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Studies have shown that a maternal high-fat/high-
calorie diet containing omega-6 fatty acids affects the
weight and lipid profile in the following generation.

Maternal dietary omega-9 fatty acids have
inconclusive results on the weight of the offspring.
Although obesity is increasing, no changes have occurred
in the amounts of dietary oil.

It is proposed that the type of oil is more important
than the amount of oil for weight changes.

In an isocaloric diet, extra virgin olive oil (EVOO)
(main source of omega-9 fatty acids) consumption during
gestation and lactation reduced weight and improved
serum biochemical parameters in the female offspring.

Maternal high-fat diet containing low amounts
of carbohydrates decreased weight and biochemical
parameters in the offspring.

Not only is EVOO a good choice for maternal
dietary oil during gestation and lactation, but also the
amounts of fat and carbohydrates in the diet are important.
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Background: Health status of offspring is programmed by
maternal diet throughout gestation and lactation. The present
study investigates the lasting effects of maternal supplementation
with different amounts of soy oil or extra virgin olive oil (EVOO)
on weight and biochemical parameters during gestation and
lactation of female mice offspring.

Methods: Eight weeks old female C57BL/6 mice (n=40) were
assigned through simple randomization into four isocaloric
dietary groups (16% of calories as soy oil (LSO) or EVOO
(LOO) and 45% of calories as soy oil (HSO) or EVOO (HOO))
during three weeks of gestation and lactation. After weaning (at
3 weeks), all offspring received a diet containing 16% of calories
as soy oil and were sacrificed at 6 weeks. Two-way ANOVA was
used to adjust for confounding variables and repeated measures
test for weight gain trend. Statistical analyses were performed
with the IBM SPSS package.

Results: At birth and adolescence, the weight of offspring
was significantly higher in the soy oil than the olive oil groups
(P<0.001 and P<0.001, respectively). Adolescence weight was
significantly higher in the offspring born to mothers fed with
16% oil than those with 45% oil (P=0.001). Serum glucose,
triglyceride and total cholesterol were significantly higher in
the LSO than LOO (P<0.001, P<0.001 and P<0.001), LSO than
HSO (P<0.001, P=0.03 and P<0.001), and LOO than HOO
(P<0.001, P<0.001 and P<0.001) dietary groups, respectively.
Serum triglyceride and total cholesterol were significantly
higher in the offspring of HSO than HOO fed mothers (P<0.001
and P<0.001, respectively).

Conclusion: A maternal diet containing EVOO has better
effects on birth weight, as well as weight and serum biochemical
parameters in offspring at adolescence.
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Introduction

Obesity is a major public health problem in developing and
developed countries across the world." Maternal nutritional
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status (quality and/or quantity) during the critical
periods of life, such as gestation and/or lactation,
is the major cause of obesity and predisposes
offspring to non-communicable and metabolism
related chronic diseases.?® Maternal dietary
changes during gestation and lactation may
cause chronic diseases in adulthood due to
maladaptive phenotypic plasticity.*® Diet has the
main impact on growth and metabolism during
the gestation. Nutritional factors such as energy,
fatty acids, protein, and micronutrients affect
several aspects of fetal growth.® In addition to
energy intake, the macronutrient composition
of a diet may play an important role in insulin
homeostasis.” Inadequate distribution  of
macronutrients, including overconsumption of
carbohydrates, fats, or both may lead to lipid
disturbances associated with obesity and insulin
resistance.”®

Some studies have investigated the
role of maternal calorie rich diet on fetal
development.®*'" Obesity and high-fat diet
during gestation play pathogenic roles in the
development of obese phenotype in offspring.'°
The children who are born to obese mothers
are likely to be obese than those from lean
mothers." Increasing evidence suggests that
the type and amount of maternal dietary fatty
acids have an effect on metabolism.'?' Only
a few studies have assessed the long-term
effects of maternal dietary fatty acid changes
on offspring,"'” but no studies have been
conducted to assess the long-term effects
of different types and amounts of maternal
dietary oil with similar energetic values on the
offspring at adolescence. Several studies have
shown that maternal omega-6 consumption
leads to obesity, but the latest review in this
context has reported that there are limited
studies evaluating the effects of maternal
monounsaturated fatty acid (MUFA) intake in
offspring until the adolescence.®

