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A B S T R A C T

We studied in rats the effects of cafeteria diet (CD) supplemented (or not) with fish oil (FO) during just the first
12 days of pregnancy, or during the whole of pregnancy and lactation in 14-month old offspring. Female rats
were given standard diet (STD) or CD and after mating some animals remained on STD or CD; for some CD rats
the diet was supplemented with 8.78% FO. After 12 days, half of the CD-FO group returned to CD (CD-FO12) and
the others remained on CD-FO. From weaning all offspring were given STD. The adiposity index of male off-
spring of CD dams increased but was normal in CD-FO males. Plasma triacylglycerols (TAG) and individual fatty
acid concentrations were similar among the groups. Liver total lipids, TAG, fatty acid concentrations, Δ9-de-
saturase indices and the mRNA expression of fatty acid synthase were higher in male offspring of CD than in
those of STD; most of these differences disappeared in male offspring of CD-FO12 and CD-FO dams. Female
offspring showed smaller changes. Thus, a moderate supplement with FO during just the first half of gestation or
during pregnancy and lactation in rats on CD decreases the liver steatosis in male adult offspring.

1. Introduction

It is now well-known that maternal over-nutrition during pre-
pregnancy, pregnancy and lactation influences offspring development
and may cause permanent changes in adults, including the suscept-
ibility for chronic diseases such as obesity, type-2 diabetes and cardi-
ovascular disease; that is to say that the changes have been pro-
grammed (Hull et al., 2011; Boney et al., 2005; Schack-Nielsen et al.,
2010; Godfrey and Barker, 2000; Lucas et al., 1999). In this sense, the
composition of the diet may play an important role, as is the case for the
polyunsaturated fatty acids (PUFA), which have a direct effect reg-
ulating the gene expression (Clarke, 2000) and major dietary implica-
tions during pregnancy (Herrera et al., 2012). To date there are limited
data on the long-term influence of high-calorie processed foods during
the perinatal stages. Recently we have studied the influence of a cafe-
teria diet, which is a highly palatable diet containing high fat and su-
gars, during pregnancy and lactation on pups’ body weight and fatty
acid profiles in rats, and also determined how a fish oil supplement rich
in n-3 long-chain polyunsaturated fatty acids (LCPUFA) such as eico-
sapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22-
6n-3) modified the response (Sanchez-Blanco et al., 2016). Dietary
depletion of DHA is known to cause adverse neurological outcomes in
animals (Carlson and Neuringer, 1999) and it has been suggested that

increasing the consumption of fish oil could prevent certain diseases
(Hodge et al., 1996; Black and Sharpe, 1997). These findings have
prompted the issuing of advice to pregnant and lactating women to
consume fish oil supplements (Escolano-Margarit et al., 2013; Ribeiro
et al., 2012; Palmer et al., 2012).

It has also been shown, however, that supplementing diets with n-3
LCPUFA in adult subjects decreases arachidonic acid (ARA, 20:4n-6)
levels (Buckley et al., 2004; Grimsgaard et al., 1997; Burns et al., 2007).
It has been proposed that ARA has a growth-promoting effect during the
perinatal stage (Koletzko and Braun, 1991; Clandinin and VanAerde,
2003). In fact, we found in rats that both dietary fish oil (Amusquivar
et al., 2000) or cafeteria diet with or without fish oil supplement during
pregnancy decreases pups body weight that could be related to de-
creased plasma ARA levels (Sanchez-Blanco et al., 2016; Amusquivar
et al., 2000). On the other hand, it has been shown in rats that fish oil
alleviated high-fat diet-induced non-alcoholic fatty acid disease (Yuan
et al., 2016) and we have previously found that fish oil supplements
during pregnancy and lactation in rats have a long-term effect reducing
the age-dependent insulin resistance in male but not female offspring
(Sardinha et al., 2013).

