column(OMEGAWAX
320, Supelco, USA ; 30m x0.32mm ID x 0.25um)
was used. The oven temperature of GLC was 200C.
The temperature of injection and detector ports was
260C. Helium was used as the carrier gas for the
column and the flow rate was I ml/min with a split
ratio of 30: 1. Methyl esters of various fatty acids
were identified by comparison with fatty acid methyl
ester standards purchased from the Supelco(Catalog
No. 1081) & Nu Chek Prep, Inc., USA(GLC-87A),
and were then quantified on the basis of the amount
of heptadecanoic acid internal standard obtained
from Nu Chek Prep, Inc(N-17-A).

3. Statistics
Statistical analysis was done using SAS procedure ;

the results of fatty acid analysis were presented as
mean=SEM and analyzed by one-way analysis of
variance(ANOVA) ; the results of Duncan’s Multiple
Test were presented.

Results

1. P/M/S ratios of fatty acids in brain phospho-
lipids .

Fig. 1 illustrates the distribution of the mean val-
ues of the polyunsaturated fatty acids, monoun-
saturated fatty acids and saturated fatty acids in brain
PLs at birth and during the experimental period.
The levels of PUFA were increased during the 1st
week after birth and decreased slowly frow that
point. A general trend of an increase in MUFA at
the expense of SFA was clearly discernible from the
1st week after birth. The relative percentage of P/
M/S fatty acids showed similar values in four dietary
groups except for the SS group(p <0.05 with SM &
MM) at 3 wks of age. It was noticeable that the P/
M/S fatty acid ratios converged to a very similar
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Fig. 1. Changes of polyunsaturated(PUFA), monounsatu-
rated(MUFA) and saturated(SFA) fatty acids in rat
brain phospholipids by feeding different types of
fats from fetal life to 9 weeks old. Means+SEM, n
=10/group.

value in all dietary groups at 9 weeks of age.

2. 06/w3 fatty acid ratios of brain phoespholi-
pids

The compositions of total w3 & w6 fatty acids in
brain PLs are shown in Fig. 2. The percentages of to-
tal w3 fatty acids, including DHA, were higher in
both MM and SM groups which were fed the M-
diet either from the very beginning of the experi-
ment(MM) or from day 8 of lactation(S_M_) to 9 we-
eks of age, compared to those of 8§ and MS groups
which were fed the S-diet ecither from the very be-
ginning of the experiment(SS) or from day 8 of lac-
tation(M§) to 9 weeks of age, in brain PLs at 3 and 9
weeks of age. In particular, the concentration of to-
tal 3 fatty acids SM group was increased and be-
came similar to that of MM group at 9 wks of age,
although they were significantly lower than those of
MS group at 0 and 1 wk of age. In contrast, the con-

Fig. 2. Changes of X @3 & X w6 fatty acids & w3/Z wb ra-
tio in rat brain phospholipids by feeding different
types of fats from fetal life to 9 weeks old. Values
with the different letters are siginificantly different
within the same fatty acid at each week(p <0.05).
Means =+ SEM, n=10/group.

centrations of total w6 fatry acids were higher in SS
and MS groups than in SM and MM groups at 3 &
9 weeks of age. The relative amount of total ©3 and
w6 fatty acids of brain PLs at 9 weeks of age conver-
ged to a very similar value in MM and SM groups,
and in SS and MS groups, respectively. Therefore,
the order of w3/w6 fatty acid ratios appeared as SS
<MS <SM<MM(0.4<0.6<0.7<0.9) in brain PLs
at 3 weceks of age, and 03/w6 fatty acid ratios con-
verged to about one in SM & MM groups and to 0.
7 in SS & MS groups at 9 weeks of age.

3. 22 . 6w3/22 : 56 ratios in brain phospholi-
pids

The compositions of DHA and docosapentaenoic

acid(22 : 506) of brain PLs are shown in Fig. 3.

DHA is the only ®3 fatty acid present in significant

amounts in brain PLs. The percentage of DHA was
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increased by switching the lactating mothers from 'S
to ‘M(§—S8M), and this increase was counterbalanc-
ed by a decrease in 22 : 506. The concentration of
DHA ig MS group, however, was not increased after
1 week of age by changing from ‘M to MS and the
value was maintained until 9 weeks of age. It is re-
markable to observe that, a considerable amount of
DHA was found in the brain PLs of § rats which
were born to mothers fed ®3 fatty acid-deficient diet
from 3 -4 weeks before conception.

Because of reciprocal replacement of w6 with ©3
fatty acids, for MM and SM groups reared by ‘M’
diet-fed mothers, 22 : 6m3/22 : 506 ratios in brain
PLs were significantly higher at 9 weeks of age than
those in brain PLs of SS and MS groups. The dift-
erences in these ratios of brain PLs were more pro-.
nouunced at 9 weeks as compared to 3 wecks of age.

