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Neonatal malnutrition is associated with several features of the metabolic syndrome, later in life. Although the recovery of malnutrition was stu-
died with different high-fat diets, few studies compare the effects of enriched vegetable oil diets, containing PUFA and MUFA, after weaning. Our
aim was to evaluate the recovery with soya oil- or rapeseed oil-enriched diet, after malnutrition in rats whose mothers were food restricted (FR)
during lactation. Dams were 50 % FR and compared to standard diet-fed dams (control, C). At 21d, FR offspring had a lower body mass and
length. After weaning C and FR offspring were fed a diet containing 7 % soya oil (7 %sC and 7 %sFR), or supplemented with 19 % soya oil
(19 %sC or 19 %sFR) or 19 % rapeseed oil (19 %cC or 19 %cFR). The normal animals fed enriched vegetable oil diets had more visceral fat
mass, but lower serum TAG and higher HDL-cholesterol. The 19 %FR groups showed significantly less food intake and body development com-
pared to the 7 %sFR, and the same pattern was observed when this group was compared to the C groups. Absolute and relative mass of vital organs
and body were lower in the FR groups. Visceral fat depot was lower in 19 %FR than 7 %FR and C groups. Serum glucose, albumin, TAG, choles-
terol, leptin and triiodothyronine did not show significant changes. However, 19 %FR groups showed higher HDL-cholesterol and the 19 %sFR
group showed lower serum thyroxine. The data suggest that a higher vegetable oil diet in the recovery of neonatal malnutrition ameliorates
some features of the metabolic syndrome later in life.

Neonatal malnutrition: MUFA: PUFA: Body development

Malnutrition is a major public health problem throughout the
developing world". Lack of protein-energy is the most
lethal form of malnutrition®. Maternal malnutrition during
lactation contributes to the process of metabolic programming,
altering, for instance, the number and size of adipocytes and
consequently the serum concentration and action of adipocyto-
kines, such as leptin, adiponectin and resistin, inducing
changes in the glucose metabolism and insulin action®®.
Type 2 diabetes mellitus, hypertension and dyslipidaemia
that are components of the metabolic syndrome are associated
with poor early growth, especially on gestation™®. Malnu-
trition during lactation is associated with the programming
of the thyroid and growth hormone function that can compro-
mise body weight and length"®.

One of the strategies for the treatment of childhood mal-
nutrition is to increase energy density of foods and is often
achieved by increasing the lipid content®, especially using
vegetable oils"?. This adequate offer of energy is indispensa-
ble during the recovery phase and has stimulating the catch-up
effect as the main objective. The catch-up is considered a

physiological adaptation that allows man and animals to
return to their genetically programmed growth trajectory
after a period of growth retardation'". The catch-up is depen-
dent on the amount of food, the initial hyperphagia, the effi-
ciency of the utilization of energy, the different distribution
of body fat and the type of dietary fat'?. This catch-up
phenomenon has been associated with the programming of a
thrifty phenotype, by several authors'*~'®), The programming
of the thyroid function by maternal malnutrition during lacta-
tion can compromise the catch-up phenomenon”. Neonatal
malnutrition programmes for some metabolic syndrome fea-
tures later in life. The recovery of malnutrition with high-fat
diet was studied with different diets. A recent study"'”
showed, for example, an impairment of glucose homeostasis
in male rats whose mothers were food restricted during
lactation, and this is aggravated by a diet enriched with con-
densed milk.

Despite the knowledge about the importance of maintaining
a low ratio of n-6/n-3 fatty acid for health, there are few
reports focusing on the recovery from malnutrition after

Abbreviations: C, control group; FR, food-restricted group; 7 %sC, normal control group fed with 7 % soya oil; 7 %sFR, food-restricted group fed with 7 % soya oil;
19 %cC, normal control group fed with 19 % rapeseed oil; 19 %cFR, food-restricted group fed with 19 % rapeseed oil; 19 %sC, normal control group fed with 19 %

soya oil; 19 %sFR, food-restricted group fed with 19 % soya oil.
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critical periods of development using higher energy-density
diets, enriched with vegetable oil containing PUFA and
MUFA after weaning. In Brazil, the population consumption
of soya oil (ratio n-6/n-3 = 6:75) represents 82 % of the
energy originating from fat sources, while rapeseed oil (ratio
n-6/n-3 = 1.90) represents less than 4 %1319 S0, the aim of
this study is to evaluate the offspring’s response to maternal
malnutrion during lactation, and the treatment with a high-
fat diet constituted with vegetable oils, comparing those rich
in PUFA or MUFA, on its ability to programming body
weight, fat body distribution, lipid profile, and leptin and thyr-
oid hormone serum concentration on young adult animals.

