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Abstract

Studies on fetal programming of adult diseases have highlighted the importance of maternal nutrition during pregnancy. Folic acid and
long-chain essential polyunsaturated fatty acids (LC-PUFAs) have independent effects on fetal growth. However, folic acid effects may also
involve alteration of LC-PUFA metabolism. Because marginal deficiency of LC-PUFAs during critical periods of brain growth and
development is associated with risks for adult diseases, it is highly relevant to investigate how maternal supplementation of such nutrients can
alter brain fatty acid levels. We examined the impact of folic acid supplementation, conventionally used in maternal intervention, on brain
essential fatty acid levels and plasma corticosterone concentrations in adult offspring at 11 months of age. Pregnant female rats from 4 groups
(6 in each) were fed with casein diets either with 18 g protein/100 g diet (control diet) or treatment diets that were marginal in protein (MP),
such as 12 g protein/100 g diet supplemented with 8 mg folic acid (FAS/MP), 12 g protein/100 g diet without folic acid (FAD/MP), or 12 g
protein/100 g diet (MP) with 2 mg folic acid. Pups were weaned to a standard laboratory diet with 18 g protein/100 g diet. All male adult
offspring in the FAS/MP group showed lower docosahexaenoic acid (P < .05) as compared with control adult offspring (6.04 + 2.28 vs
10.33 £ 0.86 g/100 g fatty acids) and higher n-6/n-3 ratio (P < .05). Docosahexaenoic acid levels in FAS/MP adult offspring were also lower
(P < .05) when compared with the MP group. Plasma corticosterone concentrations were higher (P < .05) in male adult offspring from the
FAS/MP group compared with control as well as the MP adult offspring. Results suggest that maternal folic acid supplementation at MP
intake decreased brain docosahexaenoic acid levels probably involving corticosterone increase.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction Short-term measures through nutrition interventions
during pregnancy are undertaken in many populations to
ameliorate the adverse effects of maternal undernutrition on
birth weight. Studies with maternal supplementation of
macronutrients, that is, energy and protein, have not
yielded consistent results [2]. Recently, it has been shown
that when maternal diets are limited in energy, micro-
nutrients play important role in determining birth size [3].
One of the critical issues is to investigate the role of
micronutrients in fetal programming of adult diseases. In
particular, it remains to be investigated whether micronu-
trient supplementation during gestation can have beneficial
effect in reducing the risk associated with noncommuni-
cable diseases in adult offspring. Among the micronu-
trients, beneficial effects for iron and folic acid

The fact that low birth weight (LBW) increases the risk
for adult diseases has underscored the importance of
maternal nutrition during gestation. Recent epidemiologic
studies suggest that LBW babies have a higher prevalence
of noncommunicable diseases such as insulin resistance,
type 2 diabetes mellitus, and ischemic heart disease during
their adult life [1]. In many developing countries such as
India, LBW continues to be a major public health problem,
and maternal undernutrition during pregnancy is identified
as one of the major factors responsible for LBW.

* Corresponding author. Animal Science Division, Department of

Biometry and Nutrition, Agarkar Research Institute, Pune 411004, India.
Tel: +91 020 25654357, +91 020 25653680; fax: +91 020 25651542.
E-mail address: raoari@yahoo.com (S. Rao).

0026-0495/$ — see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.metabol.2005.12.008

supplementation to pregnant undernourished women are
well documented [4,5]. Particularly, maternal folate sup-
plementation is the most popular intervention given during
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pregnancy to improve birth weight and has been exten-
sively studied for its effect on neural tube formation and
fetal growth [4,6].