Stearoyl-CoA desaturase-1 (SCD-1) is a lipogenic Δ9-desaturase
(Ntambi et al., 2002) that is the rate-limiting enzyme in the biosynth-
esis of monounsaturated fatty acids. SCD-1 converts saturated fatty
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acids (16-carbon PAM, 16:0 and 18-carbon STA, 18:0) to mono-
unsaturated fatty acids (palmitoleic, PAO, 16:1n-7, and OLA, 18:1n-9,
respectively). The PAO/PAM and OLA/STA ratios have been widely
used as desaturation indices for SCD-1 in both human (Sjogren et al.,
2008; Warensjo et al., 2009; Vessby et al., 2013; Yee et al., 2014) and
rat (Hofacer et al., 2012; Cedernaes et al., 2013) tissues. When female
rats were on a high-fat diet prior to and throughout pregnancy and
lactation, their 6-month old male pups had liver desaturation indices
that were higher than in controls (Seet et al., 2015).

In the current study we followed the same protocol as before, where
rats were given the cafeteria diet supplemented or not with fish oil
during either the first 12 days of their 21.5-day pregnancy or
throughout pregnancy and lactation (Sanchez-Blanco et al., 2016). The
main objective on this occasion was to study the long-term effects for
the offspring of changing dietary composition during perinatal life.

2. Materials and methods

2.1. Animals

Female Sprague Dawley rats of 40–45 days of age were obtained
from the animal quarter of University San Pablo CEU, Madrid, Spain.
Rats were given a standard pellet diet (Harlan Global Diet, 2014;
Madison, WI) and maintained for 5 days in shared cages (5 per cage)
under controlled conditions (22 ± 2 °C, 55 ± 10% relative humidity
and 12-hourly cycling of light and dark). The experimental protocol
was approved by the Animal Research Committee of the University San
Pablo CEU (reference 220113).

Rats were then randomly assigned to one of two dietary treatment
groups: the standard diet group (STD) and the cafeteria diet group (CD).
After 21 days on their respective diet rats were mated with males that
had been given the standard diet and the day that spermatozoa ap-
peared in vaginal smears was considered to be day 0 of pregnancy. At
this time pregnant rats were placed in individual cages and the CD
group was subdivided into two, one maintained on the same diet and
the other on a diet supplemented with fish oil (CD and CD-FO groups).
On the 12th day of pregnancy half of the CD-FO group was returned to
the cafeteria diet without the fish oil supplement (CD-FO12) and the
other half remained on the fish oil supplemented cafeteria diet
throughout the whole of pregnancy and lactation (CD-FO). Rats had
free access to the assigned diet and tap water. Pups were maintained
with their mothers until weaning and all litters were culled to 9 pups
within 48 h of delivery by selecting the excess number of pups at
random and removing them. At weaning (day 21 post-natal) female and
male pups from each experimental group were separated from each
other and housed in collective cages (3–4 per cage) and given the
standard diet until the end of the experiment.

When the offspring were 14 months old, they were fasted for 12 h
then decapitated under CO2 sedation; trunk blood from the neck wound
was collected into ice-chilled receptacles containing Na2EDTA. Livers
and the different fat depots were rapidly dissected and placed into li-
quid nitrogen for weighing and kept at −80 °C until analysis. Plasma
from fresh blood was separated by centrifugation at 1500×g for
30min at 4 °C and stored at −80 °C until analysis.

2.2. Diets

Each diet was prepared as a homogeneous paste by mechanically
blending the components shown in Table 1 and they were stored at
−20 °C until use. The amount of fish oil present in the diet of the CD -
FO group (8.78g/100g) was based on previous studies by us (Sanchez-
Blanco et al., 2016; Amusquivar et al., 2000; Sardinha et al., 2013),
being lower than the amount used by others for high-fat diet in rats
(Nakashima, 2008; Viggiano et al., 2016; Hernandez-Casner et al.,
2017).

