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Abstract

This study investigated whether long-chain 7-3 PUFA (LC n-3 PUFA) given to pregnant rats fed a high-fat (HF) diet may prevent fetal program-
ming in male offspring at adulthood. Six weeks before mating, and throughout gestation and lactation, female nulliparous Sprague-Dawley rats
were given a chow (C) diet, HF (60-6 % fat from maize, rapeseed oils and lard) or HF in which one-third of fat was replaced by fish oil (HF 7-3).
At weaning, the three offspring groups were randomly separated in two groups fed C diet, or HF without LC 7-3 PUFA, for 7 weeks until adult-
hood. Glucose tolerance and insulin sensitivity were assessed by an oral glucose tolerance test both at weaning and at adulthood. Insulin signal-
ling was determined in liver, muscle and adipose tissue by quantification of the phosphorylation of Akt on Ser 473 atadulthood. At weaning, as at
adulthood, offspring from HF-fed dams were obese and displayed glucose intolerance (GD and insulin resistance (IR), but not those from HF7-3
fed dams. Following the post-weaning C diet, phosphorylation of Akt was strongly reduced in all tissues of offspring from HF dams, but to a lesser
extent in liver and muscle of offspring from HF7-3 dams. However, it was abolished in all tissues of all offspring groups fed the HF post-weaning
diet. Thus, LC n-3 PUFA introduced in a HF in dams partially prevented the transmission of GI and IR in adult offspring even though they were fed

without LC 7-3 PUFA from weaning.
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The increase in obesity and diabetes prevalence is a worldwide
major public health concern. According to WHO', worldwide
obesity has nearly tripled since 1975. In 2020, 764 million
adults were obese®. According to the International Diabetes
Federation®, 537 million adults are living with diabetes in
2021. Insulin resistance (IR) is a major factor that leads from
obesity to type 2 diabetes™. Although overfeeding and lack of
exercise during infancy and adulthood predispose to non-
communicable diseases, many epidemiological studies strongly
suggest that maternal undernutrition or obesity®™® could lead to
obesity, IR, type 2 diabetes and CVD in the offspring during
adulthood. This phenomenon has been called: Barker’s hypoth-
esis, fetal programming or Developmental Origins of Health and
Disease. Growing bodies of evidence from rodent models
demonstrate that maternal nutrition during pregnancy can
increase the risk of developing metabolic alterations in offspring
during early life and adulthood®.

The amount and type of dietary fatty acids (FA) also
contribute to fetal programming%!Y. In rodent models, a
high-fat (HF) diet rich in SFA given during pregnancy induces
several metabolic alterations in offspring during adulthood: liver
steatosis, increased body and visceral fat mass, adipocyte hyper-
trophy, pro-inflammatory cytokines production, IR, pancreatic
islet hypertrophy and oxidative stress''?. Long-chain (LC)
n-3 PUFA, mainly EPA and DHA, can prevent and even decrease
IR in rodents fed a HF diet, which has also been shown in
humans"3-®. During pregnancy, the only source of PUFA for
the developing fetus is via the placenta. Placental tissue
expresses lipoprotein receptors and enzymes with lipase and
phospholipase activities involved in the maternal FA transfer
across the placenta. NEFA that originate from maternal metabo-
lism and dietary FA can also cross the placenta® ! Several
studies have demonstrated selectivity in placental transfer of
FA and a strong preference by the placental plasma membrane

Abbreviations: AT, adipose tissue; BAT, brown adipose tissue; FA, fatty acid; GI, glucose intolerance; HF, high fat; HOMA-IR, homeostasis model assessment for
insulin resistance; IR, insulin resistance; LC n-3 PUFA, long-chain n-3 PUFA; OGTT, oral glucose tolerance test.
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binding sites for LC-PUFA, especially DHA®*??. Nishimura
et al*® demonstrated that the maternal dietary EPA and DHA
content during the third trimester of pregnancy is directly asso-
ciated with the content of these FA in mature breast milk.
Additionally, the same human study showed a direct relation
between the dietary 7-3 to 7-6 ratio in the postpartum period
and milk composition®. In gestational diabetes mellitus-
exposed mothers, DHA transfer to the fetus (assessed by
13C DHA) is reduced®?. Several studies performed in animal
models have assessed, in offspring at adulthood, the effects of
LC 1-3 PUFA""? given during pregnancy and/or lactation on
adiposity, liver steatosis, inflammation®*-3® and/or oxidant/anti-
oxidant status, and DNA methylation. Other studies have
assessed their effects on insulin sensitivity®3 but with
different models: glucocorticoids-induced IR or LC 7n-3 PUFA
given only in the offspring diet and not to dams or use of fat-1
mice model, rending somewhat difficult to draw conclusions
about the specific role of diet given to dams.

A meta-analysis of eleven randomised controlled trials®* and
a recent review>> concluded no beneficial effect of LC 72-3 PUFA
given during pregnancy on obesity in offspring. Another one
concluded no benefit towards IR but to a significant decrease
in C-reactive protein®®. In the MIGHT randomised controlled
trial, a supplementation during pregnancy of 800 mg/d of
DHA v. 200 mg/d associated with dietary counselling in over-
weight or obese mothers did not reduce the risk of gestational
diabetes mellitus, macrosomia or IR in neonates®”. A Danish
study compared the metabolic parameters of offspring aged
9-16 years from mothers with gestational diabetes mellitus
or healthy mothers®®; no association was found between LC
n-3 PUFA and seafood intakes of mothers during pregnancy with
offspring metabolic outcomes, but gestational diabetes mellitus-
exposed women reporting no fish intake between week 12 and
30 v. intake > 2 times/week had an offspring with a higher BMI,
waist circumference and homoeostasis model assessment for
insulin resistance (HOMA-IR). It is to note that following supple-
mentation, the plasma concentrations of LC 7-3 PUFA were less
raised in obese pregnant women than in lean ones, which could
have attenuated their beneficial effects®*4?.

Because of the discrepancy in results and the small number of
studies, the present study aimed to determine whether 7-3 LC
PUFA administered during pregnancy and lactation to female
rats fed a HF diet could prevent IR in the adult male offspring,
and examined the basic mechanisms potentially involved in their
favourable effects.

Experimental methods
Animal care

The experimental procedure was approved by the Animal
Ethical Committee (agreement R-2012-NG-01). The protocol
was carried out in conformity with French laws and regulations
and the ARRIVE Guidelines for Reporting Animal Research.
Twenty-one nulliparous 5-week-old female Sprague-Dawley
rats (Elevage Janvier) were individually housed in a temperature-,
humidity- and light-controlled room. After 1 week of acclimation,
they were randomly divided into three groups (72 7 per group), fed

ad libitum with either a standard chow (C) diet (control group;
n°210 SAFE), or a HF diet (HF group, 60-6 % of energy content
as fat, n°230 SAFE), or a HF 7n-3 diet (HF7n-3 group, 60-6% of
the energy content as fat; n°230 modified SAFE). Fat in HF diet
was provided by maize oil, rapeseed oil and lard (Table 1).
In HFn-3 diet (60-6 % of energy content as fat), one-third of fat
was replaced by a marine-derived TAG oil rich in LC »n-3 PUFA
(Omegavie® 1050 TG Quality Silver, kindly provided by Polaris)
(Table 1). The FA composition of the three diets is reported in
Table 2.

After 6 weeks of diet, two dams of each group were mated for
48 h with one Sprague-Dawley male rat fed a C diet (eleven
different males). Dams were further continued on their initial diet
throughout gestation and lactation. At birth, all the litters were
weighed and adjusted to eleven pups (male and female) per
dam to ensure a standard litter size per dam, with four males
per litter. At weaning (day 21 after birth), female pups were given
for adoption at Brest University Animal Facility. For each dam’s
diet, male pups of each dam (seven dams per diet, four male
pups per dam) were divided at weaning in two equal subgroups,
one receiving the C diet (10-14 pups), the other one the HF diet
without LC 7-3 PUFA (HF diet, 11-14 pups) for 7 weeks before
euthanasia (Fig. 1). The dams and pups were weighed twice a
week all along the study.

