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ASIC NUTRITIONAL INVESTIGATION

Differential Effects of Fish Oil and Folic Acid
Supplementation During Pregnancy in Rats on
Cognitive Performance and Serum Glucose in

Their Offspring
Sadhana Joshi, PhD, Shobha Rao, PhD, Subhash Girigosavi, SSC, Mahadeo Daware, MSc,

Anvita Kale, MSc, and Mahabaleshwar Hegde, PhD
From the Biometry and Nutrition Unit, Agharkar Research Institute, Pune, India; and the

Interactive Research School for Health Affairs, Bharati Vidyapeeth, Pune, India

OBJECTIVE: We studied the effect of folic acid and polyunsaturated fatty acid supplementation during
pregnancy in Wistar albino rats on cognitive performance and serum glucose concentrations in their pups.
METHODS: Pregnant female rats from four groups (n � 6/group) were fed casein diets with 18% protein
and 2 mg of folic acid/kg of diet (group I), 12% protein and no folic acid (group II), 12% protein and 8
mg of folic acid/kg of diet (group III), or 12% protein and 70 g of cod liver oil/kg of diet (group IV). All
pups were weaned on standard control diet with 18% protein. Cognitive performance, brain fatty acid
profile, and serum glucose concentrations were studied in offspring at age 6 mo.
RESULTS: There was no significant difference in length of gestation or litter size, but the litter weight for
group IV was lower (P � 0.047) than that for group I. After weaning, males in group II had lower (P �
0.05) body weights, but those in group III had weights comparable to those in group I for both sexes. In
group IV, body weights were lower beyond 15 wk (P � 0.05). Relative brain weight and cognitive
performance were significantly higher (P � 0.05) in group IV males and showed higher levels of brain
�-linolenic acid. Further, these animals had serum glucose levels comparable to those of control animals
at age 6 mo, whereas serum glucose levels were higher in males from groups II (P � 0.01) and III (P �
0.01).
CONCLUSION: Fish oil supplementation during pregnancy improved cognitive performance and main-
tained glucose levels into adulthood, unlike folic acid supplementation, which supported only fetal growth
and did not maintain glucose levels. Nutrition 2004;20:465–472. ©Elsevier Inc. 2004

KEY WORDS: folic acid, cognition, glucose, docosahexaenoic acid, eicosapentaenoic acid, arachidonic acid,
�-linolenic acid
NTRODUCTION

n developing countries, low birth weight is a major public health
roblem and is attributed to maternal undernutrition. Worldwide
upplementary programs to pregnant women have concentrated on
acronutrients1 rather than on micronutrients. Perinatal malnutri-

ion resulting in low birth weight and early growth retardation are
peculated to be important risk factors for syndrome X in later
ife.2–4 Barker reported evidence in support of fetal programming
n utero leading to increased risks of adult diseases.5 In view of this
nding, it is essential to understand the role of maternal nutrition

n fetal adaptation, especially with respect to the long-term risks
ssociated with adult diseases.

The role of folic acid in fetal adaptation is well documented.
eficiency of folic acid during pregnancy results in babies with

ow birth weight and neural tube defects,6 whereas its supplemen-
ation during pregnancy increases birth weight of infants.7 How-
ver, aside from its effect on weight at birth, its long-term benefits
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or risks remain to be investigated. It is speculated that folic acid
deficiency during the fetal stage predisposes toward thrombotic
episodes during adulthood, possibly due to increased plasma ho-
mocysteine levels.8

Recent studies in humans have shown that increased intake of
long-chain polyunsaturated fatty acids (LC PUFAs) during preg-
nancy increase the length of gestation and birth size,9 suggesting
that maternal LC PUFA status during pregnancy is critical in
determining the development of the fetus. Adequate fetal accretion
of LC fatty acids is important for the neurologic development of
the fetus.10 Further, protein deprivation during gestation may com-
plicate the inadequate supply of LC PUFAs to the fetus because
maternal protein malnutrition may render the child susceptible to
metabolic derangement such as insulin resistance. Although folic
acid and LC PUFA have independent effects on fetal growth, the
former is known to modify LC PUFA metabolism and thus may
play a role in fetal adaptations. LC PUFAs also affect brain
growth, development, and function.11

Maternal undernutrition is a major factor responsible for fetal
growth retardation in developing countries. Therefore, it is essen-
tial to examine whether maternal supplementation of specific mi-
cronutrients, especially at low or marginal protein levels, can offer
beneficial effects in this aspect. In the present study, we examined
the effect of supplementation of folic acid and �-3 fatty acids,

namely docosahexaenoic acid (DHA) and eicosapentaenoic acid

0899-9007/04/$30.00
doi:10.1016/j.nut.2004.01.012
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EPA), at marginal levels of protein during pregnancy on birth
ize, cognitive performance, and blood glucose.