2.3. Analytical methods

Plasma triacylglycerols (TAG), cholesterol (Spinreact Reactives,
Spain) and non-esterified fatty acids (NEFA) (Wako Chemicals,
Germany) were determined by enzymatic methods using commercial
kits. Liver TAG and cholesterol were determined in purified lipid ex-
tracts (Folch et al., 1957) as described elsewhere (Carr et al., 1993). For
the analysis of the fatty acids profile, nonadecenoic acid (19:1) (Sigma
Chemical Co.) was added as the internal standard to fresh aliquots of
each diet, of frozen plasma and frozen livers, which were used for lipid
extraction and purification (Folch et al., 1957). The final lipid extract
was evaporated to dryness under vacuum and the residue resuspended
in methanol/toluene and subjected to methanolysis in the presence of
acetyl chloride at 80 °C for 2.5 h as previously described (Amusquivar
et al., 2011). Fatty acid methyl esters were separated and quantified on
a Perkin-Elmer gas chromatograph (Autosystem) with a flame ioniza-
tion detector and a 20m Omegawax capillary column (internal dia-
meter 0.25mm). Nitrogen was used as carrier gas, and the fatty acid
methyl esters were compared with purified standards (Sigma Chemical
Co.). Quantification of the fatty acids in the sample was performed as a
function of the corresponding peak areas compared to that of the in-
ternal standard.

To extract protein from the tissues, between 50 and 60mg of frozen
liver were homogenized in a lysis buffer using a Tissue-Lyzer (Qiagen,
Hilden, Germany) and after three thermic shocks at 37 °C. The homo-
genate was centrifuged at 4 °C for 30min at 12000 rpm. After removing
the upper fat layer the supernatant was used for protein analysis using a
commercial kit (Pierce BCA Protein Assay kit, Thermo Fisher Scientific,
Waltham, MA, USA) and stored at −20 °C until use for Western blot
analysis. Proteins were combined with molecular weight markers
(Precision Blue, Bio-Rab Laboratories, Hercules, CA, USA) and sub-
jected to electrophoresis in 10% polyacrylamide gel at 90 V. Proteins
were transferred to a nitrocellulose membrane (Bio-Rab Laboratories,
Hercules, CA, USA) for the expression of fatty acid synthase (FAS). The
membranes were incubated with different antibodies and latterly with
secondary antibody marked with horseradish peroxidase (HRP).
Immunoreactive bands were visualized by chemiluminiscence using a
commercial kit (Clarity Western ECL Kit, Bio-Rab Laboratorioes,
Hercules, CA, USA) and quantified by densitometry (Quantity One
Analysis Software, Bio-Rab Laboratories, Hercules, CA, USA).

2.4. Desaturation index

After determining the amounts of the different fatty acids, the Δ9
desaturation index (SCD-1) was calculated as the ratio of the mono-
unsaturated fatty acid to the corresponding saturated fatty acid: PAO
(16:1n-7)/PAM (16:0) or OLA (18:1n-9)/STA (18:0).

2.5. Adiposity index

Adiposity index was determined by the sum of inguinal, mesenteric,
perirenal, lumbar and epididymal pad weights divided by body
weight× 100%, and expressed as adiposity percentage.

2.6. Statistical analysis

Results are expressed as mean ± standard error. Statistical analysis
was carried out using GraphPad Prism version 5.0 for Windows
(GraphPad Software, San Diego, CA, USA). One-way analysis of var-
iance (ANOVA) was used to compare the changes due to the different
diets. When treatment effects were significantly different (P < 0.05)
values were analyzed by the Newman-Keuls post hoc test. For TAG
concentrations, a log transformation was carried out before statistical
testing. When two groups were compared the Student t-test was ap-
plied.
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3. Results