At sacrifice (2 days after weaning for the dams and 7 weeks
after weaning for the male offspring), dams and adult offspring
were submitted to the same protocol. After 12 h fast in the dark
phase, rats were randomised and were euthanised (decapitation
after intra-peritoneal pentobarbital injection, 50 mg/kg). Half of
each group of dams or of adult offspring received, 10 min
before sacrifice, an intra-peritoneal injection of either 9%o
NaCl (vehicle) or 4 pg/kg of insulin (Umuline). Blood was
immediately collected, and the plasma was separated by centrifu-
gation and stored at —20°C until subsequent analysis. Liver, leg
muscles (gastrocnemius) and peri-epididymal fat tissue were
weighted and snap frozen into liquid N, and stored at —-80°C.

Oral glucose tolerance test

An oral glucose tolerance test (OGTT) (3 g/kg body weight) was
performed in dams 3 d before mating, in pups at weaning (post-
natal day 21) and 6 weeks after weaning (Fig. 1. After 12 h
fasting, a local anaesthesia with lidocaine (5% EMLA cream;
AstraZeneca) was performed on the tail, and a vein blood sample
was taken (#=0). The glucose solution was then administrated
orally by gavage. Blood samples were collected at 15, 30, 45,
60, 90 and 120 min. For each sample, a fraction was immediately
used for glucose determination with a GLUCOTOUCH Pro
Glucometer (Lifescan), another fraction was collected in hepari-
nised tubes (Microvette; Sarstedt) and plasma was separated by
centrifugation and stored at —20°C.

HOMA-IR score was calculated using the formula: fasting
insulin (uIU/ml) X (fasting blood glucose (mmol/L)/22-5.

Milk and plasma glucose, insulin, leptin and NEFA
plasma concentrations

Plasma insulin and leptin concentrations were determined
using ELISA kits (Merck-Millipore). Plasma and milk NEFA
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Chow diet (C)

Hyperlipidic diet (HF)

Hyperlipidic with n-3 diet (HFn-3)

Weight (%)

Energy content (%)

Weight (%)

Energy content (%)  Weight (%)

Energy content (%)

Proteins 196 228 174 131 174 131
Carbohydrates 55-1 64-1 36-8 26-3 36-8 26-3
Lipids 5 131 35-8 60-6 (maize oil, 35-8 60-6 (1/3 as fish oil, 2/3
rapeseed oil, lard) as maize oil, rapeseed oil, lard)
Minerals 7 0 5.9 0 5.9 0
Vitamins 1 0 1 0 1 0
Fibres (cellulose) 6 0 0 0 0 0
Energy supply (kcal/100g) 343-8 531.7 531.7
Diet composition was provided by the diet manufacturer (SAFE).
Table 2. Fatty acid composition of the different diets in mg per 1000 g of diet
Fatty acid Chow diet (C) High-fat diet (HF) High-fat diet with n-3 (HFn-3)
Palmitic acid 8744 86 278 57 683
Stearic acid 4299 47 256 31594
Palmitoleic acid 940 10 622 7102
Oleic acid 20 050 143 916 96 218
Linoleic acid 10 165 33473 22 379
a-Linolenic acid 1222 3598 2406
EPA 15 080
DHA 30 320
other n-3 (18:4, 20:4) 8120
Sum n-3 1222 3598 85 926
Sum n-6 10 165 33 473 22 379
Cholesterol 26 203
Fatty acid composition was determined by the diet manufacturer SAFE (Augy) and Polaris (Quimper).
Dams’ diet for 12 weeks Male pups’ diet Euthanasia,
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Fig. 1. Schematic overview of the experimental protocol.

(day 21 of pup’s life)
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Table 3. Morphometric and biochemical characteristics of dams
(Mean values with their standard error of the means)

Chow diet (n7) HF diet (n 7) HFn-3 diet (n 7)
Mean SEM Mean SEM Mean SEM
Initial body weight (g) 201-6 26 2025 2.3 1981 23
After 6 weeks of diet and before mating
Body weight (g) 302:4 35 311.2 2.7 296 4.4
Body weight gain (g) 93-63 85 103-00 77 110-73 6-89
Food intake (kcal/week) 421-46 7932 493.75 15.7° 41528 23192
Glucose at TO (mg/dl) 78-44 5-61 76-64 1-63 78-44 4.49
Insulin at TO (ng/ml) 0-84 0-13 0-88 0-14 0-85 0-13
HOMA-IR 4.73 0-50 4.96 0-53 466 0-47
AUC glycaemia (mg/dl per 2 h) 11 801 33092 13618 243° 12 348 3132
AUC insulinaemia (ng/dl per 2 h) 120-42 10-08?2 188-67 21.70° 96-18 15-482
NEFA acids (mM) 0-69 0-022 0-89 0-02° 077 0-03
Leptin (ng/ml) 2:63 0-372 6-44 0-25° 397 0-34°
At the end of the gestation and lactation period
Body weight at the end of gestation (g) 3921 3-402 422.40 6-60° 415.10 4.4QP
Body weight gain at the end of gestation (g) 8363 8.532 103-00 8.75° 116-00 5.69°
Cumulative energy intake during gestation (kcal) 235-65 4.762 327.22 17-86° 37555 27132
Body weight at the end of lactation (g) 348-90 5902 369-00 5.60° 340-90 8-802
Body weight gain at the end of lactation (g) 1288 5.722 7-25 3-262 -19.75 7-50°
Cumulative energy intake during lactation (kcal) 411.54 6-92 494.67 72.39° 375-55 27132
Number of pups in litters before normalisation 12.29 091 1143 1.20 943 0-99
Percentage of males in litters before normalisation 58-45 2:62 50-19 4-41 48-62 8.57
At sacrifice (48 h after weaning)
Chow Chow HF HF HFn-3 HFn-3
diet + vehicle diet + insulin diet + vehicle diet + insulin diet + vehicle diet + insulin
(n3) (n4) (n3) (n4) (n3) (n4)

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
NEFA acids (mM) 0-90 352 0-46 0-03?2 113 0-05° 093 0-03° 0-89 0-042 0-59 0-03?2
Leptin (ng/ml) 2.09 0132 2.26 0162 5.95 0-42° 616 0-62° 384 0-74° 4.87 0-50°

The number of rats per group is indicated under each heading. OGTT was performed in a fasting state (12 h). The difference for body weight after lactation was calculated between the
body weight at the end of lactation and the body weight after birthing. HOMA-IR (homoeostasis model assessment of insulin resistance) score was calculated using the formula: fasting
insulin (u1U/ml) x (fasting blood glucose (mmol/l)/22-5. Results for each parameter were analysed by one-way ANOVA or two-way ANOVA (data at sacrifice). For each row, data points
with differing superscript letters (a,b) differ from each other by P < 0-05 by post hoc test after intergroup differences were found by one-way ANOVA.

concentrations were determined by a colorimetric method using
a NEFA C kit (Wako Chemical).

Western blot

Liver, leg muscles (gastrocnemius) and peri-epididymal fat tissue
(1 @) were ground in liquid N, and tissue proteins were extracted
in ice-cold buffer containing 150 mM NaCl, 10 mM Tris, 1 mM
EDTA, 1 mM ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,
N'-tetraacetic acid (EGTA), 1 % triton, 0-5% NP40, 2 mM phenyl-
methylsulfonyl fluoride (PMSF), 10 pg/mL leupeptin, 10 pg/mL
aprotinin, 100 mM Na fluoride, 10 mM Na pyrophosphate, 2
mM Na orthovanadate and pH 7-4. After 45 min on ice, homog-
enates were centrifuged 5 min at 10 000 g at 4°C. Protein concen-
trations in supernatants were determined by a DC protein assay
(Bio-Rad). Lysates were separated by SDS-PAGE, and immuno-
blotting was performed using antibodies directed against Akt or
Akt phosphorylated on Serine 473 or actin (secondary antibody
Goat Anti-Rabbit HRP-linked at a concentration of 1/2500, ref
#7074; primary antibody anti-Akt at a concentration of 1/1000,
ref # 9272; primary antibody anti-pAkt Ser?’3 Akt at a concentra-
tion of 1/1000, ref #9271; primary antibody anti-actin at a
concentration of  1/4000, ref #4970; Cell Signaling
Technology). The results were analysed using Image J software

to obtain the optical density (NIH). Actin was used as loading
control.

Statistics

Data are presented as mean values with their standard error of
the means. Statistical analyses were performed using ANOVA
test and Bonferroni post-test with Prism statistics Software for
MacOS system (Graphpad software Inc.). A P value < 0-05 was
considered as statistically significant.