There is also growing interest in the role of long-chain
essential polyunsaturated fatty acids (LC-PUFAs), especial-
ly n-3 fatty acids, in promoting fetal growth [7]. In Faroese
women, an estimated 104-g increase of birth weight was
attributed to both a 4-day increase in gestational length and
rapid fetal growth due to high n-3 fatty acid intake [8]. In
another randomized control study, gestation was also
observed to prolong by 4 days when pregnant women
consumed a fish oil supplement [9]. Thus, maternal essential
fatty acid status during pregnancy may be critical in fetal
growth. In fact, subtle deficiencies in accretion of essential
fatty acids into cell membranes are believed to be a
mechanism making a child susceptible to metabolic
derangements such as insulin resistance [10].

Although both folic acid and LC-PUFAs have indepen-
dent effects on fetal growth, folic acid may also modify
LC-PUFA metabolism [11]. It would therefore be worth-
while to investigate whether folic acid supplementation
during gestation has any impact on brain fatty acid
metabolism as brain development is vital during fetal
adaptation to maternal undernutrition.

Maternal diets in developing countries are often inade-
quate in protein, and hence it would also be relevant to
investigate whether folic acid supplementation at low or
marginal protein levels during gestation can have impact on
the brain LC-PUFA and subsequently on risk of non-
communicable diseases in adult offspring. Maternal dietary
protein restriction during pregnancy has been shown to
activate the hypothalamic-pituitary-adrenal axis (HPAA)
[12]. This greater activation of the HPAA could translate
into an elevated risk for cardiovascular diseases, diabetes,
and hypertension [13] that ultimately leads to adult disease
in offspring. Such effects of maternal malnutrition in
offspring could be related to disturbances in the maternal
and/or fetal hormonal environment. One of the indicators
suggestive of subtle abnormalities in the programming of
the HPAA is increased corticosterone concentrations [14].
Thus, the mechanisms of long-term pathophysiologic
consequences of folic acid supplementation during gestation
are not known and need to be studied.

The present study therefore examines the effect folic acid
supplementation at marginal level of protein during preg-
nancy on the brain fatty acid profile and corticosterone
concentrations in the Wistar rat adult offspring at 11 months
of age.

2. Methods

All experimental procedures were in accordance with the
guidelines of the institutional animal ethics committee.
Animal maintenance and handling were in accordance with
the National Institute of Nutrition, India, guidelines [15].

2.1. Diets

The composition of control diet was as per AIN 93—
purified diets for laboratory rodents [16] and contained 18 g
protein/100 g diet (Table 1). Three treatment diets that were
marginal in protein (MP) were formulated to observe the
effects of folic acid supplementation during pregnancy, that
is, one with folic acid deficiency (FAD/MP) and the other
with folic acid supplementation (FAS/MP). A group with
12% protein (MP) diet was included to observe the effects
of folic acid supplementation at marginal protein level
(12%). This would allow us to attribute the observed effects
to folic acid supplementation and would rule out that they
are not due to lower protein level in the treatment diets. All
treatment diets were isoenergetic and their composition is
given in Table 1. Because of the lower protein level in
treatment diets, the amount of cornstarch was increased to
45.75 g/100 g diet. Vitamin-free casein was used for
treatment groups. The composition of soya bean oil is
given in Table 2.

Control rats received 2 mg folic acid per kilogram of diet
[16]. Folic acid deficiency was obtained exclusively through
dietary means rather than using folic acid antagonists or
antibiotics. This more closely resembles the overall effects
of folic acid deprivation upon pregnancy as it might occur in

Table 1
Composition of diets
Diets 2/100 g diet
Control FAD/MP FAS/MP MP
Cornstarch 39.8 45.8 45.8 45.8
Casein 20.0 14.0 14.0 14.0
(>85% protein)
Dextrinized starch 13.2 13.2 13.2 13.2
Sucrose 10.0 10.0 10.0 10.0
Soya bean oil 7.0 7.0 7.0 7.0
Fiber 5.0 5.0 5.0 5.0
Mineral mix® 3.5 3.5 35 3.5
Vitamin mix® 1.0 1.0 1.0 1.0
L-Cystine 0.3 0.3 0.3 0.3
Choline bitartate 0.25 0.25 0.25 0.25
Tertiary butyl 0.0014 0.0014 0.0014 0.0014
hydroquinone
Total energy (kJ) 1.57 1.57 1.57 1.57

Control diet, 18 g protein/100 g diet; FAS/MP, 12 g protein/100 g diet
supplemented with 8 mg folic acid; FAD/MP, 12 g protein/100 g diet
without folic acid; MP, 12 g protein/100 g diet with 2 mg folic acid.

