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EPA and DHA are n-3 long-chain polyunsaturated fatty acids with a diversity of health
benefits on offspring. The objective of this study was to test the in vivo effect of maternal
ingestion of EPA and DHA on fetal and offspring muscle development and energy balance.
Two groups of female C57BL/6 mice were fed EPA and DHA enriched diet (FA) and diet
devoid of EPA and DHA (CON) respectively throughout the entire period of gestation and
lactation. Embryos at E13 and offspring at age of D1 and D21 were selected for sample
collection and processing. No change in birth number and body weight were observed
between groups at D1 and D21. Transient increase in the expression levels of myogenesis
regulating genes was detected at D1 (p < 0.05) in FA group. Most of the expression of
muscle protein synthesis regulating genes were comparable (p > 0.05) between FA and
CON groups at D1 and D21. The significant increase in MHC4, and IGF-1 was not linked to
increased muscle mass. A persistent increase in ISR expression (p < 0.05) but not in
GLUT-4 (p > 0.05) was detected in offspring. Up-regulation of adipogenesis regulating
genes was accompanied by increasing intramuscular fat accumulation in the offspring of
FA group. Considerable increase in transcripts of genes regulating lipid catabolism and
thermogenesis in liver (p < 0.05) was noticed in FA group at D21; whereas, only the levels of
carnitine palmitoyl transferase 1A (Cpt1a) and Enoyl-CoA Hydratase And 3-Hydroxyacyl
CoA Dehydrogenase (Ehhadh) increased at D1. Similarly, genes regulating lipolysis were
highly expressed at D21 in FA group. EPA and DHA treatment promoted BAT
development and activity by increasing the expression of BAT signature genes (p <
0.05). Also, maternal intake of EPA and DHA enriched diet enhanced browning of sWAT.
Taken together, maternal ingestion of EPA/DHA may be suggested as a therapeutic option
to improve body composition and counteract childhood obesity- related metabolic
disorders and confer lifelong positive metabolic impact on offspring.
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INTRODUCTION

A positive correlation has been suggested between offspring’s
health and growth and dietary habit of mothers (Elahi et al,,
2009; Mennitti et al., 2015). The quantity and quality of diet
consumed by the mothers at pregnancy and lactation are of a
great importance for offspring’s growth and development.
Obesity is a threat leading factor for both mothers and
newborns. Offspring born from obese women are prone to
develop many pathophysiological disorders such as asthma,
metabolic syndrome, obesity, and impaired neuronal
development (Catalano and Ehrenberg, 2006; Segovia et al,,
2014). Given the continuous increase in the number of obese
women at reproductive age (Yang and Colditz, 2015), an
effective maternal nutrition strategy should be launched to
protect offspring from multitude of metabolic disorders
induced by maternal obesity. Anticipating that dietary
intervention is more likely a safe approach in regulating
energy balance and adiposity compared to using some drugs
and its related side effects (Santulli and Iaccarino, 2016), food-
derived components known to be involved in enhancing
energy expenditure such as Polyunsaturated fatty acids,
particularly EPA and DHA can be assumed as excellent
options to combat current widespread childhood obesity.
Polyunsaturated fatty acids mainly long-chain derivatives
(LC-PUFA) are an important partition of diet that are
essential in synthesizing the lipid bilayer of cell membrane.
Many studies have emphasized the inability of fetus and infant
to catalyze critical chemical reactions requisite for
synthesizing such fatty acids (Gale et al., 2008; Gil-Sanchez
et al., 2011; Marchix et al., 2020). Thus, LC-PUFAs or their
precursors should be supplied in sufficient amount in maternal
diet to compensate insufficiency. Eicosapetaenoic acid (EPA,
20:5n-3) and docosahexaenoic acid (DHA, 22:6 n-3) are kind
of n-3 LC-PUFAs, highly suggested during pregnancy because
of their great importance in promoting placental function,
growth progression, and neuronal development (Greenberg
et al., 2008; Chavan-Gautam et al., 2018). Moreover, the
effectiveness of EPA and DHA in stimulating the
thermogenic capacity of brown adipocytes have been
indicated by several studies (Zhao and Chen, 2014; Bargut
etal., 2016a; Kim et al., 2016; Okla et al., 2017; Pahlavani et al.,
2017). In accordance with these results, it is conceivable that
maternal diet enriched with EPA and DHA could promote
prenatal resistance to epidemic childhood obesity associated
health problems. However, despite the well-established roles of
EPA and DHA in aforementioned metabolic benefits, many
studies using in vitro models have asserted that EPA and DHA
supplementation  stimulates  fetal myoblast trans-
differentiation into white adipocytes-like cells and increased
intramuscular lipid infiltration that may lead to developing
insulin resistance and muscle atrophy while in vivo evidence is
still missing (Peng et al., 2012; Hsueh et al., 2018; Ghnaimawi
et al.,, 2019; Zhang et al., 2019; Lacham-Kaplan et al., 2020).
Furthermore, accumulative evidences, both in vivo and
in vitro, have been provided to affirm the beneficial roles of
EPA and DHA in promoting the thermogenic capacity of
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brown adipocytes and enhancing the conversion of white to
brown adipocyte in adults (Bargut et al., 2016b; Quesada-
Lopez et al., 2016; Pahlavani et al., 2017; Ghandour et al., 2018;
Worsch et al., 2018; Bargut et al., 2019), whereas their effects
on energy regulation in offspring still need to be investigated.
Thus, the objective of this study is to elucidate the effect of
maternal EPA and DHA supplementation on fetal and
offspring’s muscle development and potential metabolic
alterations. The study aims at 1) investigating the effect of
maternal EPA and DHA enriched diet on muscle development
and metabolism 2) investigating the effect of maternal EPA
and DHA on adipogenesis and intramuscular lipid
accumulation 3) investigating the effect of maternal EPA
and DHA on energy balance and fat distribution in weaned
mice through studying lipid metabolism in liver, brown
adipose tissue (BAT) activity and development, potential
browning of sub-cutaneous fat. Considering their high
affinity to bind and activation of PPARs family members,
we hypothesize that EPA and DHA can promote energy
dissipation via increasing BAT metabolic activity, browning
of subcutaneous fat, and enhancing lipid catabolism in the
liver. However, it may increase intramuscular fat accretion
through direct effect on genes regulating basal adipogenesis.

MATERIALS AND METHODS

Animals

Animals’ handling and care in this study were approved by
Institutional Animal Care & Use Committee (IACUC) in
University of Arkansas (Protocol # is 19057R). Forty
female, 4-6 weeks old, and forty male C57BL/6] mice
obtained from Jackson Laboratory were housed for 2 weeks
under constant conditions of temperature and humidity for
acclimatization. The mice were exposed to unchanged cycle of
12 h of light and darkness and had an access to food and water
ad libitum. Mice were checked daily for estrus cycle, and
females identified with typical signs of estrus were housed
individually with males for breeding. Once the vaginal plug
was observed, females were separated and assigned for one of
two types of diets. Animals were fed 3.05% fish oil diet
enriched with EPA and DHA (FA) (TD.190782) or control
diet (CON), replacing the fish oil with soybean oil (TD.160647,
Envigo Madison, Wisconsin United States, www.envigo.com).
The mice from different groups were maintained on their
respective diet throughout the periods of gestation and
lactation. Diets composition are explained in (Table 1).
Twenty females were euthanized at day 13 of gestation and
two fetuses from each mother were randomly selected for gene
expression. Due to the small size of embryos at day 13 of
gestation, the whole body of each fetus was collected after
removing the head. The other twenty mice were allowed to give
birth. On day 1 postpartum, pups were euthanized by CO,
inhalation after being weighted. The average number of pups
per litter was seven, and only three pups from each litter was
selected randomly to be assessed for different parameters. At
this time point (D1), livers and all muscles of the thigh were
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TABLE 1 | Primer sequences for real-time PCR.

Maternal PUFAs and Fetal Muscle

Primers Forward sequence Reverse sequence
UCP1 TCTCTGCCAGGACAGTACCC AGAAGCCACAAACCCTTTGA
PRDM16 AAGGAGGCCGACTTTGGATG TTTGATGCAGCTCTCCTGGG
MHC CGCCCACCTGGAGCGGATGA CTTGCGGTCCTCCTCGGTCTGGT
DIO2 CAGTGTGGTGCACGTCTCCAATC TGAACCAAAGTTGACCACCAG
IGF1 TCCTTATGAATTGGCTTATC GTTTGTCATCTTCCATTCTGTT
PGCla TCCTCTGACCCCAGAGTCAC CTTGGTTGGCTTTATGAGGAGG
mTOR GCCCACGCCTGCCATACTTG TCAGCTCCGGGTCTTCCTTGTT
CIDEA TGCTCTTCTGTATCGCCCAGT GCCGTGTTAAGGAATCTGCTG
PPARYy GATGTCTCACAATGCCATCAG TCAGCAGACTCTGGGTTCAG
Atrogin-1 CGTGCACGGCCAACAACC CCCGCCAACGTCTCCTCAAT
188 GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
COX7al CAGCGTCATGGTCAGTCTGT AGAAAACCGTGTGGCAGAGA
COXsb GAACCATGAAGCCAACGACT GCGAAGTTCACAGTGGTTCC
MuRF1 GGCTGCGAATCCCTACTGG TGATCTTCTCGTCTTCGTGTTCCT
a-actin CAGAGCAAGCGAGGTATCC GTCCCCAGAATCCAACACG
Fasn GCATTCAGAATCGTGGCATA TTGCTGGCACTACAGAATGC
CPT1a TATAACAGGTGGTTTGACA CAGAGGTGCCCAATGATG

LPL TCTCCTGATGACGCTGATTTTG TCTCTTGGCTCTGACCTTGTTG
Scd1 GAGGCCTGTACGGGATCATA CAGCCGAGCCTTGTAAGTTC
Acadvl CACTCAGGCAGTTCTGGACA TCCCAGGGTAACGCTAACAC
Lcad GGACTCCGGTTCTGCTTCCA TGCAATCGGGTACTCCCACA
Mcad CAACACTCGAAAGCGGCTCA ACTTGCGGGCAGTTGCTTG
Cptla CTCAGTGGGAGCGACTCTTCA GGCCTCTGTGGTACACGACAA
Slc25a20 CCGAAACCCATCAGTCCGTTTAA ACATAGGTGGCTGTCCAGACAA
ATGL TTCCCCAAAGAGACGACGTG CGGTGATGGTGCTCTTGAGT
HSL CCCTCGGCTGTCAACTTCTT GGTGCTAATCTCGTCTCGGG
MGL ACTTCTCCGGCATGGTTCTG GGGACATGTTTGGCAGGACA
Srebpic ATCTCCTAGAGCGAGCGTTG TATTTAGCAACTGCAGATATCCAAG
Ehhadh AAAGCTAGTTTGGACCATACGG ATGTAAGGCCAGTGGGAGATT
Adrb3 GCTGACTTGGTAGTGGGACTC TAGAAGGAGACGGAGGAGGAG
Adrb1 CGTCCGTCGTCTCCTTCTAC CATGATGATGCCCAGTGTCTTG
Slc22a5 TTGGAGACGAAGGACGGACG GCTCAGAGAAGTTGGCGATGG
Zicl CTGTTGTGGGAGACACGATG CCTCTTCTCAGGGCTCACAG
FGF21 CAAATCCTGGGTGTCAAAGC CATGGGCTTCAGACTGGTAC
Ptgs2 CAAGACAGATCATAAGCGAGGA GGCGCAGTTTATGTTGTCTGT
Shox2 TGGAACAACTCAACGAGCTGGAGA TTCAAACTGGCTAGCGGCTCCTAT
P2RX5 TGATAGTTAATGGCAAGGCGG TTGTCTCGGTAAAACTCGCTC
PAT2 AGCCACCCCTCTCAATCT TGCCTTTGACCAGATGAACC
TMEM26 ACCCTGTCATCCCACAGAG TGTTTGGTGGAGTCCTAAGGTC
TBX1 GGCAGGCAGACGAATGTTC TTGTCATCTACGGGCACAAAG
MYF5 CCTGTCTGGTCCCGAAAGAAC GACGTGATCCGATCCACAATG
MYOD1 TCTGGAGCCCTCCTGGCACC CGGGAAGGGGGAGAGTGGGG
MyoG GCAATGCACTGGAGTTCG ACGATGGACGTAAGGGAGTG
MRF4 GTGGACCCCTACAGCTACAAACC TGGAAGAAAGGCGCTGAAGAC

sampled after removing the skin because of the complexity of
isolating fetal hindlimb muscles and the insufficiency of
individual muscle for RNA and protein extraction. The
number of birth and body weights of pups were recorded
where the parameters of all the pups per litter were considered
in this experiment, and the results of each litter were used for
statistical analysis. On the 21st day postpartum, the weaned
mice were euthanized using CO, inhalation and samples from
quadriceps muscle (vastus intermedius, vastus lateralis, vastus
medialis, and rectus femoris muscle), gastrocnemius muscle,
subcutaneous WAT, visceral WAT, and BAT were dissected
and frozen in liquid nitrogen for gene expression and western
blots analysis. Some of the peri-renal fat, tibialis anterior
muscles, Subcutaneous WAT, and visceral WAT were
collected and fixed in formalin 4% for histology. Twenty

pups, selected randomly, one from each litter, were used for
different assessments.

