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Abstract

Purpose Parental nutrition can influence the early stages of offspring development, leading to fetal programming. During
this critical period, fatty acids play an important role in the regulation of lipid metabolism, essential for the proper develop-
ment of offspring. Epigenetic mechanisms seem to be involved in the changes in structure and function of several tissues
due to poor nutrition, as long as deficient or excessive maternal exposure to saturated fatty acids (SFA), polyunsaturated
fatty acids (PUFA), and monounsaturated fatty acids (MUFA) seem to be able to alter offspring metabolism and influence
long-term chronic diseases. This review addresses an update on the influence of SFA, PUFA, and/or MUFA in the epigenetic
mechanisms on fetal programming.

Methods The literature search was performed in the database PubMed and original papers in the English language were
selected, containing the effects of different types of fatty acids in epigenetic programming mechanisms of chronic diseases.
The time limit was not set for a broader identification of papers published within the field.

Results SFA present in maternal high-fat diets (HFD) has been shown to cause epigenetic alterations in the liver, adipose
tissue, heart, and brain, leading to changes in glucose, lipid, and cardiovascular metabolism of the offspring. Maternal con-
sumption of MUFA oleic acid during pregnancy and lactation can be beneficial especially to lipid metabolism, as long as
PUFA intake exerts positive outcomes on offspring neurodevelopment and epigenome reshape, preventing chronic diseases.
Conclusions The present data showed that maternal intake of different types of SFA, MUFA, and PUFA can influence the
offspring programming of epigenetic machinery through histone modifications, DNA methylation, and miRNA regulation.
More studies including both male and female offspring are needed in order to compare differences between sexes, as well as
epigenetic studies in the offspring from male progenitors exposed to different types of fatty acids.

Keywords Fetal programming - Epigenetics - Saturated fatty acids - Monounsaturated fatty acids - Polyunsaturated fatty
acids - Chronic diseases

Introduction

The influence of parental nutrition has been a wide debated
theme over the years, especially nowadays, once new evi-
dence of its impact on the health of the next generations has
been emerging. According to the Developmental Origins of
Health and Disease (DOHaD), the pattern of health and dis-
ease can be influenced in the early stages of offspring devel-
opment — called fetal programming. At this point, cells and
tissues are highly susceptible to respond to environmental
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conditions that generate adaptative responses, leading to pro-
found changes in gene expression and therefore, changes in
structure and function of several tissues and organs. These
modifications can influence long-term chronic diseases in
offspring adult life, such as cardiovascular disease, insulin
resistance, obesity and hypertension, and/or the inheritance
of risk factors across generations [1-3].

Evidence shows that epigenetics plays an important role
in fetal programming caused by poor parental nutrition
[4, 5]. Epigenetics consists of heritable changes in gene
expression that do not alter DNA nucleotide sequence,
such as covalent modifications in histone lysine residues,
DNA methylation, and post-transcriptional changes. These
epigenetic markers regulate gene expression through
the silencing and activation of gene transcription. Gene
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silencing is mediated by DNA methylation, a process
catalyzed by DNA methyltransferases (DNMTs). These
enzymes add a methyl group to the 5-carbon position
of cytosine residue within CpG dinucleotides, leading
to the formation of 5-methylcytosine in DNA [6]. Dur-
ing cell replication, the DNA methylation is maintained
by DNMT1 while DNMT3a and DNMT?3b, are de novo
DNMTs [6, 7].

DNA methylation relies on the methyl donor S-aden-
osyl-L-methionine from micronutrients such as betaine,
choline, folate, vitamin B12, and other B vitamins [6].
DNA methylation recruits methyl CpG binding proteins
(MeCP) and histone deacetylases (HDAC) that are capa-
ble of blocking RNA polymerase activity by condensing
chromatin and inhibit the binding of transcription factors,
preventing then, the initiation of gene expression [8].

DNA methylation and demethylation are dynamic and
balanced cellular processes. Gene activation is mediated
by modifications in histone tails through acetylation and
methylation processes, that alter the state of chromatin and
regulate the transcriptional activity of genes. The interac-
tion between histones and DNA is altered by histone tails,
influencing nucleosome interactions and chromatin fold-
ing [8]. When inactive, DNMTs induce the demethylation
of the CpG sites, promoting gene expression, as well as
the ten-eleven translocation methylcytosine dioxygenases
(TETs) can induce DNA demethylation when oxidizing
5-methylcytosine to 5-hydroxy-methylcytosine [6]. At a
post-transcriptional level, microRNAs (miRNAs) are a
class of small non-coding RNA molecules able to con-
trol gene expression by binding to and regulating target
protein-coding mRNAs [9].