? Mineral mixture (g/kg mix): calcium carbonate, 357; potassium
phosphate, 196; potassium citrate, 70.78; sodium chloride, 78; potassium
sulfate, 46.6; magnesium oxide, 24; ferric citrate, 6.06; zinc carbonate,
1.65; manganous carbonate 0.63, cupric carbonate, 0.3; potassium iodate,
0.01; sodium selenate, 0.01; ammonium paramolybdate, 0.007; sodium
metasilicate, 1.45; chromium potassium sulfate, 0.275; lithium chloride,
0.01; boric acid, 0.08; sodium fluoride, 0.06; nickel carbonate, 0.03;
ammonium vanadate, 0.006; sucrose, 221.02.

® Vitamin mixture (g/kg mix): nicotinic acid, 3, Ca pantothenate, 1.6;
pyridoxine-HCI, 0.7; Thiamin-HCIl, 0.6; riboflavin 0.6; D-biotin, 0.02;
vitamin B, (0.1% in mannitol), 2.5; vitamin E, 15; vitamin A, 0.8; vitamin
D3, 0.25; vitamin K, 0.075; folic acid: control, 0.2; FAD, 0; FAS, 0.8;
MP, 0.2. Sucrose (974.655) was used to make total weight of the vitamin
mixture to 1 kg.
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Table 2
Fatty acid composition of soybean oil fed to dams throughout pregnancy

Fatty acid (g/100 g fatty acids)

Soybean oil

Docosahexaenoic acid [22:6(n-3)] 0
Eicosapentaenoic acid [20:5(n-3)] 0
Arachidonic acid [20:4(n-6)] 0
Linoleic acid [18:2(n-6)] 54.0
y-Linoleic acid [18:3(n-6)] 0
o-Linolenic acid [18:3(n-3)] 7.5
Oleic acid [18:1(n-9)] 22.0
Stearic acid [18:0] 4.1
Palmitic acid [16:0] 11.0
Myristic acid [14:0] Trace

humans rather than using a drug to produce deficiency. Folic
acid—supplemented diet was enriched with 8 mg folic acid
per kilogram of diet. This is roughly 4 times the requirement
of a normal rat. This is in accordance with the fact that folic
acid requirement for an Indian pregnant woman is 400 pg/d,
which is 4 times the requirement of a nonpregnant woman.

2.2. Experimental design

Virgin female Wistar rats weighing 200 to 250 g were
obtained from the animal house of Agharkar Research
Institute, Pune, India, and bred with a female-male ratio of
3:1. Pups born were separated according to sex on day 21
and 24 female pups were randomly selected. The tempera-
ture was maintained at 22°C on a controlled 12-hour light and
12-hour dark cycle with appropriate ventilation system. They
were given control diet for 3 months and kept for breeding.
On confirmation of pregnancy (through sperm-positive
vaginal smears), that is, day 0 of pregnancy, they were
randomly allocated to 1 of the 4 groups (n = 6 per group).
After delivery the litters in each group were culled to 8 pups
each. The treatment dams received the control diet (18 g
protein/100 g diet) after delivery and the pups were
also weaned onto the same diet. Daily food intake
during pregnancy and lactation and weekly body weights
were recorded. The adult offspring from each group were
killed by cardiac puncture at 11 months of age to study the
effects of dietary treatments in utero on the brain LC-PUFA in
the offspring.