The purpose of this study was to compare
different amounts of extra virgin olive oil versus
soy oil in the maternal isocaloric diet during
gestation and lactation on obesity, serum
glucose, and lipid profile in female mice offspring
at adolescence.

Materials and Methods

Animals, Diets, and Experimental Design

The present study was an interventional
animal study. The experimental protocol was
approved by the Animal Research Committee
of Iran University of Medical Sciences, Tehran,
Iran. All institutional and national guidelines for
the care and use of laboratory animals were
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followed. Eight-week-old inbred adult female
C57BL/6 mice (21+1.5 g) were obtained from
the Razi Vaccine and Serum Research Institute,
Tehran, lIran. Each mouse was individually
housed at 21-23 °C and controlled humidity
(50£5%) under a 12-h artificial light cycle (7 am
to 7 pm). To adapt, all animals received AIN93M
diet two weeks before the beginning of the study.
The AIN93M diet composition (per 1 kg of diet)
was 140 g of protein as Casein lactate (Iranian
Caseinate Industry, Iran) and 1.8 g as L-Cystein
(W326305, Sigma Aldrich, Germany), 40g
of lipid as soy oil or EVOO (Kamzit Company,
Iran), 630 g of carbohydrate as corn starch (corn
dextrin from corn refinery, Iran) and 100 g as
sugar (local confectionery, Iran), 35 g of AIN93G
mineral mix (296040002, MP Biomedicals,
USA), 10 g of AIN93 vitamin mix (296040201,
MP Biomedicals, USA), 2.5 g of choline bitartrate
(C1629, Sigma Aldrich, Germany), 0.008 g as
tert-butyl hydroquinone (112941, Sigma Aldrich,
Germany) and 50 g of fiber (Wheat Bran, Iran).
Each female mouse was mated with one
male per cage overnight. After vaginal plug
confirmation, mothers were randomly assigned
to four different dietary groups (n=10 in each
group) as shown in table 1. For the control
group, 16% soy oil diet (LSO) was considered.
To create an isocaloric diet (same kcal/g);
the amount of dietary fiber was increased in
the HSO and HOO groups. During the study,
all mothers were isocalorically fed with the
same kcal/(g body weight) of the group that
ate less (pair-fed model).” In this model, the
least amount of diet eaten by the groups is

Table 1: Composition of the experimental diets per 1 kg

during the study (AIN93G diet)

Diets nutrients (g/kg) (n=10)

LSO LOO HSO HOO
Casein (g) 200 200 200 200
Cornstarch (g) 530 530 247 247
Sucrose (g) 100 100 100 100
Soy oil (g) 70 - 198 -
EVOO (g) - 70 - 198
Fiber (g) 50 50 204.5 204.5
Mineral mix (g) 35 35 35 35
Vitamin mix (g) 10 10 10 10
L-cys (9) 3 3 3 3
Choline bitartrate (g) 2.5 2.5 2.5 2.5
Tert-butylhydroquinone (g) 0.008 0.008 0.008 0.008
Energy (Kcal/g) 3.97 397 397 397
As carbohydrate 64% 64% 35% 35%
As fat 16% 16% 45% 45%
As protein 20% 20% 20% 20%

LSO: Low soy oil; LOO: Low olive oil; HSO: High soy oil;
HOO: High olive oil; EVOO: Extra virgin olive oil;
L-cys: L-Cystein
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determined and given to the other group of
animals housed under identical conditions the
following day.