Although ©3 fatty acid-deficient diets were shown
to cause reciprocal replacement of @3 with ®6 farty
acids in brain PLs of young rats, the percentages of
AA, the most abundant @6 fatty acids in brain PLs,
were not altered significantly affected by either ex-
perimental diet ‘M’ or 'S’ except in SS group at 3
and 9 weeks of age, as shown in Table 2. The w6
precursor fatty acid, linoleic acid, appeared as a mi-

nor fatty acid in nervous tissue.

Table 2. Changes of major 303 & w6 fatty acids of the brain phospholipids by feeding different types of fats from fetal life

to 9 weeks old

Period(wk) wb Series @3 Series
& Group 18 : 206 20 : 4wb 22 46 22 : 506 20 503 22 503 22 603
-8/100g of total fatty acids —
0 week
M 0.98+0.12° 9.154+0.24* 207+0.15°  1.7240.10° 0.05+001  022+002° 7.97+061°
S 1.51+0.08° 10.6+0.27° 2.99+0.16° 6.05+0.21° 005+£001  0.11£0.02° 4.5240.30°
15t week )
M 1.1940.03  11.7+038°  250+0.08° 0.80+0.03° 0.07£0.02  0.33+0.02° 9.89+0.46"
S 1.54+0.17  13.3+0.26°  3.50+0.08° 4.08+0.11°  0.06+0.01 0.19+0.01°  8.01+0.29°
3rd week * :
MM 0.94+0.02° 9.78+0.07° 2.87+0.08" 059+0.03° 0.14+0.03° 0.26+003 12.3+0.11°
SM 106+0.03° 9414038  2.62+0.16° 1.25:£0.10° 0.09+0.00®° 0.20£003  103+063°
MS 1.1740.04°  10.1+0.26°  3.014+0.18° 1.14:£009° 0.07£0.03° 0.23+003  9.63+0.57°
sS 1.24+0.02°  11.6+0.10°  3.6740.05  4.50+0.15° 0.07+0.01> . 0.19+002  8.08+031°
9th week )
MM 0.61+£0.02° 756+007  252+0.11*° 0.29+0.02° 0.11+£0.02  0.24+0.02° 11.7+0.69"
SMm 0.62+003" 7324008  2.52+0.04° 0.39+002° 0.10£001  0.21+001° 11.3+022"
MS 0.84+0.03° 7.77+0.13 3.19+0.19°  1.55+0.19°  0.08+0.01 0.14+0.03°  9.01+0.46°
S 0.72+0.06° 7.70+0.12 3.01£0.09°  1.59+007°  0.32x0.01 0.13£0.02°  9.454+0.31°

Superscripts a, b, ¢ indicate that values with the different letters are significantly different within the same fatty acid at

each week (p<0.05).

Values are Means+SEM, n=10/group.
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Discussion

Patterns of fatty acids in brain PLs can be affected
by various factors, Je., age, brain region and brain
cell type'. The present study examined the effects of
dietary fats given 3-4 weeks before conception to 9
weeks old on fatty acid patterns of developing rat
brain PLs. Breast-fed pups were switched to different
dietary fat and different lactating mothers as stated
in experimental design.

As shown in Fig. 1, the relative percentage of PU-
FA, MUFA & SFA values converged to very similar
values in all dietary groups at 9 weeks of age, despite
the fact that diets with extremely different fatty acids
patterns were given even before conception up to 9
weeks of neonatal age. As suggested from previous
works™?, this result indicated a possible regulatory
mechanism on the degree of fatty acid unsaturation
in brain. Thomas, et al*® also showed that 22-car-
bon LCPUFA shares a similar mechanism of inco-
rporation with PL. The percentage of 3 fatty acids
and w3/w6 fatty acid ratios in total brain PLs of SM
became significantly higher than those of MS at 3
weeks of age, although they were significantly lower
at 0 and 1 week of age. Pups in SM group were
born to the mothers which were fed the w3 fatty ac-
id-deficient S diet from 3 wecks before conception
up to the Ist week of lactation, totaling 8 weeks and
then fed M diet up to 9 weeks of age. At 9 weeks of
age, W3/w6 ratos of SM group became similar to
those of MM group fed ‘M’ diet with P/M/S ratio,
1/14/1 and w6/w3 ratio, 6.1/1 throughout ex-
perimental period. The results showed that the fatty
acid compositions of the newborn rat brain reflect
postnatal diet including maternal milk. According to
Wainwright, et al.’’, total amount of DHA in the
group which received the ®3 supplementation only
during the 12 day postnatal period was as high as in
the group supplemented during gestation and lac-
tation. This suggests that the ®3/w6 ratio of the
LCPUFA in the brain of the developing offspring
can be altered within days through manipulation of
the @3 content of the maternal diet during lactation
when the growth of rat brain is at its maximum rate.
According to Youyou, et al.”?, the recovery of DHA

content in the brain of rat pups started rapidly after
changing the maternal diet, ie., from the very first
day of changing the diet from sunflower oil to soya
oil, but it took more than 2 months for DHA to
reach the control value, suggesting the recovery of
DHA content by brain cells was slow when the diet
was given after lactating period.