RNA Extraction and cDNA Synthesis

RNA was isolated from liquid nitrogen frozen samples using
the RNeasy Mini Kit (Qiagen Ltd., United Kingdom) and
Direct-zol™ RNA Miniprep Plus. Nanodrop 2000 (Thermo
Scientific) was used to measure the concentration and purity of
extracted RNA where 260/280 (1.8-2.0) and 260/230 ratio (=2)
were considered as indicators of high-quality RNA. cDNA was
synthesized using an iScript™ reverse transcription Supermix
kit (Bio-Rad, Richmond, CA, United States) and the reaction
condition was set in accordance with the manufacturer
instructions. Gene expression was conducted using CFX
Connect Real-Time PCR Detection System (Bio-Rad,
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TABLE 2 | Diet composition.

Product #

Control diet (con) TD.160647

Maternal PUFAs and Fetal Muscle

EPA/DHA diet (FA) TD.190782

Macronutrients % by weight

Protein 18.8
Carbohydrate 51.6
Fat 7.8

Energy density

Fatty acid composition %*
Myristic acid C14:0
Palmitic acid (PA) C16:0
Palmitoleic acid C16:1 (n-7)
Stearic acid C18:0
Oleic acid C18:1 (n-9)
Linoleic acid C18:2 (n-6)
Linolenic acid C18:3 (n-3)
Eicosapentaenoic acid C20:5 (n-3)
Docosahexaenoic acid C22:6 (n-3)

SFA

MUFA

PUFA

N-6 level

N-3 level

(n-6): (n-3) ratio

Richmond, CA, United States). Relative gene expressions were
determined using the comparative Ct method and the data of
each target gene was normalized to 18s values in the same
sample. The set of primers used in this experiment are
explained in (Table 2).

Western Blot Assay
Samples were prepared for protein extraction by homogenizing
~100 mg of frozen tissues with MagNA lyser green beads in lysis
buffer composed of a mixture of T-PER (Sigma- Aldrich, St. Louis,
MO, United States) and protease and phosphatase cocktail
inhibiter at ratio of 100:1. The homogenized tissue lysate was
transferred into 1.5 tubes and centrifuged at 13,000 g for 20 min.
Thereafter, the supernatant containing total proteins was gently
aspirated into new centrifuged tubes. The Pierce™ BCA Protein
Assay Kit (Sigma-Aldrich, St. Louis, MO, United States) was used
to determine the concentration of total protein by following the
instructions from manufacturer. Gel electrophoresis was
performed by loading 40 pg protein from all samples (control
and treatment) into the wells of Mini-PROTEAN precast gels
(Bio-Rad). Then, the protein was transferred on the membrane
using Trans-Blot = Turbo™ Mini PVDF Transfer Packs (Bio-
Rad). The membrane was blocked for 1 h in 5% blocking solution
(dry milk or/and BSA) at room temperature with gentle shaking.
After being washed three times with 1X TBST buffer, membrane
was incubated overnight with specific primary Abs including;
[glyceraldehyde-3-phosphate  dehydrogenase = (GAPDH)
(1:1000, Cell Signaling), myogenic differentiation 1 (MyoD1)
(1:1000, Abcam), Myogenin (MyoG) (1:2000, Abcam), PPARG
Coactivator 1 Alpha (PGCla) (1:1000, Cell Signaling),
phosphorylated Mechanistic Target Of Rapamycin Kinase
(P-mTOR) (1:1000, Cell Signaling), P-p70s6 kinase (1:1000,
Cell Signaling), CPTla (1:1000, Cusabio), phosphorylated
Hormone-sensitive  lipase ~ (P-HSL)  (1:1000,  Abcam),

% Kcal from gm kcal
214 18.8 214
58.7 51.6 58.7
19.9 7.8 19.9
3.5 3.5
0 ~3.6
~11.2 ~13.1
0.0 ~4.8
~3.9 ~3.5
~23.2 ~18.2
~53.5 ~33.2
~7.5 ~4.9
0 ~5.7%
0 ~4.5%
~15.4% ~22%
~23.4% ~24.7%
~61.2% ~53.3%
~53.5% ~36%
~7.6% 17.2%
74 2.1

Uncoupling protein 1 (UCP1) (1:1000, Abcam), and PRDM16
(1:1000, Abcam) |. Then, the membrane was incubated with HPR
conjugated secondary antibody diluted to (1:5000) for 1 h at room
temperature. ECL immunoblotting clarity system (Bio-Rad) was
used to visualize the bands, detected under ChemiDoc TM Touch
imaging system (Bio-Rad, California, United States). Band
density was analyzed using Image Lab software (Bio-Rad,
California, United States) and normalized according to the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) content
(Iwase et al., 2020).

Histology

The whole muscles of the thigh of new born pups (D1) and the
tibialis anterior from weaned mice (D21) were collected and
stored in 4% paraformaldehyde for subsequent hematoxylin -
eosin (H&E) and oil red O staining. Samples stained with
hematoxylin and eosin (H&E) were used to determine the
number of nuclei per myotube, myotubes’ length, and
myotubes’ number and thickness. Further, sections stained
with oil red O were used to evaluate intramuscular lipid
accumulation. Peri-renal fat pads collected from weaned mice
were maintained in 4% paraformaldehyde and stained with
hematoxylin and eosin (H&E) to be used in determining
adipocyte sizes and numbers. Subcutaneous samples were
maintained in 4% paraformaldehyde and stained with
hematoxylin and eosin (H&E) to examine the potential
browning of white adipocytes. Eight samples were used in
each group, and images of eight cross sections from each
sample were analyzed. The image analyzing software, Image J
(Fiji-win32), was used to analyze all the data. Intramuscular lipid
accumulation was identified as a bright red area located in the
sarcoplasm of the fibers and/or in endomysium (between fibers).
Zeiss Imager M2 microscope and digital camera (Axiocam 105
color)” was used for taking images.
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Hematoxylin and Eosin Staining
Samples were kept in 10% buffered formalin solution until time of

processing. Tissue samples were sliced into 2-3 pieces and placed
in VWR brand Monosette IV cassettes (Missouri, United States).
Tissues were fixed overnight using a Lipshaw Model 2500
automated processor (Thermo Scientific, Waltham, MA,
United States). The tissue samples were rinsed in 70%, 80%,
85%, 95% (x2) and 100% (x2) alcohol followed by two rinses in
toluene and two paraffin baths. The following morning, tissue
samples were removed from the Lipshaw 2500 and embedded in
liquid paraffin. After setting up, the paraffin blocks were removed
from the forms and placed in a 5F° freezer overnight. Samples
were removed from the freezer, one at a time, and cut into ~2 nm
slices using a Lipshaw manual rotary microtome and placed on
VWR Superfrost Plus microscope slides. Tissues were placed in a
Lipshaw slide dryer overnight. Paraffin was removed from the
tissue samples with two toluene rinses followed by 100% (x2),
95% (x2) and tap water rinse before being stained with VWR
Harris Hematoxylin solution for 15 min. After rinsing, samples
were dipped in an acid alcohol solution 4 times before being
rehydrated in dd H,O for 15 min. After rehydrating, they were
submerged in Harleco brand staining blueing solution for 30s,
followed by 2 min in Eosin Y solution. Samples were then rinsed
in alcohol 4 times and toluene 4 times. After the final toluene
rinse, cover slips were fixed using Thermo Scientific Xylene
Substitute Mountant and left to dry overnight (Sato et al., 2020).

Oil Red O Staining

Oil red O staining was conducted according to (Luna, 1992).
Briefly, 0.5 gm oil red O was gradually dissolved in 100 ml
absolute propylene glycol (100%) to prepare working solution
(0.5%). Large undissolved pieces were allowed to melt
progressively by periodic stirring. The mixture was,
thereafter, heated on hot plate with gentle stirring, taking in
account the gradual increase of temperature till reaching 95°C
as a maximum without exceeding the 100°C. Before getting
cold, the solution was filtered directly with rough filter paper.
Then, the leached solution was collected in conical 50 ml tube
and let stand at room temperature overnight followed by
vacuum filtration using Seitz filter with the coarse surface
facing up. Muscle samples were preserved in 10% buffered
formalin prior to paraffin embedding. Paraffin samples were
prepared following the same steps outlined in H&E protocol.
Paraffin embedded tissue sections were cut approximately
10 um thick and mounted on slides. The following day,
paraffin was removed from tissue samples with 2 changes
xylene (2min each) followed by 100% ethanol (2 changes/
2 min each), 95% reagent alcohol (2 changes/2 min each) and
tap water rinse (1 time/1 min). The slides were then placed in
Oil Red O working solution (0.5%) for 24 h. Thereafter, they
were immersed in 85% propylene glycol for 1 min with gentle
agitation. Later, the slides were rinsed in distilled water (2
changes/2 min each), followed by incubation with Mayer’s
hematoxylin for 5min. Afterwards, the slides were rinsed
under tap water for 10 min. Finally, Shandon Xylene
Subsitute Mountant (Thermo Scientific, Waltham, MA,
United States) was used to mount cover glass.

Maternal PUFAs and Fetal Muscle

Statistical Analysis
All data from assays used to compare CON and FA treated groups

were assessed for significance by the unpaired Student’s t-test
with the assumption of equal variances, and arithmetic means +
SEM are reported. p < 0.05 was considered statistically significant.

RESULTS

Birth Outcomes and Tissue Weights

Our results showed that the number of births and body weight of
pups at D1 were not affected by FA treatment (p = 0.413476 and
0252995 respectively). Similarly, although it was not significantly
different, FA treated group exhibited a tendency toward decrease
body weight (9.36 + 0.45g) when compared to control group at
weaning (day 21) (10.48 + 0.53 g) (p = 0.062). In line with that, no
significant differences were detected in the ratios of different fat
depots including subcutaneous fat, visceral fat, and BAT (p = 0.08897,
0.078182, 0.218379 respectively) among weaned pups coming from
mothers fed control or fatty acids enriched diet (Figure 1).

Genes Regulating Myogenesis, Muscle
Contractile Proteins, Muscle Protein
Synthesis, and Adipogenesis at E13

The results exhibited non-significant differences between control
and FA treated groups in expression levels of genes regulation
myogenesis process including MyoD1, MyoG, and Myf5,
myogenic regulatory factor (MRF4), and B-catenin (p = 0.083881,
0.09182, 0.49113, 0.312692, and 0.494429 respectively). Also, the
transcripts of genes encoding the main muscle structural proteins
including myosin heavy chain-4 (MHC4) and a-actin were
comparable between control and FA treated groups (p =
0.448238 and 0.201322 respectively). Moreover, non-significant
differences were observed in expression levels of genes regulating
muscle protein synthesis and glucose metabolism, including
mammalian target of rapamycin (mTOR), muscle ring finger 1
(MURF1), insulin-like growth factor 2 (IGF-2), F-box only protein
32 (Atrogin-1), insulin-like growth factor 1 (IGF-1), Insulin receptor
(INSR), and glucose transporter-4 (p = 0.26, 0.25, 0.067, 0.13, 0.23,
0.399, and 0.29 respectively). Furthermore, no significant differences
were observed in the expression levels of adipogenesis regulating
genes including peroxisome proliferator-activated receptor gamma
(PPARy), CCAAT Enhancer Binding Protein Alpha (CEBPa), and
Adipocyte fatty acid binding protein (AP2) between control and FA
treated groups at this time point (p = 0.339223, 0.334623, and
0.48406 respectively) (Figure 2).