Results
Morphometric and biochemical characteristics of dams

Body weights were not different among the three groups at the
start of the study as well as after 6 weeks of diet (Table 3). At the
end of gestation, body weight was higher in HF and HF#-3 dams
than in C dams (P =0-031 and 0-039, respectively) with no differ-
ence between HF and HF7-3 dams (Table 4). Litter size was not
different among the three groups (Table 3). At the end of lacta-
tion, body weight of HF dams was higher than that of HF#n-3
(P=0-031) and C groups (P=0-034) (Table 3).
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Table 4. Morphometric and biochemical characteristics of rat male offspring at weaning (day 21)

(Mean values with their standard error of the means)

Chow diet (n 23)

HF diet (n 28) HFn-3 diet (n 21)

Dam’s diet Mean SEM Mean SEM Mean SEM

Body weight at birth (day 1, g) 8-31 0-322 10-24 0-41° 8.02 0-312
Body weight at day 7 (g) 1570 0-372 19-00 0-55° 15-06 0-652
Body weight at day 14 (g) 26-40 0-482 3331 0-73° 24.75 0-992
Body weight at day 21 (g) 35.96 0-642 46-64 1.38° 3285 1.292
Body weight gain at day 21 (g) 27-65 0-562 36-40 1.15° 24.83 1.202
NEFA in milk at day 21 (mM) 313 0-292 8:09 0-30° 743 0-30°
Plasma NEFA at day 21 (mM) 0-62 0-032 0.72 0-03° 0-75 0-11°
Plasma leptin at day 21 (ng/ml) 0-48 0092 2.22 0-10° 119 0-10°
Glucose at TO (mg/dl) 107-83 3112 80-59 4.20° 98.04 3.42¢
Insulin at TO (ng/ml) 0-21 0-03 0-23 0-02 0-16 0-08

HOMA-IR 1-50 017 1.31 0-09 110 0-16

AUC glycaemia at day 21 (mg/dl per 2 h) 13 230 4942 14 547 339° 14 090 431ab
AUC insulinaemia at day 21 (ng/dl per 2 h) 36-37 6-352 52.98 5.08 ° 28-96 3.362

HOMA-IR (homoeostasis model assessment of insulin resistance) score was calculated using the formula: fasting insulin (u1U/ml) x (fasting blood glucose (mmol/l)/22:5.The number
of rats per group is indicated in the table heading. Results for each parameter were analysed by one-way ANOVA. For each row, data points with differing superscript letters (a, b) differ
from each other by P < 0-05 or less by post hoc test after intergroup differences were found by one-way ANOVA.

Before and during gestation as well as during lactation,
energy intake of HF-fed rats was higher than that of HFn-3
and C rats (P<0-05) (Table 3); energy intake of HFn-3 was
not different from that of C rats. The difference of food intake
between groups occurred as soon as week 2 on the diet (data
not shown).

After 6 weeks on their respective diets, NEFA concentrations
were increased by 28 % in HF dams compared with C dams (0-89
(sem 0-02) mM v. 0-69 (sem 0-02) mM, P = 0-021, Table 3) reflecting
the higher percentage of fat in the diet. NEFA plasma levels in
HFn-3 dams (0-77 (sem 0-03) mM) were not different from those
of HF and C dams (Table 3). Leptin plasma levels before gesta-
tion were different among the three groups with HF dams
showing a 144 % increase as compared with C dams, while
HFn-3 leptin levels were decreased by 38 % as compared with
HF dams but were still higher than in C dams (Table 3).

At sacrifice, NEFA plasma levels were higher in HF dams than
in C (P=0-022) and HF7-3 dams (P=0-021), but not different
between HF7-3 and C dams (Table 3). Following insulin acute
injection before sacrifice, NEFA plasma levels decreased signifi-
cantly in C rats by 49 % (P=0-001) and in HF#7-3 rats by 30 %
(P=0-002) but not in HF-fed dams (Table 3). In addition,
NEFA plasma levels of HFn-3 dams injected with insulin were
statistically different and intermediate from that of C- and
HF-insulin injected dams (P=0-023 and 0-002, respectively;
Table 3). As we observed before gestation, leptin plasma levels
were higher in HF than in C dams (P = 0-004) and in HF#7-3 ones
(P=0-031), but no difference was observed between HF#7-3 and
C dams (Table 3).

Effect of diet on glycaemic and insulinaemic responses to
oral glucose tolerance test and peripheral tissues insulin
signalling in dams

At time 0, glycaemia and insulinaemia were not different among
the three groups. AUC of glycaemia and insulinaemia during
OGTT before gestation were higher in HF than in HFn-3
(P=0-032 and 0-015, respectively) and C rats (P=0-025 and

0-0206, respectively; Table 3). No difference was observed
between HF#7-3 and C rats (P= 0-264 and 0-244, respectively).
HOMA-IR was not different between the three groups of dams
(Table 3).

To determine if any of the diet altered insulin signalling, total
Akt and Ser”? Akt phosphorylation were determined in
liver, muscle and adipose tissue (AT) of dams at sacrifice. The
activation of Akt occurs downstream of phosphoinositide
3-kinase. Phosphoinositide 3’-kinase generates phosphatidyli-
nositol-3,4,5-triphosphate PIP(3), a lipid second messenger
essential for the translocation of PKB/Akt to the plasma
membrane where it is phosphorylated and activated by phos-
phoinositide-dependent kinase-1. Akt is a key mediator of the
distal steps in insulin signalling, such as modulation of glucose
uptake by GLUT4, glycogen synthesis by glycogen synthase
kinase (GSK3), protein and fat synthesis by mTOR and gene
expression by forkhead family box O™,

Akt protein abundance remained unaffected by diets in any
of the analysed tissues, as estimated by the ratio Akt/f-actin
(Fig. 2(a)). Ser?”3 Akt phosphorylation was almost completely
abolished in the three tissues of HF dams (ratio insulin/vehicle
Seri3Akt < 1; Fig. 2(b)) while it was activated by 4- and 3-fold,
respectively, in liver and muscle of HFzn-3 dams (Fig. 2(b)).
However, it was partially reduced in AT of HFn-3 dams as
compared with C dams (P=0-033) (Fig. 2(b)). This absence of
impairment of the Ser?”> Akt phosphorylation in HF7-3 dams
may have contributed to the improved glucose tolerance during
the OGTT.

Characteristics of rat male offspring at birth and
at weaning (postnatal day 21)

No difference in sex ratio and number of pups per dam
according to the dam’s diet was observed. At birth, the male
offspring born to HF dams were heavier than those born to C
dams (10-24 (sem 0-41) g v. 8:31 (sem 0-32) g, P=0-007) or to
HFn-3 dams (8-:02 (sem 0-31) g, P=0-006) while not difference
occurred between C and HF7n-3 pups (Table 4). At weaning,
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Fig. 2. Analysis of dams’ response to insulin at sacrifice after 12 h fasting. Insulin was injected intra-peritoneally at a dose of 4 ug/kg 10 min before euthanasia. C means
chow, H means high fat, HF n-3 means high-fat n-3 enriched diet. (a) Western blots of Akt and phosphorylated Akt on Ser*’3. To ensure equal protein loading and transfer,
membranes were reprobed for g-actin; (b) quantification of Ser*”® Akt phosphorylation ratio insulin/vehicle. Data are mean values with their standard error of the means
(n 7/group). For each tissue, data with differing superscripts differ from each other by P < 0-05 or less when assessed by one-way ANOVA followed by post hoc test.

HF male offspring were heavier (46-64 (sem 1-38) @) than C (35-96
(sem 0-64) g, P=0-001) and HFn-3 pups (32:85 (sem 1:29) g,
P=0-002) while body weight and body weight gain were not
different between C and HF#7-3 pups (Table 4). The difference
in body weight between HF pups and C or HF#-3 pups increased
every week during lactation (Table 4) and at weaning, HF72-3 male
offspring gained 31-8 % less weight than HF male ones.

NEFA concentrations in the dam’s milk at weaning were
higher in HF and HF#n-3 than in C dams (8:09 (sem 0-30) mM
and 7-43 (sem 0-30) ». 3-13 (sem 0-29) mM, P=0-027 and 0-024,
respectively). They were not different between HF and HFn-3
dams (Table 4).