During fetal and postnatal development, fatty acids are
critical factors strongly associated with normal fetal and
postnatal development. The regulation of lipid metabo-
lism is essential for proper offspring development and as
a consequence, deficient or excessive exposure to differ-
ent types of fatty acids can influence fetal programming.
Excessive maternal intake of saturated fatty acids (SFA)
is likely to influence liver and adipose tissue function and
is correlated to obesity, insulin resistance, type 2 dia-
betes mellitus, cardiovascular disease, and cancer. The
polyunsaturated fatty acids (PUFAs) has been shown to
benefit offspring development and epigenetic regulation
with anti-inflammatory, antioxidant, and antiapoptotic
effects, whereas monounsaturated fatty acids (MUFAs)
play beneficial physiological roles by stimulating thermo-
genic capacity and changing liver metabolism, and seem
to prevent cardiovascular disease in the offspring [10, 11].

In this sense, this review addresses an update on the
influence of SFA, PUFA, and/or MUFA in the epigenetic
mechanisms on fetal programming.
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Methods

The literature search was performed in the database Pub-
Med for all types of articles, being the publications to
February, 2021. Original papers in the English language
were selected, containing the effects of different types
of fatty acids in epigenetic programming mechanisms
of chronic diseases. The following keywords were used:
saturated fatty acids, high-fat diet, monounsaturated fatty
acid, oleic acid, unsaturated fatty acid, polyunsaturated
fatty acids, programming, fetal programming, metabolic
programming, fetal development, epigenetics, chronic dis-
eases, and offspring. Time limit was not set for a broader
identification of papers published within the field.

Saturated fatty acids

SFAs are long straight-chained fatty acids containing an
even number of carbon atoms, with single carbon—carbon
bonds, tend to be solid at room temperatures and are present
in dietary source as triacylglycerols. They include lauric acid
(12:0), myristic acid (14:0), palmitic acid (16:0), and stearic
acid (18:0). They are derived from animal fats and plant
oils and are found in milk, lard, meat, egg yolks, and also in
palm, coconut, and palm kernel oils. Processed foods like
dairy products, baked goods, fried foods and processed meat
are also source of this type of fat and have a high saturated
fat content. The increasing intake of high-fat diets (HFD)
poses a great concern towards general health, once high
dietary intake of SFA is related to the risk of cardiovascular
disease, obesity, type 2 diabetes mellitus, and cancer [10,
12, 13].

The development of chronic diseases due to the content of
SFA in HFD seems to be modulated by epigenetic processes.
It has been shown that high fat intake can induce changes
in the epigenome, and these changes can be transmitted
through generations, programming the health of the next
generation [14]. The intake of a HFD rich in SFA by mothers
prior to and through gestation and lactation has been shown
to induce epigenetic modifications in the offspring (Fig. 1).

The maternal consumption of HFD prior to conception
and during gestation was shown to cause hyperacetylation at
histone 3 at lysine 14 residues (H3K14) with an increasing
trend of acetylation at histone 3 at lysine 9 residues (H3K9)
and at histone 3 at lysine 18 residues (H3K18) in fetal
hepatic tissue [15]. In this study, a decrease in expression of
HDACI1 mRNA in fetal hepatic tissue of male offspring was
also observed. These alterations could have led to changes
observed in the expression or remodeling of genes involved
in fatty acid catabolism and ketone body syntheses, such as
glutamic pyruvate transaminase (alanine aminotransferase)
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Fig. 1 Saturated fatty acids (SFA) intake during pregnancy and lacta-
tion modulate different tissues of offspring through epigenetic modi-
fications. During the aforementioned period, SFAs can program the
offspring’s metabolism by modifying histones and DNA methylation
pattern in tissues such as liver, heart, hypothalamus, hippocampus,
skeletal muscle, and adipose tissue. In this sense, maternal SFA can
lead offspring to a higher risk of developing chronic diseases. Phos-
phoenolpyruvate carboxykinase 1 (Pckl); paraoxonase 1 (Ponl);
Glutamic pyruvate transaminase (alanine aminotransferase) 2 (Gtp2);