ATERIALS AND METHODS

ll experimental procedures were in accordance with guidelines of
he Institutional Animal Ethics Committee. Animal maintenance
nd handling were in accordance with the guidelines of the Indian
ational Institute of Nutrition.12

iets

he composition of the diet (Table I) was according to the Amer-
can Institute of Nutrition (AIN 93) purified diets for laboratory
odents13 and contained 18 g of protein/100 g of diet. Three other
socaloric treatment diets were formulated. One was deficient in
olic acid, the other was supplemented with folic acid, and the third
as supplemented with fish oil. In treatment diets, protein level
as reduced to 12 g/100 g of diet to satisfy the optimum require-
ent during pregnancy, and the amount of corn starch was 45.75

/100 g of diet. This composition allowed us to study the role of
icronutrients at marginal levels of protein during gestation.

Control animals received 2 mg of folic acid/kg of diet. Animals
eficient in folic acid received no folic acid. Folic acid deficiency
as obtained exclusively through dietary means rather than using

olate antagonists or antibiotics because it is a more rational way
f showing the overall effects of folic acid deprivation on preg-
ancy as it might occur in humans rather than using a drug to
roduce deficiency. The diet supplemented with folic acid was
nriched with 8 mg of folic acid/kg of diet. This is roughly four
imes the requirement of a normal rat. This amount also is in

TABLE I.

COMPOSITION OF DIETS

omposition (g/kg diet) Group I Group II Group III Group IV

orn starch 398 458 458 458
asein (85% protein) 200 140 140 140
extrinized starch 132 132 132 132
ucrose 100 100 100 100
od liver oil 0 0 0 70
oybean oil 70 70 70 0
iber 50 50 50 50
ineral mix* 35 35 35 35
itamin mix† 10 10 10 10

-cystine 3 3 3 3
holine bitartarate 2.5 2.5 2.5 2.5
ertiary butyl hydroquinone 0.014 0.014 0.014 0.014
otal energy (kcal) 3766 3766 3766 3766

Mineral mixture (g/kg mix): calcium carbonate, 357; potassium phos-
hate, 196; potassium citrate, 70.78; sodium chloride, 78; potassium sul-
ate, 46.6; magnesium oxide, 24; ferric citrate, 6.06; zinc carbonate,
.65; manganous carbonate, 0.63; cupric carbonate, 0.3; potassium io-
ate, 0.01; sodium selenate, 0.01; ammonium paramolybdate, 0.007; so-
ium meta-silicate, 1.45; chromium potassium sulfate, 0.275; lithium
hloride, 0.01; boric acid, 0.08; sodium fluoride, 0.06; nickel carbonate,
.03; ammonium vanadate, 0.006; sucrose, 221.02.
Vitamin mixture (g/kg mix): nicotinic acid, 3; calcium pantothenate,
.6; pyridoxine-HCl, 0.7; thiamin-HCl, 0.6; riboflavin, 0.6; D-biotin,
.02; vitamin B12 (0.1% in mannitol), 2.5; vitamin E, 15; vitamin A,
.8; vitamin D3, 0.25; vitamin K, 0.075; sucrose, 974.655; folic acid,
.2 in group I, 0 in group II, 0.8 in group III, 0.2 in group IV.
ccordance with the folic acid requirement of Indian pregnant w
omen being 400 �g/d, which is four times the requirement of a
on-pregnant women.14 The diet supplemented with fish oil used
od liver oil (Seven Seas, Mumbai, India) as the source of DHA
nd EPA (Table II). Thus, the diet in group IV was composed of
2% protein and contained 2 mg of folic acid and cod liver oil.