Mothers were fed by the above-mentioned
diets throughout the gestation and lactation
periods. After labor, offspring were reduced
to 2pups in each cage through simple
randomization and nursed by birth mothers and
weaned on day 21. Pups received ad libitum
control diet (LSO) after weaning. Animals were
weighed weekly on a calibrated balance scale
(Marte Scale (EK-3000i, USA)) to record the
weight change to the nearest 0.1 gram. Mothers
were sacrificed one day after offspring weaning,
as well as pups at 6 weeks of life by 40 mg/kg
ketamine and 8 mg/kg xylasine. One day after
weaning, maternal fasting blood samples were
collected in a tube without anticoagulant, but
offspring followed the study until adolescence
(6 weeks). At 6 weeks, fasting blood samples of
the offspring were collected. The samples were
centrifuged at 4000 g for 15 minutes and then
the serum was separated and stored at -80 °C
until the biochemical analyses.

Biochemical Parameters Measurement

For the mothers and offspring, blood
levels of total cholesterol (TC), high-density
lipoprotein  (HDL), low-density lipoprotein
(LDL), and triglycerides (TG) were measured
photometrically in an automatic analyzer (Cobas
Integra 400, Roche, Mannheim, Germany).
Serum glucose was measured by an enzymatic
method (Pars Azmoon kit, Pars Azmoon Co.,
Tehran, Iran) using Liasys auto-analyzer.

Statistical Analysis

For the comparison of continuous variables
between groups, one-way ANOVA was
performed with post-hoc test and data were
expressed by meantSD (standard deviation).
To adjust for potentially confounding variables
and to assess the interactions between different
variables, two-way ANOVA was used. This test
was performed to assess the effect of type and
amount of dietary oils on maternal weight gain,
biochemical parameters, birth weight of offspring,
as well as weight and biochemical parameters
at adolescence. Whenever the interaction
was significant, the main effect of factors was
evaluated in groups. Repeated measures
ANOVA test was performed to compare the
weight gain trend in the offspring, followed by
Scheffe post-hoc test for pair-group comparison.
The level of significance was considered at
P<0.05. Statistical analyses were performed
with the IBM SPSS package (version 20, IBM
Corporation).
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Effect of Diets on Maternal Parameters

The effects of diets containing different
amounts of EVOO and/or soy oil on maternal
body weight, serum lipid profile, and glucose
were investigated. The results showed that
the interaction between type and amount
of dietary oil on maternal weight was not
significant during the three weeks of gestation
and lactation. The main effect of soy oil on
maternal weight, adjusted for the amount
of dietary oils, was significantly higher than
EVOO throughout the three weeks of gestation
and lactation (P=0.002, P<0.001, P<0.001,
P=0.001, P<0.001, and P<0.001, respectively).
Except for the first week of gestation, the main
effect of 16% oil fed diets on maternal weight
was significantly higher than the 45% oil fed
diets (P<0.001, P<0.001, P=0.02, P=0.02, and
P=0.01, respectively). As shown in figure 1,
at the first week of gestation, maternal weight
was significantly higher in the 45% than the
16% oil fed groups (P<0.001).

The interaction between the type and
amount of dietary oil on maternal biochemical
parameters was not significant after lactation.
The main effect of soy oil was significantly
higher on serum TC, LDL and glucose
levels (P<0.001, P=0.001, and P=0.002,
respectively), but it was lower on HDL.C
(P=0.023). Serum TG was significantly higher
in the 16% oil fed diets (P=0.001), but LDL.C
was significantly higher in the 45% oil fed diets
(P=0.009) (figure 2).