2.3. Body and organ weights

Weekly weights of all animals were recorded. The
weights of 2 important vital organs such as brain, which
is rich in n-3 fatty acids, and liver were also recorded.
Whole brain and liver were weighed on a Mettler balance
(Afcoset, Mumbai, India) with a sensitivity of 0.001 g.
Brain and liver weights were expressed as absolute as well
as relative to body weight.

2.4. Blood samples

The adult offspring were food deprived overnight before
dissection, and blood samples were taken the next morning
via heart puncture under anesthesia with diethyl ether. Blood

samples were centrifuged, plasma separated, and cortico-
sterone estimated by the radioimmunoassay method [17].

2.5. Brain fatty acid analysis

A vertical section was made, and one half of the fresh
brain was minced and homogenized in phosphate-buffered
saline (pH 7.5) using a Teflon glass homogenizer on ice.
The homogenate was centrifuged at 10000 rpm at 4°C for
20 minutes. The membranes were diluted in 5-mL
phosphate-buffered saline and stored at —20°C. Methyl
esters were prepared by the method of Manku et al [18].
Briefly, trans-esterification of the phospholipid fraction
was carried out using HCl-methanol. These were separated
and quantified using a Shimadzu (GC-17A) gas chromato-
graph (SP-2330, 30-m capillary column, Supelco, Belle-
fonte, PA). Nitrogen was used as carrier gas at 1 mL/min.
Oven temperature was maintained at 175°C for 15 minutes
and programmed to rise from 175°C to 220°C at 10°C/min
and at 220°C for 10 min. The detector temperature was
275°C and the injector temperature was 240°C. Retention
times and peak areas were automatically computed. Peaks
were identified by comparison with standard fatty acid
methyl esters (Sigma, St Louis, MO).

2.6. Statistical methods

analyzed using SPSS/PC+ package (version 11.0, SPSS,
Chicago, IL). The FAD/MP and FAS/MP treatment groups
were compared with the control group as well as MP group
by analysis of variance and the post hoc least significant
difference test. These comparisons were done separately
for both the sexes. Differences were considered significant
at P <.05.

Values are expressed as mean + SD. The data were

3. Results
3.1. Feed intake

Female rats consumed around 10 to 13 g food per day
before breeding. Feed intake increased to 15 to 16 g/d
during pregnancy. Despite differences in protein levels,
there was no significant difference in mean feed intake
of dams between different groups both during pregnancy
and lactation.

3.2. Weight gain during pregnancy

Dams in the FAD group had a significantly (P = .006)
lower weight gain (92.8 + 9.9 g) as compared with those in
control group (117.4 £ 12.6 g). However, dams from the
FAS/MP group had a mean weight gain of 113.9 + 22.1 g,
almost similar to that observed in the control group. Dams
from the MP group also had comparable weight gain
(116.2 = 19.5 g). However, there was no significant
difference in the duration of gestation or litter size among
different groups. Mean litter weights for the FAD/MP and
FAS/MP groups were comparable to the control group.
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Fig. 1. Growth curve of animals.

3.3. Litter weights

The litter weights in all the treatment groups were
comparable to the control group. The mean litter weight in
the FAD/MP group was 59.1 + 7.9 g compared with
61.9 + 8.3 g in the control group. The FAS/MP group had a
mean litter weight of 62.2 + 6.3 g, whereas the offspring
from MP group had litter weights of 61.4 £ 6.6 g.

3.4. Body weights

In the postweaning period, although the pups were given
control diet, male adult offspring from the FAD/MP group
had lower mean weights throughout (P < .05), but more so
from 4 months onward (Fig. 1). The male adult offspring
from the FAS/MP group had comparable growth, up to the
seventh month, but were lower (P < .05) thereafter. Adult
offspring in the MP group had comparable mean body
weights compared with those of the control adult offspring.
On the other hand, female adult offspring from all the
groups had similar growth curves (Fig. 1).