Glucose, insulin, leptin and NEFA concentrations of pups
at weaning

During OGTT, glycaemia was increased from time 30 min to time
90 min in HF pups as compared with C pups (P<0-05)
(Fig. 3(a)). Glycaemic response in HF#7-3 pups was intermediate,
but not different from that of HF and C offspring. AUC of
glycaemia was higher in HF pups than in HF7-3 and C pups
(P=0-02 and 0-03, respectively), and not different between
HF#n-3 and C pups (Table 4). Even though glucose levels were
decreased in HF pups, insulinaemia at time 0 was not different
between the three groups (Table 4). However, insulin levels
during OGTT were increased at time 15, 60, 120 min in HF pups
as compared with C and HFn-3 pups (P<0-05) (Fig. 3(b)).
Insulin AUC was increased by 2-fold for HF pups as compared
with HF7-3 pups (P=0-006), whereas it was not different

between HF7-3 and C ones. As a result, HF pups need to secrete
more insulin than HF#7-3 ones to maintain a glycaemia close to
that of HFn-3 pups (Fig. 3, Table 4). HOMA-IR was not different
between the three groups of pups (Table 4).

Basal plasma leptin levels were higher in HF (2-22 (sem 0-10)
ng/mD than in C pups (0-48 (sem 0-09) ng/ml, P=0-003) and
HFn-3 ones (1-19 (sem 0-10) ng/ml, P = 0-007), and in HF#%-3 than
in C pups (P = 0-012). Notably, they were higher in HF#7-3 than in
C rats (P=0-004; Table 4) despite displaying similar body
weight. Basal NEFA plasma concentrations were higher in HF
and HF7n-3 diet pups as compared with chow-fed ones (Table 4).

Body weight and energy intake of 9-week-old male rat
offspring fed a C or HF diet for 6 weeks

After weaning, male rat’s offspring of each dam were randomly
divided into two groups and fed either a chow diet (C-C, HF-C,
HF#7-3-C) or a HF diet (C-HF, HF-HF, HF#n-3-HF) over 6 weeks
(Fig. 1. HF-C rats presented a higher body weight than
C-C (P=0-036) or HFn-3-C ones (P=0-029; Table 5).
Nevertheless, body weight of C-C and HF#7-3-C rats was not
different (Table 5). Body weight of C-HF and HF-HF rats
was similar, but body weight of HF#n-3-HF rats was lower
than that of C-HF and HF-HF pups (P=0-039 and 0-020,
respectively; Table 5).

Cumulated energy intake over 6 weeks was higher for HF-C
pups than for C-C ones (P = 0-037) and HFn-3-C (P=0-031), and
not different between C-C and HF#n-3-C rats (Table 5). Energy
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Fig. 3. Oral glucose tolerance test at weaning after 12 h fasting (day 21). This figure related to Table 3. C means chow, H means high fat, HFn-3 means high-fat n-3
enriched diet. (a) Blood glucose plasma levels; (b) insulin plasma levels. Data are mean values with their standard error of the means (n 21-28/group). Data were
analysed using a repeated-measures one-way ANOVA followed by post hoc test. For each time point, data with differing superscripts differ from each other by

P < 0-05 or less when assessed by one-way ANOVA followed by post hoc test.

intake was also higher in HF-HF pups than in C-HF and
HFn-3-HF pups (P=0-043 and 0-037, respectively) while it
was lower in HF#7-3-HF than in C-HF rats (P < 0-05; Table 5).
In male offspring fed a C diet after weaning, HF#»-3 diet in gesta-
tion and lactation resulted in energy intake and weight gain
similar to the ones observed for C diet, contrarily to HF one.

Glucose, insulin, leptin and NEFA plasma levels
of 9-week-old male offspring

In C-fed rats after weaning, glycaemic response during OGTT
was higher in HF-C and HF#n-3-C than in C-C (P=0-003), and
not different between HF-C and HF#n-3-C rats (Fig. 4(a)). The
AUC of glycaemia was higher in HF-C and HF#n-3-C rats than
in C-C ones (P = 0-028 and 0-021, respectively), and not different
between HF-C and HF#-3-C pups (Table 5). Insulinaemia was
higher at time 15 min in HF-C rats than in C-C ones
(P=0-027; Fig. 4(c)). AUC of insulinaemia was higher in HF-C
than in C-C and in HF72-3-C rats (P = 0-03 and 0-01, respectively),
and similar between C-C and HF#7-3-C rats (Table 5).

In HF-fed rats, glycaemic response was higher at time 15 and
30 min in HF-HF than in C-HF and HF#»-3-HF ones, and not
different between C-HF and HF#7-3-HF rats (Fig. 4(b)). AUC of
glycaemia was higher in HF-HF rats than in C-HF and HFn-3-
HF ones (P=0-019 and 0-023, respectively), and different
between C-HF and HFn-3-HF rats (P = 0-036; Table 5). In HF-
fed male offspring, insulinaemia during the OGTT was higher
from time 15 min to time 45 min in HE-HF rats than in C-HF
and HFn-3-HF ones (P=0-001 and 0-0006, respectively)
(Fig. 4(d)); it was not different between C-HF and HF#-3-HF rats
(Fig. 4(d)). In HF-fed rats, AUC of insulinaemia was higher in HF-
HF rats than in C-HF and HF#»-3-HF ones (P = 0-007 and 0-000,
respectively) and was not different between C-HF and HFn-3-
HFrats (Table 5). These results evidence that offspring born from
HF diet-fed dams always present a higher AUC of insulinaemia
independent of their post-weaning diet. This was not observed
for HF#n-3 fed dams whose offspring display values similar to the

ones of rats born to C-fed dams (Table 5). HOMA-IR was lower in
HF#n-3-C pups as compared with HF-C pups and lower HOMA-IR
in HFn-3-HF adult pups as compared with HF-HF pups
(Table 5). Basal plasma NEFA concentrations were not different
among the three groups of C-fed rats. Contrarily, they were
higher in HF-HF pups than in C-HF and in HF#n-3-HF pups
(P=0-0029 and 0-022, respectively). They were not different
between C-HF and HF#-3-HF (Table 5).

Basal plasma leptin levels were not different among all C-fed
groups (Table 5). In HF-fed male rat offspring, leptin concentra-
tion was higher in C-HF and HF-HF rats than in HF#-3-HF ones
(P=0-040 and 0-035, respectively). They were not different
between C-HF and HF-HF rats (Table 5).

Liver weight (expressed as percentage of body weight) was
not different among the twelve groups. However, peri-epididymal
AT (expressed as percentage of body weight) was more important
in C-HF and HF-HF rats than in their C-C and HF-C counterparts
(P < 0-05; Table 5). This was not observed between HF72-3-HF and
HFn-3-C rats (Table 5). Moreover, in HFn-3-HF rats, peri-
epididymal AT mass was decreased by 14 and 22% as compared
with C-HF and HF-HF, respectively (Table 5).

Physiological characteristics of male offspring at sacrifice

As described in the ‘Materials and methods’ section, at 10 weeks,
each of the six groups was randomly divided into two subgroups:
one receiving an intra-peritoneal saline injection and the other an
intra-peritoneal insulin injection in order to activate insulin signal-
ling (4 1U/kg of insulin).

As observed at time 0 during OGTT, plasma leptin concentra-
tion in the saline injected groups was higher in C-HF and HF-HF
rats than in HF7-3-HF ones (P=0-037 and 0-042, respectively)
but was not different between C-HF and HF-HF ones (Table 6).

After saline injection, plasma NEFA concentration was higher
in all HF-fed rats than in all C-fed rats groups (P < 0-05; Table 6).
Following insulin, NEFA concentrations were decreased in all
C-fed and HF-fed rats (P < 0-05; Table 6).

