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Abstract

Purpose The effect of manipulating the fatty acid profile of the diet over generations could affect the susceptibility to develop
obesity and metabolic disorders. Although some acute effects were described, the impact of transgenerational continuous
supplementation with omega 3 fatty acids on metabolic homeostasis and skeletal muscle metabolic flexibility during a
nutritional stress is unknown.

Methods We analyzed the effect of an obesogenic diet in mice after transgenerational supplementation with an omega-3
rich oil (mainly EPA) or a control oil. Young F3 animals received a high fat and high sucrose diet for 4 months. Whole-body
biometric data were recorded and lipidomic/transcriptomic adaptations were explored in the skeletal muscle.

Results F3 mice from the lineage supplemented with EPA gained less weight, fat mass, and exhibited better metabolic
parameters after the obesogenic diet compared to mice from the control lineage. Transcriptomic exploration of skeletal
muscle showed differential regulation of biological processes such as fibrosis, fatty acid catabolism, and inflammation
between lineages. These adaptations were associated to subtle lipid remodeling of cellular membranes with an enrichment
in phospholipids with omega 3 fatty acid in mice from the EPA lineage.

Conclusion Transgenerational and continuous intake of EPA could help to reduce cardiovascular and metabolic risks related
to an unbalanced diet by the modulation of insulin sensitivity, fatty acid metabolism, and fibrosis in skeletal muscle.
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Abbreviations FA Fatty acid
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The prevalence of obesity has increased gradually across
generations over the past 4-5 decades. Predictions estimate
that more than 35% of the world’s population will be over-
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represents a big socio-economic and public health problem
[2]. Obesity is associated to a higher risk of disability and
co-morbidities, such as cardiovascular diseases (CVD), type
2 diabetes, and cancer. Childhood obesity predisposes to the
same disorders as adult obesity, but at a higher risk [3, 4].
The development of obesity is a multifactorial but not inevi-
table process for a large majority of the population. If some
genetic factors predispose to obesity, the accumulation of
body fat is mainly related to the imbalance between energy
intake and expenditure. Nutritional driven strategies must
then be recommended. In this context, the specific contribu-
tion of dietary composition and nutrient content the different
macronutrients in the development of obesity and the related
metabolic abnormalities is still debated. The total amount
of ingested fat has been frequently incriminated. However,
the use of different analytical strategies and the now well-
recognized impact of the quality in food preferences may
explain some discrepancies in the reports [5]. Hence, the
dramatic qualitative evolution of fatty acid (FA) composition
of dietary fats led to a large substitution of polyunsaturated
FA (PUFAs) by saturated FA (SFAs). Furthermore among
PUFAs, the current omega 6 (n-6) to omega 3 (n-3) ratio in
a typical Western diet is close to 15-20: 1 and contrasts with
the recommended ratio of 2—4: 1 that has been established
for the general population [6—8]. PUFAs are key structural
components of cell membranes. They are incorporated into
phospholipids and thereby modulate membrane fluidity and
ligand-receptor interactions. PUFAs are also powerful sig-
nalling mediators and regulators of gene expression [9, 10],
but n-3 FAs are known to be metabolized in molecules with
healthier effects than n-6 FAs. Changing the n-6 to n-3 ratio
in the diet could impact the development of obesity [11]. In
addition, feeding mice with a Western-like diet exhibiting
a n-6 to n-3 ratio higher than 25, gradually increased body
fat mass over several generations [12]. The health effects of
n-3 FAs have been extensively studied on different biological
processes, but the mechanisms remain partially character-
ized. Protective effects against CVD, inflammatory diseases
and insulin resistance were described [13—16]. These effects
were probably partly related to biological adaptations in
skeletal muscle which is a key regulator of glucose and more
globally energy homeostasis. Major n-3 FA are eicosapen-
taenoic acid (EPA, C20:5 n-3), docosahexaenoic acid (DHA,
C22:6 n-3), and alpha-linolenic acid (ALA, C18:3 n-3). EPA
and DHA, but not their precursor ALA, were found to pro-
tect skeletal muscle from SFA-induced insulin resistance,
through the enhancement of SFA oxidation and incorpora-
tion into non-toxic lipid fractions [17]. EPA and DHA could
then increase skeletal muscle metabolic flexibility and lower
SFA-induced lipotoxicity [18-20]. EPA, but not DHA, was
found to protect mice from insulin resistance and accumu-
lation of fat mass when given during a high fat and high
sucrose challenge [21, 22]. The long term, preventive effect
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remains unknown. Notably, the impact of transgenerational
intake of long chain n-3 PUFAs on skeletal muscle has not
been yet investigated. The aim of the present study was,
therefore, to determine whether supplementation with fish
oil containing a high proportion of n-3 FA, mainly in the
form of EPA, to three generations of mice could be protec-
tive against fat accumulation, metabolic abnormalities and
insulin resistance in skeletal muscle in response to a high fat
high sucrose challenge.