3.5. Brain and liver weights

Absolute brain weights in both male and female adult
offspring were significantly (P < .05) lower for adult
offspring in the FAD/MP group (1.74 £ 0.05 and
1.71 £ 0.06 g for males and females, respectively) as
compared with the control adult offspring (1.9 £ 0.06 and
1.80 £ 0.05 g for males and females, respectively). In
contrast, the absolute brain weights in the FAS/MP and MP
groups were comparable to the control group in both males
and females (Table 3). The relative brain weights for adult
offspring in all treatment groups in both sexes were
comparable to the control group, indicating brain sparing.
In the case of liver, the absolute weights of male adult
offspring in the FAD/MP group were significantly lower
(P <.05) (11.32 £ 1.99 g) as compared with the control
adult offspring (14.25 £ 2.82 g). However, the absolute
liver weights of males in the FAS/MP and MP groups were
comparable to the control group. There was no change in
absolute liver weights in females between groups. The
relative liver weights for both males and females were also
comparable to the control group.

3.6. Plasma corticosterone

Mean levels of plasma corticosterone for adult offspring
in various groups are given in Table 3. Male adult offspring
from the FAS/MP group had significantly (P < .05) higher
concentrations of plasma corticosterone as compared with
both the control and MP groups. Female adult offspring
from the FAD/MP and FAS/MP groups had lower (P <.05)
corticosterone level as compared with the MP group.

3.7. Brain fatty acid profile

Mean values of brain fatty acids of adult offspring in
the 4 groups are shown in Table 4. The mean level of

Table 3
Absolute, relative weights of organs and plasma corticosterone levels in adult offspring at 11 months of age in different groups
Control FAD/MP FAS/MP MP
Males (n) 6 6 5 6
Brain
Absolute weight (g) 1.90 £+ 0.06 1.74 + 0.05* 1.89 + 0.08 1.90 £ 0.10
% Relative weights 0.39 + 0.08 0.47 £+ 0.07 0.46 + 0.10 0.44 + 0.05
Liver
Absolute weight (g) 1425 + 2.82 11.32 + 1.99* 13.16 + 2.04 12.48 + 4.11
% Relative weights 2.83 £ 0.15 2.99 + 0.35 3.11 £ 0.25 2.65 £ 0.86
Females (n) 6 6 6 6
Brain
Absolute weight (g) 1.80 £+ 0.05 1.71 + 0.06* 1.82 + 0.05 1.78 + 0.06
% Relative weights 0.65 £ 0.11 0.62 + 0.03 0.64 = 0.05 0.66 + 0.05
Liver
Absolute Wt (g) 7.92 + 1.29 8.03 + 1.12 8.11 £ 0.52 841 + 1.56
% Relative weights 2.78 £ 0.23 2.89 £ 0.29 2.87 £ 0.25 3.11 £ 0.40
Males (n) 6 6 5 6
Corticosterone (ug/dL) 2.35 £ 0.58 1.90 + 0.22%* 3.34 + 0.46* ** 1.73 + 0.66
Females (n) 6 6 6 6
Corticosterone (ug/dL) 1.25 + 0.64 2.00 £ 0.21** 1.52 + 0.77** 2.97+ 0.81

* P < .05 for differences between control and treatment groups.
** P < .05 for differences between MP and treatment groups.
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Table 4
Brain fatty acid profile of adult offspring from different groups (g/100 g fatty acids)

Control FAD/MP FAS/MP MP
Males
n 6 6 5 6
Docosahexaenoic 10.33 + 0.86 10.42 + 1.21 6.04 + 2.28% ** 11.31 £ 1.79

acid [22:6(n-3)]
Arachidonic 10.44 + 1.88 11.00 + 2.28 11.29 + 3.81 9.26 + 0.89
acid [20:4(n-6)]

