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Abstract: The early stages of life, especially the period from conception to two years, are crucial for
shaping metabolic health and the risk of obesity in adulthood. Adipose tissue (AT) plays a crucial role
in regulating energy homeostasis and metabolism, and brown AT (BAT) and the browning of white AT
(WAT) are promising targets for combating weight gain. Nutritional factors during prenatal and early
postnatal stages can influence the development of AT, affecting the likelihood of obesity later on. This
narrative review focuses on the nutritional programming of AT features. Research conducted across
various animal models with diverse interventions has provided insights into the effects of specific
compounds on AT development and function, influencing the development of crucial structures and
neuroendocrine circuits responsible for energy balance. The hormone leptin has been identified as an
essential nutrient during lactation for healthy metabolic programming against obesity development
in adults. Studies have also highlighted that maternal supplementation with polyunsaturated fatty
acids (PUFAs), vitamin A, nicotinamide riboside, and polyphenols during pregnancy and lactation,
as well as offspring supplementation with myo-inositol, vitamin A, nicotinamide riboside, and
resveratrol during the suckling period, can impact AT features and long-term health outcomes and
help understand predisposition to obesity later in life.

Keywords: metabolic programming; gestation; lactation; leptin; vitamin A; nicotinamide riboside;
polyphenols; polyunsaturated fatty acids; myo-inositol; milk miRNAs

1. Introduction

Obesity is an urgent public health issue worldwide. According to the World Health
Organization, in 2022, one in eight people were living with obesity [1]. Obesity is associated
with multiple health problems, such as type 2 diabetes mellitus, hypertension, cerebrovas-
cular disease, kidney disease, many types of cancers, and a variety of musculoskeletal
illnesses [2–4]. Traditional treatments, namely changing dietary habits and increasing
physical activity, are hard to implement and often ineffective, as weight regain is com-
mon. New gut–brain axis knowledge and recent pharmacological developments have
revolutionized the way in how to treat obesity [5], but recurrent weight recovery after any
weight loss continues to be the biggest problem [6,7]. Preventive strategies are, therefore,
in the spotlight.

In this context, increasing evidence indicates that, besides genetics and contemporary
environmental exposures, early life exposures, particularly nutritional cues in critical de-
velopmental periods, may have a significant impact on metabolic health and susceptibility
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to obesity in adulthood. This phenomenon is known as “programming” or “metabolic
programming” [8–10]. Nutrition in utero and during the early postnatal period, com-
monly referred to as the first 1000 days from conception to 2 years, is critical. Certain
nutritional conditions at these stages typically program an increased propensity toward
obesity. In contrast, others may program a relative resistance to it or confer resistance to the
“malprogramming” effects of adverse maternal exposures. The mechanisms of metabolic
programming have primarily been studied in preclinical rodent models and are interre-
lated. They include epigenetic effects and effects on telomere length that shape the fate of
resident progenitor cells in tissues and modulate cellular senescence, tissue cellularity, and
metabolic capacities [11–13]; effects on the development of structures and neuroendocrine
circuits that are crucial to the control of energy balance, such as regulatory brain centers
and corresponding efferent and afferent pathways [10]; and effects on the developing gut
microbiome [14], among others. Dietary cues can instruct all of these mechanisms.

Biochemical processes involved in the control of body weight and body adiposity can
be programmed. Here, we will focus on the nutritional programming of adipose tissue
(AT) features. Obesity is a chronic complex disease defined by the excessive accumulation
of fat deposits in AT that can impair health. The defining organ of obesity is thus AT.
Mammalian AT displays anatomical, physiological, and functional diversity [15]. Further,
AT depots and adipocytes have different origins and metabolic capacities [16]. Taken as a
whole, AT can be viewed as an organ that plays a crucial role in regulating whole-body
energy homeostasis and metabolism by being able to store lipids, mobilize lipids, produce
and secrete signals, and burn fuel substrates to dissipate energy as heat (thermogenesis),
all in a regulated manner [17,18]. It is a highly plastic organ that can experience cellular
and metabolic remodeling, to different degrees, to allow for its expansion or shrinkage
depending on the energy status and other biological signals.