Experimental methods

Wistar rats were kept in a room with controlled temperature
(25 = 1°C) and with an artificial dark—light cycle (lights on
from 07.00 to 19.00 hours). Virgin female rats (3 months
old) were caged with male rats and after mating each female
was placed in an individual cage with free access to water
and food until delivery.

Within 24 h of birth (day 0), excess pups were removed so that
only six male pups were kept per dam (n 24), as it has been shown
that this procedure maximizes lactation performance®”. During
21 d of lactation, rats dams were continued on an ad libitum diet
(control group, C; n 6) of standard laboratory food (Agroceres®,
Sdo Paulo) or a 50 % food restricted (FR group, six per group).
Six litters were used per group and two animals of each litter
were randomly assigned to each group.

After weaning (day 21), control group (n 12) and some
of the undernourished litters (n 12) were fed with purified

Table 1. Composition of ration used for normal and food-restricted
animals

7 %sC or 19 %sC or 19 %cC or

Ingredient (g/100 g) 7 %sFR 19 %sFR 19 %cFR
Casein 20 20 20
Maize starch 54.34 42.02 42.02
Sucrose 10 10 10
Soyabean oil* 7 19-32
Rapeseed oilt 19.32
Fibre 5 5 5
AIN-93G mineral mix} 35 35 3.5
AIN-93 vitamin mix} 1 1 1
L-Cystine 0-3 0-3 0-3
Choline bitartrate 0-25 0-25 0-25
Energy

kJd/g 19.7 24.3 24.3

kcal/g 4.7 5-8 5-8
Protein (% of energy) 17 14 14
Carbohydrate (% of energy) 65 45 45
Fat (% of energy) 17 39 39
SFA (%) 14.20 1420 7
MUFA (%) 28-50 28-50 64-20
PUFA (%) 57-10 57-10 28-50

7 %sC, normal control group fed with 7% soya oil; 7 %sFR, food-restricted group
fed with 7% soya oil; 19 %cC, normal control group fed with 19 % rapeseed oil;
19 %cFR, food-restricted group fed with 19 % rapeseed oil; 19 %sC, normal con-
trol group fed with 19 % soya oil; 19 %sFR, food-restricted group fed with 19 %
soya oil.

*Commercial soyabean oil, Liza®.

1 Commercial rapeseed oil, Salada Especial®.

1 Formulated to meet the American Institute of Nutrition AIN-93G recommendation
for rodent diets®".

ration AIN-93GZV containing 7g/100g ration of soya oil
(7 %sC and 7 %sFR, respectively). The remaining undernour-
ished rats (n 24) received the same purified diet, however,
containing 19 g/100 g ration of soya oil (19 %sFR, n 12) or
rapeseed oil (19 %cFR, n 12). Both C and FR rats received
the same amounts of vitamins and minerals per g ration
(Table 1). Food intake, body mass (g) and length (cm), and
body density (g/cm)@? were evaluated in all pups every 3d.

At 60 d, after 8 h of fasting, a blood sample was collected from
the tail tip to determine glucose basal serum concentration, using
a reagent strip (Accu-Chek Advantage; Roche). Then the rats
were killed by decapitation. Blood was collected for posterior
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Fig. 1. Food intake (A), body mass (B) and body length (C) post-weaning
until 60d old, of normal rats fed with control diet with 7 % soya oil (O, 7 %sC,
n 11) or with high-fat diet containing 19 % soya (A, 19%sC, n 12) or 19%
rapeseed oil (®, 19%cC, n 12). Values are means. *Mean values for
19%sC and 19%cC were significantly different from those of the 7 %sC
group (two-way ANOVA; P < 0-05).
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Fig. 2. Food intake post-weaning until 60 d old, of the control (O, 7 % soya oil,
7 %sC, n 12) and the undernourished litters (food-restricted (FR) groups fed
with ration containing 7 % soya oil (®, 7 %sFR, n 12) or containing 19 % soya
oil (A, 19%sFR, n 12) or 19 % rapeseed oil (A, 19%cFR, n 12). Values are
means. *° Mean values at a time-point with unlike superscript letters were sig-
nificantly different (two-way ANOVA; P<0-05).