Genes Regulating Myogenesis, Muscle
Contractile Proteins and Muscle Protein
Synthesis at D1

The results exhibited a considerable increase in the expression
level of genes regulation myogenesis process including
MyoD1, MyoG, and MRF4 in FA treated group when
compared to control (220 + 81.7% p = 0.019004, 115 +
59.6% p = 0.044065, and 221 + 98.5% p = 0.025263
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FIGURE 1 | Effect of maternal intake of EPA/DHA enriched diet on number of births and body weight of new born pups at D1 and D21. The mothers were assigned
to two groups, one received control diet (CON) and the other was fed EPA/DHA enriched diet (FA). (A) Statistical analysis of number of births (B) Body weight difference
between tested groups at D1. (C) Body weight difference between tested groups measured in gram at D21. (D) Fat ratio corrected by body weight. Body weight was
measured in gram. Data was analyzed by Student’s t-test (1 = 20) and represent as mean + SEM. Non-significant difference was observed between groups. Fat
ratio was calculated by dividing the weight of a certain fat deposits (BAT, visceral fat, and subcutaneous fat) on total body weight and the results was normalized by body
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respectively). However, no significant difference was observed
in MyoG protein level between differentially treated groups.
Also, the transcript of gene encoding MHC4 but not a-actin
was significantly higher in FA groups upon comparison to
control group (102 + 54.6% p = 0.050957, p = 0.427226
respectively). Additionally, findings revealed a
considerable increase in the expression level of IGF-1 in FA
group when compared to control group (126 + 68.5% p =
0.018595). However, the results of other genes regulating
protein synthesis such as mTOR, MURFI, IGF-2, and
Atrogin-1 were comparable between variously treated
groups (p = 0.276066, 0.261989, 0.193612, and 0.137308
respectively). Also, a significant increase in the expression
level of gene encoding insulin receptor (INSR) was detected
in FA group in comparison to control group (65 + 29.3% p =
0.037078). However, no significant difference of the expression
level of GLUT-4 (P + 0.135904) was observed between the
groups. The results may be an indicator of a positive
correlation between EPA and DHA supplementation and
muscle insulin sensitivity (Figure 3).

our

Myotube Formation at D1

The histological analysis of muscle tissue exhibited non-
significant differences in the number of muscle fibers,
diameter of fibers, length of fibers, and number of nuclei per

fiber between control and FA treated groups in neonates aged
l1day (p = 0.399, 0.091, 0.309691, and 0.134535 respectively)
(Figure 4). The results were inconsistent with those obtained
from gene expression indicating that maternal EPA and DHA
intake has no effect on muscle tissue mass and growth in
offspring.

Intramuscular Fat Accumulation at D1

FA treatment considerably enhanced the expression levels of
adipogenesis regulating genes at D1. The expression levels of
PPARy and AP2 were by far much higher in FA treated group
when compared to control group (173 + 86.4% p = 0.04064, 187 +
56.3% p = 0.004606 respectively). However, the expression level of
CEBPa was not significantly different between the groups (p =
0.393167). In line with that, Oil red O-stained sections showed a
dramatic increase in ectopic intramuscular accumulation of lipid
in FA treated group in comparison to control group in neonates
(D1). The results of histology were consistent with PCR results
referring to the adipogenic role of EPA and DHA (Figure 5).

Genes Involved in Lipid Metabolism

Regulation in Liver at D1
Obvious partial increase in the expression level of genes
regulating fatty acid uptake and B-oxidation CPTla and
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FIGURE 2 | Effect of maternal intake of EPA/DHA on fetal genes regulating myogenesis, muscle protein synthesis, glucose metabolism, muscle contraction, and
adipogenesis on day 13 of gestation. The mothers were assigned to two groups, one received control diet (CON) and the other was fed EPA/DHA enriched diet (FA) (A)
gPCR analysis of genes regulating myogenesis (B) gPCR analysis of genes encoding muscle protein synthesis and degradation (C) The relative expression of glucose
metabolism regulating genes. (D) gPCR analysis of genes regulating muscle contractile proteins. (E) The relative expression of adipogenesis regulating genes of

fetal muscles collected on day 13 of gestation. The Ct values of target genes were normalized to the values of 18 s in each sample. All data represent as mean + SEM. p <
0.05, by Student’s t-test (n = 6). The symbol (& means tendency to significant (0.05 < p < 0.1).
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Ehhadh was observed in FA treated group in comparison to
control group (191 + 56.9% p = 0.004253, 595 + 89.7% p =
0.00003 respectively). However, the expression level of
medium-chain acyl-CoA dehydrogenase (Mcad), acyl-CoA
dehydrogenase, long chain (Lcad), very long-chain specific
acyl-CoA dehydrogenase (Acadvl), mitochondrial carnitine/
acylcarnitine carrier protein (Slc25a20), and Solute carrier
family 22 member 5 (SLC22A5) showed a great similarity
between the differentially treated groups (p = 0.464667,
0.219827, 0.396513, 0.413866, and 0.219612 respectively).
Moreover, non-significant differences were observed in
expression level of thermogenesis regulating genes including

peroxisome proliferator-activated receptor gamma coactivator
l-alpha (PGC-la) and peroxisome proliferator-activated
receptor alpha (PPARa) (p = 0.409632 and 0.437284
respectively). Our findings also exhibited non-significant
differences between tested groups in genes known to be
involved in orchestrating lipid synthesis such as fatty acid
synthase (Fasn) and sterol regulatory element-binding
transcription factor 1 (Srebplc) (p = 0.481307 and 0.315629
respectively). Further, the transcripts of lipolysis regulation
genes including adipose triglyceride lipase (ATGL), hormone-
sensitive lipase (HSL), and monoacylglycerol lipase (MGL)
were comparable between FA and control treated groups at
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FIGURE 3 | Effect of maternal intake of EPA/DHA on genes regulating myogenesis, muscle protein synthesis, glucose metabolism, muscle contraction, and
adipogenesis in day 1 neonates. The mothers were assigned to two groups, one received control diet (CON) and the other was fed EPA/DHA enriched diet (FA) (A)
Quantitative RT-gPCR (n = 8) and representative image and densitometric analysis of western blot (n = 4) of genes regulating myogenesis (B) Quantitative RT-gPCR (n =
8) and representative image and densitometric analysis of western blot (n = 4) of genes encoding muscle protein synthesis (C) The relative expression of glucose
metabolism regulating genes (n = 8). (D) gPCR analysis of genes regulating muscle contractile proteins (n = 8). The raw Ct was normalized to the value of 18 s. All data
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this time point (p =
respectively) (Figure 6).

0.200105, 0.34237, and 0.494122

Genes Regulating Myogenesis, Muscle
Contractile Proteins and Muscle Protein
Synthesis at D21

Non-significant differences between control and EPA and DHA
treated groups were observed in the expression levels of genes
regulation myogenesis process including MyoD1, MyoG, and
MRF4 (p = 022122668, 026232362, and 0.17121615
respectively). Similarly, the transcripts levels of MHC4 and a-
actin, genes encoding the main muscle structural proteins were

comparable between control and FA groups (p = 0.358706 and
0.180359 respectively). Moreover, our findings exhibited a
considerable increase in the expression level of IGF-1 in FA
treated group upon comparison to control group (62 + 18%, p =
0.01548417). However, the results of other genes regulating protein
synthesis such as mTOR, MURFI1, IGF-2, and Atrogin-1 were
comparable between the groups (p = 0.164394, 0.473528, 0.27987,
and 0.27987 respectively). Also, a significant increase in the
expression levels of gene encoding insulin receptor (INSR) was
detected in FA treated group in comparison to control group (64 +
18.9% p = 0.01789307). Further, the expression level of glucose
transporter-4 (GLUT-4) exhibited a tendency toward an increase in
FA treated groups in (p = 0.07259825) (Figure 7).
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were used in this measurement where the value of each samples represents the average of the measurements of eight cross section areas randomly selected from each
sample (E) a representative microscopic image of muscle tissue stained with H&E from differentially treated groups. The magnification is x10 and scale bar is 100 um
black arrows refer to muscle fibers. Non-significant difference was observed between groups.

Myotube Formation at D21

The histological analysis of muscle tissue exhibited non-
significant differences in the number of muscle fibers and
number of nuclei per fiber between control and FA groups
in weaned mice (p = 0.22 and 0.1). However, the results
analysis of fibers’ diameter and length showed a tendency
toward a decrease in FA group (18.89 + 0.41 uM and 87.8 +
3.02 uM respectively) when compared to control (19.96 *
0.31 uM and 100.4 + 7.8 uM respectively) (p = 0.074 and
0.096 respectively) (Figure 8).

Intramuscular Fat Accumulation at D21
The results exhibited a significant increase in the expression levels

of PPARy, CEBPa, and AP2, genes regulating the basal
adipogenesis process in FA treated group when compared to
control (169 + 16.7%, p = 0.00001, 195 + 29.1% p = 0.00023445,
and 203 + 30.9% p = 0.00013242 respectively). Correspondingly, a
moderated to extensive increase in intramuscular and
sarcoplasmic infiltration of lipid was observed in muscle
samples stained with Oil Red O stain in group treated with
EPA and DHA rich diet throughout the entire period of
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FIGURE 5 | Effect of maternal intake of EPA/DHA on ectopic lipid accumulation in muscles of day 1 neonates. The mothers were fed either control diet (CON) or
EPA/DHA enriched diet (FA) during the entire period of pregnancy and lactation. (A) The relative expression of adipogenesis regulating genes in neonatal muscles. The
raw Ct was normalized to the value of 18 s. All data represent as mean + SEM. p < 0.05 by Student’s t-test (n = 8). (B) A representative microscopic image of muscle
samples stained with Qil red O in day 1 offspring fed control diet or EPA/DHA rich diet. The magnification is x10 and scale bar is 100 pm. Black arrows refer to
accumulated fat. (-) indicates absence the accumulation of fat neither in the sarcoplasm of the fibers nor in endomysium (between fibers). (+) represents mild fat infiltration

gestation and lactation when compared to control group
(Figure 9).

Genes Involved in Lipid Metabolism

Regulation in Liver at D21

Our data revealed that after the treatment with EPA and EHA rich
diet during gestation and lactation, there were significant changes of
the expression levels of the genes involved in -oxidation and
thermogenesis in the offspring at D21. Considerable increase in
the transcripts of CPT1a, Ehhadh, Mcad, Lcad, Acadvl, Slc22a5,

Slc25a20, and PPARa was clearly observed in EPA and DHA treated
group compared to control; whereas, the expression of PGCla
showed tendency toward an increase in maternal FA group
(165 + 49.8% p = 0.003204476, 436 + 78.2% p = 0.00004, 272 +
76% p = 0.001566, 133 + 39.5% p = 0.002697168, 86 *+ 24.3% p =
0.006101698, 109 + 54.2% p = 0.046671763, 210 = 81.3% p
0.011363229, 86 + 30.2% p = 0.008212401, and p = 0.069331773
respectively). Our findings exhibited that EPA and DHA have no
effect on fatty acid synthesis in liver even though the treatment was
sustained throughout the lactation period. In this regard, non-
significant ~ differences between tested groups in genes
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FIGURE 6 | Effect of maternal intake of EPA/DHA on lipid metabolism regulation in liver in day 1 neonates. The mothers were fed either control diet (CON) or EPA/
DHA enriched diet (FA) during the entire period of pregnancy and lactation (A) Quantitative RT-qPCR (n = 8) and representative image and densitometric analysis of
western blot (n = 5) of genes regulating fatty acid uptake and a p-oxidation (n = 8) (B) The relative expression of genes involved in regulating the thermogenesis process in
liver (n = 8). (C) Quantitative RT-qgPCR (n = 8) and representative image and densitometric analysis of western blot (n = 4) of genes regulating lipogenesis and
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orchestrating lipid synthesis such as Fasn and Srebplc (p = 0.32 and
0.114996 respectively) were detected between groups. However,
lipolysis regulation genes including: ATGL and HSL, MGL and
LPL (232 + 46.3% p = 0.0072, 402 £ 57.6% p = 0.00001, 52 + 21.4%
p =0.048, and 73.5 + 34.4% p = 0.03 respectively) were significantly
upregulated in FA treated group (Figure 10).