The term “AT remodeling” usually refers to changes in the size, number, or turnover
of adipocytes and the renovation of the AT extracellular matrix in response to requirements
for tissue growth and expansion, hormones, aging, or pathologies [19,20]. Cell turnover
encompasses the processes of cell proliferation, differentiation, and apoptosis, which col-
lectively regulate the overall cell population within the tissue [21]. AT comprises mature
adipocytes and a stromal vascular fraction that contains mesenchymal progenitor/stem
cells, preadipocytes (not yet differentiated but already committed to becoming adipocytes),
endothelial cells, and immune cells. Remodeling involves quantitative and qualitative
changes in the stromal vascular fraction cells besides the adipocytes. AT expansion in
obesity can be mediated by hypertrophy (enlarged adipocytes), hyperplasia (increased
numbers of adipocytes), or both. Expansion through hyperplasia involves the proliferation
of progenitor cells or preadipocytes followed by adipogenic differentiation (adipogene-
sis). It is generally considered a healthier form of expansion that may prevent metabolic
dysfunction compared to expansion by adipocyte hypertrophy [22].

Intertwined with the “cellular” facet of AT remodeling, there is a “metabolic” facet,
which refers mainly to changes in the capacity of fat depots for substrate oxidative
metabolism and thermogenesis. In this context, the distinction between white and brown
AT (WAT and BAT, respectively) and the concept of WAT browning or beigeing needs to
be introduced. WAT specializes in energy storage and release and is composed primarily
of white adipocytes, while BAT specializes in regulated heat production (adaptive ther-
mogenesis) and is composed primarily of brown adipocytes. WAT and BAT also have
distinct endocrine functions [23]. The key to BAT thermogenic function is the high oxida-
tive capacity, mitochondrial content, and characteristic expression of uncoupling protein 1
(UCP1) in brown adipocytes. UCP1 is an inner mitochondrial membrane protein that can
uncouple cellular respiration from ATP synthesis by facilitating proton re-entry into the
mitochondrial matrix, thus circumventing ATP synthase. BAT thermogenesis is mainly
controlled by the sympathetic nervous system (SNS) and its neurotransmitter noradrenaline
and is influenced by numerous hormonal signals. WAT browning or beigeing refers to the
emergence of thermogenically competent, UCP1-expressing cells in WAT depots. These
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cells, called brite or beige adipocytes, have a distinct origin from brown adipocytes. Evi-
dence suggests they may originate from (Myf5−) progenitor cells resident in WAT depots
through de novo differentiation (so-called beige adipogenesis, favored under certain con-
ditions) or through transdifferentiation from pre-existing mature white adipocytes [24].
In rodents, many signals and nutritional stimuli that activate BAT thermogenesis also
favor WAT beigeing [25,26]. Because activated BAT and beige WAT can dissipate energy
as heat and actively take up glucose and fatty acids from the circulation to serve as fuel,
their activation might be protective against obesity and metabolic complications such as
diabetes and dyslipidemia. In fact, in humans, the presence of active BAT is associated
with cardiometabolic health [27].

Nutritional factors during prenatal and early stages of postnatal development can
target both facets of remodeling in the developing WAT and BAT depots, with implications
for a propensity to obesity later in life [28–30]. Maternal total energy intake (under and
overnutrition) and diet macronutrient composition have been extensively researched in this
context. For instance, maternal obesity and a high-fat diet (HFD) predispose the offspring to
obesity and metabolic disease, and studies in mice and rats showed that maternal HFD or a
cafeteria diet during lactation negatively affects the thermogenic function of BAT in the long-
term in the offspring [31–33]. Instead, this narrative review focuses on specific nutritional
compounds whose intake levels at critical developmental periods can program AT features
such as cellularity and metabolism in the offspring according to existing evidence, coming
mainly from animal studies. The main focus is on compounds that may program obesity
resistance or help counteract “malprogramming” caused by adverse maternal conditions
through effects on AT. Many of the studies reviewed concentrate on the lactation period,
which in rodents is a period of intense adipogenesis in AT, especially in WAT (BAT develops
mainly before birth), and hence a vital programming window for AT development [28].
Compounds reviewed include certain micronutrients (vitamins), bioactive compounds,
fatty acids, peptide hormones (leptin), and miRNAs present at variable levels in breast milk
(Figure 1). Hormones and miRNAs in milk are part of the mechanisms by which maternal
dietary conditions exert programming effects on the offspring. Still, they can also be
approached and assayed in newborns as nutritional exposures susceptible to manipulation
and are thus considered here.
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Figure 1. Early life exposures, particularly nutritional cues in critical developmental periods, may
have a significant impact on metabolic health and susceptibility to obesity in adulthood. Animal
studies reviewed show that mother supplementation with polyunsaturated fatty acids (PUFAs),
vitamin A, nicotinamide riboside, and polyphenols during pregnancy and lactation, and offspring
supplementation during suckling with leptin, myo-inositol, vitamin A, nicotinamide riboside, and
resveratrol, impact adipose tissue features by conditioning local epigenetic modifications and the
development of structures and neuroendocrine circuits that are crucial to the control of energy
balance, or even other metabolic tissues, with implications for the propensity to obesity later in life.
(*) miRNAs in the figure are not interventions in mothers but refer to the miRNAs present in
breast milk that are affected by the maternal metabolic status and/or diet and may target adipose
tissue features.