The fatty acid composition of the diets is shown in Table 2 which
shows that the CD diets have a higher content of fatty acids than the
STD diet, the greatest difference being in the total amounts of saturated
and monounsaturated fatty acids. The CD- FO diet has higher amounts
of myristic (MA, 14:0), palmitoleic (PAO, 16:1n-7), gamma-linolenic
(GLA, 18:3n-6), arachidonic (ARA, 20:4n-6), docosapentaenoic n-6
(DPAn-6, 22:5n-6), alpha-linolenic (ALA, 18:3n-3), docosapentaenoic n-
3 (DPAn-3, 22:5n-3) acids, EPA, and DHA as well as total n-3 PUFA, but
less linoleic acid (LNA, 18:2n-6) and total n-6 PUFA than the others.
Body and tissue weights at different time points during pregnancy and
lactation and of pups at birth and at weaning (21 days of age) have
previously been reported (Sanchez-Blanco et al., 2016). When pups
were studied at 14 months of age there were no statistical differences
between the groups in terms of the weights of their body, liver and
adipose tissues (data not shown). The adiposity index in males (Fig. 1A)
was higher in pups whose mothers were given the cafeteria diet (CD)
than in those with mothers fed the standard diet (STD) (P < 0.05 by t-

test). Pups from dams fed CD supplemented with fish oil during the first
12 days of pregnancy (CD-FO12) also had higher adiposity indices than
STD pups (P < 0.05 by t-test) and that difference disappeared in pups
from CD dams receiving the fish oil supplement for the whole preg-
nancy and lactation (CD-FO). In females similar tendencies were seen
(Fig. 1B), although the difference was significant only between CD and
CD-FO groups.

When studying the plasma concentrations of TAG, NEFA, glucose,
cholesterol or any of the individual fatty acids, including the sum of
saturated, monounsaturated, n-6 fatty acids or n-3 fatty acids, no dif-
ferences between the groups were found, with the only exception of a
higher concentration of gamma-linolenic acid (GLA, 18:3n-6) in those
male pups of the CD, CD-FO12 or CD-FO groups vs. those of the STD
group and a lower concentration of alpha-linolenic acid (ALA, 18:3n-3)
also in male CD, CD-FO12 and CD-FO groups vs. STD with no differ-
ences in females (supplement Table 1). However, major differences
between groups were found in liver. As shown in Fig. 2A, the total
concentration of lipids in livers from males was higher in those pups
from dams fed the CD during pregnancy and lactation than those of the
STD group (p < 0.001). Pups of cafeteria diet dams that received
dietary fish oil supplement for just the first 12 days of pregnancy (CD-
FO12) had lower liver lipid concentrations than those of the CD group
(p < 0.001) and no difference was found between CD-FO12 and those
of the STD group. This decrease in the liver total lipid concentration
was even more pronounced in those male pups from CD dams that were
given the fish oil supplement during pregnancy and lactation (CD-FO)
(p < 0.001). These differences between the groups in males were si-
milar to those of liver TAG concentrations (Fig. 2B), with values in the
CD group being much higher than in the STD group (p < 0.001).
Again, these values decrease in the CD-FO12 group (p < 0.01) and
even more so in the CD-FO group (p < 0.001) where the values did not
differ from those in the STD group. As shown in Fig. 2C and D no sig-
nificant statistical differences between the groups were found in the
female pups.

The concentrations of individual fatty acids in liver were de-
termined (supplement Table 2). In male pups, stearic acid (STA, 18:0),
dihomo-gamma-linolenic acid (DGLA, 20:3n-6), docosapentaenoic acid
n-6 (DPAn-6, 22:5n-6), EPA and DHA liver concentrations showed no
differences between the 4 groups, whereas the concentration of ARA
was lower in the CD-FO than in the rest of the groups (p < 0.01).
However, the concentration of the remaining fatty acids was sig-
nificantly higher in liver of CD than in the STD group, an effect which
decreased or even disappeared in those of the CD-FO12 and CD-FO
groups. In female pups these differences between the groups were once
again much smaller for all the studied fatty acids in liver. In Fig. 3 the
sums of the concentrations of all saturated, monounsaturated, n-3 PUFA
and n-6 PUFA are summarized; it can be seen that in males (Fig. 3A) the
pattern for all the groups of fatty acids again resembles that found for
the liver TAG (see above): i.e., significant increases in CD vs. STD, a
decline in CD-FO12 and completely normalized in pups from the CD-FO

Table 1
Composition of the diets.