Brown Adipogenesis at D21

The mRNA and proteins levels of BAT signature genes were
measured to identify the effect of maternal n-3 PUFA
supplementation on offspring’s BAT development and activity.
Significant increase was observed in transcripts of uncoupling
protein 1(Ucpl), cell death-inducing DNA fragmentation factor
a-like effector A (Cidea), PR domain containing 16 (Prdm16),

peroxisome proliferator-activated receptor gamma coactivator 1-
alpha (PGCla), type II iodothyronine deiodinase (Dio2), zinc
finger protein ZIC 1 (Zicl), fibroblast growth factor 21 (Fgf21),
P2X purinoceptor 5 (p2rx5), and peroxisome proliferator-
activated receptor alpha (PPARa) in FA treated group
compared to control (101 + 42.5% p = 0.03, 45 + 23.1% p =
0.04, 55 + 23% p = 0.02, 133 £ 50.2% p = 0.01, 141 + 30.4%, p =
0.002, 114 £ 35.6% p = 0.004, 182 + 75.8% p = 0.019, 172 £ 42.2%
p=0.03,49 £ 22.3% p = 0.03 respectively). Then, we assessed the
effect of FA treatment on genes known to serve as stimulators of
BAT thermogenic capacity. The results revealed an increase in the
expression levels of Dio2, and PGCla while a tendency toward an
increase in the expression levels of cytochrome c oxidase
polypeptide 7A1 (Cox7al), and cytochrome ¢ oxidase subunit
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8B (Cox8p) was detected in FA treated group in comparison to
control group (141 + 30.4%, p = 0.002, 133 + 50.2% p = 0.01, p =
0.076615, and 0.065654 respectively). However, no significant
differences were observed in the expression levels of [3-
adrenergic receptor (Adrbl) and Pl-adrenergic receptor
(Adrb3) between control and EPA/DHA treated groups (p =
0.117 and 0.22 respectively) (Figure 11).

Potential Browning of Sub-Cutaneous
White Adipose Tissue at D21

The response of the mice to EPA and DHA supplementation was
confirmed by assessing its effect on potential browning of sub-

cutaneous fat. Beige fat gene profile was compared between
differentially treated groups. Our analysis indicated a
significant increase in the expression levels of beige specific
markers such as Ucpl, Short-stature homeobox 2 (Shox2),
transmembrane protein 26 (Tmem26), and Phosphate
acetyltransferase (Pat2) and a tendency toward an increase in
the expression levels of T-box transcription factor 1 (Txb1) (500 +
92.2% p = 0.0001, 244 + 60.7%, p = 0.0009, 116 + 63.6% p = 0.050,
267 + 43.2% p = 0.00004, and p = 0.09 respectively). Also, the
expression levels of genes serving as stimulators of thermogenesis
system, including PGCla, PPARa, Cox7al, and Cox8p were
remarkably upregulated in response to EPA and DHA
treatment (311 £ 95.6% p = 0.003, 414 + 46.7% p = 0.00002,
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FIGURE 8 | Effect of maternal intake of EPA/DHA on myotubes formation in day 21 weaned mice. The mothers were fed either control diet (CON) or EPA/DHA
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8); eight samples per group were used in this measurement where the value of each sample represents the average of the measurements of 8 cross section areas
randomly selected from each sample (E) a representative microscopic image of muscle tissue stained with H&E stain from differentially treated group. The magnification
is x10 and scale bar is 100 pm black arrows refer to muscle fibers. Non-significant difference was observed between groups.
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393 £56.2% p = 0.00001, and 469 + 68.3% p = 0.0001 respectively)
(Figure 12).

Fat Pad (Peri-Renal Fat) at D21

The average adipocyte size was reduced in response to FA
treatment (2032 = 09pM) when compared to control
(39.76 + 0.92uM) (p = 0.0001). However, adipocytes number
was comparable between differently treated groups (p = 0.248)
indicating that EPA/DHA treatment reduced adipocytes
hypertrophy but has no effect on white adipocyte
differentiation (hyperplasia) (Figure 13).

DISCUSSION

Anticipating its wide array of health benefits on offspring, maternal
n-3 PUFAs intake has been frequently addressed as an area of
investigation by researchers (Egert et al.,, 2009; Tateishi et al., 2009;
Wang et al, 2013; Zhao et al, 2018). However, conducting a
comprehensive study investigating the impact of n-3 PUFAs
particularly EPA and DHA on fetal muscle development and
energy handling is still missing. Here, we demonstrated that
maternal supplementation of EPA and DHA induced excessive
infiltration of intramuscular fat through up-regulation of PPARy
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and other adipogenesis regulatory genes. However, the adipogenic
effect was not on the expense of myoblasts as having been reported
by several in vitro studies (Peng et al., 2012; Hsueh et al,, 2018;
Ghnaimawi et al., 2019; Zhang et al., 2019; Ghnaimawi et al., 2020;
Lacham-Kaplan et al., 2020; Ghnaimawi et al., 2021). Otherwise, it
was mediated by PPARYy activation, ectopically expressed in muscle
cells. Moreover, no association was detected between EPA and DHA
treatment and myotubes formation although it induced transient up-
regulation of myogenesis regulating genes in neonates. The results
also revealed that maternal supplementation of EPA and DHA could
play a significant role in up-regulation the expression of genes

regulating glucose metabolism indicating its inverse effect to
insulin resistance. However, EPA and DHA maternal ingestion
has no effect on gene expression and signaling related to protein
synthesis even the treatment is sustained throughout the gestation
and lactation period. Further, our findings documented the
significance of maternal consumption of EPA and DHA enriched
diet in promoting BAT development and thermogenic capacity,
enhancing substrate oxidation in liver, stimulating white adipose
tissue browning, and reducing adipocytes size.

The effect of maternal ingestion of EPA and DHA on
myoblasts differentiation and myotube formation has been
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FIGURE 10 | Effect of maternal intake of EPA/DHA on hepatic genes regulating lipid metabolism in weaned mice (D21). The mothers were fed either control diet
(CON) or EPA/DHA enriched diet (FA) during the entire period of pregnancy and lactation (A) Quantitative RT-gPCR (n = 8) and representative image and densitometric
analysis of western blot (n = 4) of genes regulating fatty acid uptake and a B-oxidation in neonates in weaned mice (D21) (B) Quantitative RT-gPCR (n = 8) and
representative image and densitometric analysis of western blot (n = 4) of genes involved in regulating lipogenesis and lipolysis in weaned mice (D21). (C)
Quantitative real-time PCR (n = 8) analysis of the expression of genes regulating the thermogenesis process in weaned mice (D21). The control image of GAPDH from
liver sample (D21) was reused in panel B and (C). The raw Ct was normalized to the value of 18 s. All data represent as mean + SEM. p < 0.05 by Student’s t-test.

frequently addressed in vitro using C2C12 as a representative
model of skeletal muscle cells with obvious inconsistency in the
results. In relation to that, some investigations have asserted the
beneficial effect of EPA and DHA in enhancing muscle strength
and promoting the differentiation process (Dupont et al., 2019;
Rodacki et al, 2012; Magee et al, 2008; Saini et al, 2017).
Constantly, other studies have reported a negative association
between EPA and DHA supplementation and pathways

regulating myogenesis and terminal differentiation of
myoblasts into mature myotubes (Ghnaimawi et al, 2019;
Hsueh et al., 2018; Peng et al., 2012; Zhang et al, 2019;
Lacham-Kaplan et al, 2020; Ghnaimawi et al, 2021;

Ghnaimawi et al, 2020). Per our knowledge, this the first

study investigating the effect of maternal diet enriched with
EPA and DHA on fetal muscle development especially during
the prenatal stage when de novo myogenesis process is initiated
and during early postnatal stage when fully mature myofibers are
formed. Our in vivo results were inconsistent with many in vitro
studies including our previous ones which referred to the
potential differentiation of C2C12 myoblasts into white
adipocytes like phenotypes (Ghnaimawi et al., 2019; Hsueh
et al., 2018; Peng et al, 2012; Zhang et al, 2019; Lacham-
Kaplan et al., 2020; Ghnaimawi et al., 2021; Ghnaimawi et al.,
2020). A transient increase in the expression levels of, MtoD],
MRF4, MyoG, and MHC4 was detected in the group fed EPA and
DHA enriched diet at D1 (Figure 3) without any change in
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FIGURE 11 | Effect of maternal intake of EPA/DHA on BAT signature genes expression in weaned mice (D21). The mothers were fed either control diet (CON) or
EPA/DHA enriched diet (FA) during the entire period of pregnancy and lactation (A) Quantitative RT-gPCR (n = 8) and representative image and densitometric analysis of
western blot (n = 4) of key genes regulating BAT activity and development in weaned mice, 3 weeks postpartum (B) The Quantitative RT-gPCR (n = 8) and representative
image and densitometric analysis of western blot (n = 4) relative expression of genes involved in regulating the thermogenesis activity in weaned mice, 3 weeks
postpartum. The raw Ct was normalized to the value of 18 s. All data represent as mean + SEM. p < 0.05 by Student’s t-test.

muscle mass (Figure 4). However, although it was not
significantly different, EPA and DHA treated group exhibited
a decrease in the expression levels of myogenesis regulatory
transcription factors at E13 of gestation (Figure 2). The
reason behind missing the correspondence between in vivo
and in vitro trials can be attributed to one fact that is the
proposed inhibitory effect of maternal EPA and DHA on
myogenesis and myotube formation might be antagonized by
the high concentration of reproductive hormones, mainly, 17p-
estradiol (E2) during pregnancy. E2 is a strong stimulatory factor
of myoblast differentiation and subsequent formation of full
mature muscle fibers (Galluzzo et al.,, 2009; Murray and Huss,
2011; Berio et al, 2017; Lacham-Kaplan et al., 2020). It was
reported that E2 plasma level during pregnancy is 100 times
higher than EPA and DHA (Schock et al., 2016; Berkane et al.,
2017) and n-3PUFA circulating level is 10 times less (Kawabata
et al., 2017). Accordingly, we think that the inhibitory effect of
EPA and DHA on myotube formation was overturned as a result
of the considerable reduction in EPA and DHA to E2 ratio during
pregnancy. Moreover, the transient postnatal increased in the
expression of MRFs genes, MHC4, and IGF-1 in FA treated group
observed in our study can be strongly linked to the stimulatory
effect of E2 on the genes involved in myotubes formation and
contractile proteins synthesis. Also, it may be a compensatory
response to cope with the negative intervention of EPA and DHA
against myogenesis during prenatal stage (E 13) and associated
tendency toward decrease the expression levels of MyoD1 and
MyoG, observed in this report. In accordance with that, the
process of postnatal fully compensation of compromised
muscle growth in response to maternal nutrient restriction or

other inhibitory factors have been frequently addressed in human
and animal trials (Jimenez-Chillaron and Patti, 2007; Tudehope
et al,, 2013).

EPA and DHA - mediated mTOR phosphorylation enhance
the activation of P70-S6K1, followed by promoting protein
synthesis and muscle fibers hypertrophy (Drummond et al,
2009; Baar and Esser, 1999). This pathway is the main
regulatory route of muscle protein synthesis. Also, EPA and
DHA are affective factors in up-regulating the expression of
IGF-1, muscle protein synthesis stimulating factor (Wei et al.,
2013). Although IGF-1 was significantly upregulated in FA
treated group in comparison to control at D1 and 21, no
change in muscle mass was observed. Also, EPA and DHA
treatment has no effect on genes orchestrating muscle protein
synthesis and degradation. Our results are consistent with other
studies in which the basal rate of muscle protein synthesis was not
affected by omega-3 supplementation (Smith et al., 2011a; Smith
et al,, 2011b; McGlory et al., 2016; Da Boit et al., 2017). EPA and
DHA supplementation alone may not be sufficient to stimulate
muscle protein synthesis which may reflect the divergence in the
results. However, it can considerably potentiate the effectiveness
of protein synthesis stimulated by dietary interventions such as in
case of hyperinsulemia and hyper aminoacidemia. In line with
such hypothesis, Tipton et al. (1999), Smith et al. (2011a), and
Smith et al. (2011b) have reported that co-supplementation of
omega-3 (1.86 g EPA, 1.5g DHA/day) and amino acids for 8-
week was effective in enhancing muscle mass expansion.