xperimental Design

irgin female Wistar rats weighing 200 to 250 g were obtained
rom the animal facility of Agharkar Research Institute, Pune,
ndia and were bred in a male:female ratio 1:3. Pups were sepa-
ated on day 21 according to sex, and 24 female pups were
andomly selected. They were housed in a facility maintained at
2°C on a controlled 12-h light and 12-h dark cycle with an
ppropriate ventilation system. They were given the control diet
or about 3 mo and kept for breeding. On confirmation of preg-
ancy (through sperm-positive vaginal smears), i.e., 0 d of preg-
ancy, they were randomly allocated to one of the four groups (n

6/group; Figure 1). Thus, dams in group I had the control diet,
hose in group II were given the diet deficient in folic acid, those
n group III were given the diet supplemented with folic acid (8
g/kg of diet), and those in group IV received the diet supple-
ented with �-3 fatty acid (70 g of cod liver oil/kg of diet)

hroughout pregnancy.
Rats on the diet deficient in folic acid were placed in cages with

lastic wire bottoms to reduce access to folic acid through cop-
ophagy. One day before the expected delivery day, the dams were
laced in plastic solid bottom cages with rice husk as bedding
aterial. After delivery, the litters in each group were culled to

ight pups per dam. The treatment dams received the control diet
rom the day of delivery, and the pups were weaned onto a control
iet. At age 6 mo, five to six randomly selected males and females
rom each group were studied for cognitive performance and
issected for studying relative brain weight, brain fatty acid pro-
le, and serum glucose concentrations. This method enabled us to
tudy the exclusive effects of dietary treatments in utero on the
ong-term health outcomes of the progeny.

easurements

n confirmation of pregnancy, weights were recorded on day 0
i.e., the day when sperm-positive vaginal smears were noted) and
hen weekly (7, 14, and 21 d) to obtain weight gains. The litter

TABLE II.

FATTY ACID COMPOSITION OF SOYBEAN OIL AND COD
LIVER OIL FED TO DAMS THROUGHOUT PREGNANCY

omposition (g/100 g fatty acids) Soybean oil Cod liver oil

ocosahexaenoic acid (22:6 w-3) 0 12.46
icosapentaenoic acid (20:5 w-3) 0 18.4
rachidonic acid (20:4 w-6) 0 0
inoleic acid (18:2 w-6) 54.0 4.52
-Linolenic acid (18:3 w-6) 0 3.48
-Linolenic acid (18:3 w-3) 7.5 2.8
leic acid (18:1 w-9) 22.0 10.19
tearic acid (18:0) 4.1 12.48
almitic acid (16:0) 11.0 17.27
yristic acid (14:0) Trace 12.5
eights were recorded at birth and weekly until age 6 mo. Daily
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eed intake was recorded before conception and during gestation
nd lactation.

ater Maze Testing

ffspring of all four groups were tested for cognitive performance
y using a conventional method15 that uses a circular tank (70 cm
n diameter and 32 cm high) made of opaque plastic. On the first
ay, the rats were required to locate the hidden platform (17 cm in
iameter and 19.5 cm high) situated 1 cm below the surface of the
ater. On each trial, the rat was placed facing the wall in one of the

our quadrants in the tank, and the time taken to locate the platform
as recorded. The rats were returned to the cage after being

ppropriately warmed. This was done for 5 consecutive days, with
he first day being considered the training day.

rain Weight and Fatty Acid Analysis

he offspring were weighed and killed at age 6 mo. Whole brains
ere weighed on a Mettler balance (Afcoset, Mumbai, India) with
sensitivity of 0.001 g. A vertical section was made, and half of

he fresh brain was minced and homogenized in phosphate buff-
red saline (pH 7.5) using a Teflon glass homogenizer on ice. The
omogenate was centrifuged at 10 000 rpm at 4°C for 20 min. The
embranes were diluted in 5 mL of phosphate buffered saline and

tored at �20°C. Methyl esters were prepared according to the
ethod of Manku et al.16 Briefly, transesterification of the phos-

holipid fraction was carried out using HCl and methanol. These
ere separated and quantified with a Shimadzu (GC-17A Tokyo,