Diet

Standard (STD) Cafeteria (CD) Cafeteria plus Fish Oil (CD-FO)

Components (g/100g)
Pelletsa 100 25.2 25.2
Condensed milk (Nestlé, Barcelona) – 11.0 11.0
Sucrose (Azucarera, Barcelona) – 17.2 17.2
Muffins (Panrico SA, Barcelona) – 6.58 6.58
Croissants (Bimbo, Barcelona) – 6.58 6.58
Powdered milk (Central Lechera Asturiana, Asturias) – 24.7 24.7
Lard (El Pozo, Murcia) – 8.78 –
Fish oil (Fagron Iberica, Barcelona) – – 8.78

a From Harlan, Global Diet 2014, Madison, MI.

Table 2
Fatty acid (FA) composition of the experimental diets.

Fatty acids (μmol/g) Diet

Standard (STD) Cafeteria (CD) Cafeteria plus
Fish Oil (CD-FO)

MA, 14:0 N.D.A 40.7 ± 1.23B 49.4 ± 1.6C

PAM, 16:0 28.2 ± 1.6A 185 ± 26B 151±3B

STA, 18:0 3.62 ± 0.13A 73.5 ± 2.3B 36.8 ± 1.0C

PAO, 16:1n-7 0.611 ± 0.042A 15.1 ± 0.4B 31.8 ± 0.6C

OLA, 18:1n-9 33.4 ± 1.3A 232±6B 156±2C

LNA, 18:2n-6 83.3 ± 3.1A 77.9 ± 0.7A 63.4 ± 2.2B

DGLA, 20:3n-6 N.D. N.D. N.D.
GLA, 18:3n-6 N.D.A N.D.A 0.69 ± 0.03B

ARA, 20:4n-6 N.D.A 0.835 ± 0.024B 1.58 ± 0.06C

DPAn-6, 22:5n-6 N.D.A N.D.A 0.543 ± 0.008B

ALA, 18:3n-3 5.67 ± 0.22A 6.35 ± 0.07B 7.49 ± 0.18C

EPA, 20:5n-3 N.D.A 0.712 ± 0.040B 20.2 ± 0.3C

DPAn-3, 22:5n-3 N.D.A N.D.A 3.32 ± 0.08B

DHA, 22:6n-3 N.D.A N.D.A 22.5 ± 0.2B

Sum of saturated FA 32.8 ± 1.7A 304 ± 26B 243±6B

Sum of
monounsaturated
FA

34.5 ± 1.3A 252±6B 244±2B

Sum of n-6
polyunsaturated
FA

83.3 ± 3.1A 78.2 ± 2.5A 66.6 ± 3.7B

Sum of n-3
polyunsaturated
FA

5.67 ± 0.22A 7.06 ± 0.06B 53.5 ± 0.5C

Values correspond to mean of triplicate samples ± SEM. Statistical compar-
isons between the diets are shown by upper-case superscript letters (different
letters indicate P˂0.05). N.D.= not detected.
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group. In the case of females (Fig. 3B), the sum of all the n-6 PUFA was
lower in those of the CD-FO group than in CD, but no significant dif-
ferences appeared between the groups for the remaining fatty acid
groups.

The SCD-1 indices were derived from the liver fatty acid con-
centration profiles and, as shown in Fig. 4A and B (corresponding to the
PAO/PAM and OLA/STA ratios in males respectively), they were sig-
nificantly higher in CD pups than in STD both for SCD-1 (p < 0.01).
These effects were lower or had completely disappeared in both CD-
FO12 and CD-FO pups. No differences between the groups were found
in females (Fig. 4C and D). In order to relate these findings to lipo-
genesis, the expression of fatty acid synthase (FAS) was determined in
the livers of males and as shown in Fig. 5, its amount changed between
the groups in parallel to the SCD-1 values, being higher in CD pups than
in STD (p < 0.05) and the effect was completely abolished in both CD-
FO12 and CD-FO pups.