Table 2. Serum analyses of normal groups, at 60d oldt
(Mean values with their standard errors)

7 %sC 19 %sC 19%cC
(n11) (n12) (n12)
Mean SEM Mean SEM Mean SEM
TAG (mg/l) 805-3 992 5157 37.2 490.5* 325
Cholesterol (mg/l) 650-0 36-1 702-3 23-0 6819 39.7
HDL-cholesterol 3314 261 472.1* 464  439-2* 193

(mg/l)

7 %sC, normal control group fed with 7% soya oil; 19 %cC, normal control group
fed with 19 % rapeseed oil; 19 %sC, normal control group fed with 19 % soya oil.

*Mean values were significantly different from those of the 7 %sC group (one-way
ANOVA; P < 0-05).

1 For details of procedures and diets, see Experimental methods.

assays of leptin (ng/ml), thyroxine (pg/l) and triiodothyronine
(ng/l) serum concentrations by RIA using commercial kits

(Linco Research, St Charles, MO, USA for leptin; MP Biomedi-
cals Inc., New York, USA for thyroxine and triiodothyronine).

For leptin, the inter-assay and intra-assay CV were 3-1 and
4.2 %, respectively, and the limit of detection was 0-04 ng/
100 ml. For thyroid hormones the intra-assay CV were 4-5 %
for triiodothyronine and 4-0 % for thyroxine. Serum concen-
trations of albumin (mg/l), TAG (mg/1), cholesterol (mg/1) and
HDL-cholesterol (mg/l) were determined by a colorimetric
method (Bioclin, Belo Horizonte, MG, Brazil).

Heart, brain, liver, testis, kidneys and visceral fat mass were
weighed. Masses are expressed as total (g) organ mass and the
fractional (g/100 g) mass (adjusted to total body mass). Body
fat was measured by the Leshner method® and expressed
by the rate of carcass body mass and carcass fat content.

To understand better the effects of a diet high in MUFA or
PUFA on body development we used normal control animals
fed on these same diets, to compare with the malnourished
rats, during weaning. Male Wistar rats were randomized after
weaning (day 21) to receive either a control diet (containing
7 g soya oil and 54 g maize starch/100 g; 7 %sC group, n 11) or
a high-fat diet (containing 19 g soya or rapeseed oil and 42 g
maize starch/100g; 19 %sC group, n 12 and 19 %cC group,
n 12, respectively). Food intake, body mass (g) and length
(cm) were evaluated every 3 d from weaning until death, when
the rats were 60d old. Blood samples were collected and
serum concentrations of TAG (mg/1), cholesterol (mg/1), HDL-
cholesterol (mg/l) were determined, as described earlier.

The use and handling of experimental animals followed the
principles described in the guide for the care and use of lab-
oratory animals®®.

For statistical analyses we used the Graph Pad Prism statisti-
cal package version 4.02 (San Diego, CA, USA). Body mass and
length at weaning (day 21) were compared by the Student’s
t test. After weaning, food intake, body mass and length, and
body density were analysed by two-way ANOVA, followed by
Bonferroni post-test. The remaining results were analysed by
one-way ANOVA, followed by Newman-—Keuls post-test.
Differences were considered significant at P<<0-05. The results
remain the same, when we included the dams as a blocking factor
in the ANOVA analysis.

Results

Normal control animals treated with MUFA- or PUFA-enriched
diets showed no difference among the groups for food intake

Table 3. Serum analyses of food-restricted groups, at 60d old*

(Mean values with their standard errors)

7%sC (n 12)

7%SsFR (n 12)

19%sFR (n 12) 19%cFR (n 12)

Mean SEM Mean SEM Mean SEM Mean SEM
Glycaemia (mg/l) 858 32 870 43 879 29 909 31.3
Albumin (mg/l) 35.4 1.6 32.8 1.5 35.6 1.8 325 1.7
TAG (mg/l) 651.3 373 6526 61 546.1 64-0 594 34.2
Cholesterol (mg/l) 952.5 110 934.1 59 1006 1099 977 103
HDL-cholesterol (mg/l) ~ 460-12 45 437.9% 35 606° 38 622° 34.2
Leptin (ng/ml) 1.37 0-18 1.54 0-37 1.37 0-18 1.43 0-40
Triiodothyronine (ng/l) 770-0 48 770 63 716 67 704 43
Thyroxine (ug/l) 14.02P 0-7 15.2 9.0% 10-7° 1.2 13.42P 1.0

7 %sC, normal control group fed with 7 % soya oil; 7 %sFR, food-restricted group fed with 7 % soya oil; 19 %cFR, food-restricted
group fed with 19 % rapeseed oil; 19 %sFR, food-restricted group fed with 19 % soya oil.
2P Mean values within a row with unlike superscript letters were significantly different (one-way ANOVA; P<0.-05).