Effects of Maternal Diet on Weight Gain Trends

The effects of maternal diet on the trend of
weight gain and weight of female offspring at
birth and adolescence were investigated. The
results showed that the interaction between
type and amount of dietary oil on birth weight of
female offspring was not significant. The main
effect of soy oil on birth weight, adjusted for the
amount of dietary oils, was significantly higher
than EVOO (1.29+0.2 vs. 1+0.09) (P<0.001),
but it was not significantly different between
the offspring born to mothers fed with 16%
and 45% oil (1.13+£0.3 vs. 1.16+0.2) (P=0.63).
The interaction between type and amount of
dietary oils on weight was not significant at
adolescence. The main effect of soy oil on
weight was significantly higher than EVOO at
adolescence, adjusted for the amount of dietary
0il (18.5£1.7 vs. 13.7+1.05) (P<0.001). Adjusting
for the type of dietary oils, the main effect of the
amount of maternal dietary oil on the weight
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at adolescence was significantly higher in the significant (P<0.001). In addition, there was
low-fat than high-fat diet group (16.8+3.08 vs. a significant difference between the groups
15.41£2.4) (P=0.001). (P<0.001). Scheffe post-hoc test showed that

The trend of weight gain is shown in all pair-group comparisons for weight gain were
figure 3. The mean weight gain was significantly significant (P<0.001) except for the offspring
increased with respect to time (P<0.001). born to mothers fed with 16% and 45% olive oil
The interaction between time and groups was (P=0.79).

W soy oil
Boliveoil
[016%
045%

week1 week2 week3 week4 week5 week6
Gestation Lactation

Figure 1: Mean of maternal weight during three weeks of gestation and three weeks of lactation (fed with soy oil and/or olive
oil, 16% and/or 45% amounts, n=10 in each group). *Significant difference between soy oil and olive oil fed diets; **Significan
difference between the 16% and 45% oil fed mothers.
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Figure 3: The trend of weight gain in female offspring from birth until adolescence.
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Effects of Maternal Diet on Serum Glucose
and Lipid Profile in Female Offspring at
Adolescence

The results showed that the interaction
between the type and amount of dietary oil on
serum glucose, TC, and TG of offspring were
significant (P<0.001, P<0.001, and P<0.001,
respectively). The analysis of these variables is
shownin table 2. Serum glucose was significantly
higher in the LSO than LOO (P<0.001), LSO
than HSO (P<0.001), and LOO than HOO
(P<0.001) groups. Serum TC was significantly
higher in the LSO than LOO (P<0.001), HSO
than HOO (P<0.001), LSO than HSO (P<0.001),
and LOO than HOO (P<0.001) groups. Serum
TG was significantly higher in the LSO than
LOO (P<0.001), HSO than HOO (P<0.001),
LSO than HSO (P=0.03), and LOO than HOO
(P<0.001) groups. The interaction between
the type and amount of dietary oil on serum
LDL/HDL ratio was not significant. The mean of
serum LDL/HDL ratio was higher in the soy ail
than EVOO, adjusted for the amounts of dietary
oils (2.8+3.9 vs. 2.2+1.3) (P=0.6). Adjusting for
the type of dietary oil, serum LDL/HDL ratio
was higher in the 16% than 45% oil diet groups
(3.3£3.9 vs. 1.7£0.69) (P=0.11). However, these
differences were not significant.

Offspring chronic disease susceptibility is
determined by maternal dietary status during
gestation and/or lactation.?’ To the best of our
knowledge, this is the first animal study that
has investigated the effects of different types
and amounts of maternal dietary oil during
gestation and lactation in an isocaloric diet; with
a focus on EVOO and coupled with offspring
post-weaning control diet on weight, fasting
glucose, and lipid profile of female offspring at
adolescence. Several studies have reported
that maternal high-fat diet during gestation and
lactation leads to obesity and insulin resistance
due to pancreatic remodeling,?"?> but no study
to date has examined the effects of type and

amount of maternal dietary oil during gestation
and lactation in an isocaloric diet on offspring at
adolescence.

The present study showed that in isocaloric
diet, maternal EVOO consumption during
gestation and lactation reduces weight, serum
glucose, and lipid profile in the female offspring
at adolescence. In addition, the weight, serum
glucose and lipid profile were lower in the
offspring born to mothers fed with a high-fat than
low-fat diet. In this study, we had to increase the
fiber content of high-fat diets in order to create
an isocaloric diet. Therefore, the best effects of
these diets on the variables could be due to the
high-fiber content.