2, detoxification of lipid peroxidation products in response
to oxidative stress (retinol dehydrogenase 12), as well as
regulation of peripheral metabolism and satiety signals with
circadian mechanisms (Neuronal PAS Domain Protein 2)
[15]. HFD intake during gestation and regardless of mater-
nal obesity and diabetes programs histone modifications in
hepatic gluconeogenic phosphoenolpyruvate carboxykinase
1 gene in acetylated histone 3 (H3Ac), dimethylated histone
3 at lysine 4 residues (H3K4Me?2), trimethylated histone
3 at lysine 9 residues (H3K9Me3) and trimethylated his-
tone 3 at lysine 27 residues (H3K27Me3) of the 21-day-old
male offspring and could lead to high glucose production
and altered insulin sensitivity in adulthood [16]. Another
study evaluated the male offspring at postnatal day 7 and
showed a decrease in acetylated histone 4 (H4Ac) at the
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Phosphoenolpyruvate carboxykinase (Pepck); Retinol dehydroge-
nase 12 (Rdh12); Neuronal PAS Domain Protein 2 (Npas2); Peroxi-
some proliferator-activated receptor y 2 (Ppary2); Zeste of homolog
2 (Ezh2); Leptin receptor (Lepr); Insulin receptor substrate 2 (Irs2),
Mitogen-activated protein kinase kinase 4 (Map2k4), Stearoyl-
CoA desaturase-1 (Scdl); Zinc finger protein 423 (Zfp423); pro-
opiomelanocortin (Pomc); Cannabinoid receptor 1 (Cnrl); Nuclear
Receptor Subfamily 4 Group A Member 1 (Nr4al)

Wntl promoter region and in H3Ac at the Wnt/ coding
region, inducing the suppression of the Wnt/f-catenin sign-
aling pathway, which could potentially increase the risk of
metabolic syndrome in these animals [17].

In a model of obesity in female rats fed a HFD, it
was shown increased H4Ac and dimethylated histone
H3(H3Me?2) of the hepatic paraoxonase 1 gene in both male
and female offspring on embryonic day 20, with increased
H3K9Me3 at the promoter and coding region of female off-
spring [18]. The hepatic paraoxonase 1 encodes for enzymes
of the paraoxonase family, playing a critical role in the oxi-
dative balance system and these modifications could lead
to altered oxidative balance in adult offspring, besides
explaining the differences observed between the male and
female response to oxidative stress [18]. In adult female
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offspring from mothers fed a HFD during gestation, there
were increased levels of H3K4Me2 at multiple regions of
the hepatic phosphoenolpyruvate carboxykinase gene. H3Ac
and H3K4Me3 were induced at the coding region with
decreased H3K9Me3 at the promoter. Phosphoenolpyruvate
carboxykinase gene controls critical signaling pathways reg-
ulating both glucose and fatty acid metabolism, contributing
to the increased triglyceride synthesis, induced fatty acid
synthase expression and NADH levels, possibly leading to
increased fat deposition in a gender-specific manner [19].

Panchenko et al. showed that the epigenetic machinery
gene expression, particularly the histone acetylation pathway
of the placenta and fetuses at embryonic day 18.5, is highly
sensitive to maternal obesity. Although preconceptional
weight loss seems to be favorable to fetal growth, some
effects of maternal obesity were maintained in offspring phe-
notype [20]. Maternal HFD intake prior to conception and
during gestation and lactation led to DNA hypomethylation
of Map2k4 and hypermethylation of insulin receptor sub-
strate 2 in the liver of offspring exposed to HFD for 5 weeks.
The hepatic insulin receptor substrate can be inhibited by
activation of mitogen-activated protein kinases (MAPKs),
causing inhibition of insulin activity. Accordingly, Map2k4
gene expression and was increased insulin receptor substrate
2 gene expression was reduced, leading to glucose intoler-
ance and insulin resistance, setting a predisposition to long-
term diabetes [21].

The white adipose tissue, besides lipid storage, plays an
important role in energy homeostasis control through the
secretion of leptin. Hypomethylation of 9, 12, and 6 CpG
leptin gene sites were observed in fetal, subcutaneous, and
visceral adipose tissues of offspring from mothers fed a HFD
throughout gestation and lactation, respectively. This study
also showed that children born to mothers with high triglyc-
eride levels presented leptin promoter hypomethylation in
lymphocytes, so as rat offspring born to mother fed a HFD.
That was correlated to the elevated blood pressure observed,
showing leptin as a key biomarker and mediator of vascular
dysfunction and hypertension. DNMT1 mRNA expression
was reduced in subcutaneous adipose tissue, whereas the
mRNA levels of TET1 were increased in fetal, subcutaneous,
and visceral adipose tissues and in human lymphocytes from
children born to mothers with high triglyceride levels [22].