IG. 1. Random allocation of dams after confirmation of pregnancy.
apan) gas chromatograph (SD 2330, 30-m capillary column; s
upleco Bellfonte, PA, USA). Nitrogen at 1 mL/min was used as
he carrier gas. Oven temperature was held at 175°C for 15 min
nd programmed to rise from 175°C to 220°C at 10°C/min and at
20°C for 10 min. The detector temperature was 275°C and the
njector temperature was 240°C. Retention times and peak areas
ere computed automatically. Peaks were identified by compari-

on with standard fatty acid methyl esters (Sigma, St. Louis, MO,
SA).

lood Samples

t age 6 mo, offspring were fasted overnight before dissection and
lood samples were taken the next morning by heart puncture
nder anesthesia with diethyl ether. Blood samples were centri-
uged, and serum was separated and analyzed for glucose with a
iagnostic kit for glucose using the glucose oxidase method17 and
hen stored at �20°C for further biochemical estimations.

tatistical Analysis

alues are mean � standard deviation. The data were analyzed
sing SPSS/PC� 11.0 (Chicago, IL, USA). Mean values of the
stimates of weekly weights, brain fatty acid profile, and glucose
or the treatment groups were compared with those of the control
roup at conventional levels of significance (i.e., 5% and 1%) by
sing least significance difference estimated from one-way analy-

is of variance.
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ESULTS

eed Intake

emale rats consumed approximately 10 to 13 g of food per day
efore breeding. Feed intake increased to 15 to 16 g/d during
regnancy. Despite differences in protein levels, there was no
ignificant difference in mean feed intake of dams across groups.
eed intake increased to approximately 27 to 29 g/d during lacta-

ion. Between-group differences in feed intake were not significant
uring lactation.

eight Gain During Pregnancy

here was maximum weight gain in the third week of gestation in
ll groups. Dams in group II had a significantly (P � 0.006) lower
eight gain (92.8 � 9.9 g) than did those in group I (control; 117.4
12.6 g; Table III). However, dams from group III had a mean

eight gain of 113.9 � 22.1 g, similar to that observed in the
ontrol group. Dams from group IV had lower weight gain (102.6

4.6 g) than did dams on the control diet, but the difference was
ot statistically significant.

eproductive Performance

here was no significant difference in the duration of gestation or
itter size across groups (Table III). Mean litter weight in group IV
as lower (P � 0.047) than that in the control group. However,

here was no difference in mean litter weights for groups II and III
ompared with the control group.

ody Weights

lthough dams received the control diet during lactation, the mean
itter weights of the pups from group II were lower before weaning
ompared with those of the control group (Table III) and may be
ttributed to the effect of folic acid deficiency during pregnancy.
fter weaning, even though the pups were given the control diet,
ale pups from group II had lower mean weights throughout, but
ore so from week 15 (Table IV). In contrast, females in this

roup had mean body weights comparable to those in the control
roup. Pups from group III had comparable growth throughout the
-mo period for both the sexes, indicating beneficial effect of folic
cid supplementation. In group IV, males showed slower growth
hroughout the 6-mo period, whereas females had weights compa-

TA

WEIGHT GAIN DURING PREG

Group I

Dams (n) 6
Weight gain (g) 117.4 � 12.6 9
Litter weight (g) 61.9 � 9.1 5
Litter size 11.3 � 1.6 1
Birth weight (g) 5.5 � 0.2
Pup weight (g)

7 d 14.6 � 0.9 1
14 d 30.1 � 1.1 2
21 d 48.7 � 2.7 4

Mean � standard deviation.
P � 0.05, control versus treatment groups.
roup I, casein plus 18% protein (control); group II, 12% protein withou
roup IV, 12% protein plus �-3 fatty acid (cod liver oil).
able to those in the control group except at week 19. t
rain Weights

bsolute brain weights were significantly lower (P � 0.016) for
ales in group II, but the relative brain weights (relative to body
eight at age 6 mo) were comparable to those in the control group

Table V). In group III, there was no significant difference in
bsolute or relative brain weights, indicating beneficial effect of
upplementation. In group IV, absolute brain weights for both
exes were lower than those in the control group, but the difference
as significant only for males (P � 0.033). Relative brain weights
f males in this group were higher (P � 0.036) when compared
ith those of the control animals.