The role of dietary fat as the main cause
of adult obesity is controversial.?3?* Although
the prevalence of obesity is increasing, but no
recent changes in the amount of fat consumption
have been observed.? While high-fat intake has
been shown to play a role in promoting adipose
tissue,?®?” the findings from carefully controlled
weight-gain and weight-loss trials, comparing
low-, moderate- and high-fat diets, have
suggested that the amount of fat in the diet is
less important than the type of fat consumed.?82°
A rapidly growing literature indicates that,
in Western-style diet, an increase in dietary
omega-6 is due to increased consumption of
vegetable oil (e.g., soy, sunflower, and corn).
Based on the currently available evidence,
high levels of n-6 fatty acids in a diet lead to
the elevation of blood lipid profiles, insulin
resistance, prothrombosis, blood viscosity,
vasospasm, and vasoconstriction.? Recent
studies revealed that maternal high-fat diet
could modulate the expression of hepatic fatty
acid p-oxidation-related genes. Besides, it may
affect early lipid metabolism of offspring and
metabolic disturbances in adulthood.® Similar
to these findings, we also showed that maternal
diet containing low or high amounts of soy oil
lead to obesity and lipid profile disturbances
in offspring at adolescence in comparison
to a diet containing EVOO. Hydroxytyrosol
and oleuropein as phenolic components of

Table 2: Serum biochemical parameters in female offspring

Variables LSO LOO HSO HOO P value*
Groups

Glucose (mg/dl) 236+23.5%° 188.2+21.224 218.7+33.1¢ 218.7+33.1¢ <0.001
TC (mg/dl) 177.1£61.32¢ 157.8+42.124 146.1+£16.5°¢ 127+16.7°¢ 0.09

TG 259+973a° 20048024 176+24°¢ 155+40°¢ 0.02

*Comparison of four dietary groups evaluated by one-way ANOVA followed by Scheffe post-hoc test; 2Significant difference
between the LSO and LOO groups; °Significant difference between the HSO and HOO groups; °Significant difference between
the LSO and HSO groups; “Significant difference between the LOO and HOO groups; LSO: Low soy oil diet; LOO: Low

olive oil diet; HSO: High soy oil diet; HOO: High olive oil diet; TC: Total cholesterol; TG: Triglyceride; Values are reported as

meanSD (n=10 in each group)
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olive oil affect fasting glucose and lipid serum
levels.?**" Human studies have shown that the
administration of a diet supplemented with olive
leaf polyphenols (51.1 mg OL, 9.7 mg HT per
day) ameliorated insulin action and secretion
that regulate glucose homeostasis.’ These
results are consistent with our study. Phenolic
components of EVOO lead to such benefits.

In a study with high-sucrose and high-fat-
sucrose diet, a similar effect on weight gain and
adipose deposition has also been found after
isocalorically feeding in Wistar rats.®? However, a
pair-fed model with high-fat feeding in C57BL/6J
mice did not produce statistically significant
changes in body weight gain.®® These results
indicate that not only the amount of calorie but
also the macronutrient composition of a diet
may lead to obesity. Inconclusive results are
due to different compositions of the diets and
the type of oils in all studies. In addition, none
of the mentioned pair-fed studies were done
during critical periods of life. Our study differs
from previous pair-fed studies in terms of the
type and amount of dietary oil and the time of
intervention.