Our data indicated a promising role for EPA and DHA in
reducing the potential incidence of insulin resistance in
offspring by up-regulation the expression level of genes
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FIGURE 12 | Effect of maternal intake of EPA/DHA on potential browning of subcutaneous fat in weaned mice (D21). The mothers were fed either control diet (CON)
or EPA/DHA enriched diet (FA) during the entire period of pregnancy and lactation (A) Quantitative RT-qPCR (n = 8) and representative image and densitometric analysis
of western blot (n = 4) genes regulating beige adipocytes development in sub-cutaneous fat of weaned mice, 3 weeks postpartum (B) The relative expression (n = 8) of
genes involved in regulating the thermogenesis process in weaned mice, 3 weeks postpartum. All the raw Cts was normalized to the value of 18 s. Data represent
as mean + SEM. p < 0.05 by Student’s t-test. (C) A representative microscopic image of browning of sub-cutaneous fat stained with H&E. Yellow arrows refer to

involved in orchestrating glucose metabolism such as insulin
receptor (ISR) and IGF-1 but not Glut-4 in muscle samples
culled at D 1 and 21 post-parturition (Figures 3, 5
respectively). According to Lanza et al., 2013, a significant
increase in the expression levels of ISR and GLUT-4 were
detected when omega-3 was added to high fat diet in mice.
Other studies also have demonstrated increasing GLUT-4
expression only at the transcriptome level without
providing further information about the protein level in
response to omega-3 treatment (Figueras et al, 2011;
Vaughan et al., 2012).

Our results also showed a dominant increase in the expression
levels of adipogenesis regulating genes including PPARy AP2,
and CEBP/a at D1 and 21 with moderate to considerable
infiltration of intramuscular fat in mice born from mothers
fed fish oil enriched with EPA and DHA (Figures 6, 10
respectively). It is apparent that intramuscular fat
accumulation observed in this animal model is mediated by
stimulating the expression of the key regulators of
adipogenesis process at the molecular level. EPA and DHA
and eicosanoids are strong activators of PPARy, the master
gene involved in adipogenesis regulation (Tontonoz et al,
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FIGURE 13| Effect of maternal intake of EPA/DHA on peri-renal fat pads of 21-day-old mice. The mothers were fed either control diet (CON) or EPA/DHA enriched
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scale bar is 100 pm. (B) The Difference in adipocytes size measured in micrometer. (C) The differences in adipocyte number between different groups. Data represents
as mean + SEM. p < 0.05 by Student’s t-test (n = 8 pups).

1998; Rosen et al., 2000; Dammone et al., 2018). It has been
mentioned that up-regulating the expression of PPARYy is
indispensable for the successful committing of Pre-adipocytes
into mature adipocytes with full capacity of triglyceride synthesis
and storage (Spiegelman, 1998; Feige et al., 2006; Tontonoz and
Spiegelman, 2008). Moreover, enhancement of fatty acid uptake
to be utilized in triglyceride synthesis and lipid droplets
formation in vitro requires increasing the expression of
PPARy and CEBP/a (Hu et al, 1995 Hu et al, 2012).
Another proposed mechanism for increasing intramuscular
lipid trapping in association to EPA treatment was linked to
increasing the expression levels of GLUT1 and CD36/FAT (Aas
et al., 2006). It has been recently demonstrated that ectopic lipid
infiltration is a normal physiological process stimulated once
muscle tissue exposed to damaging injury. The process is turned
on after immediate muscle injury and last for few days before
being stopped at the terminal stage of muscle repairing
(Wagatsuma, 2007; Pisani et al., 2010; Pagano et al, 2015).
Studies have provided evidence of the vital participation of
PPARy in regulating the regeneration process (Lukjanenko
et al, 2013; Dammone et al, 2018). Additionally, it was
asserted that glucose disposal could be improved once PUFAs
was added to intravenously infused lipid. EPA induced

incorporation of fatty acids into triglyceride synthesis was a
beneficial in boosting muscle insulin sensitivity as it prevented
the accumulation of deleterious lipid intermediates such as
diacylglycerol and ceramides (Barber et al., 2013). Taken
together, we can conclude that EPA and DHA could be
classified as adipogenic factors capable of turning on a set of
genes implicated in promoting the adipogenesis process and
increasing intramuscular lipid accretion. Apparently, EPA and
DHA exert their effect through activating the gene PPARy that is
ectopically expressed in muscle tissue. Considering the findings of
aforementioned studies linking usefulness of omega-3 in
improving insulin sensitivity and muscle regeneration, we
think that EPA and DHA supplementation-induced
intramuscular lipid overload, detected in this study, could not
be marked as a deleterious process especially there was no change
in integrity of muscular tissue. Instead, an increase in glucose
metabolism regulating genes was documented. It is to be
suggested that intramuscular accumulation of lipid is a
physiological process regulated at the molecular level and
might be switched on and/or off to confer a plasticity on
muscle tissue to cope with surrounding environment.

Our results detected a considerable increase in the expression
level of B-oxidation and thermogenesis regulation genes in liver at
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D21 only in FA group (Figures 10A,C). Also, up-regulation the
expression levels of lipolysis regulating genes independent of
changing the RNA transcripts of adipogenesis stimulating genes
was observed in FA treated group (Figure 10B). The effect of EPA
and DHA on lipid catabolism observed in our results showed a
great similarity with other studies. It was reported a positive
correlation between EPA and DHA consumption and activation
of the transcription factor PPARa, followed by subsequent
stimulation of lipolysis, fatty acid breakdown, and excessive
production of energy in liver tissue (Clarke, 2001). However,
this study is partially inconsistent with our data as it stressed an
inhibition in lipogenesis regulating genes. Additionally,
researchers found an increased the expression of PPARa,
CPT-1la and CPT-2, the key regulators of B-oxidation, in
response to fish oil dietary intervention (Yang et al., 2020).
Further, EPA and DHA induced suppressing lipid synthesis
and improving mitochondrial dysfunction in patient with liver
steatosis has been frequently addressed in vivo and in vitro studies
(Pachikian etal., 2011; Zhang et al., 2011). All the aforementioned
experimental evidences have been demonstrated in adults while
our findings demonstrated the same beneficial role of EPA and
DHA in improving lipid catabolism in postnatal and weaned
offspring. Taken together, EPA and DHA supplementation
throughout the entire period of gestation is not sufficient to
promote energy expenditure and preventing lipid accumulation
in liver. Instead, sustained ingestion of EPA and DHA enriched
diet during the period of pregnancy and lactation exhibited a
great effectiveness in stimulating lipolysis, fatty acids uptake and
oxidation, thermogenesis and mitochondrial function. In other
words, maternal intake of omega-3 especially EPA and DHA
could provide long-term metabolic benefits and improve lifespan
once extended along the period of pregnancy and lactation.
Moreover, maternal EPA and DHA promoted liver lipolysis
independent of affecting the lipogenesis process.

Finally, we investigated the effect of EPA/DHA
supplementation on fetal BAT development and activity and
potential browning of subcutaneous white adipose tissue
(SWAT). We found that maternal ingestion of EPA/DHA had
no effect on BAT mass (Figure 1D). However, an increase in the
expression and proteomic levels of master genes regulating brown
adipogenesis was observed in FA treated group (Figure 11A)
indicating the effectiveness of EPA and DHA in potentiating fetal
BAT development and activity upon supplementation
throughout pregnancy and lactation. Moreover, browning of
sWAT (Figure 12) without changing adipose tissue mass was
observed in response to maternal intake of EPA and DHA. The
beneficial effect of EPA and DHA was mediated via increasing the
expression of UCP1 and other genes involved in regulating the
thermogenic capacity and mitochondrial biogenesis
subcutaneous fat, referring to the potential reprogramming of
sub-cutaneous white adipocytes into beige adipocytes.

The observed effect of EPA and DHA on BAT development
and activity in our study is in agreement with Fan et al. (2018)
who reported that maintaining the ingestion of n-3 PUFA
throughout the pregnancy and lactation was apparently
associated with promoting BAT development and activity.
They reported that the positive effect of EPA and DHA on

in
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BAT activity was conducted through activating their receptor,
GPR120. In accordance with our results, the stimulatory effect of
EPA and DHA on BAT specific genes in adult has been indicated
in accumulative studies (Bargut et al., 2016b; Quesada-Lopez
et al.,, 2016; Pahlavani et al., 2017; Ghandour et al., 2018; Worsch
et al., 2018; Bargut et al., 2019). The Thermogenesis process of
BAT and sWAT can also be regulated by another two genes in
addition to UCP1, including PGCla and PPARa. PGCla is the
key gene responsible for orchestrating mitochondrial biogenesis
by increasing the expression level of mitochondrial transcription
factor A (TFAM) (Nadal-Casellas et al., 2013; Yu et al.,, 2015;
Bargut et al., 2017). The effect of EPA and DHA on PGCla
expression in BAT and sWAT observed in our results exhibited a
great similarity with previous reported researches (Pahlavani
et al,, 2017; Worsch et al., 2018; Bargut et al., 2019).

PPARa is another ligand of EPA and DHA through which
they modulate body metabolism. PPARa activation has been
linked to increasing mitochondrial content, fatty acids oxidation,
and up-regulating UCP1 expression (Hondares et al.,, 2011;
Barbera et al,, 2001). EPA and DHA mediated up-regulation
of PPARa in sWAT and BAT, reported in this study is
corresponding to other studies (Bargut et al, 2016a; Bargut
et al,, 2016b; Bargut et al., 2019; Huang et al., 2016). However,
EPA and DHA treated mice exhibited non- significant changes in
the expression of B-adrenergic receptors (Figure 11B) despite of
their importance in regulating the thermogenesis process. The
results refer to the effectiveness of EPA and DHA intake in
improving BAT thermogenic capacity independent of stimulating
B-adrenergic receptors. Our results are inconsistent with other
studies having reported an important role of EPA and DHA in
stimulating the thermogenesis process through up-regulation of
genes encoding B-adrenergic receptors synthesis (Kim et al., 2015;
Fan et al., 2018; Ghandour et al., 2018). We may conclude that
EPA and DHA mediated stimulation of B-adrenergic receptors
could be dose and time dependent. Thus, prolonged exposure to
EPA and DHA is requisite to induce Adbl and Adb3 activation
while maternal intake of EPA and DHA throughout gestation and
lactation may not be sufficient to successfully carry out such
stimulation.

Browning of sWAT can be verified by increasing the
expression of UCP1 and other thermogenesis regulating genes
and beige specific markers. Hereby, we found a considerable
increase in the transcripts of beige specific markers (Figure 12A).
Further, thermogenesis regulating genes were upregulated as well
(Figure 12B). In line with our outcomes, the beneficial role of
EPA and DHA in promoting the origination of beige adipocytes
from sWAT has been addressed by several studies, indicating
their participation at least to some degree in countering high fat
induced obesity (Kim et al., 2015; Bargut et al., 2016a; Bargut
et al,, 2016b; Kim et al.,, 2016; Pahlavani et al., 2017). It was
demonstrated that the effect of EPA and DHA could be mediated
via stimulation of AMP-activated kinase (AMPK) (Lorente-
Cebrian et al., 2009; Abdul-Rahman et al., 2016). According to
previous studies, EPA and DHA exhibited an independency in
their effect on brown and beige adipocytes where the beneficial
effect was attributed to the presence of EPA (Zhao and Chen,
2014; Kim et al.,, 2016; Quesada-Lopez et al., 2016). In accordance
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with that, the stimulatory effect of EPA and DHA enriched diet
on BAT activity and browning of sWAT detected in our study
might be related to the presence of EPA.