Materials and methods
Animals

Three-month-old male and female C57bl/6J mice were
obtained from Janvier laboratories (Le Genest St Isle,
France) and housed individually (males) or by two
(females) during the 10 days of adaptation. These mice
were considered as the FO generation and received food
(A03 diet from Safe diets, Augy, France) and water ad libi-
tum. To obtain the F1 offspring, two females were mated
with one male during 5 days. When gestation was validated
by the appearance of a vaginal sperm plug, females were
individually caged and randomly assigned to two dietary
groups. The intervention group received the A03 diet sup-
plemented with 1% (w:w) of fish oil (Polaris Omegavie 70
TG, EPA) containing 75% of n-3 FA, mainly in the form of
EPA (75% of FA). The control group received the A03 diet
supplemented with 1% of high oleic sunflower oil provid-
ing 83.5% of oleic acid (Lesieur, Coudekerque Branche,
France). The fatty acid composition of the diets could be
found in Supplementary Table 1. As illustrated on Supple-
mentary Fig. S1, to generate F2 offspring in each dietary
group, 16-week-old F1 males were mated with 16-week-
old F1 females from the same dietary arm. To generate the
F3 offspring generation in each dietary group, 16-week-old
F2 males were mated with 16-week-old F2 females from
the same dietary arm. The two diets that were assigned to
FO females at the beginning of gestation were used for all
the offspring animals for mating, gestation, lactation and
maintenance. Then all the F1, F2, and F3 offsprings fol-
lowed the mother’s diet and we finally obtained two groups
of F3 animals, from a control/oleic or an EPA lineage. All
the mice were maintained under a temperature-controlled
environment and 12—12 h light—dark cycle at the animal
facility of the INRA research center of Clermont-Ferrand/
Theix. All the procedures were followed to reduce the
number and manipulation of the animals in the study. All
protocols followed animal care guidelines of the European
Union and were approved by the local research ethics com-
mittee (CEMEAA, 01276.01).
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Obesogenic dietary intervention

A obesogenic diet with a high content of fat and 20% of
sucrose (HFD), without any supplementation with EPA or
oleic oils, providing 45% of energy from fat (RD 12451 from
Research diet, Brogaarden Gentofte, Denmark) was given
to F2 and F3 males from the n-3 (HFepa) and control/oleic
(HFoleic) lineages for 17 weeks. A third group of mice from
the control/oleic lineage was maintained on a reference,
low fat diet (LFD) providing 10% of energy from fat (RD
12450H from Research diet) during the challenge as a ref-
erence group (Ref). The fatty acid composition of the diets
could be found in Supplementary Table 1. Animal’s weight
was used as a grouping factor to constitute homogenous
groups. No adverse effect was reported. At the end of the
feeding period, the animals were sacrificed under anaesthe-
sia with 4% isoflurane. Tissues were harvested, snap-frozen
in liquid nitrogen and stored at — 80 °C until use.

Biometric and calorimetric measurements

Body composition was evaluated using EchoMRI™
(EchoMRI®, Houston, TX). Dioxygen consumption (VO,),
carbon dioxide production (VCO,), and activity of mice
were measured during 24 h using a four-cage TSE Sys-
tem Pheno-Master/LabMaster (Bad Homburg, Germany).
Energy expenditure was calculated using Weir’s equation
(DE (k])=(16,493 X VO,) + (4629 X VCO,)) [23]. The res-
piratory quotient (RQ) was calculated as the ratio of VCO,
to VO,. Spontaneous activity was measured using a three
dimensions meshing of light beams. Ambient temperature
was maintained at 22 °C, the light was on from 8 AM to
8 PM, and mice had free access to food and water. Data
were collected after 24 h of acclimation, and the O, and CO,
analysers were calibrated before each measurement period.

Intraperitoneal insulin and glucose tolerance tests

After 6 h of fasting, animals received an intraperitoneal
injection of insulin (1.2 mIU/g, Novo rapid insulin, Novo
nordisk, La défense, France) or glucose (2 mg/g, Sigma,
France), and blood samples were collected from the tail vein
0, 15, 30, 45, 60, and 120 min later. Blood glucose lev-
els were determined using a commercial glucometer (One
Touch®Vita®, Issy les Moulineaux, France) for the calcula-
tion of the area under the curve.

Lipidomic

Whole pieces of gastrocnemius muscle were homogeneised
in water using the Precellys system (Bertin Instruments,
Montigny-le-Bretonneux, France). Volume equivalent to
0.2 mg of tissue was supplemented with deuterium-labelled

and odd-chain internal standards and lipids were extracted
according to the modified Bligh and Dyer method. Briefly,
tissue extracts were supplemented with 1.2 mL of a chloro-
form/methanol (1:2) and 0.25 mL of HCI1 (0.01 N). The mix-
ture was vortexed and supplemented with 0.4 mL of chlo-
roform and 0.4 mL of water. The lower organic phase was
dried and resuspended in LC/MS grade solvent. Analysis of
phospholipids was performed as described previously [24].
Structural determination of major PL chains was performed
by LC-MS/MS using reversed-phase separation on a Sym-
metry shield RP8 50 mm x 2.1 mm, 3.5 um column (Waters
Corporation, Milford, MA, USA) as previously described
[25] and negative ionization using precursor ion scans of
FA chains. Triglycerides were analyzed simultaneously
to phospholipids using the same extraction procedure and
chromatographic method. TG were ionised in positive ion
mode as ammonium adducts and detected as neutral loss of
[RCOO + NHj;] using scheduled MRM.

Transcriptomic analysis

Gene expression profiles were performed at the GeT-TRiX
facility (GénoToul, Génopole Toulouse Midi-Pyrénées)
using Agilent Sureprint G3 Mouse GE v2 microarrays
(8x60 K, design 074809) following the manufacturer’s
instructions. For each sample, Cyanine-3 (Cy3) labelled
cRNA was prepared from 200 ng of total RNA using the
One- Color Quick Amp Labeling kit (Agilent Technologies)
according to the manufacturer’s instructions, followed by
Agencourt RNAClean XP (Agencourt Bioscience Corpora-
tion, Beverly, Massachusetts). Dye incorporation and cRNA
yield were checked using Dropsense™96 UV/VIS droplet
reader (Trinean, Belgium). 600 ng of Cy3-labelled cRNA
was hybridized on the microarray slides following the manu-
facturer’s instructions. Immediately after washing, the slides
were scanned on Agilent G2505C Microarray Scanner using
Agilent Scan Control A.8.5.1 software and fluorescence
signal extracted using Agilent Feature Extraction software
v10.10.1.1 with default parameters. Microarray data and
experimental details are available in NCBI’s Gene Expres-
sion Omnibus [26] and are accessible through GEO Series
accession number GSE141826 (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE141826).