Modification of epigenetic marks in early-life (postnatal
day 12 and postnatal day 21) was shown to persist through-
out life (9 months of age) in perirenal and inguinal white adi-
pose tissue. There was a lower percentage of modifications
of four CpG dinucleotides within the upstream enhancer of
the leptin gene, decreased levels of 5-methylcytosine (SmC),
H3K9Me3, 5-hydroxymethylcytosine (ShmC), and increased
levels of H3K27Ac. Effects on leptin gene expression were
observed in this adult obesity-prone offspring from mothers
fed a HFD throughout gestation and lactation [23].
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The peroxisome proliferator-activated receptor y (PPARY)
has been shown to play a role in adipose tissue, and regu-
late processes involved in adipocyte function. 21 days old
offspring from obese dams showed higher DNMT activity
and global DNA methylation in inguinal white adipose tis-
sue. When adults at 9 months of age, the offspring exhibited
decreased Ppary expression levels in adipose tissue, which
was associated with CpG hypermethylation and depletion in
H3Ac/H3K4Me3 in the Ppary2 promoter. These sustained
epigenetic marks link maternal obesity to a predisposition
for later adiposity in the offspring [24].

Maternal HF feeding during suckling programs epidy-
dimal white adipose tissue expansion of adult offspring. It
was shown that this expansion occurs in part by stearoyl-
CoA desaturase-1 (Scdl) epigenetic reprogramming. The
enzyme SDC1 uses fatty acids as substrates in triglyceride
synthesis and the reduction of DNA methylation in Scdl
promoter in a PPARY-binding region was associated with
upregulation of Scd/ gene in adipose tissue [25]. The PPARy
is also related to the conversion of preadipocytes to adipo-
cytes. The regulator zinc finger protein 423 promotes Ppary
expression and adipogenic differentiation, and maternal
HFD intake has been shown to reduce DNA methylation in
the zinc finger protein 423 promoter, increasing its expres-
sion and progenitor adipogenesis in offspring [26].

Maternal high saturated fat intake can also alter skeletal
muscle function by inducing promoter hypomethylation of
CpG-1408, which correlated with increased Nr4al gene
expression in offspring. Nr4al is the major isotype in skel-
etal muscle and plays a role in myofiber size and muscle
mass besides the liver, by preventing hepatic steatosis [27].
In the cardiac tissue, maternal HFD intake prior to concep-
tion and during gestation in a diabetic model, was shown to
induce a differential peak distribution on gene promoters at
H3Ac, H3K4Me3, and H3K27Me3 in newborn offspring.
54% of the genes displayed the H3K4Me3 mark and many
of these genes were associated with metabolic processes,
particularly with positive regulation of cholesterol biosyn-
thesis. These genes also overlapped with several trait loci
for blood pressure, body weight, serum cholesterol and are
linked to cardiac disease. Although synergy between prena-
tal exposure of a HFD and diabetes was not observed, the
study shows the critical role of the prenatal environment
affected by HFD, diabetes, or both in the cardiometabolic
health of the offspring [28].

Maternal HFD intake also decreased H3K27Me3, mono-
ubiquitination of histone H2A at lysine 119, DNA meth-
ylation levels, enhancer of zeste homolog 2 and DNMT3B
expression in the cardiac tissue of male offspring at postnatal
day 21. Enhancer zeste of homolog 2 stabilizes cardiac gene
expression, mediating chromatin decompaction and pro-
hypertrophic and pro-fibrotic genes in offspring from moth-
ers exposed to HFD. The levels of the target genes involved
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in cardiac pathogenesis, such as isl lim homeobox 1, six
homeobox 1 and mads box transcription enhancer factor 2,
polypeptide C (Mef2c) were increased in this study [29].

The brain tissue of the offspring can also be programmed
by maternal HFD intake with leptin playing important roles
such as in the maturation of neural circuitry and synap-
togenesis. It was shown decreased H3K9Me3 at the leptin
receptor promoter of the hippocampus of female offspring
from obese mothers fed a HFD 10 weeks prior to concep-
tion. There were also increased expression of the leptin
receptor and in vitro exposure of hippocampal neurons to
interleucine-6 with decreased binding of H3K9Me3 at the
leptin receptor promoter in female fetuses, suggesting that
exposure to metabolic inflammatory molecules can impact
epigenetic regulation of gene expression in the developing
hippocampus [30]. Another study evaluated the effects of
maternal HFD in brain tissue and showed that the maternal
HFD intake 8 weeks prior to conception and throughout ges-
tation increased histone acetylation and androgen receptor
binding at Cnrl promoter in the hypothalamus of newborn
male offspring. The Cnrl gene encodes the cannabinoid
receptor CB1, which increases appetite, stimulates feeding
and reward for palatable foods. High activation of the endo-
cannabinoid system is related to leptin resistance, and down-
regulated leptin signaling with up-regulated Cnrl mRNA
levels in the hypothalamus of the newborn offspring was
found. In the same study, there was increased plasma n6 to
n3 fatty acid ratio in male offspring, which is an important
risk factor for metabolic diseases and might indicate an over
activation of endocannabinoid signaling [31].