CONCLUSION

We conclude that feeding fish oil enriched with EPA and DHA
throughout gestation and lactation is associated with activating
PPARy and downstream basal adipogenesis regulating genes,
AP2 and C/EBPa, followed by intramuscular accumulation of
fat. A transient increase in the expression of genes regulating
myogenesis and myosin heavy chain 4 detected in newborn mice
and the dominant up-regulation of protein synthesis stimulating
gene, IGF-1, throughout gestation and lactation were occurred
without of inducing myotubes hypertrophy or hyperplasia. It is
to be noticed that EPA/DHA supplementation-induced
accumulation of fat between muscle fibers was not the
consequence of the potential trans-differentiation of myoblast
into adipocytes as it has been demonstrated by many in vitro
trials. Instead, it was related to the ectopic activation of PPARY,
the key regulator of adipogenesis. Persistent increase in the
expression of gene encoding ISR production was observed in
offspring at the age of day 1 and 21 could be an indicator of
improving muscle glucose metabolism. It is to be suggested that
the exposure to maternal diet containing high ratio of EPA and
DHA in comparison to n-6 fatty acids during pregnancy is
sufficient only to induced partial increase in substrate oxidation
regulating genes in livers of day 1 neonates. However, EPA and
DHA treatment throughout gestation and lactation showed a
great effectiveness in promoting the expression of fatty acids
uptake, B-oxidation, thermogenesis, and lipolysis orchestrating
genes independent of changing the lipogenesis process.
Boosting brown adipogenesis transcriptional programme and
promoting the potential browning of sWAT were closely linked
to sustained ingestion of EPA/DHA during pregnancy and
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lactation. An increasing the thermogenesis capacity of EPA/
DHA treated group was accompanied with decreasing the
weight of weaned mice although it was not significant.
Maternal intake of fish oil has no effect on body weights and
number of births in day 1 newborns. Based on our observations,
EPA and DHA ingestion during pregnancy and lactation can be
suggested as a therapeutic strategy to improve lipid metabolism
and combat childhood obesity induced metabolic disorders.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary materials, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee (IACUC) in University of
Arkansas (Protocol # is 19057R).

AUTHOR CONTRIBUTIONS

YH, SG, and JB conceived and designed the experiments. SG and
SZ performed the experiments and analyzed the data. SG wrote
the manuscript.

FUNDING

Ministry of Higher Education and Scientific Research-Iraq. SG
received this grant. Arkansas Biosciences Institute grant. YH
received this grant.

Bargut, T. C. L., Souza-Mello, V., Mandarim-de-Lacerda, C. A., and Aguila, M. B.
(2016). Fish Oil Diet Modulates Epididymal and Inguinal Adipocyte
Metabolism in Mice. Food Funct. 7, 1468-1476. doi:10.1039/c5f000909j

Bargut, T. C. L, Silva-e-Silva, A. C. A. G., Souza-Mello, V., Mandarim-de-Lacerda,
C. A, and Aguila, M. B. (2016). Mice Fed Fish Oil Diet and Upregulation of
Brown Adipose Tissue Thermogenic Markers. Eur. J. Nutr. 55, 159-169. doi:10.
1007/s00394-015-0834-0

Bargut, T. C. L., Souza-Mello, V., Aguila, M. B., and Mandarim-de-Lacerda, C. A.
(2017). Browning of White Adipose Tissue: Lessons from Experimental
Models. Horm. Mol. Biol. Clin. Investig. 31 (1), 20160051. doi:10.1515/
hmbci-2016-0051

Bargut, T. C. L., Martins, F. F., Santos, L. P., Aguila, M. B., and Mandarim-de-
Lacerda, C. A. (2019). of Eicosapentaenoic and
Docosahexaenoic Acids May Improve the Remodeling and Browning in
Subcutaneous White Adipose Tissue and Thermogenic Markers in Brown
Adipose Tissue in Mice. Mol. Cell. Endocrinol. 482, 18-27. doi:10.1016/j.mce.
2018.12.003

Berio, E., Divari, S., Starvaggi Cucuzza, L., Biolatti, B., and Cannizzo, F. T. (2017).
17B-estradiol Upregulates Oxytocin and the Oxytocin Receptor in C2C12
Myotubes. Peer] 5, e3124. doi:10.7717/peerj.3124

Berkane, N., Liere, P., Oudinet, J.-P., Hertig, A., Lefévre, G., Pluchino, N, et al.
(2017). From Pregnancy to Preeclampsia: A Key Role for Estrogens. Endocr.
Rev. 38, 123-144. doi:10.1210/er.2016-1065

Administration

Frontiers in Physiology | www.frontiersin.org

20

June 2022 | Volume 13 | Article 881624


https://doi.org/10.1194/jlr.m500300-jlr200
https://doi.org/10.1371/journal.pone.0157644
https://doi.org/10.1371/journal.pone.0157644
https://doi.org/10.1152/ajpcell.1999.276.1.c120
https://doi.org/10.1152/ajpcell.1999.276.1.c120
https://doi.org/10.1016/j.plefa.2013.07.006
https://doi.org/10.1074/jbc.m006246200
https://doi.org/10.1039/c5fo00909j
https://doi.org/10.1007/s00394-015-0834-0
https://doi.org/10.1007/s00394-015-0834-0
https://doi.org/10.1515/hmbci-2016-0051
https://doi.org/10.1515/hmbci-2016-0051
https://doi.org/10.1016/j.mce.2018.12.003
https://doi.org/10.1016/j.mce.2018.12.003
https://doi.org/10.7717/peerj.3124
https://doi.org/10.1210/er.2016-1065
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Ghnaimawi et al.

Catalano, P., and Ehrenberg, H. (2006). Review Article: The Short- and Long-Term
Implications of Maternal Obesity on the Mother and Her Offspring. BJOG 113,
1126-1133. doi:10.1111/j.1471-0528.2006.00989.x

Chavan-Gautam, P., Rani, A., and Freeman, D. J. (2018). Distribution of Fatty
Acids and Lipids during Pregnancy. Adv. Clin. Chem. 84,209-239. doi:10.1016/
bs.acc.2017.12.006

Clarke, S. D. (2001). I. Molecular Mechanism for Polyunsaturated Fatty Acid
Regulation of Gene Transcription. Am. J. Physiology-Gastrointestinal Liver
Physiology 281, G865-G869. doi:10.1152/ajpgi.2001.281.4.g865

Da Boit, M., Sibson, R., Sivasubramaniam, S., Meakin, J. R,, Greig, C. A., Aspden, R.
M,, et al. (2017). Sex Differences in the Effect of Fish-Oil Supplementation on
the Adaptive Response to Resistance Exercise Training in Older People: a
Randomized Controlled Trial. Am. J. Clin. Nutr. 105, 151-158. d0i:10.3945/
ajcn.116.140780

Dammone, G., Karaz, S., Lukjanenko, L., Winkler, C., Sizzano, F., Jacot, G., et al.
(2018). PPARy Controls Ectopic Adipogenesis and Cross-Talks with
Myogenesis during Skeletal Muscle Regeneration. Int. J. Mol. Sci. 19, 2044.
doi:10.3390/ijms 19072044

Drummond, M. ], Dreyer, H. C,, Fry, C. S,, Glynn, E. L., and Rasmussen, B. B.
(2009). Nutritional and Contractile Regulation of Human Skeletal Muscle
Protein Synthesis and mTORCI Signaling. J. Appl. Physiol. (1985) 106,
1374-1384. doi:10.1152/japplphysiol.91397.2008

Dupont, J., Dedeyne, L., Dalle, S., Koppo, K., and Gielen, E. (2019). The Role of
Omega-3 in the Prevention and Treatment of Sarcopenia. Aging Clin. Exp. Res.
31, 825-836. doi:10.1007/s40520-019-01146-1

Egert, S., Kannenberg, F., Somoza, V., Erbersdobler, H. F., and Wahrburg, U.
(2009). Dietary a-Linolenic Acid, EPA, and DHA Have Differential Effects
on LDL Fatty Acid Composition but Similar Effects on Serum Lipid Profiles
in Normolipidemic Humans. J. Nutr. 139, 861-868. doi:10.3945/jn.108.
103861

Elahi, M. M., Cagampang, F. R., Mukhtar, D., Anthony, F. W., Ohri, S. K., and
Hanson, M. A. (2009). Long-term Maternal High-Fat Feeding from Weaning
through Pregnancy and Lactation Predisposes Offspring to Hypertension,
Raised Plasma Lipids and Fatty Liver in Mice. Br. J. Nutr. 102, 514-519.
doi:10.1017/s000711450820749x

Fan, R, Toney, A. M,, Jang, Y., Ro, S.-H., and Chung, S. (2018). Maternal N-3
PUFA Supplementation Promotes Fetal Brown Adipose Tissue Development
through Epigenetic Modifications in C57BL/6 Mice. Biochimica Biophysica
Acta (BBA) - Mol. Cell. Biol. Lipids 1863, 1488-1497. doi:10.1016/j.bbalip.2018.
09.008

Feige, J. N., Gelman, L., Michalik, L., Desvergne, B., and Wahli, W. (2006).
From Molecular Action to Physiological Outputs: Peroxisome Proliferator-
Activated Receptors Are Nuclear Receptors at the Crossroads of Key
Cellular Functions. Prog. lipid Res. 45, 120-159. doi:10.1016/j.plipres.
2005.12.002

Figueras, M., Olivan, M., Busquets, S., Lopez-Soriano, F. J., and Argilés, J. M.
(2011). Effects of Eicosapentaenoic Acid (EPA) Treatment on Insulin
Sensitivity in an Animal Model of Diabetes: Improvement of the
Inflammatory Status. Obes. (Silver Spring) 19, 362-369. doi:10.1038/oby.
2010.194

Gale, C. R, Robinson, S. M., Godfrey, K. M., Law, C. M., Schlotz, W., and
O’Callaghan, F. J. (2008). Oily Fish Intake during Pregnancy - Association
with Lower Hyperactivity but Not with Higher Full-Scale IQ in Offspring.
J. child Psychol. psychiatry, allied Discip. 49, 1061-1068. doi:10.1111/.1469-
7610.2008.01908.x

Galluzzo, P., Rastelli, C., Bulzomi, P., Acconcia, F., Pallottini, V., and
Marino, M. (2009). 17B-Estradiol Regulates the First Steps of Skeletal
Muscle Cell Differentiation via ER-a-Mediated Signals. Am.
J. Physiology-Cell Physiology 297, C1249-C1262. doi:10.1152/ajpcell.
00188.2009

Ghandour, R. A., Colson, C., Giroud, M., Maurer, S., Rekima, S., Ailhaud, G,, et al.
(2018). Impact of Dietary w3 Polyunsaturated Fatty Acid Supplementation on
Brown and Brite Adipocyte Function. J. lipid Res. 59, 452-461. doi:10.1194/jlr.
m081091

Ghnaimawi, S., Shelby, S., Baum, J., and Huang, Y. (2019). Effects of
Eicosapentaenoic Acid and Docosahexaenoic Acid on C2C12 Cell
Adipogenesis and Inhibition of Myotube Formation. Animal Cells Syst. 23,
355-364. doi:10.1080/19768354.2019.1661282

Maternal PUFAs and Fetal Muscle

Ghnaimawi, S., Baum, J., Liyanage, R., and Huang, Y. (2020). Concurrent EPA and
DHA Supplementation Impairs Brown Adipogenesis of C2C12 Cells. Front.
Genet. 11, 531. doi:10.3389/fgene.2020.00531

Ghnaimawi, S., Rebello, L., Baum, J., and Huang, Y. (2021). DHA but Not EPA
Induces the Trans-differentiation of C2Cl12 Cells into White-like
Adipocytes Phenotype. PLoS One 16, €0249438. doi:10.1371/journal.
pone.0249438

Gil-Sénchez, A., Demmelmair, H., Parrilla, J. J., Koletzko, B., and Larque, E.
(2011). Mechanisms Involved in the Selective Transfer of Long Chain
Polyunsaturated Fatty Acids to the Fetus. Front. Gene. 2, 57. doi:10.3389/
fgene.2011.00057

Greenberg, J. A, Bell, S. J., and Ausdal, W. V. (2008). Omega-3 Fatty Acid
Supplementation during Pregnancy. Rev. Obstet. Gynecol. 1, 162-169.