ssaid Aussanun abpliguie) Aq auljuo paysiignd X/ L000€ZS L LL000S/£L0L 0 L/Bio 10p//:sd1y


https://doi.org/10.1017/S000711452300017X

Nutri
Journal of
itish

Britis

o

le
liver, musc
. ! ’
. n H
f male offpring
hory le
Sp fma
r473 phi_ssue (o] n and
l tio
. t al. d Se ipose sta ing,
uriec el ion an adipo ing ge ffspring
I 1
N. G ress idvma ino du ale o ran
Akt expr epididy feedlng in ma ed afte
358 nd P e-r I' e -3 dan.]s Signanlngdetermln in
3 23 a acrific r HFn insulin 473 was s. rotet
LAY =73 ts. the ins r dam: kt p
Q < =) a he Ve Se r A ee
RS S Y SS W impro ton ed fo blot, the thr
Egrbd 338 g3 To asse might tion of Aks perform western oups md g 10 its
oY% R 0 - <) 23 tation ryla ifice, a in by S’ gr ardin
SN 8 © g < o = g lac hOSphO acrifi - actin pup. d reg .
=) g ts ith any urre in
1128 gl &9 ° 89| 8 g the p olus a dw een any occu rred
« N~ 8 D | &8 3 lin b mpare: betw: ences occu as
w VOSSN N gL insu n co ot vary differ lation ile it w
Sk N8R o 53 Whe did n ver, sphory hile la-
= * N [sY S’ -5 ce owe 73 ho&p 05)7 w < hory
2| < Ferd 28 ndan 5). H 173, Akt p <0 hosp ale
il w =REC ~ =y abu Fig. 5 n Se Seri73A s (P 73Akt p C ma
w L T % »H N 4\ 2o es ( e ion o t Ser’ rats IA A -3- 7
T el & Qe £ issu lati ifican -3-C ). Se HFn <007,
= FY 5% g E £ thosphory a Sigmg in HF? ?aﬁd (Q))And >3 %003 and aniﬁ'
& 288 &3 p liver, an io. 5(a FC ¢ =0- as si .
o Ommoo S In 05) s (Fig. in H P= ion w -01;
on%gm‘ 2E 0- ats % in ats latio =0
,_o)Q.o‘_ 3= (P< C ra 80 C ra ory @ s
28,359 S® 82 C-C in HF d by ith C- sph nes dam:
il g = S| nE ed in ase wit pho F-C o Fn-3 s
w - [} © S s lunt ecre ared ition, in H H was
2] < 8 (=] B b as di pa addi n in n to ion
Qo3& © - o £ ion w com Ina tha ing bor lat ats
= 8%g = S5 tion ing as 5(0)). ats ring hory dr
Tl SIN =) 8 ng ig. 5 -C r ffsp Osp iet fe -
- T N T © ] ffspri ly, Fig 1-3 le o t ph die hos
S SN - < s ¢} ively, in HF ma 473 AL -HF nop
£l s T e= o ~ g5 spect rin hen Ser ith C hich ho-
I w S 85 ® 2 ] resp highe ly, w ing, S d wil r W] hosp
L 8| 8 2% g8 tly hig imilarly eanin are ats fo 73 Akt p ats
= “ska 3 25 can ). Si OSt-W comp F-HF r r73A diet r.
‘_q.,_voo e ig. 5(c F p 0% inH er, Se F-C
883853% °© £s Hig fed H only 2 s than i 10 that of I d
EEEE I 25 decreased by s far les o Moreoven Il C-fe
=l 93 233 8| £ < decreas'; which i ed (Fig. )as simila sed in a t phos-
& 838 €8 0-03), curr ts w. increa BTN d
©a 0w~ o 3 = ion oc ra ion in Ser an
N w =88 3 RS =« & 2 (iorylanonHF”_S_HF horylation d (. (5; 0-033) nes
: -9 22 . . an s (P= o
S| E l\co'_q-'_ 2> phor in hosp. 5(a) a ats -3-C .
RS ol _ guger ~ g5 rylation ). 73Akt p lin (Fig. 5¢ HF-C r in HFn 3.0n was
5 & g 838 35 g2 (Fig. 5(c scle, Ser to insuli C than in 5 than i hofylau))
b= Y 5 B BN SH I g mus onse in C- C rats hosp ig. 5(0)). in
qmc?oo s In in resp ioher i in C- Akt p : Fig. d i
by s=3 ‘é § roups in n was hlghigher 11;1 Ser* (1;— 0-038; gphorylateﬂion
Ag5 5™ O Q 3 g latio: nt tably, s = hos parts :
FQ S o5 ory exte Noi C rat as p in com s in
Bl *38 AR E ph: sser 5(c)). N HF- 3Akt W Ids in fold:
% 2358 5t in a les Fig. an in r7A by 3 fo 45 ups
_ B ) ee n -048; -C th T, Se rats (by s (by F-C p
“lo wogupl.oc) =g P=0 Fn-3 alA’. C-C C pup in H lation
|9 833333 £e C in HE7 idym: lus in n-3- ot i horyla
® £« = 0 Q < g R icher . id in bo in HF t n S S
= & =l o 52883 8 5|35, hlgIn peﬂ-eﬁe inSuhI;@ and 1n0 021) E;J%Ak[ pho PC_C pup
o [ Al DD 50 t 0 -0 2 in
T o] Qo I @ to _ P Ser
. 5 = BB 35 252 responsﬁiclev P;lovehide’. tissue, 2 C than fed with
2 NG 3 585 ith ve it this Fn-3- efe d
kS mf\e—.':““\‘o %u:_g 1thv. wil In in H iet wer: ate
5 IBoord 593 W parison d (. ] her in n-3 diet sphoryl al
£ 2| R oo Bls g é com 5(@) an ty hig (@)} HF, HF ot pho ididym:
[ jm} - © el 5 22 io. ifican d C ’ n ‘_ep
9] ) o < 2 (Fig ionific 5(a) an toC, as eri
= o — ) ° n . a m t W p
o S 883bgkas °3¢ e 0030: T ’fgspring bo Ser“73AkUscle and
& g (Li 85 Zge E e #=0-0 male o eﬂning' n, in m
s |u 51T . 8883 %558 ¥ e i plicatio
S 2 g\ 8 §oby 53 8 HF dlet< ulin ap
4] o = oo & - S| e g a . mns ().
> bad RE33 £S5 llowing (b) and gdams
) Shiba 58 fo io. 5 din, 1d
= g88 - BosE . fee u
) HHY 333 S %; AT (Fig hesis that fation wo far
—— ° t C . as
> B ® =33 a 2 °5 hehypo- nandla F diet,a
= © 8 [o) R ) < 8 @ n totestt estatio fedaH ‘ng
= = © 5 5 < H S . y .
% E Q (2] 8 g 8 ‘? T g % % Discussio de WasFA durlngged Wherflter WeaanA durln%
= Y S 5 2 is s _ Vi iet - i
g % ; O c| o Ny § °K kS g § i Ofthlshed inn Stions Obze‘1 C diet a 1C n_‘sp[ive Welgﬁ(
Q@ < o N Y = a i a ) ‘ to cess d
3 Cl|3 o 5 S| o8 2 The iet enric ic alter. s fe sed xce an
£ 5 2 =) = 5 liet e lica ing i pOs inst e GI) £
= o | E 28 HF d tabo fsprin, ing ex again ce ( ing o
g 13 o £ a tme le offs ffspring ted ag leran, ffspring c
- > e <% even It ma It offs otec se into ith offs this
<] 8|S ] pr adu adu € pr Se wit en
81 %e 0 ea hat A er luco red twe ack
2% Rl 5= 2 W d I ke, ing as bs an cifi
3 & o 238 ion an inta ani ancy o ers) ies-spe
g g = % 3 § E 5 gestatlod energ}fl d after Wediscrepiln Zlnd otlhy gpeclesmeﬂt of
o [ 215 S0 in an e N y Dy lop
S o N 2.2 2o 8 ina HF The stu ined ve
S < @ ° o Sag ga or S. ur lain f de
o= Q 29 3o v n C dam: s (o Xp. O]
= O - 17 [Sls} he in rats e i WS
i ) £ 288 L W iet fed ct in an be windo
o o £ 9 R T2 F d ffe C ined
§& g g 2 255 =88 H tive e mans define
£2 g by 5= 1 253 g rotec in hu s of
8% a g S & EE 823 p ffect in terms
Sg 3 CE Es ) %’>~%‘ 3£ of e ces in
IS @| o ~c S £ g 3 232 338 ifferen
£3 S| 5 §3_ Ce £ 223 £t diffe
g5 vl ameegagzg@%e g8
2= oS g%gé’é%cgagsg& a
= 212 o oE £ Q= 55
5% HE gg%gi§§9344
1A
= < ° = S Q m O
: S » [} (7] m
[} P 2L
25 HEE:
T =
c=

:sdny
‘lop//:s
b1o'10
Lot/
L10
00S/
LLLO
€zsy
qnd X/1000
dysi|
1Juo p:
Aqaul
we)
BpLq
un ol
ISI3A!