In the hypothalamus, neuropeptides produced in the
arcuate nucleus (ARC) regulate energy balance. The
a-melanocyte-stimulating hormone, a product of pro-opi-
omelanocortin (POMC), plays a role in satiety and energy
homeostasis. Hormonal signals, such as leptin, mediate
POMC accessibility to the transcription mechanisms. In the
offspring from HFD-fed dams prior to conception and dur-
ing gestation and lactation, there was a negative correlation
in ShmC and a positive correlation in its derivative SmC
with body weight. POMC expression in obese offspring was
determined by an increase in CpG methylation at the Pomc
promoter, enabling the bind of methyl-binding domain 1 to
SmC. Pomc mRNA expression was reduced by the methyl-
binding domain 1 in order to promote H3K9Me2, leading
to an open chromatin structure and increased response of
Pomc to energy-storage signals. These results suggest an
epigenetic regulatory mechanism that influences the predis-
position to obesity traits [32].

Male offspring from mothers fed a HFD prior to and
throughout gestation and lactation exhibited hypermeth-
ylation at the enhancer region (nPEl and nPE2) in the
ARC POMC gene and at the promoter sequence mediat-
ing leptin effects at postnatal day 21. There was persistent

hypermethylation at the POMC promoter region in the off-
spring when adult, which retained the increased body weight
from weaning. Therefore, maternal overnutrition predisposes
the offspring to metabolic disorders later through program-
ming of long-term epigenetic alterations in the offspring’s
hypothalamic Pomc promoter [33]. The ARC of male off-
spring from mothers fed a HFD prior to and during gestation
and lactation had significantly decreased DNMT1, energy
sensors, and feeding-related neuropeptides at 1 day of age.
These alterations could impact neuroprogenitor cell prolif-
eration and differentiation. At 6 months of age, the offspring
exhibited increased energy sensors and decreased histone
deacetylases SIRT1 and HDACI. The altered energy sensors
and epigenetic responses that modulate gene expression and
adult neuronal differentiation could contribute to hyperpha-
gia and obesity in HF male offspring [34].

miRNAs also play a role in offspring programming. Car-
diac expression of eight miRNAs was altered in offspring
from obese mothers when the offspring was subjected to
high SFA diet during life, suggesting that miRNAs are
involved in the response of cardiac function to poor nutri-
tion. Eight cardiac miRNAs expression were altered in
offspring from obese mothers when challenged with HFD.
However, postnatal exposure to HFD alone induced changes
in the expression of 33 miRNA in offspring of lean and 46
miRNA in offspring of obese mothers, which suggests that
maternal obesity may have some negative consequences for
the cardiovascular health of the offspring; however, individ-
ual’s lifestyle choices determine heart health outcomes. [35].

Siddeek et al. [36] showed the role of miRNA biogen-
esis in long-term cardiac health, where a miRNA subset that
regulates transforming growth factor-beta (TGFp)-mediated
remodeling was downregulated. Apparently, DiGeorge criti-
cal region 8 expression, which is involved in miRNA bio-
genesis, plays a role in the alterations of the miRNA profile
and the TGFp-mediated remodeling [36]. Another class of
non-coding RNA are the tRNA-derived small RNAs (tsR-
NAs), and have been shown to be involved in the transgen-
erational transmission of obesogenic phenotypes, such as
marked adiposity, insulin insensitivity, and altered circu-
lating metabolic parameters via the paternal lineage. Male
offspring born to mothers that were exposed to HFD rich in
SFA had increased expression of sperm tsRNAs as well as
the male offspring born to these fathers [37]. Transgenera-
tional transmission of obesogenic traits could also be dem-
onstrated in imprinted genes. In the third generation from
mothers fed on a HFD, females presented increased body
size and paternally expressed genes in the liver, which dem-
onstrates there is a stable germline-based transgenerational
mode of inheritance [38].

Therefore, the maternal intake of HFD rich in SFA can
influence the programming of epigenetic mechanisms in
offspring, leading to alterations in the function of several
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tissues, mainly in the hepatic, adipose, cardiac, and brain
tissue, and consequently to increased risk for the develop-
ment of metabolic diseases.