ognitive Function

ll animals took longer (�120 s) to locate the platform on the first
ay, but the location task took much less time on the second day
nd even less time on subsequent days (Figure 2). Animals in
roup II took a longer time than did those in control group on all
d, with the difference being significant on day 2. Time taken by

nimals in group III was similar to that in those in the control
roup. In contrast, animals in group IV had shorter times on all
ays, and the differences were significant (P � 0.05) only for
ales. Thus, fish oil supplementation at marginal protein levels

uring gestation seemed to have a beneficial effect on cognitive
erformance in the offspring.

rain Fatty Acid Profile

n view of the differential effect seen on the cognitive performance
f animals in different dietary groups, we examined the brain fatty
cid profile (Table VI). In males from group IV, a significant
ncrease (P � 0.008) was seen in the �-linolenic acid (GLA)
ontent of brain. There was no significant difference in the other
atty acids in males. No significant difference was seen in any of
he fatty acids in females in any treatment group.

erum Glucose

lucose levels were significantly (P � 0.01) higher in group II
ales than in control males (5.62 � 0.73 versus 4.69 � 0.28
M/L). Group III rats also showed higher (P � 0.010) glucose

evels (5.69 � 0.46 mM/L) than did control rats. In contrast,
lucose values in group IV were similar (4.22 � 0.68 mM/L) to

II.

CY AND BIRTH OUTCOME*

II Group III Group IV

6 6
9.9† 113.9 � 22.1 102.6 � 4.6
8.6 62.2 � 6.9 50.8 � 11.3†
1.8 11.7 � 1.4 10.8 � 3.4
0.3 5.3 � 0.1 4.8 � 0.6

0.8† 13.8 � 1.0 14.1 � 1.6
0.8 28.8 � 0.8 29.5 � 3.0
1.3† 46.9 � 1.7 46.6 � 2.5

acid supplementation; group III, 12% protein plus 8 mg of folic acid;
BLE I

NAN

Group

6
2.8 �
9.1 �
1.3 �
5.3 �

2.9 �
8.5 �
3.7 �

t folic
hose in the control group. Thus, fish oil supplementation showed
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beneficial effect on maintaining glucose levels into adulthood. In
ontrast, there was no significant change in glucose concentrations
n females in any treatment group.

ISCUSSION
olic acid supplementation during pregnancy is one of the most
ommon nutritional interventions in many developing coun-
ries.7,18 Among other micronutrients, there is growing interest in
nvestigating the role of essential fatty acids, especially �-3 fatty
cids, in promoting fetal growth.19 Recent reports5 have found that
ow birth weight increases risks for adult diseases, and maternal
ndernutrition is one of the major determinants in developing
ountries. Therefore, it is imperative to examine the role of these
icronutrients in reducing such risks at later ages, apart from their

nown role in fetal growth. In reported studies, supplementation of
olic acid20 or �-3 fatty acids21,22 is given at adequate protein
evels. However, because maternal diets in developing countries

TA

BODY WEIGHTS (GRAMS) OF MALE A

Weeks Group I G

Males (n) 18
3 wk 47.9 � 3.9 42.
7 wk 153.1 � 15.9 136.
11 wk 280.7 � 21.8 263.
15 wk 356.9 � 23.4 315.
19 wk 407.8 � 30.2 354.
23 wk 448.1 � 43.5 396.
25 wk 459.7 � 54.1 401.

Females (n) 23
3 wk 46.9 � 5.1 44.
7 wk 113.3 � 22.4 137.
11 wk 187.5 � 16.9 198.
15 wk 228.5 � 18.6 231.
19 wk 250.2 � 22.1 249.
23 wk 264.4 � 25.8 268.
25 wk 268.2 � 27.2 274.

Mean � standard deviation. Dams received the following diets during p
2% protein without folic acid supplementation (group II); 12% protein p
iver oil/kg of diet.
ffspring received the control diet during the growth period.
P � 0.05, control versus treatment groups.