Hondares, E., Rosell, M., Diaz-Delfin, J., Olmos, Y., Monsalve, M., Iglesias, R., et al.
(2011). Peroxisome Proliferator-Activated Receptor a (PPARa) Induces
PPARy Coactivator la (PGC-la) Gene Expression and Contributes to
Thermogenic Activation of Brown Fat. J. Biol. Chem. 286, 43112-43122.
doi:10.1074/jbc.m111.252775

Hsueh, T.-Y., Baum, J. I, and Huang, Y. (2018). Effect of Eicosapentaenoic Acid
and Docosahexaenoic Acid on Myogenesis and Mitochondrial Biosynthesis
during Murine Skeletal Muscle Cell Differentiation. Front. Nutr. 5, 15. doi:10.
3389/fnut.2018.00015

Hu, E., Tontonoz, P., and Spiegelman, B. M. (1995). Transdifferentiation of
Myoblasts by the Adipogenic Transcription Factors PPAR Gamma and
C/EBP Alpha. Proc. Natl. Acad. Sci. U.S.A. 92, 9856-9860. doi:10.1073/pnas.
92.21.9856

Hu, S., Yao, J., Howe, A. A., Menke, B. M., Sivitz, W. L, Spector, A. A,, et al. (2012).
Peroxisome Proliferator-Activated Receptor y Decouples Fatty Acid Uptake
from Lipid Inhibition of Insulin Signaling in Skeletal Muscle. Mol. Endocrinol.
26, 977-988. d0i:10.1210/me.2011-1253

Huang, C. W,, Chien, Y. S., Chen, Y. J., Ajuwon, K. M., Mersmann, H. M., and
Ding, S. T. (2016). Role of N-3 Polyunsaturated Fatty Acids in Ameliorating the
Obesity-Induced Metabolic Syndrome in Animal Models and Humans. Int.
J. Mol. Sci. 17, 689. doi:10.3390/ijms17101689

Iwase, M., Tokiwa, S., Seno, S., Mukai, T., Yeh, Y.-S., Takahashi, H., et al. (2020).
Glycerol Kinase Stimulates Uncoupling Protein 1 Expression by Regulating
Fatty Acid Metabolism in Beige Adipocytes. . Biol. Chem. 295, 7033-7045.
doi:10.1074/jbc.ral19.011658

Jimenez-Chillaron, J. C., and Patti, M.-E. (2007). To Catch up or Not to Catch up: Is
This the Question? Lessons from Animal Models. Curr. Opin. Endocrinol.
diabetes, Obes. 14, 23-29. doi:10.1097/med.0b013e328013da8e

Kawabata, T., Kagawa, Y., Kimura, F., Miyazawa, T., Saito, S., Arima, T., et al.
(2017). Polyunsaturated Fatty Acid Levels in Maternal Erythrocytes of Japanese
Women during Pregnancy and after Childbirth. Nutrients 9, 245. doi:10.3390/
nu9030245

Kim, M., Goto, T., Yu, R,, Uchida, K., Tominaga, M., Kano, Y., et al. (2015).
Fish Oil Intake Induces UCP1 Upregulation in Brown and White Adipose
Tissue via the Sympathetic Nervous System. Sci. Rep. 5, 18013. doi:10.1038/
srep18013

Kim, J., Okla, M., Erickson, A., Carr, T., Natarajan, S. K., and Chung, S. (2016).
Eicosapentaenoic Acid Potentiates Brown Thermogenesis through FFAR4-
dependent Up-Regulation of miR-30b and miR-378. J. Biol. Chem. 291,
20551-20562. doi:10.1074/jbc.m116.721480

Lacham-Kaplan, O., Camera, D. M., and Hawley, J. A. (2020). Divergent
Regulation of Myotube Formation and Gene Expression by E2 and EPA
during In-Vitro Differentiation of C2C12 Myoblasts. Int. J. Mol. Sci. 21.
doi:10.3390/ijms21030745

Lanza, I. R. (2013). Influence of Fish Oil on Skeletal Muscle Mitochondrial
Energetics and Lipid Metabolites During High-Fat Diet. Am. J. Physiol.
Endocrinol. Metab. 304, E1391-1403.

Lorente-Cebridn, S., Bustos, M., Marti, A., Martinez, J. A., and Moreno-Aliaga, M.
J. (2009). Eicosapentaenoic Acid Stimulates AMP-Activated Protein Kinase and
Increases Visfatin Secretion in Cultured Murine Adipocytes. Clin. Sci. (Lond)
117, 243-249. doi:10.1042/cs20090020

Lukjanenko, L., Brachat, S., Pierrel, E., Lach-Trifilieff, E., and Feige, J. N. (2013).
Genomic Profiling Reveals that Transient Adipogenic Activation Is a Hallmark
of Mouse Models of Skeletal Muscle Regeneration. PLoS One 8, €71084. doi:10.
1371/journal.pone.0071084

Frontiers in Physiology | www.frontiersin.org

21

June 2022 | Volume 13 | Article 881624


https://doi.org/10.1111/j.1471-0528.2006.00989.x
https://doi.org/10.1016/bs.acc.2017.12.006
https://doi.org/10.1016/bs.acc.2017.12.006
https://doi.org/10.1152/ajpgi.2001.281.4.g865
https://doi.org/10.3945/ajcn.116.140780
https://doi.org/10.3945/ajcn.116.140780
https://doi.org/10.3390/ijms19072044
https://doi.org/10.1152/japplphysiol.91397.2008
https://doi.org/10.1007/s40520-019-01146-1
https://doi.org/10.3945/jn.108.103861
https://doi.org/10.3945/jn.108.103861
https://doi.org/10.1017/s000711450820749x
https://doi.org/10.1016/j.bbalip.2018.09.008
https://doi.org/10.1016/j.bbalip.2018.09.008
https://doi.org/10.1016/j.plipres.2005.12.002
https://doi.org/10.1016/j.plipres.2005.12.002
https://doi.org/10.1038/oby.2010.194
https://doi.org/10.1038/oby.2010.194
https://doi.org/10.1111/j.1469-7610.2008.01908.x
https://doi.org/10.1111/j.1469-7610.2008.01908.x
https://doi.org/10.1152/ajpcell.00188.2009
https://doi.org/10.1152/ajpcell.00188.2009
https://doi.org/10.1194/jlr.m081091
https://doi.org/10.1194/jlr.m081091
https://doi.org/10.1080/19768354.2019.1661282
https://doi.org/10.3389/fgene.2020.00531
https://doi.org/10.1371/journal.pone.0249438
https://doi.org/10.1371/journal.pone.0249438
https://doi.org/10.3389/fgene.2011.00057
https://doi.org/10.3389/fgene.2011.00057
https://doi.org/10.1074/jbc.m111.252775
https://doi.org/10.3389/fnut.2018.00015
https://doi.org/10.3389/fnut.2018.00015
https://doi.org/10.1073/pnas.92.21.9856
https://doi.org/10.1073/pnas.92.21.9856
https://doi.org/10.1210/me.2011-1253
https://doi.org/10.3390/ijms17101689
https://doi.org/10.1074/jbc.ra119.011658
https://doi.org/10.1097/med.0b013e328013da8e
https://doi.org/10.3390/nu9030245
https://doi.org/10.3390/nu9030245
https://doi.org/10.1038/srep18013
https://doi.org/10.1038/srep18013
https://doi.org/10.1074/jbc.m116.721480
https://doi.org/10.3390/ijms21030745
https://doi.org/10.1042/cs20090020
https://doi.org/10.1371/journal.pone.0071084
https://doi.org/10.1371/journal.pone.0071084
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Ghnaimawi et al.

Magee, P., Pearson, S., and Allen, J. (2008). The Omega-3 Fatty Acid,
Eicosapentaenoic Acid (EPA), Prevents the Damaging Effects of Tumour
Necrosis Factor (TNF)-alpha during Murine Skeletal Muscle Cell
Differentiation. Lipids Health Dis. 7, 24. doi:10.1186/1476-511x-7-24

Marchix, J., Catheline, D., Duby, C., Monthéan-Boulier, N., Boissel, F., Pédrono, F.,
et al. (2020). Interactive Effects of Maternal and Weaning High Linoleic Acid
Intake on Hepatic Lipid Metabolism, Oxylipins Profile and Hepatic Steatosis in
Offspring. J. Nutr. Biochem. 75, 108241. doi:10.1016/j.jnutbio.2019.108241

McGlory, C., Wardle, S. L., Macnaughton, L. S., Witard, O. C., Scott, F., Dick, J.,
et al. (2016). Fish Oil Supplementation Suppresses Resistance Exercise and
Feeding-Induced Increases in Anabolic Signaling without Affecting
Myofibrillar Protein Synthesis in Young Men. Physiol. Rep. 4, 12715. doi:10.
14814/phy2.12715

Mennitti, L. V., Oliveira, J. L., Morais, C. A., Estadella, D., Oyama, L. M., Oller do
Nascimento, C. M., et al. (2015). Type of Fatty Acids in Maternal Diets during
Pregnancy And/or Lactation and Metabolic Consequences of the Offspring.
J. Nutr. Biochem. 26, 99-111. doi:10.1016/j.jnutbio.2014.10.001

Murray, J., and Huss, J. M. (2011). Estrogen-related Receptor a Regulates
Skeletal Myocyte Differentiation via Modulation of the ERK MAP Kinase
Pathway. Am. J. Physiology-Cell Physiology 301, C630-C645. doi:10.1152/
ajpcell.00033.2011

Nadal-Casellas, A., Bauza-Thorbriigge, M., Proenza, A. M., Gianotti, M., and
Llado, I. (2013). Sex-dependent Differences in Rat Brown Adipose Tissue
Mitochondrial Biogenesis and Insulin Signaling Parameters in Response to
an Obesogenic Diet. Mol. Cell. Biochem. 373, 125-135. d0i:10.1007/s11010-012-
1481-x

Okla, M., Kim, J., Koehler, K., and Chung, S. (2017). Dietary Factors Promoting
Brown and Beige Fat Development and Thermogenesis. Adv. Nutr. 8, 473-483.
doi:10.3945/an.116.014332

Pachikian, B. D., Essaghir, A., Demoulin, J.-B., Neyrinck, A. M., Catry, E., De
Backer, F. C., et al. (2011). Hepatic N-3 Polyunsaturated Fatty Acid
Depletion Promotes Steatosis and Insulin Resistance in Mice: Genomic
Analysis of Cellular Targets. PLoS One 6, €23365. doi:10.1371/journal.
pone.0023365

Pagano, A. F,, Demangel, R,, Brioche, T., Jublanc, E., Bertrand-Gaday, C., Candau,
R, et al. (2015). Muscle Regeneration with Intermuscular Adipose Tissue
(IMAT) Accumulation Is Modulated by Mechanical Constraints. PLOS ONE
10, €0144230. doi:10.1371/journal.pone.0144230

Pahlavani, M., Razafimanjato, F., Ramalingam, L., Kalupahana, N. S., Moussa, H.,
Scoggin, S., et al. (2017). Eicosapentaenoic Acid Regulates Brown Adipose
Tissue Metabolism in High-Fat-Fed Mice and in Clonal Brown Adipocytes.
J. Nutr. Biochem. 39, 101-109. doi:10.1016/j.jnutbio.2016.08.012

Peng, Y., Zheng, Y., Zhang, Y., Zhao, J., Chang, F., Lu, T, et al. (2012). Different
Effects of Omega-3 Fatty Acids on the Cell Cycle in C2C12 Myoblast
Proliferation. Mol. Cell. Biochem. 367, 165-173. do0i:10.1007/s11010-012-
1329-4

Pisani, D. F., Bottema, C. D. K., Butori, C., Dani, C., and Dechesne, C. A. (2010).
Mouse Model of Skeletal Muscle Adiposity: a Glycerol Treatment Approach.
Biochem. Biophysical Res. Commun. 396, 767-773. doi:10.1016/j.bbrc.2010.
05.021

Quesada-Lopez, T., Cereijo, R, Turatsinze, J.-V., Planavila, A., Cair6, M., Gavalda-
Navarro, A., et al. (2016). The Lipid Sensor GPR120 Promotes Brown Fat
Activation and FGF21 Release from Adipocytes. Nat. Commun. 7, 13479.
doi:10.1038/ncomms13479

Rodacki, C. L., Rodacki, A. L., Pereira, G., Naliwaiko, K., Coelho, I, Pequito, D.,
et al. (2012). Fish-oil Supplementation Enhances the Effects of Strength
Training in Elderly Women. Am. J. Clin. Nutr. 95, 428-436. doi:10.3945/
ajcn.111.021915

Rosen, E. D., Walkey, C. J., Puigserver, P, and Spiegelman, B. M. (2000).
Transcriptional Regulation of Adipogenesis. Genes Dev. 14, 1293-1307.
doi:10.1101/gad.14.11.1293