Polyunsaturated fatty acids

PUFAs contain two or more double bonds in the molecule.
The a-linolenic acid (ALA; 18:3n-3) and linoleic acid (LA,;
18:2n-6) PUFAs are essential dietary fatty acids, they cannot
be synthesized despite the lack of enzymes in humans. These
are substrates for desaturases and elongates enzymes for the
production of long-chain PUFAs (LC-PUFAs)—eicosapen-
taenoic acid (EPA; 20:5n-3), docosapentaenoic acid (DPA;
22:5n-3), and docosahexaenoic acid (DHA; 22:6n-3) are
derived from ALA, and arachidonic acid (AA; 20:4n-6) is
derived from LA [39]. The adequate n-6/n-3 ratio is impor-
tant to avoid the negative influence of excess n-6, which can
inhibit the synthesis and incorporation of DHA and EPA in
tissues.

The primary source of n-3 PUFA during early life is from
placental transfer and maternal milk, due to the limited
capacity of the fetus and neonate to synthesize DHA from
ALA, hence the maternal intake of n-3 PUFA will determine
the offspring brain development. DHA is the most prevalent
FA in cellular membrane and phospholipid in the brain—it
has anti-inflammatory, antioxidant, and antiapoptotic effects,
which are crucial for adequate neurodevelopment [40].

Maternal erythrocytes (a medium-term assessment of n-3
PUFA consumption) containing low and high levels of n-3
PUFAs showed different DNA methylation sites and regions,
and four different methylated genes: MSTN, IFNA13,
ATP8B3, and GABBR2. These genes belonged to pathways
that could affect the offspring’s metabolic programming, due
to their relation to the onset of insulin resistance and adi-
posity, innate immune response, fatty acid transfer across
cell membranes, and addiction paths of the central nervous
system [41].

Maternal supplementation of n-3 PUFA during pregnancy
and lactation in mice impacted irreversibly its concentra-
tion in the offspring’s brain in adulthood through epigenetic
alterations, such as the decrease of the methylation in the
brain-derived neurotrophic factor — which is responsible
for long-term neurogenesis and for maintaining the neuronal
populations and connections [40]. Moreover, maternal n-3
supplementation during pregnancy affects DNA methyl-
ated regions of offspring at birth persisting to childhood. At
birth it was found 21 differentially methylated regions, 17/21
showed lower methylation levels in the differentially meth-
ylated region's group. The differentially methylated regions
identified were located at genes ESYT3, SLC12A6, CCK,
RAETIL, LTB, SLC12A6, TRAK1, LPHN3, and RFPL2,
which functions are related to lipid metabolism, appetite
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regulation, immune function, and neurodevelopment func-
tion. At 5 years, 10 differentially methylated regions were
identified, all lower methylated [42].

On the other hand, maternal high n-6 PUFA consump-
tion (characteristic of “western” diets) during pregnancy is
related to offspring impaired neurodevelopment, with anxi-
ety and depression behavior later in life. The n-6 PUFA is
represented by AA that is a precursor to eicosanoids and is
linked to the repression of regulatory transcription factors,
such as signal transducer and activator of transcription 3
(STAT?3), myeloblastosis oncogene, and CCAAT/enhancer-
bind protein f. In addition, the n-6 PUFA exposure affects
fetal cortical architecture and induces gene repression by
hypermethylation in CpG islands in the brains [43].

The type and the amount of fat consumed by the mother
have a great impact on offspring's health. The PUFAs ARA
and DHA were lower in the offspring’s liver from dams-fed
HF (diets based on fish oil or butter) compared to adequate
fat intake. Maternal fat intake (even diet PUFA-enriched)
during pregnancy and lactation were found negatively cor-
related to FADS2 mRNA expression in offspring liver and
were found altered methylation of specific CpG in FADS2
promoter in adult offspring. These repercussions on off-
spring can be related to future capacity to synthesize EPA
and DHA, mainly in female offspring — impacting their
ability to synthesize long-chain PUFA in their pregnancy
[44]. In a study with gilthead sea bream [45], the parental
high FADS?2 expression associated with the parental fish
oil diet favoring higher growth and programming the DNA
methylation — in specific positions: CpG2 and CpG3 — on
the promoter region of FADS?2 in the offspring.

Fads1 and Fads2 mRNAs expression was altered in the
aorta of offspring at 77 days of age. Fads 1 mRNA was
higher and Fads2 was lower in offspring from dams fed
21% fat compared to 7% fat diets, regardless of the type
of fatty acids consumed from 2 weeks before conception
until lactation period, showing altered methylation of CpG
-394, -84, and -76 Fads promoter. The 20:4 n-6 proportion
in aorta total lipids were different accordantly type of fat.
In male offspring, there were lower 20:4 n-6 from dams fed
7% hydrogenated or butter diets, compared to PUFAs-riched
diets, it is likely due to competition for the enzymes essential
in the n-3 and n-6 metabolism. Maternal fat intake could
induce dysregulation of Fads 1 and Fads 2 gene expression in
offspring aorta, impacting on the 20:4 n-6, which is required
for vasoconstriction in the offspring [46]. In this sense, the
type and amount of fat consumed by the mother can affect
the offspring's risk to develop cardiovascular diseases.