TA

ABSOLUTE AND RELATIVE BRAIN WEIGHTS OF MALE AN

Group I

Males (n) 6
Absolute weights (g) 1.96 � 0.07
Relative weights (%) 0.43 � 0.04

Females (n) 6
Absolute weights (g) 1.81 � 0.06
Relative weights (%) 0.67 � 0.05

Mean � standard deviation.
P � 0.05, control versus treatment groups.
roup I, casein plus 18% protein (control); group II, 12% protein withou

roup IV, 12% protein plus �-3 fatty acid (cod liver oil)
re often inadequate in protein, it would be relevant to investigate
ow dietary manipulations ameliorate the negative effects of ma-
ernal malnutrition. We therefore examined the effect of maternal
upplementation of folic acid and fish oil at marginal levels of
rotein during pregnancy on birth size, cognitive performance, and
erum glucose in 6-mo offspring in a rat model,23,24 a commonly
sed model for examining the long-term consequences of under-
utrition in utero. Our study showed that folic acid supplementa-
ion is beneficial in terms of weight gain during pregnancy and
ostnatal growth, and that fish oil supplementation is more bene-
cial in maintaining glucose at age 6 mo.

Protein restriction during pregnancy does not affect food in-
ake25 but does affect weight gain. Marin et al.26 found that mean
ody weights of pregnant dams fed 15%, 10%, and 5% protein
ere 79%, 72%, and 58%, of control dams, respectively. We
bserved that folic acid supplementation at 12% protein level
uring pregnancy resulted in a weight gain similar to that of
ontrol rats, and that its deficiency resulted in lower weight gain (P

V.

MALE RATS IN DIFFERENT GROUPS*

I Group III Group IV

13 20
† 48.6 � 2.0 46.6 � 3.5
.2 157.5 � 17.9 141.1 � 29.3
.5 286.3 � 27.8 263.3 � 55.8
.2† 357.8 � 27.9 320.4 � 56.9†
.7† 397.7 � 60.6 364.4 � 55.5†
.1† 437.9 � 48.6 388.8 � 56.8†
.8† 450.9 � 41.9 396.7 � 63.1†

23 16
45.8 � 4.4 46.7 � 3.7

† 119.2 � 13.1 129.8 � 22.9†
.7 188.0 � 14.7 185.1 � 44.3
.2 222.1 � 19.9 217.3 � 30.7
.5 240.7 � 29.2 231.7 � 31.7†
.4 253.7 � 31.0 245.5 � 33.4
.3 259.9 � 30.9 248.2 � 38

cy: 18% protein plus 2 mg of folic acid/kg of diet (group I, control);
g of folic acid/kg of diet (group III); 12% protein plus 70 g of cod

V.

MALE RATS AT AGE 6 MO AGE IN DIFFERENT GROUPS*

oup II Group III Group IV

6 5 6
� 0.07† 1.89 � 0.08 1.84 � 0.10†
� 0.10 0.43 � 0.06 0.53 � 0.06†
6 6 6

� 0.05 1.75 � 0.08 1.77 � 0.08
� 0.06 0.71 � 0.06 0.75 � 0.12

acid supplementation; group III, 12% protein plus 8 mg of folic acid;
BLE I

ND FE

roup I

16
9 � 3.8
5 � 43
7 � 65
5 � 80
4 � 80
5 � 67
6 � 81

15
7 � 3.2
2 � 6.4
5 � 14
0 � 15
5 � 21
9 � 23
9 � 21

regnan
lus 8 m
BLE

D FE

Gr

1.82
0.49

1.73
0.63

t folic
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0.006) when compared with the control group (18% protein),
ndicating the beneficial effect of folic acid supplementation at
arginal protein levels. Lower weight gain, although not signifi-

ant, in group IV (12% protein with cod liver oil supplementation)
id not affect the length of gestation or litter size but did result in
ower (P � 0.04) litter weight. These observations are similar to
hose reported for fish oil supplementation.22,27

The group II diet (12% protein without folic acid) showed a
rofound effect on growth because, even with dietary repletion,
ean litter weights before weaning were lower despite the dams

eing shifted to the control diet from the day of delivery. This
ffect was also seen after weaning but only in males. In contrast,
ffspring from group III (12% protein and folic acid supplemen-
ation) had mean body weights comparable to control animals
hroughout postnatal period. These observations are in accordance
ith studies reporting beneficial effects of maternal folic acid

upplementation on birth outcome, with different levels,28 except
t an excess level of folic acid, i.e., 40 mg/kg.20 Animals in the fish
il group had mean body weights lower than those of the control
nimals, but the differences were significant only for males. Cod
iver oil is a rich source of EPA (20:5 �-3) and DHA (22:6 �-3),
nd its supplementation during pregnancy is expected to compro-
ise the level of arachidonic acid (20:4 �-6) due to the inhibitory

ction of �-3 fatty acids on �-6-desaturation in the fetus,27 which
ffects growth.29 However, in the present study, our finding of no
ignificant differences in brain arachidonic acid across groups