Saini, A., Sharples, A. P., Al-Shanti, N., and Stewart, C. E. (2017). Omega-3 Fatty
Acid EPA Improves Regenerative Capacity of Mouse Skeletal Muscle Cells
Exposed to Saturated Fat and Inflammation. Biogerontology 18, 109-129.
doi:10.1007/s10522-016-9667-3

Santulli, G., and Iaccarino, G. (2016). Adrenergic Signaling in Heart Failure and
Cardiovascular Aging. Maturitas 93, 65-72. doi:10.1016/j.maturitas.2016.
03.022

Maternal PUFAs and Fetal Muscle

Sato, H., Taketomi, Y., Miki, Y., Murase, R., Yamamoto, K., and Murakami, M.
(2020). Secreted Phospholipase PLA2G2D Contributes to Metabolic Health by
Mobilizing w3 Polyunsaturated Fatty Acids in WAT. Cell. Rep. 31, 107579.
doi:10.1016/j.celrep.2020.107579

Schock, H., Zeleniuch-Jacquotte, A., Lundin, E., Grankvist, K., Lakso, H.-A., Idahl,
A, et al. (2016). Hormone Concentrations throughout Uncomplicated
Pregnancies: a Longitudinal Study. BMC Pregnancy Childbirth 16, 146.
doi:10.1186/512884-016-0937-5

Segovia, S. A., Vickers, M. H., Gray, C., and Reynolds, C. M. (2014). Maternal
Obesity, Inflammation, and Developmental Programming. Biomed. Res. Int.
2014, 418975. doi:10.1155/2014/418975

Smith, G. I, Atherton, P., Reeds, D. N., Mohammed, B. S., Rankin, D., Rennie, M. J.,
et al. (2011). Omega-3 Polyunsaturated Fatty Acids Augment the Muscle
Protein Anabolic Response to Hyperinsulinaemia-Hyperaminoacidaemia in
Healthy Young and Middle-Aged Men and Women. Clin. Sci. (Lond) 121,
267-278. doi:10.1042/cs20100597

Smith, G. I, Atherton, P., Reeds, D. N., Mohammed, B. S., Rankin, D., Rennie, M. .,
et al. (2011). Dietary Omega-3 Fatty Acid Supplementation Increases the Rate
of Muscle Protein Synthesis in Older Adults: a Randomized Controlled Trial.
Am. J. Clin. Nutr. 93, 402-412. doi:10.3945/ajcn.110.005611

Spiegelman, B. M. (1998). PPAR-gamma: Adipogenic Regulator and
Thiazolidinedione Receptor. Diabetes 47, 507-514. doi:10.2337/diabetes.47.4.507

Tateishi, K., Okada, Y., Kallin, E. M., and Zhang, Y. (2009). Role of Jhdm2a in
Regulating Metabolic Gene Expression and Obesity Resistance. Nature 458,
757-761. doi:10.1038/nature07777

Tipton, K. D., Ferrando, A. A, Phillips, S. M., Doyle, Jr., D., and Wolfe, R. R.
(1999). Postexercise Net Protein Synthesis in Human Muscle from Orally
Administered Amino Acids. Am. J. Physiol. 276, E628-E634.

Tontonoz, P., Nagy, L., Alvarez, J. G. A,, Thomazy, V. A, and Evans, R. M. (1998).
PPARy Promotes Monocyte/Macrophage Differentiation and Uptake of
Oxidized LDL. Cell. 93, 241-252. doi:10.1016/s0092-8674(00)81575-5

Tontonoz, P., and Spiegelman, B. M. (2008). Fat and beyond: The Diverse Biology
of PPARYy. Annu. Rev. Biochem. 77, 289-312. doi:10.1146/annurev.biochem.77.
061307.091829

Tudehope, D., Vento, M., Bhutta, Z, and Pachi, P. (2013). Nutritional
Requirements and Feeding Recommendations for Small for Gestational Age
Infants. J. Pediatr. 162, S81-589. doi:10.1016/j.jpeds.2012.11.057

Vaughan, R. A,, Garcia-Smith, R., Bisoffi, M., Conn, C. A., and Trujillo, K. A.
(2012). Conjugated Linoleic Acid or Omega 3 Fatty Acids Increase
Mitochondrial Biosynthesis and Metabolism in Skeletal Muscle Cells. Lipids
Health Dis. 11, 142. doi:10.1186/1476-511X-11-142

Wagatsuma, A. (2007). Adipogenic Potential Can Be Activated during Muscle
Regeneration. Mol. Cell. Biochem. 304, 25-33. d0i:10.1007/s11010-007-
9482-x

Wang, L., Xu, S., Lee, J. E., Baldridge, A., Grullon, S., Peng, W, et al. (2013). Histone
H3K9 Methyltransferase G9a Represses PPARy Expression and Adipogenesis.
EMBO J. 32, 45-59. doi:10.1038/emboj.2012.306

Wei, H.-K., Zhou, Y., Jiang, S., Tao, Y.-X.,, Sun, H., Peng, J., et al. (2013). Feeding a
DHA-Enriched Diet Increases Skeletal Muscle Protein Synthesis in Growing
Pigs: Association with Increased Skeletal Muscle Insulin Action and Local
mRNA Expression of Insulin-like Growth Factor 1. Br. J. Nutr. 110, 671-680.
doi:10.1017/s0007114512005740

Worsch, S., Heikenwalder, M., Hauner, H., and Bader, B. L. (2018). Dietary N-3
Long-Chain Polyunsaturated Fatty Acids Upregulate Energy Dissipating
Metabolic Pathways Conveying Anti-obesogenic Effects in Mice. Nutr.
Metab. (Lond) 15, 65. doi:10.1186/s12986-018-0291-x

Yang, L., and Colditz, G. A. (2015). Prevalence of Overweight and Obesity in the
United States, 2007-2012. JAMA Intern Med. 175, 1412-1413. doi:10.1001/
jamainternmed.2015.2405

Yang, Y., Du, L, Hosokawa, M., and Miyashita, K. (2020). Spirulina Lipids
Alleviate Oxidative Stress and Inflammation in Mice Fed a High-Fat and
High-Sucrose Diet. Mar. Drugs 18, 148. doi:10.3390/md18030148

Yu, J., Zhang, S., Cui, L., Wang, W., Na, H., Zhu, X,, et al. (2015). Lipid Droplet
Remodeling and Interaction with Mitochondria in Mouse Brown Adipose
Tissue during Cold Treatment. Biochimica Biophysica Acta (BBA) - Mol. Cell.
Res. 1853, 918-928. doi:10.1016/j.bbamcr.2015.01.020

Zhang, Y., Jiang, L., Hu, W., Zheng, Q., and Xiang, W. (2011).
Mitochondrial Dysfunction during In Vitro Hepatocyte Steatosis Is

Frontiers in Physiology | www.frontiersin.org

22

June 2022 | Volume 13 | Article 881624


https://doi.org/10.1186/1476-511x-7-24
https://doi.org/10.1016/j.jnutbio.2019.108241
https://doi.org/10.14814/phy2.12715
https://doi.org/10.14814/phy2.12715
https://doi.org/10.1016/j.jnutbio.2014.10.001
https://doi.org/10.1152/ajpcell.00033.2011
https://doi.org/10.1152/ajpcell.00033.2011
https://doi.org/10.1007/s11010-012-1481-x
https://doi.org/10.1007/s11010-012-1481-x
https://doi.org/10.3945/an.116.014332
https://doi.org/10.1371/journal.pone.0023365
https://doi.org/10.1371/journal.pone.0023365
https://doi.org/10.1371/journal.pone.0144230
https://doi.org/10.1016/j.jnutbio.2016.08.012
https://doi.org/10.1007/s11010-012-1329-4
https://doi.org/10.1007/s11010-012-1329-4
https://doi.org/10.1016/j.bbrc.2010.05.021
https://doi.org/10.1016/j.bbrc.2010.05.021
https://doi.org/10.1038/ncomms13479
https://doi.org/10.3945/ajcn.111.021915
https://doi.org/10.3945/ajcn.111.021915
https://doi.org/10.1101/gad.14.11.1293
https://doi.org/10.1007/s10522-016-9667-3
https://doi.org/10.1016/j.maturitas.2016.03.022
https://doi.org/10.1016/j.maturitas.2016.03.022
https://doi.org/10.1016/j.celrep.2020.107579
https://doi.org/10.1186/s12884-016-0937-5
https://doi.org/10.1155/2014/418975
https://doi.org/10.1042/cs20100597
https://doi.org/10.3945/ajcn.110.005611
https://doi.org/10.2337/diabetes.47.4.507
https://doi.org/10.1038/nature07777
https://doi.org/10.1016/s0092-8674(00)81575-5
https://doi.org/10.1146/annurev.biochem.77.061307.091829
https://doi.org/10.1146/annurev.biochem.77.061307.091829
https://doi.org/10.1016/j.jpeds.2012.11.057
https://doi.org/10.1186/1476-511X-11-142
https://doi.org/10.1007/s11010-007-9482-x
https://doi.org/10.1007/s11010-007-9482-x
https://doi.org/10.1038/emboj.2012.306
https://doi.org/10.1017/s0007114512005740
https://doi.org/10.1186/s12986-018-0291-x
https://doi.org/10.1001/jamainternmed.2015.2405
https://doi.org/10.1001/jamainternmed.2015.2405
https://doi.org/10.3390/md18030148
https://doi.org/10.1016/j.bbamcr.2015.01.020
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Ghnaimawi et al.

Reversed by Omega-3 Fatty Acid-Induced Up-Regulation of
Mitofusin 2. Metabolism 60, 767-775. do0i:10.1016/j.metabol.2010.
07.026

Zhang, J., Xu, X,, Liu, Y., Zhang, L., Odle, J., Lin, X, et al. (2019). EPA and
DHA Inhibit Myogenesis and Downregulate the Expression of Muscle-
Related Genes in C2Cl12 Myoblasts. Genes 10, 64. doi:10.3390/
genes10010064

Zhao, H., Shang, Q., Pan, Z.,, Bai, Y., Li, Z., Zhang, H., et al. (2018).
Exosomes from Adipose-Derived Stem Cells Attenuate Adipose
Inflammation and Obesity through Polarizing M2 Macrophages and
Beiging in White Adipose Tissue. Diabetes 67, 235-247. d0i:10.2337/
db17-0356

Zhao, M., and Chen, X. (2014). Eicosapentaenoic Acid Promotes Thermogenic
and Fatty Acid Storage Capacity in Mouse Subcutaneous Adipocytes.
Biochem. Biophysical Res. Commun. 450, 1446-1451. doi:10.1016/j.bbrc.
2014.07.010

Maternal PUFAs and Fetal Muscle

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ghnaimawi, Zhang, Baum and Huang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in this
Jjournal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

23

June 2022 | Volume 13 | Article 881624


https://doi.org/10.1016/j.metabol.2010.07.026
https://doi.org/10.1016/j.metabol.2010.07.026
https://doi.org/10.3390/genes10010064
https://doi.org/10.3390/genes10010064
https://doi.org/10.2337/db17-0356
https://doi.org/10.2337/db17-0356
https://doi.org/10.1016/j.bbrc.2014.07.010
https://doi.org/10.1016/j.bbrc.2014.07.010
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	The Effects of Maternal Intake of EPA and DHA Enriched Diet During Pregnancy and Lactation on Offspring’s Muscle Developmen ...
	Introduction
	Materials and Methods
	Animals
	RNA Extraction and cDNA Synthesis
	Western Blot Assay
	Histology
	Hematoxylin and Eosin Staining
	Oil Red O Staining
	Statistical Analysis

	Results
	Birth Outcomes and Tissue Weights
	Genes Regulating Myogenesis, Muscle Contractile Proteins, Muscle Protein Synthesis, and Adipogenesis at E13
	Genes Regulating Myogenesis, Muscle Contractile Proteins and Muscle Protein Synthesis at D1
	Myotube Formation at D1
	Intramuscular Fat Accumulation at D1
	Genes Involved in Lipid Metabolism Regulation in Liver at D1
	Genes Regulating Myogenesis, Muscle Contractile Proteins and Muscle Protein Synthesis at D21
	Myotube Formation at D21
	Intramuscular Fat Accumulation at D21
	Genes Involved in Lipid Metabolism Regulation in Liver at D21
	Brown Adipogenesis at D21
	Potential Browning of Sub-Cutaneous White Adipose Tissue at D21
	Fat Pad (Peri-Renal Fat) at D21

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