Fish oil is one of the main PUFAs sources, its consump-
tion during pregnancy and lactation seems to protect the
offspring against allergies, proinflammatory status and is
beneficial to adiposity [47, 48]. It is associated with immu-
nological changes in cord blood, persisting to childhood and
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adolescence. Prenatal and neonatal exposure to n-3 PUFA
(by maternal fish oil supplementation) modulate offspring
metabolism, impacting glucose tolerance and insulin sensi-
tivity, as well as modulate epigenetic factor for brown tissue
development in mice — decreasing HDACI1 activity with an
increase in acetylation and decreasing tri-methylation (me3)
at H3K27 site and increasing acetylation at H3K9 [49].

At the post-translational level, fish oil supplementation
modulates brown adipose tissue development in the mice
offspring, by increased miR-30b, miR-193b, and miR-365
expression [49]. Long noncoding RNA (IncRNA) is a key
epigenetic mechanism in breast cancer development. Li et al.
[50] have found 53 IncRNA upregulated and 45 downregu-
lated in offspring mammary glands by maternal n-3 PUFA,
being the target genes related to p53 signaling pathway and
apoptosis (upregulated IncRNAs) and MAPK, Jak-STAT,
estrogen, and NF-kB signaling pathways (downregulated
IncRNAs). In this sense, exposure to maternal n-3 PUFAs
(EPA, DPA, and DHA) is detrimental to decrease the n-6/n-3
ratio in offspring and altering IncRNA expression decreasing
the risk of mammary cancer later in life.

Maternal n-3 PUFA intake has a direct impact on off-
spring neurodevelopment and can reshape the offspring
epigenome preventing chronic diseases. Adequate bal-
ance in n-6 and n-3 intake during pregnancy and lactation
seems to be essential for offspring health throughout life
(Fig. 2). The DHA and EPA supplementation during preg-
nancy and lactation could be a strategy to guarantee their

adequacy, therefore providing the offspring healthy meta-
bolic programming.

Monounsaturated fatty acids

MUFAs have a single double bond in the fatty acid that can
occur in different positions [51]. The main source of exog-
enous MUFAs is vegetable oils — mainly olive oil, nuts, red
meat, and milk products [52]. The endogenous MUFA can
be synthesized by the enzyme stearoyl-coenzyme A desatu-
rase-1 (SCD1) — highly expressed in liver and adipose tis-
sues — by adding a double bond to a saturated fatty acid:
SFA palmitate (16:0) and stearate (18:0), which are con-
verted to palmitoleate (16:1) and oleate (18:1 n-9), respec-
tively [53].

It is known that MUFAs have beneficial effects in pre-
venting metabolic diseases. Oleic acid is the main repre-
sentative of MUFA, which can improve insulin sensitivity
through anti-inflammatory mechanisms [11]. Also, studies
suggest MUFAs effects on markers associated with CVD,
such as serum lipids and lipoproteins, and may affect vas-
cular function markers, postprandial vascular function, and
energy intake and metabolism [54].

A recent study [55] found beneficial effects in 21-day-
old offspring from diabetic dams olive oil supplemented. It
was observed reduced pro-oxidant markers in the offspring’s
heart, and the supplementation prevented the increase of

aa )
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— Placenta structure and

function
AS5-desaturase (essential) A6- desaturase A8 J
A6-desaturase Elongase \
Elongase 5 v AS5- desaturase
20:5 EPA — Epigenetic programming
¢ Growth and
Elongase 2 or dev.elopment
5 kd Brain development
PLACENTA Adiposity
22:5 DPA BREAST MILK Gene expression
Elongase 2 Cognitive function
A6-desaturase | /
B-oxidation 22:6 DHA — I