4. Discussion

We had previously found that, when 21-day-old pups of dams that
were given a cafeteria diet during pre-gestation, gestation and lactation,

they showed hypertriacylglycerolemia that completely disappeared
when the cafeteria diet was supplemented with fish oil during just the
first 12 days of pregnancy or throughout pregnancy and lactation
(Sanchez-Blanco et al., 2016). Using the same protocol here, we have
shown in 14-month old offspring that there were no differences be-
tween the studied groups either in plasma TAG concentrations or in
their plasma fatty acid profiles. However, it was found that 14-month
old male pups from dams given a cafeteria diet during pregnancy and
lactation have increased both hepatic TAG and concentrations of all the
groups of fatty acids in the liver. When the cafeteria diet dams also
received a dietary supplement with fish oil during just the first half of
pregnancy or throughout pregnancy and lactation these variables were
completely normalized back to the values found in STD group, the ef-
fect being gender-dependent since it did not appear in females. The 14
month-old male pups of dams given the cafeteria diet during pregnancy
and lactation also showed higher liver SCD-1 indices and higher
amounts of FAS protein, which indicated an increased lipogenic activity
that was normalized in those of dams that received the fish oil sup-
plement during just the first 12 days of pregnancy or throughout the
whole pregnancy and lactation. Since both SCD-1 and FAS have been
positively associated to lipogenesis (Ntambi et al., 2002; Seet et al.,

Fig. 1. Adiposity index of 14-month old
male (A) and female (B) offspring of dams
that were given either standard diet (STD)
or cafeteria diet during pre-gestation, ge-
station and lactation (CD), or the cafeteria
diet during pre-gestation followed by cafe-
teria diet supplemented with fish oil during
only the first 12 days of pregnancy and ca-
feteria diet thereafter until weaning (CD-
FO12), or the cafeteria diet during pre-ge-
station followed by cafeteria diet supple-
mented with fish oil throughout pregnancy
and lactation (CD-FO). All pups were given
standard diet from weaning. Statistical
comparisons by ANOVA between the groups
are shown by the lower case letters (dif-
ferent letters indicate P < 0.05). Number
of 14-month old pups: 5/group.

Fig. 2. Total lipids and TAG in liver of 14-
month old male (A and B) and female (C
and D) offspring of dams that were given
either standard diet (STD) or cafeteria diet
during pre-gestation, gestation and lacta-
tion (CD), or the cafeteria diet during pre-
gestation followed by cafeteria diet supple-
mented with fish oil during only the first 12
days of pregnancy and cafeteria diet there-
after until weaning (CD-FO12), or the ca-
feteria diet during pre-gestation followed by
cafeteria diet supplemented with fish oil
throughout pregnancy and lactation (CD-
FO). All pups were given standard diet from
weaning. Statistical comparisons by ANOVA
between the groups are shown by the lower
case letters (different letters indicate
P < 0.05. No letters in the graph indicate
no statistical significance). Number of 14-
month old pups: 5/group.

C. Sánchez-Blanco et al. Food and Chemical Toxicology 123 (2019) 546–552

549



2015; Strable and Ntambi, 2010) current findings indicate that those FO
supplements in dams on cafeteria diet during just the first 12 days of
pregnancy or throughout pregnancy and lactation prevented the in-
creased lipogenic effect in 14-month-old male pups. These findings
extend those previously recorded by others in just 6-month old off-
spring of rats fed high fat diet during pregnancy and lactation showing
increased liver SCD-1 indices (Seet et al., 2015) and in those of rats
showing that 4 months of fish oil protects against the fatty liver de-
veloped by high-fat diet (Yuan et al., 2016). Although fish oil supple-
mentation in rats during pregnancy has been shown to reduce the risks
of adult disease in offspring (Joshi et al., 2003), this is the first time that
the effect has been shown to be produced with a dietary fish oil sup-
plement for just the first half of pregnancy.