RT-q PCR validation of gene expression change

Total RNA were extracted from gastrocnemius muscle
using TRIzol® reagent (Thermo Scientific) according to the
manufacturer’s instructions. Each total RNA sample was
assessed for quantification and integrity using the Agilent
Bioanalyzer (Agilent, Santa Clara, CA, USA). cDNAs were
synthesized from 2 pg of total RNA using the High Capacity
cDNA Reverse Transcription Kit from Applied Biosystem
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(Thermo Scientific). The products of reverse transcription
were used for Quantitative Real Time Polymerase Chain
Reaction (QRT-PCR) using specific primers and Rotor-Gene
SYBR Green PCR master mix on a Rotor-Gene Q system
(Qiagen, Courtaboeuf, France). Messenger RNA (mRNA)
quantification was assayed using the ddCT method using
hprt as internal housekeeping gene. Primer sequences and
PCR conditions are available upon request (frederic.capel @
inrae.fr).

Statistics
Anthropometric, metabolic parameters

As a primary outcome, means of body weight, fat and lean
masses were compared using a Kruskal-Wallis test fol-
lowed by a pairwise ¢ test adjusted for multiple compari-
son using the Benjamini and Hochberg correction. p value
lower than 0.05 were considered significant. Calorimetric
data were explore using an ANCOVA. All analyses were
performed using R [27] and Bioconductor packages (http://
www.bioconductor.org, v 3.6, [28]). Data are represented as
mean + standard error of the mean (SEM).

Microarray data

Microarray data were analyzed using R. Raw data (median
signal intensity) were filtered, log2 transformed and nor-
malized using quantile method [29]. A model was fitted
using the limma ImFit function [30]. Pair-wise compari-
sons between biological conditions were applied using spe-
cific contrasts and a correction for multiple testing using
Benjamini—-Hochberg procedure [31] to control the false
discovery rate (FDR). Probes with FDR-adjusted p < 0.05
were considered to be differentially expressed between
conditions. Molecular signatures were explored using Gen-
eTrail2 [32]. The lists of significantly regulated genes were
used to identify enrichment of biological categories using
an over-representation analysis. Only categories exhibiting a
significant enrichment at p < 0.05 using the Bonferroni cor-
rection or Benjamini—Yekutieli were considered. An exhaus-
tive and integrative analysis was further performed using
gene set enrichment analysis (GSEA) from GeneTrail2. In
order to limit the effect of outliers, the unweighted version
of GSEA implemented in Genetrail2 evaluates whether the
genes of the considered category are randomly distributed
or accumulated on top or bottom of the list. To this aim, a
Kolmogorov—Smirnov test was applied on fold change of
genes with a differential expression between the Ref and the
HF or HFepa groups or between the HF and HFepa groups
at p <0.05 with no FDR adjustment. As recommended by
the GeneTrail2 algorithm, only sets of genes identified at
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p <0.05 after adjustment for multiple testing using the Ben-
jamini—Yekutieli method were considered.

Lipidomic data

Lipidomic data analysis was performed using multi experi-
ment viewer (MeV) software version 4.9 (https://sourc
eforge.net/projects/mev-tm4/) [33]. A one-way ANOVA
was performed between the three groups, and a ¢ test was
performed for two-group comparisons. Lipid features were
considered significant for p value lower than 0.05. The Ben-
jamini—Hochberg correction was used to control false dis-
covery rate [31].

Partial least squares discriminant analysis (PLS-DA)

PLS-DA was done to classify samples using mixOmics
package [34] under the R environment (https://CRAN.R-
project.org/package=mixOmics). The function perf of
the mixOmics package was applied to evaluate a PLS-DA
model, using fivefold cross-validation repeated ten times.

Results

Transgenerational supplementation with EPA
reduces the impact of the obesogenic diet in mice
from F3 generation

A description of the biometric data obtained after the high
fat challenge for F2 and F3 mice can be found in Supple-
mentary Fig. S2. These observations showed a reduced
accumulation of fat mass after the obesogenic diet in the
HFepa group compared to the HFoleic group. Consequently,
all further data were related to the animals from the F3 gen-
eration. One-month-old males from the F3 generation were
5% heavier (p <0.05) in the EPA lineage compared to the
oleic lineage, but the distribution of animal body weights
did not seemed to differ between lineages in the three gen-
erations (Supplementary Fig. S3). This higher body weight
was related to higher fat and lean masses (data not shown).
No effect of the dietary lineage was observed on F3 females.
Ten males matched for a body weight of 20-21 g from each
dietary lineage (oleic and EPA) were challenged with a com-
mercial obesogenic diet (HFoleic and HFepa) and compared
to a reference group of ten body weight-matched reference
mice from the control/oleic lineage, which was maintained
on a normocaloric diet (Reference group). Mean body
weight before the beginning of the challenge was similar
between the three groups (20.7+0.6, 20.4+0.5, 20.8 +0.4
in Ref, HFoleic and HFepa groups respectively, p =NS).
Food intake (in grams) from the three groups are presented
in Supplementary Fig. S4. It was similar between groups
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when expressed in calories (data not shown). In these experi-
mental conditions, mice from the HFepa group gained less
weight and had a lower fat mass compared to the HFoleic
group after the obesogenic challenge (Fig. 1).