* For details of procedures and diets, see Experimental methods.
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(Fig. 1 (A)). Meanwhile, body weight gain did not differ until
day 33 but, after that, high-fat groups gained more weight than
controls (P<<0-05; Fig. 1 (B)). Also, body length was higher 250 -
for the high-fat groups, after day 24 (P<<0-05; Fig. 1 (C)).
High-fat groups showed an abdominal fat mass higher than con- 2001

trols (19 %sC, 47 %; 19 %cC, 39 %; P<<0-05; Fig. 2). High-fat
groups showed lower TAG (—38%, P<<0-05) and higher
HDL-cholesterol (435 %, P<0-05) serum concentrations,
when compared to controls, while total cholesterol did not
differ among the groups (Table 2).

At weaning, FR groups showed significantly lower body
mass (19-05 (SsEM 0-48) g) and length (14-7 (SEM 0:-15) cm)
compared to the C group (36:63 (SEM 1-68) g; 18:58 (SEM
0-30) cm), when the animals were 21d old.

After weaning, 19 %sFR and 19 %cFR groups showed similar
food intake between them and significantly lower than their
C group, after 36d old (Fig. 2), while the values of 7 %sFR
were intermediary but not significantly different from C and
FR-treated groups. During all experimental treatment, FR
groups showed a significantly lower growth gain compared to
the C group. Beside, 19 %sFR and 19 %cFR groups showed a
significantly lower body mass and length gain compared to the
7 %sFR group, after 36 and 42d, respectively. In regard to
body density, similar results were observed after 39 d (Fig. 3).

The groups did not show significant difference in glucose,
albumin, TAG, cholesterol, leptin and triiodothyronine
serum concentrations when they were 60d old. The FR
high-fat treated groups showed a significantly higher HDL-
cholesterol compared to C and 7 %sFR groups. Thyroxine
plasma level was significantly lower in 19 %sFR compared
to the 7 %sFR group, while the 19 %cFR group presented an
intermediary mean value (Table 3).

At 60d old, total wet organ mass (brain, heart, kidneys and
testis) was significantly lower in FR groups than the C group.
19 %cFR heart was significantly lower compared to other
groups. 19 %sFR and 19 %cFR kidneys and testis were signifi-
cantly lower than the 7 %sFR group. However, when the organ
mass was expressed relative to body mass, 19 %sFR and
19 %cFR brain, heart and liver were higher compared to the
C group; and 19 %cFR brain, liver and testis were higher
than all other groups (Table 4).

Groups fed with high-fat diet showed significantly lower
absolute and relative visceral fat mass content and body fat
mass compared to the C group. No significant differences
were observed between the 7 %sFR and C groups (Table 4).

Discussion

It is well known that maternal malnutrition causes profound
changes to milk composition, which impairs body weight
gain in pups(zs). Neonatal malnutrition is associated with
several features of the metabolic syndrome later in life".
Nevertheless, there are few reports focusing on recovery
treatment from early life malnutrition, especially with high-fat
diets®!"?% In the present study it was observed that the animals
whose mothers were FR on lactation did not recover their lower
length and body weight, nor body density, although they were
treated with a high-fat diet after weaning until they were 60d
old. This, in part, is explained by the lower food intake that
those animals presented, and could be due to a satiety effect of
the vegetable 0ils®”2®_ However, other studies have reported
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Fig. 3. Body mass (A), length (B) and density (C) post-weaning until 60d old,
of the control (O, 7% soya oil, 7%sC, n 12) and the undernourished litters
(food-restricted (FR) groups) fed with ration containing 7% soya oil
(®, 7%sFR, n 12) or containing 19 % soya oil (A, 19%sFR, n 12) or 19%
rapeseed oil (A, 19 %cFR, n 12). Values are means with their standard errors
depicted by vertical bars. ¢ Mean values at a time-point with unlike super-
script letters were significantly different (two-way ANOVA; P<0-05).

that in adult life FR animals, fed a normal diet, gain more
weight than the controls®17:26:29)

High-fat diet during gestation and lactation is associated
with higher total and visceral fat in adult offspring, caused
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Table 4. Body organs and adiposity analyses of food-restricted groups, at 60d old*

(Mean values with their standard errors)

7 %sC (n12)

7 %sFR (n12)

19%sFR (n 12) 19%cFR (n 12)