n-3 PUFA 12.53 £ 2.0 12.00 + 1.34 7.43 + 2.20% ** 11.31 £ 1.79
n-6 PUFA 13.97 £+ 1.81 14.58 + 2.97 14.79 £ 3.79** 10.15 £ 1.09*
Oleic acid [18:1(n-9)] 17.07 £+ 8.00 21.84 + 3.94 32.18 £+ 3.26* 23.49 + 2.02%
Saturated fatty acids 39.37 £ 6.08 37.17 £ 5.03 41.42 + 1.57 39.51 £ 1.19
n-6/n-3 ratio 1.14 £ 0.23 1.23 £ 0.27 2.10 £ 0.82% ** 0.92 + 0.19
Females
n 6 6 6 6
Docosahexaenoic acid [22:6(n-3)] 10.15 £ 1.15 10.23 £ 0.94 11.01 + 0.62 10.99 + 2.54
Arachidonic acid [20:4(n-6)] 12.29 + 4.14 10.27 £ 0.56** 10.33 £ 1.51** 8.56 £ 0.31*
Oleic acid [18:1(n-9)] 21.77 £ 231 23.13 £ 5.46 19.90 + 1.41 23.04 +£ 1.95
n-3 PUFA 10.88 + 2.14 11.59 + 0.74 11.79 + 0.66 11.57 £ 2.22
n6 PUFA 15.87 £ 3.97 13.86 +1.45%* 14.47 £+ 2.41** 10.01 £+ 0.96
Saturated fatty acids 37.92 + 251 36.52 £ 3.0 38.98 + 2.62 37.99 + 3.49
n-6/n-3 ratio 1.50 £ 0.47 1.20 £ 0.15%* 1.23 + 0.25%* 0.90 + 0.25*

* P < .05 for differences between control and treatment groups.
** P < .05 for differences between MP and treatment groups.

docosahexaenoic acid (DHA) (6.04 + 2.28 g/100 g fatty
acids) in the FAS/MP male adult offspring showed
significant (P < .05) reduction when compared with the
adult offspring from the control (10.33 £+ 0.86 g/100 g fatty
acids) as well as the MP group (11.31+ 1.79 g/100 g fatty
acids). Adult offspring from the other treatment groups,
namely, MP and FAD/MP, did not show such reduction in
DHA levels. In the case of female adult offspring, no
reduction in DHA levels was observed.

Mean arachidonic acid levels in male adult offspring in
treatment groups were not statistically significant compared
with the control group. However, in female adult offspring,
arachidonic acid levels (8.56 = 0.31 g/100 g fatty acids) in
the MP group were significantly (P < .05) reduced as
compared with the control group (12.29+ 4.14 g/100 g fatty
acids) as well as the FAD/MP (10.27 £ 0.56 g/100 g fatty
acids) and FAS/MP (10.33 + 1.51) groups.

There was a significant increase in oleic acid levels
(P < .05) in the male adult offspring from both the FAS/
MP and MP groups, but similar increase was not seen in
female adult offspring. The brain n-6/n-3 ratio in male adult
offspring from the FAS/MP group was significantly
(P < .05) higher compared with the control and MP
groups, whereas among female adult offspring, n-6/n-3
ratio decreased in the FAS/MP group, but was not
statistically significant.

4. Discussion

We have recently reported that folic acid deficiency
during pregnancy resulted in insulin resistance in adult