Transgenerational supplementation with EPA
increased animal’s energy expenditure

Energy expenditure was evaluated 1-2 weeks before the end
of the high-fat challenge. Mice from the EPA lineage exhib-
ited a higher EE and a higher RQ compared to the two other
groups (HFoleic and Ref). Interestingly, the higher EE was
also observed in the F2 HFepa generation (Table 1). Explo-
ration using ANCOVA of the relation between EE and lean
mass evidenced that the higher EE in the HFepa group could
be due to a higher lean mass (Fig. 2).

Biological and molecular exploration in the third
generation

Blood parameters

Fasting plasma glucose and insulin were significantly lower
in HFepa group compared to HFoleic group (p <0.01 and
p <0.05, respectively, Table 1). In agreement with these
measurement, the HOMA-IR index was significantly
increased in the HFoleic group compared to reference and
HFepa groups (Table 1). In contrast, plasma glycerol and
non-esterified fatty acids (NEFA) were slightly higher in
HFepa group compared to HFoleic group (p=0.14 and
p <0.05, respectively).

Table 1 Metabolic characteristics of mice after the dietary interven-
tion

Reference HFoleic HFepa

Glucose (mg/ 194.8+11.6 277.5+10.6%%% 217.1+17.5™
dL)

Insulin (pg/ 68.0+7.3 1702 +17.9%%%  104.9+21.4
mL)

HOMA-IR 0.91+0.14 3.38+0.40%%*  1.73+0.38'"
index

TAG (g/L) 0.313+0.012  0.363+0.020 0.395 £0.029*

Cholesterol 0.926+0.030  1.111+0.040* 1.199 +0.060%**
(g/L)

Glycerol (um)  209.8+11.1 227.6+16.3 264.9+16.9*%

FFA (mm) 0.359+0.036  0.230+0.024 0.400+0.058"

EE (KJ/24 h) 39.98+0.61 42.82+0.84* 44.25+0.99%*

EE (KJ/24 h/g 1.79+0.03 1.80+0.03 2.00+£0.04%,7
LM)

RQ 0.92+0.02 0.80£0.02%%%  0.85+0.01%,7

distance 427.58+68.44 277.97+25.89  316.03+32.20

(m/24 h)

Data are mean+SEM (plasma parameters, n=10 mice per group;
EE, RQ and distance, n =8 mice per group)

HOMA-IR homeostatic model assessment of insulin resistance, EE
energy expenditure, RQ respiratory quotient

*p <0.05 vs Ref; **p <0.01 vs Ref; ***p <0.001 vs Ref
"p<0.05 vs HFoleic; "'p <0.01 vs HFoleic

Glucose tolerance test

Administration of glucose induced an increase in blood
glucose level in each group, but total area under the curve
(AUC) was significantly increased only in the HFoleic group
compared to the Ref group (Fig. 3b). AUC in the HFepa
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- ’ I OReference mHFoleic DHFepa
232 HFepa ,* TT I T
g | ] 1
g { 30
~ P S
¥ .
K- *t
[

28 4 @ —
o 2
> ©
3 5
a 26 4

*
a 10 A *t
22 4
4
20 { T T T T T T T T ) 0
0 2 4 6 8 10 12 14 16 18 Body Weight Fat mass Lean mass

Weeks

Fig. 1 Evolution of body weight during and body composition at the
end of the high fat-diet challenge. Body weight is expressed in grams,
fat and lean masses are expressed in percentage of body weight. Data

are means + SEM for mice from the F3 generation only (n=10 mice
per group). *Means significantly different (p <0.05) from reference
group receiving a chow diet, 'differs from HF oleic (p <0.05)
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Fig.2 Respiratory quotients (RQ) of the animals during the high fat-diet challenge. Distribution of RG is shown for each group (Reference,
HFoleic and HFepa). A regression analysis of the association between RQ and lean mass (in grams) is also illustrated on the fourth panel

group did not differ from the Ref group. Sixty minutes after
the injection, blood glucose exhibited a marked decreased
in the HFepa group but was further increased in the HFoleic

group.
Insulin tolerance test
The obesogenic diet-induced insulin resistance in the

HFoleic (p <0.05) and HFepa (p =0.06) mice was com-
pared to the Ref group. However, the area under the curve
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after 60 min was lower in HFepa group compared to HFoleic
group but the difference did not reach the significance
threshold (131 +21 vs 162 +24 arbitrary units, respectively,
p=0.2; Fig. 3a).

Skeletal muscle gene expression
As illustrated in Fig. 4a, pairwise comparison of micro-

array data between the three groups of mice revealed 829
probes differentially expressed between gastrocnemius
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Fig.3 Insulin and glucose tolerance tests. a Glucose tolerance was
assessed by measuring blood glucose concentration following intra-
peritoneal glucose injection to fasted mice. Area under the glycaemic
curve values was calculated from measured glucose in blood sam-
pling during the test. b Insulin tolerance was assessed by measuring
blood glucose concentration following intraperitoneal insulin injec-

muscles of Ref and HFoleic groups, 164 probes differentially
expressed between the Ref and HFepa groups (all at FDR-
adjusted p <0.05). No differential expression was observed
between HFoleic and HFepa groups using a FDR threshold
of 0.05. Only 93 of the 164 genes regulated in the HFepa
group were also affected in the HFoleic group. Then, 71
genes were specifically regulated during the dietary chal-
lenge when comparing HFepa and Ref groups. The list of all
significantly regulated genes is provided in supplementary
materials. PLS-DA was used to detect similarities or dis-
similarities between the three groups using all significantly
regulated probes (900 unique probes identified at FDR-
adjusted p <0.05, whatever the comparison). Two dimen-
sions explaining 65% of variance were enough to segregate
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tion to fasted mice. Area under the glycaemic curve values was calcu-
lated from measured glucose in blood sampling during the test. Data
are means+SEM (arbitrary units, n=9 mice per group). Difference
;/s Reference group are illustrated as follow, *p <0.05; ***p <0.001,
p=0.1