Mean SEM Mean SEM Mean SEM Mean SEM
Absolute organ mass
Brain (g) 1.87° 0-05 1.70° 0-04 1.58° 0-04 1.58° 0-03
Heart (g) 1.092 0-03 0-96° 0-03 0-91° 0-03 0-77° 0-02
Liver (g) 12.072 0-48 10.952° 0-44 10-16° 0-34 9.42° 0-31
Kidneys (g) 2.212 0-09 1.90° 0-08 1.67° 002 1.48° 0-05
Testis (g) 2.59% 0-06 2.17° 0-05 1.93° 003 1.81° 0-06
Relative organ mass
Brain (g/100 g) 0712 0-02 0.78%° 0-02 0-82° 0.02 0.97° 0-03
Heart (g/100 g) 0-412 0-01 0-44%P 0-01 0-47° 0-02 0-47° 0-01
Liver (g/100g) 4.52 0-14 4.99° 0-16 5.20 017 5.74° 0-11
Kidneys (g/100 g) 0-837 0-02 0-86% 0-01 0-86% 001 0-90° 0.012
Testis (g/100g) 0-982 0-01 0-99% 0-03 1.00° 002 1.10° 0-03
Adiposity
Visceral fat (g) 9.218 0-80 8367 119 4.19° 043 3.14° 0-70
Visceral fat (g/100 g) 3.45% 0-19 3.58% 0-37 2.17° 025 1.76° 0-33
Body fat (g/100 g) 9.512 2.32 9.76% 2.37 2.54° 096 3.18° 0-88

7 %sC, normal control group fed with 7 % soya oil; 7 %sFR, food-restricted group fed with 7 % soya oil; 19 %cFR, food-restricted

group fed with 19 % rapeseed oil; 19 %sFR, food-restricted group fed with 19 % soya oil.
ab Mean values within a row with unlike superscript letters were significantly different (one-way ANOVA; P<0.05).

* For details of procedures and diets, see Experimental methods.

by an increase of orexigenic neuropeptides and higher food
intake®?. Also, a higher-fat diet after weaning was associated
with higher visceral and total fat mass in the adult off-
spring®". This association was corroborated by the present
results, when normal animals are treated with enriched oil
diets. Conversely, when the animals were imprinted by a
maternal FR diet, the enriched oil diet induced a lower visc-
eral fat mass, suggesting that the programming effect of
maternal malnutrition during lactation affects the response of
those animals to a high-fat diet, when they were young.
In spite of the lower fat mass, presented in the 19% FR
rats, leptin serum concentration did not alter. We can suggest
some possibilities for this unaltered serum concentration: con-
trol animals already had a leptin serum concentration that did
not decrease any further with leanness; subcutaneous fat mass
can be produced sufficiently to maintain leptin; or the meta-
bolic clearance of leptin is decreased.

It has been shown in some studies that undernutrition at
critical development periods causes reduction in organ
growth and permanent changes in their metabolism and/or
structure®? >, However, in the present study, the rapeseed
oil used seems to be more effective at maintaining brain,
liver and testis fractional mass.

Protein restriction during gestation or lactation programmes
the lipid metabolism in the Offspring(36), and the ingestion of
control diet after weaning until 110d was associated with
higher cholesterol and TAG, in males, but not in females®?.
Nevertheless, the present results showed that post-weaning
treatment with high-fat diets, enriched in vegetable oils
(soya or rapeseed), after neonatal malnutrition seems to
increase HDL-cholesterol, and it can improve the lipid profile.
In the normal animals, this improvement seems to be better,
since they showed lower TAG and higher HDL-cholesterol,
after 60d of vegetable oil diet. However, other authors have
shown that treatment with soya or olive oils for two
generations is associated in the second generation with
higher cholesterol and TAG and lower HDL-cholesterol *®.

The relationship between thyroid hormones and metabolism
has been studied in experimental models of protein or energy
restriction during lactation. It was reported that in both cases
serum thyroid hormones were higher in the adult animal”.
In the present model, the post-weaning recovery with high-
fat diets suggests that those programming effects are changed
in young rats. Instead of hyperthyroidism, the treatment with
19 % soya oil to the FR group programmed for low thyroxi-
naemia. In spite of this, it seems that this effect did not
affect the other data in the present study, especially the total
cholesterol. To our best knowledge, there is no report of the
effects of vegetable oils upon thyroid function.

Hence, the interaction with neonatal malnutrition and the
post-weaning recovery with higher-vegetable oil diets seem
to ameliorate some features of the metabolic syndrome, such
as the visceral fat mass and HDL-cholesterol, and change
the programming effect of neonatal malnutrition upon thyroid
function.
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