It was also remarkable to observe in the SS group
that the level of ®3 fatty acids in brain PLs was main-
tained at >5% of total fatty acids and the ratios of »
3/w6 fatty acids even increased at 9 weeks of age,
despite receiving a ®3 fatty acid-deficient diet from 7
weeks of prenatal age(Fig. 2). Galli, et al.*® have
shown that rats supplemented with ®3 fatty acids
during development maintain certain levels of DHA,
even after two months on a ®3 deficient diet. In

7229 it seems that

agreement with previous studies
dictary ®3 fatty acid deficit during the gestation
period can be offset partially by selective retention of
DHA by dam. Neuringer, et al.¥ reported that plas-
ma DHA level, although reduced in the neonates
which were born to the mothers fed the ®3 deficient
diet, was higher than that in their mothers. These
suggest that the developing fetus might be pre-
ferentially supplied with DHA via placenta and there-
by protected from the effects of maternal dietary ®3
fatty acid deprivation. Bazan, et al.”® suggested that
the liver is the organ which actively synthesizes
DHA. The maternal adipose tissue was also suggest-
ed as a reservoir and provider of DHA?. On the oth-
er hand, the ®3/w6 ratios of brain PLs reached a
very similar value in MM & SM and SS & MS
groups, indicating the effect of postnatal diet over-
rode that of prenatal diet. This effect may be partly
due to the fact that rat brain grows most rapidly dur-
ing postnatal lactation period. Dietary fatty acid com-
position and the time of administration of diets can
also be regarded as important contributing factors
for the fatty acid pattern in brain PLs. Neuringer, et
al.¥ suggested that the content of DHA in cerebral
cortex approximately doubled in monkeys which
were fed ample 18 : 3w3 throughout pregnancy and
received a similar diet from birth, but not in the
group fed the diet very low in 18 : 3w3. The pro-
vision of ®3 LCPUFA in brain from o-linolenic acid
is an area of further possible study.



As suggested from the previous works”'"'?® | the
decrease in DHA in rat pups brain caused by chang-
ing from MM to MS was compensated for the in-
crease in 22 : 5w6. Because of compensatory repla-
cement of w3 with w6 fatty acids, 22 : 6w3/22 : 506
ratios in S§ and MS rats which were reared by moth-
ers fed @S diet were significantly lower than those
in MM and SM rats reared by ‘M’ diet-fed mothers.
Levels of 22 : 506 are known to increase in ®3 fatty
acid deficiency, thus 22 : 6w3/22 : 506 rato in tis-
sue lipids has been suggested to be a more sensitive
indicator of the dietary 03 fatty acid adequacy than
percentage of 22 : 603 or 22 : 506 alone®™. Despite
their similar physical properties, 22 : 5w6 is not a
functional substitute for DHA in neurological func-
tions™'%*®. This fact, in addition to the securing of
DHA levels in brain PLs in @3 fatty acid-deficient
diet-fed rats, suggests a specific role of DHA beyond
contributing to the maintenance of structural stabi-
lity of biological membrane. Many behavioral studies
have shown that congnitive development can be alt-
ered in a dietary ®3 fatty acid defeciency in rat
models™". One of the specific roles of DHA could
be linked to its presence in brain plasmalogen which
is abundant in synaptic membranes®™. DHA could
have an influence on mechanisms of neurotransmis-
sion through plasmalogen mediation™”.

Even though the compositions of 22: 63 and
22: 506 in rat brain PLs can be altered reciprocally
by 3 or w6 fatry acid diet, the relative percentage
of AA did not appear to be significantly affected by
the diet in all groups. This suggests that a mechan-
ism for the maintenance of a certain level of AA in
brain PLs exists. The suggested effects of AA on
neural cells include modulation of neuronal transme-
mbrane signaling, regulation of neurotransmitter
release and glucose uptake™**. Innis, et al.* has also
shown that feeding freshwater fish oil which contains
higher DHA and lower 20 : 503 than usual marine
fish oil did not result in lowering brain 20 : 406 as
compared to feeding soybean oil. The ability to main-
tain brain AA could be partly explained by the pres-
ence of specific, high affinity transport systems for
AA into brain®. Retroconversion of 22- to 20-car-
bon chain LCPUFA might also be involved in main-
taining AA level®”.
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In conclusion, the w3 /w6 fatty acid and 22 : 63/
22 : 506 ratios, but not P/M/S ratio, of rat brain
PLs were affected by the postnatal dietary changes.
Further studies are required to clarify the mechanism
of ensuring a certain level of DHA in rat brain PLs.
An additional study is also needed to identify the
mechanism(s) of maintaining a similar level of AA in
9 weeks old rat brain phospholipids regardless of pre-
natal and postnatal dietary changes.
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