the groups (Fig. 4b). The PLS-DA plot illustrated in Fig. 4b
shows that control, HFoleic and HFepa groups had distinct
phenotypes. It confirmed that feeding mice with an obe-
sogenic diet had a strong effect on skeletal muscle’s gene
expression whatever the lineage of the animals (control/oleic
or EPA), but the cluster of the HFepa mice tended to move
towards the cluster of the Ref group on the X-axis. Interest-
ingly, the Y-axis mainly discriminates the EPA lineage from
the control/oleic lineage with an error rate below 5%.
Ontology analysis of differentially regulated genes
showed that genes related to focal adhesion, angiogenesis,
MAPK pathway, response to lipid were overexpressed by
a HF challenge whatever the lineage of the animals. Sig-
nificant enrichments in pathways related to inflammation,

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



European Journal of Nutrition

a HFepa vs HFoleic

Y

296
440

HFepa vs Ref HFoleic vs Ref

PLS-DA muscle gene expression

\ O HFoleic
| | A Hrepa
Reference

Cuarite 2 10% oo

X-variate 2: 10% expl. var

0
X-variate 1: 36% expl. var

Fig.4 Exploration of transcriptomic and lipidomic results. a Num-
bers of differentially expressed genes in the different comparisons
(HFoleic vs Ref, HFepa vs Ref, HFepa vs HFoleic); numbers in red
and green show up and down regulated genes respectively. b PLS-
DA plot of the 900 differentially regulated genes whatever the com-

apoptosis, oxidative stress, circadian regulation, proteoly-
sis, FOXO signalling, Wnt signalling, lipid metabolism
and cancer were observed when the HFoleic group was
compared to the Ref group. Some transcription factors
known to be involved in response to stressors, Spl, Stat
1/3, Atf4 and Nrf2 were identified as potential mediators
of these adaptations. As shown in Table 2, less processes
or pathways were enriched in mice from the HFepa group
compared to the Ref group. Significant enrichments in
pathways related to fatty acid biosynthesis, glucose
metabolism and the regulation of actin cytoskeleton were
observed in the HFepa group compared to the Ref group.
Variation suggested reduced FA synthesis from acetyl coA
and stimulation of elongation leading to incorporation
into non-toxic TAG. Among the list of the 71 genes that
were specific to the comparison between Ref and HFepa
groups (Fig. 4a), we identified processes related to lipid
metabolism, cell development, MAPK pathways, and the
regulation of gene expression or cytokine production (Sup-
plementary Table 2).
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parison. ¢ PLS-DA plot of the 1590 differentially regulated genes
between HFepa and HFoleic groups, with no FDR correction. d, e
PLS-DA plot of lipidomic data for phospholipids (d) and triacylglyc-
erol (e) respectively

No differential gene expression was observed between
the HFoleic and HFepa groups after FDR correction. There-
fore, we considered the 1590 genes that had an accession
number and exhibited a significant expression change at non
adjusted p <0.05 between the HFepa and HFoleic groups,
using the gene set enrichment analysis (GSEA) from the
GeneTrail2 platform. GSEA allows the identification of
similar expression patterns of genes that belong to the same
biological category. To support this exploration, the varia-
tion in the mRINA level of some genes (Ucp3, Pdk4, Collal,
Hifla...) was validated by qPCR (Supplementary Table 3).
PLS-DA using the 1590 genes clearly showed clustering
of the samples within each group and the separation of the
HFoleic group from the two others on the main axes that
explained more than 35% of data variability (Fig. 4c). PLS-
DA classification error rate was estimated to be close to 0%
(HFoleic) and 20% (HFepa). The comparison of enriched
gene sets from the differential analysis between the HFoleic
and HFepa groups showed that the Wnt pathway, extracel-
lular matrix-related events and collagen turnover processes
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Table 2 Significantly enriched biological pathways, processes and potential transcriptional regulators identified according to the transcriptomic

experiment
Name Hits Adjusted
p value

Wiki HFoleic
Focal adhesion-PI3K-Akt-mTOR-signaling pathway 21 4.10E—-009
mRNA processing 24 1.15E-008
Diurnally regulated genes with circadian orthologs 8 9.75E - 006
G1 to S cell cycle control 8 3.71E-005
IL-7 signaling pathway 7 7.53E—-005
Focal adhesion 11 3.86E — 004
Delta-notch signaling pathway 8 4.24E-004
Proteasome degradation 7 5.34E-004
MAPK signaling pathway 10 6.40E — 004
Insulin signaling 10 7.56E —004
IL-6 signaling pathway 8 1.10E - 003
Adipogenesis genes 9 1.36E —003
EGFR1 signaling pathway 10 1.65E—003
Amino acid metabolism 7 4.65E-003
Retinol metabolism 5 5.22E-003
DNA replication 5 9.62E - 003
TNF-alpha NF-kB signaling pathway 9 1.93E-002
Chemokine signaling pathway 9 2.16E—002
Oxidative stress 4 3.16E—002