ssaud Ayl


https://doi.org/10.1017/S000711452300017X

British Journal of Nutrition

Prevention of fetal programming by 7-3 fatty acids 1129
(@) (b) ]
180 1 ~—C-C ~A—HF-C =@~HFn-3-C 180 b —®=C-HF  —A—HF-HF  —8-HFn-3-HF
a a n=11 n=14 n=11 b a n=12 n=14 n=10
160 a a 160
. =
T 140 T 140
E 2
£ £
— 120 - o 120
b o
2 100 S 100
2 [C]
G}
80 80
60 - - - - - r 60 - T T T r ,
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)
(©) (d)
9-0 - 9.0 -
—4—C-C HF-C  —=HFn-3-C ~—4—C-HF =d—=HF-HF ~@~HFn-3-HF
8:0 n=11 n=14 n=11 80 n=12 n=14 n=10
__ 70 -
-
£
"BET; 60 - >
£ 504 . =
£ 40 - b £
E b 2
2 30 I E

0-0 - T

T T T 1
0 20 40 60 80 100 120

Time (min)

0 20 40 60 80 100 120

Time (min)

Fig. 4. Oral glucose tolerance test in 9-week-old male rat offspring born to C, HF or HFn-3 dams and fed C or HF for 6 weeks after weaning, after a 12 h fast. This figure
related to Table 4. The first letter corresponds to dam’s diet and the second one to pup’s one after weaning. C means chow, H means high fat, HFn-3 means high-fat n-3
enriched diet. (a) Glucose plasma levels when C diet post-weaning; (b) glucose plasma levels when HF diet post-weaning; (c) insulin plasma levels when C diet
post-weaning; (d) insulin plasma levels when HF diet post-weaning. Data are mean values with their standard error of the means (n 10—14/group). Data were analysed
using a repeated-measures one-way ANOVA followed by post hoc test. For each time point, data with differing superscripts differ from each other by P < 0-05 or less

when assessed by one-way ANOVA followed by post hoc test.

AT and beta cells. In addition, the model used in our study
(a very HF diet) in dams and the amount of LC 7-3 PUFA given
are not expandable to human diet.

After 6 weeks of diet and before pregnancy, body weight of
dams was not different among the groups even though their
energy intake was higher in HF than in C and HFn-3 dams.
The lack of body weight difference in HF dams although slightly
higher than in the other two groups may result from a lack of stat-
istical power. The absence of body weight difference in HF dams
has been previously described in the literature. Female rats or
mice are notoriously known to be resistant to HF diet feeding
contrary to male rats“?. Oestrogens have been proposed to
exert a protective effect against IR and the metabolic syndrome
since the prevalence of these symptoms increases in meno-
pausal women™?,

As expected, and after 6 weeks on HF diet, the glycaemic and
insulinaemic responses and the NEFA plasma levels were higher
in HF than in C dams, reflecting GI and IR of both glucose
metabolism and lipolysis. These alterations were not observed
in HFn-3 rats, confirming their preventive effect towards IR in
rodents as reported in many studies'®. Although higher in

HF#n-3 than in C dams, plasma leptin concentrations were lower
in HF#-3 than in HF dams, related to a probable lower fat mass
and/or reduced leptin expression in AT as previously
observed®49 These results are also in agreement with those
obtained the day of sacrifice of dams.

At sacrifice and after 12 weeks of diet, HF diet hampered lipid
mobilisation in response to insulin, as evidenced by NEFA
plasma concentrations. LC n-3 PUFA prevented this alteration
as HFn-3 dams displayed similar NEFA plasma concentration
as C dams following insulin bolus, reflecting an increased insulin
sensitivity of lipolysis by LC 7n-3 PUFA. Consistent with these
results, the defect of Akt Ser’”? phosphorylation induced by
the HF diet was completely prevented in HF#z-3 dams in liver
and muscle and partially in AT as previously observed 49,

Dam’s diet did not influence the number of pups per litter or
the sex ratio in our experiments as previously reported™”4®.
Pups born to HF dams were heavier at birth and during the
lactation period than those born to C dams, as previously
reported“®4?_ At birth, body weight of male offspring of
HF#n-3 dams was similar to the body weight of male offspring
born to C dams, as previously reported®. This effect was also

ssaid Aussanun abpliguie) Aq auljuo paysiignd X/ L000€ZS L LL000S/£L0L 0 L/Bio 10p//:sd1y


https://doi.org/10.1017/S000711452300017X

utrition
ish Journal of N
Britis

o

ing 2
‘tratlng.
iod, demons F diet
. perod, ernal H ion
“tation S mat statio
iec et al. he lacta towards ring ge e
N. Guriec hroughout t 3 PUFA weight du results, Wd
: thro f LC n- ~ess ious an
served 't of L f exc ith previ f HF
Observ. effect ission o with p ilk of ilk of
“tive ANSMIS dance in the m in mi
rotec al tra accor ) in han in t
> P al-feta 16,48) 1n ac ations isher t| as No
3 aterna (46,48) ntra hig ilk wa
G| 3 maternal-fe n once were f mil hat
Q9 @ lactatio FA ¢ X and ition O . ice t
Gzl Q¢ o and la at NE ifferent sitio nm
o| 2 S o an that diffe COmMpo. W1 1 that
1130 Fl2|d ° rved e not he co ¢ shown ir ored
T < 8 obse S wer ugh t rs hav ke mirre
Vel 88 3 -3 dam 50 Altho dy, othe il inta
N > 2 0 HFn (32,47-50). study, ing fish o in HF
& 2 § © Q;. C dams in the preser'lltk following f trations in Hn
- -N ed in th f mi e it ca
o=l 28 £ assess sition 0-050 in plasma ¢ orted > en-
W L‘c’ u oo ° the COmpOi diet3250, h r ]eptln p -Ously rep 1 ptin Conc1
< < iche vi ilk le similar
T © R 3 f materna ing, the hig been pre igher milk isplay sim
23 §| & i £ © t weaning, € g have nd/or hig ffspring disp. f HEn-3
L5 § 0 S A ffsprin tmass a ale offs levels o but
TS o < in C offspr her fa Fn-3 m lasma spring, b
n i :
| s Dg 8 % tha latedtoa h gn though H ing, leptln p F male Offbp plaine(/j
< 8] 23 T be re (5355 Eve ale offspri othat of H ould be ex kO
w s 5 ions | m an is ¢ . in m
I £ c 5 ‘c'_) -g' trati eight as C lower th . ring. Th trations body
S 8| 3= g body w ing were ale offsp in concen a higher her
T2 J fspr C m lepti ition to hig
c| 2 8 ale off t of /or lep tion had
= LN I ma han tha (32) and, 56) addi dams . both
e 8 isher t ass 4350 In HF ting
< s < C = hlg fat m . T( . from eflec . -
~| oz IS} kS r A TT r insu
sl &) 3 2@ a lowe ion in ffspring OG' ams,
T|e 53| & by expressic male o onses 1o f HEF7-3 d that of
Tlo c & 2 d/or ning, ic resp ing o from
12| § e 2 an ht, at wea ulinacmic re In offspr ¢ different ffspring.
2|2 - cight, ¢ d ins in mice“®, € no ale o t
> © > w ic an dinm S wer f HF m: ive effec
LY o caem orte i onse at of ctive 48)
—_ z 9] g S le dIR as rep emic resp t from th: a prote in mice®@®
2|3 © 5 Glan ic and glyca t differen UFA have orted in fetal
. : o e 16 75 P ot A moduine fed
| £ S| 8 2 = ing of s tha twe also s were
o é %’ © £ foSpr(ljnilOnstrates rammed IR;UF 'A could g groups WHF diet
c £ is de . og -3 ring g a
2 g g This liet pr Cn ffsp aCor ioht
28 « s HE d her L ee O ither a c1g
sl = © C s rds het thr ing eit dy w
©| = 3 5 owa sess W the anin iet, bo
|8 g < t To 355655t ) dulthoodl’l wing wean C(g)ntrol diet, ¢ than those
w . ) , e e
e £l o 3 g imprinting a eriod fo ltsfed a C was low ing rats wer
) < e S imp 6-week pUF A. In adu Fn-3 dams weanling of HF72-
o a P : HFn- hen 'ng
> 5 s over n-3 nd iet. W ffspri C
bh| ¢ tLC fCa f diet. le offs d the
n 3 s ithou . (@) ks o ltma s fe
=| s Ql C wit ffgprlng 6 wee adu dam in C
© & oo ; ale offs s after . of the n to C lght n
O > o of m: F dams welgh[ ats bor . body we dY
P 0 z toH ()dy atofr e in in bo
s % § % S % born HF diet, thedbsimilﬂr toth d an increas the increase in pups
@ c : . (S s than s
T 2 = Z feda maine . duc ver, s th 1
= . t in owe dam ability
© ‘80 c)g ams re HF die spring. H ) m C . thed
Gl =| b 2| £ z S.dt while the male offspr dﬁlt pups llcrodemonStrd;e-et—iﬂduccd
o & s diet, s’ in a sults F di ast
Ol g =3 F dam wer e res he H at lea
= P sl 85 o and H ained lo her, thes Ithood, t lained, n-3
S gl 235 £3 ight rem Altoget in adu be exp to HF
z = 2| ® e s welg HF dams. prevent, effect can It rats born 3 dams,
o > % | Se om FA to itv. This fadu HFn- ;
w % w 2 fr -3 PU sity. ke of ing from han in
+= - Q| z 7 obe inta in. ased t
g ~ E ©o §% of Lcd1nming of €r energy 1diet Inoffspr ]:; incredsemia and
c S 12 . S§ i,
:§ Q < cl| o 1] o‘ch g pro('i’ by the 10::/6 Cand H]; HF diet Wa;yperlepunaeﬁ«om HF
8 L s S| o g artly, th t to the d ing rats le
s |E|3 S| $o Y- P afterbo onse Indeed, anling in ma
c £ s 5 S . dams ia in resp dams. d in we rved It
£ « < . 1a HF rte obse resu
® 5|3 < tinacm and repo els ing may .
3 Slz| & 3|82 3 lep of C been tin lev ning tin-
£ NI el 8 2z ring have r lep r wea ise a lep
5 Sl o] & 8Lz offsp istance lowe iet afte sise A
o ~ @ > . sista 57) The F die othe . DH
7] Q o S| o ol tin re (57) d H 50 hyp K ice,
= |_I|_ E § 3 S g D; i lep fed dams Fn-3 rats fe e may als deed, in In’ tion and
2 g s § % _i diet ring from H mass and V;] PUFA. In ic inflamma 58) This
£ Nlss fsp fat - alami bn
s - 5§ 3 off sser Cn thala lep ibuted
. IR from 4 fesser [ cinduced ypo A,
0 g 5 o % § ﬁ sensitislng HF diet_ln ‘. signalling %A C()uld hd I—IFW_5 d?lmn
g E 8 £ 5l ¢ 3 £ 2 decreases hypothalamic f LC n-3 PU le rats born toand lactauote
T £ g1 gl & P ved hy ffect o dultma station arcua
Es = =% | 238 impro sitising e ke of a ing ges f the s
5 © 53| Ee S in sensi inta iven dur isation o alamus
o 5 ozl 5 = gse leptin r energy UFA give rganisa hypoth ation
85 cl s 8 $E2 he lowe n-3 P e ing gesta
= - = " ta ° tot ct of LC 1Y from cleus o i [durlng igenic
85 |0 3| &3 °s3 The effe sult partly ular nu itha HF die of orexig
L H IS 322 o oo aired withi F dit
g S > =2 5% ‘E may to pa tisimp se in exp
7] £ S . atis . S
55 3 £s5 ol s ling i s
R = 528 urona resulting
L - S = o9« he tation,
E S < €= 500 d lac
23 @ = 2 g Q an
S @ ® g€ 258
<3 = =2<
m 2 Sl e 223
oS > 3 sU| 22
c -
(= 2= -
38 ol s
C =
=3