IG. 2. Cognitive performance of males on the water maze (*P � 0.05, co
, control diet of casein plus 18% protein; group II, diet of 12% protein an
roup IV, diet of 12% protein plus �-3 fatty acid (cod liver oil).
annot be explained and needs further exploration. g
Relative brain weights of rats in groups II (12% protein without
olic acid) and III (12% protein plus folic acid) were comparable
o those of control rats (18% protein). However, males in group IV
12% protein plus cod liver oil) showed significantly higher rela-
ive brain weights (P � 0.036) and better cognitive performance (P

0.039) than did those in the control group. Improved cognitive
erformance at age 6 wk in offspring of dams supplemented with
sh oil during gestation has been reported.21 Our results suggested

hat EPA and DHA in fish oil likely contribute to improvement in
ognitive performance. No significant difference in cognitive per-
ormance was seen in female offspring. In fact, most of the results
ere significant in males rather than females. This observation
ay be related to the greater nutritional sensitivity in the male due

o faster tissue growth.23

Although folic acid alters LC PUFA metabolism, the effect of
olic acid supplementation on the brain fatty acid profile is rarely
xamined. Fish oil in the form of cod liver oil dramatically alters
he LC PUFA composition of brain in male Wistar rats.30,31 We
bserved higher levels of GLA in males from the group supple-
ented with fish oil, which requires additional study. Large

mounts of �-3 fatty acids consumed during gestation may have an
nhibitory effect on �-5- and �-6-desaturases.32 This may partly
xplain the increase in brain GLA levels. Further, such an increase
n GLA content not being observed in the folate-supplemented and
olate-deficient groups supports this explanation.

Serum glucose values at age 6 mo were significantly higher in

ersus treatment groups). All values are mean � standard deviation. Group
cient in folic acid; group III, diet of 12% protein plus 8 mg of folic acid;
ntrol v
d defi
roup II animals (12% protein without folic acid). Group III (12%
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rotein plus folic acid) animals also showed increases in glucose
oncentrations, unlike group IV animals (12% protein plus cod
iver oil) that had values similar to those of the control animals
18% protein). In a previous study, insulin levels were significantly
igh in group II animals (deficient in folic acid) but low in group
II animals and were comparable to group IV (control) animals.33

rior administration of GLA and other LC PUFAs have been
hown to prevent alloxan-induced damage to �-cells and attenuate
he development of diabetes.34,35 Therefore, our results suggest
hat GLA may have a role in maintaining serum glucose levels, but
urther studies are needed to confirm this proposition.

Long-term effects of undernutrition during gestation differ with
espect to brain and metabolic parameters in offspring. Brain
paring is a feature of intrauterine growth retardation in humans36

nd experimental animals,37 but the reverse is true with regard to
etabolic parameters. Observations from Dutch famine studies

ave indicated that adaptations that enable the fetus to continue to
row may have adverse consequences in terms of increased risks
or coronary heart diseases.38 Insulin plays a central role in the
egulation of fetal growth, and it is believed that one fetal adap-
ation to undernutrition is to alter insulin and glucose metabo-
ism.39 Rats that are weaned prematurely have an increased serum
holesterol concentration in later life, which becomes apparent
nly after 7 mo.40 Thus, evidence from human and animal studies
uggest that fetal adaptation to undernutrition during gestation may
ave several adverse consequences in adult offspring.

In a prospective study41 on rural Indian mothers, consumption
f green leafy vegetables, a food source of �-linolenic acid, was
trongly associated with birth size. Because this relationship was
een predominantly in undernourished women, the investigators
oncluded that, when maternal diets are inadequate in macronu-
rients, micronutrients may play an important compensatory role in