KEGG HFoleic
PI3K-Akt signalling pathway 27 2.33E-013
Pathways in cancer 25 1.01IE-012
Focal adhesion 14 7.66E — 006
Energy metabolism 12 4.17E-005
MAPK signalling pathway 14 7.41E—-005
Viral carcinogenesis 13 1.73E - 004
Cell cycle 10 1.75E - 004
FoxO signaling pathway 10 3.69E — 004
HIF-1 signaling pathway 9 5.92E-004
Endocytosis 12 6.79E — 004
Spliceosome 9 2.46E—-003
Prolactin signaling pathway 7 2.61E—-003
Rapl signaling pathway 11 3.26E —-003
MicroRNAs in cancer 12 5.34E-003
Ras signaling pathway 11 5.55E-003
Hippo signaling pathway 9 6.57E —003
Amoebiasis 8 8.37E—-003
Estrogen signaling pathway 7 2.01E-002
Peroxisome 6 2.93E-002
Mineral absorption 5 3.10E-002
Arginine and proline metabolism 5 3.41E-002
TNF signaling pathway 7 3.58E-002
Chemokine signaling pathway 9 4.29E-002

Biological processes HFoleic
Apoptotic signaling pathway (5) 43 9.94E-021
Cellular response to DNA damage stimulus (5) 35 1.27E-012
Response to lipid (5) 35 2.14E-012
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Table 2 (continued)

Name Hits Adjusted
p value
Chromatin organization (5) 35 2.10E-011
Regulation of kinase activity (6) 33 1.94E-010
Regulation of cellular response to stress (4) 29 2.76E —009
Chemotaxis (4) 27 3.02E-009
Angiogenesis (4) 25 4.56E — 009
Proteolysis involved in cellular protein catabolic process (6) 24 2.93E-005
Cytokine production (4) 23 1.03E-004
Autophagy (3) 20 8.43E-005
Inflammatory response (5) 20 2.59E-003
Whnt signaling pathway (6) 19 3.34E-005
Striated muscle tissue development (6) 19 4.32E-005
Phospholipid metabolic process (5) 18 9.27E - 006
Muscle cell differentiation (5) 18 1.61E—-004
Extracellular matrix organization (5) 17 1.93E - 007
Fat cell differentiation (6) 14 9.13E - 005
Response to endoplasmic reticulum stress (5) 14 1.16E—-004
Circadian rhythm (3) 10 3.62E—-002
Collagen biosynthetic process (5) 6 2.21E-002
Transcription factors HFoleic
Spl 17 3.13E-008
Stat3 7 1.70E — 005
Rela 7 6.18E —005
Statl 5 3.89E—-003
Egr2 4 1.01E—002
Nfil3 3 1.64E — 002
Atf4 4 1.87E—002
Epasl 3 2.45E-002
Cebpb 6 2.46E — 002
Parpl 3 3.47E-002
Nfe212 4 3.70E — 002
Name Hits p value
Wiki HFepa
Fatty acid biosynthesis 4 3.03E-005
Focal adhesion-PI3K-Akt-mTOR-signaling pathway 7 5.32E-004
Glycolysis and gluconeogenesis 3 2.31E-002
KEGG HFE
Focal adhesion 5 1.37E-002
PI3K-Akt signaling pathway 6 1.72E-002
Regulation of actin cytoskeleton 5 1.76E-002
MAPK signaling pathway 5 3.37E-002
Biological processes HFepa
Vasculature development (5) 12 1.39E - 005
Response to lipid (5) 12 1.79E - 005
Regulation of cell migration (5) 12 2.68E —005
Single organismal cell cell adhesion (4) 12 4.22E-005
Regulation of cell motility (4) 12 4.51E-005
Angiogenesis (4) 11 2.43E - 006
Signal transduction by protein phosphorylation (4) 11 3.76E - 004
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Table 2 (continued)

Name Hits p value
MAPK cascade (5) 10 3.00E—003
Response to growth factor (5) 9 3.28E-003
Actin cytoskeleton organization (5) 9 3.73E-003
Fat cell differentiation (6) 6 1.32E-002

were up-regulated in the HFoleic group (Table 3). Specific
overrepresentation of gene sets related to transcriptional
regulation was also observed in the HFepa group. In the
transcription factor-related collection of sets from GSEA,
over-representation of targets of FOXO1, FOXO3, and
Nfe212 were reported in the HFepa group compared to the
HFoleic group (Table 3; Supplementary Table 4).

Skeletal muscle lipidomic analysis

The transcriptomic regulations related to the control of tran-
scription, ligand-receptor interaction-induced signalling

pathways (notably insulin signalling in the HFoleic group)
and phospholipid/fatty acid metabolisms suggested the
contribution of alterations in lipid homeostasis in skeletal
muscle. We then explored the modulation of skeletal mus-
cle sphingo-phospholipidome in response to the obesogenic
challenge. No significant differences were observed in the
total amount of each phospholipid (PL) classes (Supplemen-
tary Fig. S5) but 44 molecules were significantly affected
by the transgenerational dietary intervention (Supplemen-
tary Table 5a). Approximately 70% of these PL. were under-
represented in the gastrocnemius muscle from both HFoleic
and HFepa groups compared to the Ref group. It concerned