In the present study, we have evaluated the
effect of isocaloric diets with different amounts
of carbohydrate-to-fat ratio (1:1, 2:1, or 3:1)
on body size and body composition in growing
Wistar rats. It is stated that the 3:1 and 2:1 diets
increase the weight and progressively decreased
body fat composition.' This is in agreement
with our results whereby dietary substitution of
fat with carbohydrates led to a higher weight at
adolescence in low-fat and high-carbohydrate
(LSO and LOO) diets. The weight of offspring in
both groups of EVOO fed diet was lower than
soy oil diet. Studies have shown that omega-6
fatty acids lead to an increase in fat mass,*
resulting in insulin resistance and elevation in
serum lipid profile related to obesity. However,
omega-9 fatty acids activate the peroxisome
proliferator-activated receptor (PPAR) and
reduce the activation of the sterol regulatory
element-binding proteins (SREBPs), then inhibit
lipogenesis and reduce insulin resistance.®® In
another study, a diet containing 7% sunflower
oil (n-6 diet), linseed oil (n-3 diet), or soybean
oil (n-6/n-3 diet) during pregnancy and lactation
were compared.®® Maternal consumption of
omega-6 increased inguinal weight relative to
body weight and leptin levels in the offspring.
These results were in agreement with our
findings. The weight of offspring was higher in
soy oil than the EVOO fed group.

Inastudy by Xiaoling Li,*” the effects of high-fat
diet (HF) and maternal obesity on the metabolic
programming of liver in offspring were assessed.
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It was shown that maternal high-fat diet leads
to suppression of glucose and lipid metabolism-
related genes in offspring. The methodological
design of his study was different from ours. In
that study, maternal obesity and/or high-calorie
and high-fat diets were assessed, whereas we
compared isocaloric diets with high-fat and/or
high-carbohydrate components with different
oils. In our study, high-carbohydrate-low-fat diet
impaired glucose homeostasis and lipid profile in
offspring at adolescence.

Laws etal*® used maternal diet
supplemented with 10% EVOO (rich in MUFA)
in the first or second half of gestation in piglets.
In their study, MUFA reduced the incidence
of low birth weight. In contrast, a study by
Priego et al.*® showed that maternal olive oil
supplementation decreased body weight gain
through an increase in uncoupling protein-1
protein level in brown adipose tissue of
offspring at weaning. They proposed that oleic
acid prevents the development of obesity and
steatosis by stimulating thermogenic capacity.
Similar to Priego and colleagues, the results of
our study showed that the weight of offspring in
EVOO groups was significantly lower than soy
oil groups; both at birth and at adolescence. One
of the limitations of our study was apparently the
amount of fiber in different groups. The fiber
content of the low-fat diet was lower than high-
fat diet increating isoenergitic values. Therefore,
some benefits of high-fat diet versus low-fat diet
may be due to fiber content.

Based on our results, a maternal diet
containing EVOO has better effects on birth
weight as well as weight and serum biochemical
parameters of offspring at adolescence. Maternal
high-fat diet reduced weight, serum glucose and
lipid profile in offspring at adolescence.

One of the main limitations of our study
was the fact that weight and lipid profile were
measured only at adolescence. Additionally,
while periodic measures from birth until aging
are suggested, we did not directly measure
whether maternal dietary with different types
and amounts of oils induced epigenetic
changes in metabolism. In future studies, direct
assessment of epigenetic changes such as
histone modification or DNA methylation will
allow us to examine the hypothesis that perinatal
programming of the weight and lipid profile occur
via epigenetic mechanisms. A free-fed group
along with pair-fed groups is recommended in
future studies. Since the present study was an
animal model investigation, the effects of the
diets cannot be directly transposed to humans.
Rather, it provides indications of possible effects
of such dietary manipulations on the metabolism
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and may give better insights for future research
regarding the underlying mechanisms.

Conclusion
In general, maternal dietary macronutrient

components are the most determinant of obesity
in the next generation. Offspring of high-fat and
low-carbohydrate fed mothers had a lower weight
than those with low-fat and high-carbohydrate.
A maternal diet containing EVOO decreased
weight and improved serum glucose and lipid
profile in female offspring at adolescence. This
may lead to a decrease in obesity and lipid
profile disturbances in adulthood.
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