The mechanism by which maternal fish oil supplements during just
the first half of pregnancy in rats fed the cafeteria diet during pregnancy
and lactation reverses the increased liver concentration of TAG and of
most fatty acids as well as lipogenesis in male offspring of 14 months of

age is unknown. However there is already enough experimental support
to show that fatty acids, in particular polyunsaturated fatty acids, can
modify the epigenome (Burdge and Lillycrop, 2014), and we have
previously shown that the type of fatty acid consumed by the rat mother
during early pregnancy elicits epigenetic mechanisms through miRNAs
modulation in male offspring (Casas-Agustench et al., 2015). The pre-
sent findings also show that the response to fish oil during the perinatal
stage reverses those long-term effects of cafeteria diet on fatty acid
metabolism was sex-dependent, since it was clearly found in males but
not in females. This finding agrees with previous findings in the sense
that there are sex differences in response to high-fat diet feeding in rats
(Amengual-Cladera et al., 2012) and that fish oil intake during early
pregnancy in rats reduces the age-dependent insulin resistance also in a
sex-dependent manner (Sardinha et al., 2013).

As a result of studies in both humans and rats it is well known that
diets with high fat contents, especially saturated fatty acids, promote
the development of non-alcoholic fatty liver disease and consequent

Fig. 3. Groups of fatty acid (FA) concentrations in liver of
14-month old male (A) and female (B) offspring of dams that
were fed either standard diet (STD) or cafeteria diet during
pre-gestation, gestation and lactation (CD), or the cafeteria
diet during pre-gestation followed by cafeteria diet supple-
mented with fish oil during the only the first 12 days of
pregnancy and cafeteria diet thereafter until weaning (CD-
FO12), or the cafeteria diet during pre-gestation followed by
cafeteria diet supplemented with fish oil throughout preg-
nancy and lactation (CD-FO). All pups were given standard
diet from weaning. Statistical comparisons by ANOVA be-
tween the groups are shown by the lower case letters (dif-
ferent letters indicate P < 0.05. No letters in the graph in-
dicate no statistical significance). Number of 14-month old
pups: 5/group.

Fig. 4. Liver stearoyl-CoA desaturase-1
(SCD-1) indices of 14-month old male (A
and B) and female (C and D) offspring of
dams that were fed either standard diet
(STD) or cafeteria diet during pre-gestation,
gestation and lactation (CD), or the cafe-
teria diet during pre-gestation followed by
cafeteria diet supplemented with fish oil
during only the first 12 days of pregnancy
and cafeteria diet thereafter until weaning
(CD-FO12), or the cafeteria diet during pre-
gestation followed by cafeteria diet supple-
mented with fish oil throughout pregnancy
and lactation (CD-FO). All pups were given
standard diet from weaning. Statistical
comparisons by ANOVA between the groups
are shown by the lower case letters (dif-
ferent letters indicate P < 0.05. No letters
in the graph indicate no statistical sig-
nificance). Number of 14-month old pups:
5/group.
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increased hepatic TAG concentration (Yuan et al., 2016; Musso et al.,
2003; Gentile and Pagliassotti, 2008). This effect has been mainly at-
tributed to a promotion of lipogenesis de novo associated with a high-fat
diet-induced overexpression of the sterol regulatory element binding
protein-1 (SREBP1) encoded by the gene sterol regulatory element
binding factor 1 (Srebf1), which is inhibited by fish oil consumption
(Yuan et al., 2016; Ou et al., 2001; Levy et al., 2004). The current
findings in 14-month old offspring are also consistent with reported
findings in adult rat offspring of dams given a high-fat diet during
pregnancy and lactation and then given a control diet from weaning;
they developed a metabolic syndrome-like phenotype (Srinivasan et al.,
2006; Desai et al., 2014) as well as increased liver SCD-1 (Seet et al.,
2015), which has been positively correlated with lipogenesis and
adiposity (Ntambi et al., 2002; Yee et al., 2014; Jeyakumar et al., 2009;
Kotronen et al., 2011).

In conclusion, although current findings cannot be extrapolated to
the human condition by obvious reasons, we demonstrate for the first
time that a moderate supplement of dietary fish oil during just the first
12 days of pregnancy is able to decrease the development of liver
steatosis in male adult offspring of rats given a cafeteria diet during
pregnancy and lactation; the effect was even greater when the fish oil
supplement was maintained throughout gestation and lactation and can
be related to a reduction in lipogenic activity.
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