Table 3 Enriched gene sets

. . #Name Reference Hits Adjusted p val HFepa
in the HFepa vs HFoleic vs
comparison using gene set HFoleic
enrichment analysis
Foxol TRANSFAC 4 0.029 1
Nicotinate and nicotinamide metabolism KEGG 2 0.031 0
Protein digestion and absorption KEGG 0.031 0
Spliceosome KEGG 17 0.052 1
Cholinergic synapse KEGG 10 0.061 0
ECM-receptor interaction KEGG 11 0.061 0
Epstein—Barr virus infection KEGG 20  0.076 1
Whnt signaling pathway KEGG 13 0.076 0
mRNA processing Wiki pathways 58  4e-4 1
Id signaling pathway Wiki pathways 10 0.032 1
Whnt signaling pathway NetPath Wiki pathways 9  0.097 0
RNA_processing GO biological process 81  0.013 1
Response_to_lipid GO biological process 49  0.013 1
Cartilage_development GO biological process 18  0.081 0
mRNA_metabolic_process(6) GO biological process 62  0.099 1
Collagen biosynthesis and modifying enzymes Reactome 8 de—-4 0
Collagen degradation Reactome 0.001 0
mRNA splicing—major pathway Reactome 21 0.030 1
ECM proteoglycans Reactome 5 0.040 0
Signaling by PDGF Reactome 5 0.079 0
Glycosaminoglycan_binding GO molecular function 16  0.013 0
Heparin_binding GO molecular function 14  0.013 0
Fibronectin_binding GO molecular function 4 0.068 0
Ton_channel_activity GO molecular function 19  0.096 0
Substrate-specific_channel_activity GO molecular function 19 0.096 0
p val p value
@ Springer
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mostly phosphatidyl ethanolamine (PE), phosphatidyl glyc-
erol (PG), phosphatidic acid (PA), and phosphatidyl inosi-
tol (PI) species. Pairwise comparison between the HFoleic
and HFepa groups suggested differential relative amount
of four ceramides, one sphingomyelin and five phospholip-
ids (p <0.05, no FDR correction). The amounts of the four
ceramides were reduced in skeletal muscle from the HFepa
group compared to the HFoleic group. The global amount
of ceramides did not significantly differ between groups but
tended to be higher in HFoleic and HFepa groups compared
to the Ref group (0.0114 and 0.0112 vs 0.0099 nmol/mg tis-
sue, respectively, p <0.1 vs Ref for each comparison). The
amounts of PI (38:6) and PC (40:8), two PL which contain
the n-3 fatty acid DHA, were increased in the HFepa group
compared to the HFoleic group. Interestingly, PLS-DA of all
phospholipid and sphingolipid data was able to discriminate
the HFepa and HFoleic groups despite a stronger impact
of the HF diet on the global variance (Fig. 4d). Prediction
accuracy was estimated to be high for Ref group (100%)
and close to 75% for HFepa and HFoleic groups (data not
shown).

Lipidomic analysis in the gastrocnemius muscle also
revealed that the content of 38 triglycerides (TAG) was
significantly affected by the obesogenic challenge (Supple-
mentary Table 5b). When the HFoleic and HFepa groups
were compared to the Ref group of mice, 41 or 34 TAG
exhibited a differential amount, respectively, and the rela-
tive proportions of over- or under-represented TAG were
very similar. No difference could be observed between the
HFoleic and HFepa groups after FDR correction of the p
values, but 10 TAG tended to be differentially represented.
Two TAG which contain DPA at the snl position tended to
be overrepresented in the muscles from the HFepa group
compared to the HFoleic group. On the contrary, TAG con-
taining oleic (18:1) or palmitic (16:0) fatty acids at the snl
position tended to be depleted in the HFepa group compared
to the HFoleic group. The PLSDA plot of the relative molec-
ular percentage of the significant molecules in each group
confirmed that despite a good prediction accuracy (71%,
78%, and 100% for HFepa, HFoleic and Ref groups, respec-
tively), few differences could be detected between HFepa
and HFoleic groups. However minor differences allowed a
slight separation of HFepa and HFoleic plots (Fig. 4e).

Discussion

The early-life nutrition can markedly influence individual
susceptibility to develop metabolic disorders and obesity
when exposed to nutritional stressors through different
mechanisms. Among them, the regulation of gene expres-
sion and epigenetic modifications are probably involved in
the genesis of an adaptive response [35]. The continuous
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exposure to a high n-6 to n-3 ratio from foetal to adult age
over generations promoted inflammation and fat mass accre-
tion in mice [12]. Then, the non-genetic inheritance across
generations includes the contribution of parent’s diet, sug-
gesting that early prevention of metabolic and cardiovascular
risk induced by a nutritional stress is possible.

In the present study, we tried to determine if the sup-
plementation of mice with n-3 FA over three generations
could affect the metabolic susceptibility to an obesogenic
diet. Both male and female C57B16J mice breeders were
fed a chow diet enriched with 1% of fish oil, high in n-3
FA mainly in the form of EPA, and compared to a group
receiving 1% of high oleic sunflower oil as control. Diets
were given to pregnant FO females and maintained for F1,
F2, and F3 generations throughout their life. When young
F3 males from the EPA and oleic/control lineages were fed
with a HFD after weaning, a significant lower increase in fat
mass and metabolic abnormalities was observed in animals
from the EPA lineage. Glucose homeostasis was also less
affected and energy expenditure was higher in animals from
the EPA lineage compared to the oleic/control lineage. In
agreement with this, EPA was previously found to prevent
the excessive accumulation of fat mass and the development
of metabolic abnormalities in mice fed a HFD [21]. Given
that these effects were observed in male mice, it could be
relevant to reproduce the experiment in female animals to
expand the relevance of our results. Considering the major
role of skeletal muscle in energy homeostasis and FA oxida-
tion, these observations led us to search for biological and
molecular determinants of these differences.