'sdny
‘1op//:s
640°10p
L'oL/!
S/L1L0
1£000
4941
sI|lqnd X/ L000E
uo pays!
Aq auy
e)
sbpuqu
AN

ssaid Aiisd


https://doi.org/10.1017/S000711452300017X

British Journal of Nutrition

Prevention of fetal programming by 7-3 fatty acids 1131

(@) Offspring diet = Chow

LIVER MUSCLE ADIPOSE TISSUE
Diet
Insulin CC CC HFC HFC HFn-3C HFn-3C CC CC HFC HFC HFn-3C HFn-3C CcC Ccc HFC HFC HFn-3C HFn-3C
- + - + - + - + - + - + - + - + - +
AKE v S e c— D S —-_— e e WS = —— e w—

473
Ser'PAKt  — - ST W .=

Actin S — I

(b) o—
Offspring diet = HF
Diet LIVER MUSCLE ADIPOSE TISSUE
Insulin CHF CHF HFHF HFHF HFn-3HF HFn-3HF CHF CHF HFHF HFHF HFn-3HF HFn-3HF  CHF CHF HFHF HFHF HFn-3HF HFn-3HF
. + - + - + - + - + - + - + - + - +
AR ————— T —— —  — — —— —— — —

Sert” Pakt s P — e . — — i L S —

ACtin o e e e e < T — —— W
() 29 mcc mHRC  mHF

2 - n-3-C ECHF EHF-HF  EHFN-3-HF

=
o

abcb b b

Akt Ser®73
phsophorylation
(insulin/vehicle)

o N B o0

Liver Muscle

Adipose tissue

Fig. 5. Aktand Ser*’3 Akt phosphorylation in the liver, muscle and peri-epididymal adipose tissue in response to insulin at sacrifice after 12 h fasting in 10-week-old male
rats fed C or HF diet after weaning. This figure related to Table 5. The first letter corresponds to dam’s diet and the second one to the offspring’s one after weaning.
C means chow, H means high fat, HFn-3 means high-fat n-3 enriched diet. Insulin was injected intra-peritoneally at 4 ug/kg 10 min before euthanasia. (a) Ser*’® Akt
phosphorylation in liver, muscle and adipose tissue of C-fed offspring; (b) western blots for Akt and Ser473 Akt phosphorylation in liver, muscle and adipose tissue of HF
diet fed offspring. To ensure equal protein loading and transfer, membranes were reprobed for -actin; (c) quantification of the Ser*”® Akt phosphorylation ratio insulin/
vehicle. Data are mean values with their standard error of the means (n 5-7/group). Data were analysed using a two-way ANOVA (factors: dams diet, offspring diet)
followed by post hoc test. Fig. 5(c): For each tissue, data with differing superscripts differ from each other by P < 0-05 or less when analysed using a two-way ANOVA
followed by post hoc test. For the liver: dams diet, F = 5-24, P=0-03; offspring diet, F = 3-67, P= 0-04; interaction dams diet x offspring diet, F = 3-16, P=0-04. For the
muscle: dams diet, F =10-73, P=0-01; offspring diet, F =9-35, P=0-01; interaction dams diet x offspring diet, F =7-83, P=0-01. For the adipose tissue: dams diet,

F=2.06, P=0-03; offspring diet, F = 1.87, P=0-04; interaction dams diet x offspring diet, F =1.58, P=0-03.

peptides®®9_ Furthermore, it is of interest to note that an
elevated sensation of fullness following a diet rich in LC n-3
PUFA has been reported in overweight and obese patients?.
The adult male offspring of HF dams displayed a higher
glycaemic and insulinaemic response to OGTT than those born
to C dams, both after being fed the C or the HF diet as previously
reported©29_ Offspring of HF#-3 diet fed dams displayed an
insulinaemic response similar to that of offspring born to C dams,
while their glycaemic response was intermediate between that of
offspring of C and of HF dams. The fact that we did not perform
an insulin tolerance test to assess insulin sensitivity is a limitation
to formally assert that IR has been prevented. However, the
lower HOMA-IR observed in HF7-3-C pups as compared with
HF-C pups and the lower HOMA-IR observed in HF#7-3-HF adult
pups as compared with HF-HF pups (Table 5) may suggest that,
when given a HF diet without LC 72-3 PUFA, IR of adult pups has
been at least partially prevented by LC 7-3 PUFA given to dams.