TA

BRAIN FATTY ACID PROFILE OF MALE AN

Group I

ales (n) 3
Docosahexaenoic acid (22:6 �-3) 7.5 � 3.43
Eicosapentaenoic acid (20:5 �-3) 1.94 � 0.48
Arachidonic acid (20:4 �-6) 11.58 � 1.24
Linoleic acid (18:2 �-6) 0.8 � 0.42
�-Linoleic acid (18:3 �-6) 1.05 � 0.27
�-Linolenic acid (18:3 �-3) 0.45 � 0.2
Oleic acid (18:1 �-9) 33.56 � 5.22
Stearic acid (18:0) 18.48 � 1.3
Palmitic acid (16:0) 19.70 � 1.14
Myristic acid (14:0) 1.41 � 0.38

emales (n) 6
Docosahexaenoic acid (22:6 �-3) 11.29 � 1.18
Eicosapentaenoic acid (20:5 �-3) 1.46 � 0.41
Arachidonic acid (20:4 �-6) 8.86 � 4.27
Linoleic acid (18:2 �-6) 0.43 � 0.34
�-Linoleic acid (18:3 �-6) 1.52 � 0.96
�-Linolenic acid (18:3 �-3) 0.32 � 0.09
Oleic acid (18:1 �-9) 29.67 � 5.83
Stearic acid (18:0) 19.41 � 1.46
Palmitic acid (16:0) 18.76 � 1.87
Myristic acid (14:0) 0.74 � 0.46

Mean � standard deviation (g/100 g of fatty acid).
P � 0.05, control versus treatment groups.
roup I, casein plus 18% protein (control); group II, 12% protein withou
roup IV, 12% protein plus �-3 fatty acid (cod liver oil).
etal development. The present findings identified �-3 fatty acid as L
ne of the important micronutrients involved not only in fetal
evelopment but also in metabolic programming determining the
isks associated with increased glucose levels in adulthood. These
ndings have wider implications in the context of “fetal origin of
dult diseases” hypothesis that associates the risks of adult dis-
ases with a suboptimal in utero nutritional environment. It em-
hasizes the need for supplementing micronutrients such as LC
UFA to existing nutrition interventions for pregnant women to
revent adult diseases such as hypertension, diabetes, coronary
eart disease, and hyperlipidemia. This could be better achieved
hrough food-based interventions than through distribution of tab-
ets containing one or two micronutrients. However, several other
icronutrients may be involved in improving fetal growth, and

valuating their long-term effects with regard to adult health is an
mportant area for further research.

UMMARY

aternal folic acid deficiency showed higher serum glucose levels
n offspring at age 6 mo. Dams supplemented with folic acid at
arginal protein levels during gestation showed cognitive perfor-
ance similar to the control dams but produced increased serum

lucose levels in the offspring. In contrast, fish oil supplementation
roduced better cognitive performance and maintained serum glu-
ose levels into adulthood.
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MALE RATS FROM DIFFERENT GROUPS*

Group II Group III Group IV

5 5 5
9.79 � 0.79 10.9 � 0.37 8.33 � 2.56
1.95 � 0.25 2.24 � 0.89 1.76 � 0.63

11.21 � 1.83 13.0 � 2.57 10.77 � 0.75
0.76 � 0.72 0.74 � 0.73 0.71 � 0.56
1.19 � 0.89 1.02 � 0.34 2.75 � 0.80†
0.34 � 0.18 0.28 � 0.05 0.28 � 0.06

28.86 � 3.52 26.55 � 6.63 32.63 � 2.94
19.27 � 3.01 19.11 � 1.81 18.83 � 0.70
18.11 � 1.67 19.05 � 3.56 19.69 � 1.95
0.91 � 0.52 1.02 � 0.17 0.84 � 0.34

6 6 6
10.69 � 0.64 11.0 � 2.47 10.72 � 1.42
1.54 � 0.68 1.27 � 0.63 1.78 � 0.31

10.93 � 0.83 12.45 � 2.78 11.53 � 2.17
0.33 � 0.07 0.32 � 0.07 0.45 � 0.24
1.21 � 0.28 1.37 � 0.56 0.93 � 0.17
0.32 � 0.08 0.29 � 0.02 0.28 � 0.08

28.97 � 2.44 28.50 � 2.19 29.98 � 2.18
20.93 � 1.39 19.63 � 2.48 20.36 � 1.19
16.98 � 1.91 19.73 � 2.84 18.20 � 1.57
0.77 � 0.26 0.95 � 0.43 0.48 � 0.18

acid supplementation; group III, 12% protein plus 8 mg of folic acid;
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