Fig.2 Maternal intake of PUFAs and offspring outcomes. The essen-
tial fatty acids ALA and LA undergo processes of desaturation and
elongation to become LC-PUFA, such as EPA, DPA, DHA (n-3),
and AA (n-6). Through the placenta and/or breast milk the offspring
receive LC-PUFAs, which participate in different processes by epige-

netic programming, since placentation until adequate metabolism pre-
venting diseases. Polyunsaturated fatty acids (PUFA); Linoleic acid
(LA); a-linolenic acid (ALA); Eicosapentaenoic acid (EPA); Docosa-
pentaenoic acid (DPA); docosahexaenoic acid (DHA); Arachidonic
acid (AA); Long-chain polyunsaturated fatty acids (LC-PUFAs)
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apoptotic cells and the deposition of extracellular matrix
components. In this sense, maternal supplementation of
olive oil could prevent offspring programming of cardio-
vascular disease. Moreover, other results from the same
group [56] showed that maternal supplementation of olive
oil is sex-specific, it can prevent hypertriglyceridemia and
in female fetal offspring a reduced liver concentration of
triglycerides, cholesterol, and free fatty acids. In male off-
spring, this diet can affect fetal liver metabolism, preventing
the increased lipid content, the higher expression of sterol
regulatory binding protein — 1 gene expression in the liver,
and the increased of PPARS and PPARY levels in the liver.
Finally, it was found a reduced expression of lipid oxidation
enzymes in livers of male and female fetuses [56]. Olive
oil supplementation during pregnancy seems to be posi-
tive, since the changes observed may be beneficial to lipid
metabolism throughout offspring’s life.

Supplementation of olive oil can reshape developmental
programming possibly through an epigenetic mechanism. A
maternal diet composed of fish and olive oil, which are the
main source of oleic acid, is associated with histone acety-
lation levels of immune cells in the placenta. The placenta
is an organ that mediates the maternal effects on epigenetic
programming in offspring [57]. Moreover, Casas-Agustench
et al. [58] demonstrated offspring’s hepatic fatty acid profile

MATERNAL

at birth reflects the maternal diet fatty acids composition.
Dams were fed with different types of fatty acids in the first
12 days of pregnancy, being found altered miRNAs expres-
sion in the offspring’s liver (at birth and 12 months old)
accordingly to maternal diet, the miR-383-5p — related to
the insulin pathway — was decreased in the adult liver off-
spring from dams fed olive oil.

Govindarajah et al. [59] found the expression of DNMT3a
and methyl-CpG binding domain protein 1 in offspring
mammary glands from HFD based on olive oil not signifi-
cantly higher compared to the control group. However, there
was higher expression of Btnlal — a potential biomarker
in breast cancer, altered by HFD in metastatic breast cancer
— with no or less effect in mammary tumorigenesis in the
offspring from dams fed HFD based in olive oil, compared
to HFD based in butter and safflower. Although HFD during
pregnancy can increase the susceptibility of more aggres-
sive mammary tumors in female offspring, the type of diet
and the timing of exposure to it are crucial to reprogram
the development of decedents’ mammary glands, thus these
results elucidate the diet-dependence in the risk of breast
cancer development.

Maternal consumption of oleic acid during pregnancy
and lactation — a diet based on olive oil — seems to epi-
genetically program the offspring through different levels,

OFFSPRING

SUPPLEMENTATION

v
Endogenous

Oleate
(18:1 n-9)

Vegetable oils
(olive), nuts, milk
products, red
meat

Fig.3 Maternal intake or endogenous production of n-9 MUFAs can
reshape epigenetically the offspring metabolism preventing chronic
diseases. Maternal intake — including supplementation — during
pregnancy and lactation can improve lipid metabolism and modify
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with DNA modifications, histone modifications, and in post-
transcriptional level in diverse tissue targets, with implica-
tions related mainly to lipid metabolism (Fig. 3).

Conclusion

Several reports have shown that maternal intake of different
types of fatty acids -namely saturated fatty acids, monoun-
saturated fatty acids, and polyunsaturated fatty acids PUFA
— can influence the offspring programming of epigenetic
machinery through histone modifications, DNA methylation,
and miRNA regulation, as well as methyltransferases and
deacetylases activity. Saturated fatty acids present in high-
fat diets could lead to deleterious changes in the function of
several tissues, such as hepatic, adipose, cardiac, and brain
tissue, and consequently to alteration in glucose, lipid, and
cardiovascular metabolism. Maternal consumption of mono-
unsaturated fatty acids oleic acid during pregnancy and lac-
tation is implicated especially in offspring lipid metabolism,
as long as polyunsaturated fatty acids intake exert beneficial
impacts on offspring neurodevelopment besides reshape the
offspring epigenome preventing chronic diseases. More stud-
ies are needed including both male and female offspring and
the comparison between sexes, since some studies pointed
out marked differences in epigenetic changes according to
the sex [30, 31, 38]. Moreover, epigenetic studies in the off-
spring from male progenitors exposed to different types of
fatty acids are also needed, since evidence points towards
modifications in parental sperm quality with consequences
to the metabolic health of the offspring [60]. In this sense,
this review points towards mechanisms involved in fetal
health programming, which may incorporate the basis for
public health politics for the prevention of obesity and asso-
ciated diseases.
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