To assess the effectiveness of insulin response in male offspring,
insulin signalling activation was measured through the
expression of Akt protein and its phosphorylation on Ser?’3.
Expression of Akt was not altered in any of our experiments.
The amplitude of Akt phosphorylation in offspring of C dams
fed a C diet was the highest in muscle as compared with liver
and peri-epididymal AT. The post-weaning HF diet profoundly
depressed Akt phosphorylation in the three tissues in offspring
of C dams in agreement with previous results©. Ser?”? Akt phos-
phorylation was deeply depressed in liver and AT and to a lesser
extent in muscle when offspring of HF dams were fed the C diet,
in comparison with male offspring of C dams fed a C diet after
weaning indicating that insulin signalling is hampered in C-fed
HF dam male offspring, as previously observed@4%? The
HF diet after weaning of HF pups further amplified the depres-
sion of Akt phosphorylation in muscle. Ser'73Akt phosphoryla-
tion in offspring of HF7n-3 dams fed a C diet after weaning
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was less depressed in liver and muscle as compared with what
was observed for offspring of HF dams fed a C diet, indicating
partial protection of insulin signalling in HF#7-3 male offspring
fed a C diet. HF-diet feeding post-weaning of HFn-3 male
offspring reversed this protective effect, agreeing with their IR.
However, Ser”?Akt phosphorylation in liver of HF7-3-HF rats
was similar to that of HF#7-3-C rats, which might contribute to
the improvement of their glucose tolerance in comparison with
that of HF-HF ones. Moreover, Ser'’3Akt phosphorylation in
male HF#7-3-C rats was also greater than that of C-C and HF-C
rats in peri-epididymal AT, which demonstrates a tissue-specific
protective effect of LC 7-3 diet towards fetal programming of IR.
This tissue-specific effect of LC 7-3 PUFA confirms our previous
observations made in a different model of IR'3%>, A protective
effect towards fetal programming of IR in liver has also been
reported by Wang et al.®”. In this study, no other insulin sensi-
tive tissues were assessed, thus preventing us to determine
whether 7-3 PUFA also exerted other tissue-specific effect.
Similarly, in the transgenic model Fatl C57BL6 mice, character-
ised by a very high content of LC 72-3 PUFA in tissues, excessive
placental and liver growth during pregnancy was prevented, and
better insulin sensitivity was observed as compared with wild-
type mice. This was associated with a lower macrophage infiltra-
tion of AT in adulthood®”. However, in our work, when fed a HF
diet after weaning, offspring of HF#-3 dams displayed a depres-
sion of Ser*”3Akt phosphorylation in muscle and peri-epididymal
AT, similar to that of HF-HF rats, so that in these dietary condi-
tions LC 72-3 PUFA were no more protective. A possible explan-
ation may be a lower amount of LC 72-3 PUFA incorporated into
tissues in adulthood (10 weeks after weaning) than in other
studies'34-07 inasmuch as on difference with Ramalingham
et al. study® our rats did not received LC 7-3 PUFA in their diets
after weaning.

Several mechanisms could have contributed to the protective
effect of LC n-3 PUFA towards fetal imprinting. Maternal oocyte
quality and conceptus metabolism are altered in rodents that are
obese or fed diets with altered nutrient composition pre-gesta-
tionally. Similarly, in humans, women who were obese had
lower levels of SFA and polyunsaturated 7-3 FA across all studied
stages of oocyte development, and overweight women had
lower 7-3 FA in Metaphase II oocytes, which can contribute to
alter embryo development and metabolism at the cell signalling
level®. LC #-3 PUFA given to infertile women improve oocyte
quality”®| so that, beyond their positive effect on fertility, they
could also participate to improve fetal programming in obese.

The placenta contributes to modulate the risks of diseases
during adulthood by modulating its metabolism”". Placental
size, shape and transport function are important for fetal growth
and development. The delivery of maternal LC-PUFA to the fetus
is largely mediated via the placental transport, metabolic and
adaptive functionalities. Supplementation of 72-3 PUFA is benefi-
cial for the obese and overweight women by maintaining
optimal FA levels during gestation by inhibiting the placental
ability to esterify and store lipids”?. Dietary 7-3 PUFA play a
key role in various placental functions, with particular focus
on placental inflammation”®, and oxidative stress, factors impli-
cated in development of IR.

LC n-3 PUFA can also play a protective role via their epige-
netic effect on non-coding RNA, methylation of DNA and histone
modifications”’?. Hepatic IR results for a part from several epige-
netic alterations””, as obesity-associated type 2 diabetes®.
In rodents, being overweight and having excessive fat or sugar
absorption are associated with alterations in DNA methylation
patterns. These modifications affect the promoter regions of
several genes, including leptin promoter””, NADH dehydro-
genase (ubiquinone)1 subcomplex subunit 6 (ND UFB6) and
FA synthase, which play an important role on energy homoeo-
stasis and obesity"?,

Rats’ visceral adipocytes’ CpG 15 has been shown to be hypo-
methylated, and numerous CpG sites in the leptin promoter
region were hypermethylated as a result of a HF, high-sucrose
diet. Changing to a normal energetic diet also reversed the
HF sucrose-induced DNA methylation alterations at these CpG
sites. Additionally, these dietary-related modifications have been
linked to hypermethylated CpG on the promoters of the perox-
isome proliferator-activated receptory(PPARG ClA) and FA
synthase, as well as a CpG site of the sterol regulatory element
binding transcription factor 1 (SREB F1), all transcription
factors known to be targets of anti-lipogenic effects of LC 7-3
PUFA in liver®”.

The levels of DNA methylation in neonatal blood are associ-
ated with IR in 5-year-old children®”. In the models of maternal
HF diet in mice, offspring display epigenetic modifications in the
liver, including widespread hypermethylation and altered gene
expression along with changes in the enrichment of active
promoter histone marks®?%», Maternal HF diet also led to the
altered expression of genes encoding the epigenetic machinery
in offspring, particularly those in the histone acetylation pathway
such as SIRT1®. SIRT1 overexpression has been reported to
attenuate the effects of a maternal HF diet in offspring and
protect against hepatic steatosis and IR®?. In the fat-1 model,
SIRT1 is overexpressed®”,

It has been shown that LC n-3 PUFA given to dams or to
mothers had epigenetic effects® . MicroRNA-143 (miR-143)
seems to stimulate adipocytes’ differentiation and is correlated
with obese condition in mice fed with a HF diet. The expression
of miR-143 and PPAR is increased by DHA, suggesting a potential
role in AT differentiation®. One animal experiment evaluated
DHA epigenetic impact on histone acetylation, possibly corre-
lated with the MetS pathways. This work reported that 7-3 FA
have a beneficial effect on dyslipidaemia-induced epigenetic
changes in maternal placenta and fetal liver of weanling female
Wistar rats fed with control and different HF diets (HF lard or HF
fish oil). Maternal dyslipidaemia caused a 4-75-fold increase in
fetal liver TAG accumulation with a 78 % decrease in the
DNA-binding ability of PPAR-a. The combination EPA + DHA
had a profound effect on modulating DNA methylation and
histone acetylation in placenta and fetal liver®”. A randomised
controlled trial showed that prenatal DHA supplementation
(800 mg/d given in pregnant women) induced a difference of
methylation in twenty-one regions at birth some of which
persisted until age of 5 years®V. Altogether, it can be proposed
that LC n-3 PUFA given to dams in our study could have exerted
part of their protective effect through repairing epigenetic
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alteration induced by HF diet on some transcription factors,
especially those implicated in liver/AT lipogenesis, inflammation
and reticulum endoplasmic stress.

Another mechanism of the protective effect of LC 7-3 PUFA
could have been through the reversal of ‘whitening’ of brown
adipose tissue (BAT) towards browning. Indeed, very recently,
Hao et al.®® have shown that a HF diet induced a ‘whitening’ of
AT due to large lipid droplet accumulation within BAT cells,
associated with obesity in wild-type mice, whereas the changes
in body fat mass and BAT morphology were significantly allevi-
ated in fat-1 mice. In addition, Tsuji et al.“> demonstrated that
the transplantation of BAT from fat-1 mice to wild-type mice
fed a HF diet counteracted the metabolic abnormalities such
as GI and increased energy expenditure. Fan et al“® have
shown that LC 7-3 PUFA given to dams promoted fetal BAT
development through epigenetic modifications. The offspring
received maternal 72-3 PUFA nutrition exhibited a significant
increase in whole-body energy expenditure. These data are in

accordance with other studies in mice®>99,

Conclusion

Altogether, our results demonstrate that LC 72-3 PUFA given to HF
diet-fed rats 6 weeks before mating and throughout gestation
and lactation prevent excess body weight gain, and GI in the
offspring at birth and until weaning. This protective effect
towards obesity persisted at adulthood even when the offspring
did no longer receive LC 7-3 PUFA into their diet. The lower AUC
of insulinaemia during OGTT and lower HOMA-IR of adult pups
after a HF diet without of LC 72-3 PUFA may suggest that IR was at
least partially prevented by the LCn-3 PUFA given to dams.
Furthermore, when fed a chow diet after weaning, the alteration
of insulin signalling was completely prevented in AT, and parti-
ally prevented in liver and muscle, in adult male offspring of
HFn-3 fed dams as compared with male offspring of HF-fed dam.
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