offspring [19]. Furthermore, this study showed that at
marginal protein levels, despite folic acid supplementation,
higher serum concentrations of glucose, low-density lipo-
protein cholesterol, and triglycerides were seen in adult
offspring, whereas this was not true with fish oil supple-
mentation [19]. Data indicated that at MP, folic acid
supplementation increased the insulin resistance and altered
the lipid metabolism, whereas fish oil supplementation
prevented insulin resistance, suggesting a role for w-3 fatty
acids in fetal growth. The present study showed that
compared with FAD/MP, maternal folic acid supplementa-
tion at MP was comparable to the control or MP group in
terms of litter weights, the postnatal growth of male (up to
the seventh month) and female adult offspring, and brain
and liver weights. However, male adult offspring showed a
significant reduction in body weights after the seventh
month and the brain fatty acids, especially DHA concen-
trations (P < .05). This was not observed in the control
(MP, 12% protein diet) adult offspring, indicating that the
decrease in DHA is not due to protein reduction, but due to
folic acid supplementation at marginal protein level. As a
result, the n-6/n-3 ratio in the brain was significantly higher
in the FAS/MP group. This is in confirmation with reports
that the ratio of membrane -3 to ®w-6 PUFAs can be
modulated by dietary intake [20]. Furthermore, the plasma
corticosterone levels were increased (P < .05) only in the
male FAS/MP adult offspring at 11 months of age. Our
observations thus indicate that excess folic acid supplemen-
tation at marginal protein level during gestation results in
adverse effects such as decline in brain DHA, drop in
growth beyond the seventh month, and raised corticosterone
levels, and these are a cause of concern.



S. Rao et al. / Metabolism Clinical and Experimental 55 (2006) 628—634 633

Although folic acid is known to alter LC-PUFA
metabolism [11], the effect of folic acid supplementation
on the brain fatty acid profile is hardly examined. The
mechanisms associated with effects of folic acid supple-
mentation at MP may be complex. However, it is likely that
supplementing folic acid to a low-protein diet may have
interfered in the steps involved in the conversion of
o-linolenic acid to eicosapentaenoic acid and to DHA, thus
creating its deficiency. There was however no change in the
brain fatty acid composition in females in this group. One of
the possibilities is that sex hormones may be involved, that
is, negative impact of testosterone [21] in LC-PUFA
metabolism. It is well known that environmental exposures
in prenatal life may imprint the rodent HPAA resulting in
permanent modifications of the neuroendocrine responses to
stress [22]. It has been shown that the hippocampus
responds to adrenal steroids and is associated with changes
in brain structure and neurochemistry [23]. It is possible that
increased corticosterone levels may lead to a reduced
expression of desaturases, which leads to reduced synthesis
of DHA. Adrenal corticotrophin hormone is known to
depress A® and A® desaturation activity in the rat liver [24].

Sex differences in relation to growth and development of
organs have been reported earlier [25], which are attributed
often to the fact that nutritional sensitivity in the male
relates to the faster growth of tissues [26]. This observation
is partially supported by the fact that, in our study, we
observe a negative correlation (r = —0.545, P < .05)
between weight at the time of weaning (day 22) and adult
offspring brain (11 months) DHA content only in males, but
weight gains were not correlated at any postnatal time point.
There was an increase (P < .05) in the brain oleic acid
levels in both the folic acid—supplemented and 12%-protein-
diet—fed adult offspring. High blood oleic acid levels under
conditions of undernutrition are proposed to be an
adaptation to conserve glucose in the form of glycogen
[27]. Female adult offspring from the MP group showed
lower amino acid levels. Offspring from dams fed with 9%
protein diet during pregnancy have been shown to have
lower DHA and arachidonic acid levels after lactation. Our
results confirm that marginal protein intakes during preg-
nancy result in alterations in arachidonic acid levels even at
adult age.

Our result show, for the first time, that folic acid
supplementation at marginal maternal protein levels was
not able to maintain brain fatty acid profile and plasma
corticosterone concentrations in male adult offspring. The
significant reduction in the DHA levels in adult offspring
from the folic acid—supplemented group was however not
seen at 6 months [28]. Therefore, these findings call for
future research to study optimum levels of folic acid
supplementation during pregnancy for getting long-term
benefits. In addition, it would be necessary to examine the
effect of folic acid supplementation when dams are
continued on marginal protein (12%) even during lactation
and the adult offspring too continue on marginal protein

throughout their life, which depicts the real-life conditions
in rural poor communities in India. Because iron folic acid
supplementation program is in operation over last 20 years
in India, it may be worthwhile to examine plasma fatty acid
profile in young rural adults and their mothers who had
taken such supplementation during their pregnancy.
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