Our observations were consistent with the notion that
transgenerational and continuous intake of n-3 FA could
reduce cardiovascular and metabolic risks related to an
unbalanced diet. The PLS-DA explorations of transcrip-
tomic and lipidomic data clearly showed differences in the
molecular and structural adaptations. Even if the magni-
tude of the effect was moderate, some biological processes
or cellular pathways exhibited a specific signature of the
transgenerational dietary supplementation. A major differ-
ence was related to the regulation of extracellular matrix
(ECM). Accumulation of ECM in a tissue is a hallmark
of fibrosis and collagen type I. It is a major component of
fibrotic ECM [36]. A common mesenchymal progenitor was
shown to induce intermuscular fat accumulation and fibrosis
in skeletal muscle under pathological conditions [37, 38].
Transforming growth factor-beta (TGF-b) was identified as
an inducer of fibrosis and fiber atrophy in skeletal muscle
[39, 40]. Increased expression of several collagen isoforms
and some inhibitors of matrix metalloproteinases in animals
from the control lineage receiving a HFD suggested replace-
ment of muscle fibres by fibrotic tissue. The wnt signal-
ling has been proposed to control skeletal muscle fibrosis
through mechanisms which are still partially understood
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[41]. Supporting this hypothesis, this signalling pathway
exhibited a differential transcriptomic signature between the
two lineages and should then explain the lower activation of
fibrotic markers in the EPA lineage compared to the control/
oleic lineage. Cellular stress, inflammation, and fibrosis are
closely related [42]. It has been recently proposed that glyco-
lysis and fatty acid catabolism could have opposite effects on
fibrosis development [43]. In agreement with this observa-
tion, we observed a preferential decrease in genes involved
in glycolysis and increase in genes related to fatty oxidation
in animals from the EPA lineage. The increased potential
for FA oxidation after an obesogenic challenge in the EPA
lineage may be mediated by modifications in mitochondria
oxidative capacities. When GSEA was performed on the dif-
ferent comparisons, FA oxidation was an enriched pathway
in skeletal muscle from mice fed with the obesogenic diet
whatever the lineage. However, more genes from this catego-
ries were overrepresented and overexpressed (Cpt2, Hadha,
Hadhb...) in the EPA lineage (Supplementary Table 6).
The differential expression in Pdk4 mRNA between HFepa
and HFoleic groups further support this notion. Pdk4 is an
inhibitor of pyruvate carboxylase, contributing to a prefer-
ential oxidation of fatty acids [44]. Overexpression of three
thioesterases were observed in mice fed a HFD from the
EPA lineage compared to the control/oleic lineage. These
enzymes are crucial regulators of intracellular CoASH
homeostasis and could regulate mitochondria activity in a
UCP3-dependent manner [45, 46]. Interestingly, Ucp3 gene
expression was increased after transgenerational intake
of EPA. This observation also supported the concept that
oxidative stress could be alleviated under nutritional stress
after supplementation with omega 3 FA over generations. In
agreement with this hypothesis, the mRNA levels of Foxol,
Foxo3, and Nfe2l2 (Nrf2) target-genes were significantly
lower in the HFoleic group, but not in the HFepa group com-
pared to the Ref group. The enrichment in SP1 and Stat3
targets in the list of genes affected by the obesogenic diet in
the HFoleic group further support our conclusions. The sig-
nificant downregulation of Foxol expression in the HFoleic
group may have induced the decrease in Pdk4 mRNA level
in mice from this group [47]. It was shown that muscle spe-
cific downregulation of FOXO protein expression reduced
insulin sensitivity and mitochondria abundance within the
tissue [48]. Altogether, these observations suggested that
FOXO transcription factor family may be a central point of
the differential adaptations between lineages in the skeletal
muscle in response to an obesogenic diet. The epigenetic
mechanisms that could regulate FOXO protein activities
remain to be identified. However, even if some controver-
sies exist today, such a hypothesis seems conceivable [49].
Only few differences were identified between the two
lineages on skeletal muscle lipidomic signature, but it con-
firmed the association between the lipidomic signature and

metabolic adaptations. Two phospholipids (PC 40:8 and
PI 38:6) containing DHA tended to be enriched in skeletal
muscle from HFepa compared to HFoleic mice. The PC
molecule was previously found to be significantly enriched
in skeletal muscle from mice with peroxisome proliferator-
activated receptor gamma coactivator 1-alpha overexpres-
sion [50]. Few ceramide species tended to be reduced in
the EPA lineage compared to the control lineage but total
ceramide content tended to be increased in both lineages
compared to the reference group of mice fed with the LF/
reference diet. This is of particular interest since these
molecules are known mediator of insulin resistance, con-
firming the beneficial effect of omega 3 FA on lipotoxicity.
Analysis of TAG composition further support this notion.
Enrichment in DPA was observed in TAG from mice that
received transgenerational supplementation with EPA. DPA
can accumulate after EPA supplementation because the rate
limiting step is the bioconversion of DPA to DHA. These
results suggest as possible role of the identified molecules in
cellular adaptations to nutritional stressors. Our data about
the reduced impact of the obesogenic diet on skeletal muscle
homeostasis in mice receiving a transgenerational supple-
mentation with EPA provide new information in this area
of research and support the notion that a regular intake of
omega 3 FA is beneficial for human’s health. However our
observations were obtained in an animal model, for which
the study of a transgenerational effect of a nutritional inter-
vention is easier to be done. Validation in other strains or
animal species should be obtained to further support our
results. A human clinical study would not be applicable
to translate this work and the comparison of populations
with known low or high intake of omega 3 FA is difficult.
We also acknowledge that few differences were observed
between the three lineages after the obesogenic challenge.
However, we validated the transcriptomic using RT-qPCR
and used GeneTrail to compare our two HFD groups because
it implements a statistical test with FDR correction. Despite
this, our bioinformatic exploration of the data would miss an
investigation at the protein level. In conclusion, the present
study showed that transgenerational supplementation with
n-3 FA sources, especially enriched in EPA, could have ben-
eficial health effects and counter individual susceptibility
to metabolic stressors. The supplementation could mediate
molecular adaptations in insulin sensitive tissues, leading to
an improvement in metabolic flexibility linked to glucose-
fatty acid utilization and to limitation of fibrotic processes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00394-021-02502-6.
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