2. Nutritional Compounds Active in the Programming of AT
2.1. Nicotinamide Riboside

Nicotinamide riboside (NR), a derivative of Vitamin B3 (niacin), is present in breast
milk in amounts related to maternal status and intake [34–36]. NR is a precursor of
NAD+ and shows, among others, anti-obesogenic effects [37] and metabolic benefits when
administered to adult animals [38]. Increased fat-free mass and decreased fat mass were
reported in humans supplemented with NR, resulting in improved body composition
while the body weight remained unchanged. [39]. These beneficial effects have been
related in rodents to the stimulation of mitochondrial oxidative metabolism in AT and other
tissues due to the ability of NR to function as an activator of the NAD+-dependent protein
deacetylase, sirtuin 1 (SIRT1) [37,40,41].

The programming activity of NR in early life stages has been much less studied [42–46].
Ear and colleagues reported that the dietary NR supplementation of lactating mothers
(~24 mg NR per mother per day) increases lactation and milk bioactive content in mice,
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which is linked to expanded mammary gland biosynthetic capacities [42]. This resulted in
persistent physical–including lower body fat–neurobehavioral and neurodevelopmental
advantages to their adult offspring [42]. They reported increases in NAD metabolites
and the brain-derived neurotrophic factor (BDNF), a growth factor that enhances brain
development, in the milk of dietary NR-supplemented lactating mothers. This could
explain the observed long-lasting neurodevelopmental benefits to their offspring, including
an enhanced special memory and hippocampal neurogenesis. Importantly, although fat
browning was not addressed in the study by Ear and colleagues, BDNF can act centrally to
induce a brown fat gene program in WAT [47].

Direct oral NR supplementation to the pups during the suckling period elicited pro-
gramming effects on AT cellular and molecular features [43–45]. The supplemental dose
eliciting programming effects was very low (24 µg to 45 µg NR per pup per day, increasing
from postnatal day 2 to day 20). NR supplementation during suckling led to an enhanced
thermogenic and catabolic gene expression profile in the BAT and subcutaneous WAT after
a 10-week obesogenic HFD challenge starting in adulthood (at three months of age). Con-
comitantly, it led to improved metabolic responses, such as a lower leptin/adiponectin ratio
and reduced lipolysis compared to control mice on the HFD [43]. Interestingly, all these
effects were observed in males and were not present in females, for which supplementation
was without effect or even had opposite effects (to those observed in males).

Mechanisms behind the sex-dependent programming of the beige adipose thermo-
genic/oxidative phenotype by neonatal NR supplementation likely include changes in
the WAT-resident progenitor cells of young mice modifying their transcriptional program
toward an increased commitment to beige (versus white) adipogenesis, as suggested by
results in primary preadipocyte cultures [44]. In particular, the expression of genes related
to browning (such as Ucp1, Prdm16, Slc27a1) was increased in the primary cultures derived
from the subcutaneous WAT of recently weaned (35-day-old) male mice supplemented
with NR, even though the depot of origin lacked an obvious brown fat-like gene expression
signature. In the primary cultures derived from the WAT of NR-supplemented females, the
expression of brown/beige markers was unaffected or was even decreased (for Ppargc1b,
Tmem26, Hoxc9) [44]. The turnover of adipocytes in AT occurs throughout life from the
progenitor cells/preadipocytes residing in the fatty deposits [48], making these cells natural
depositors of programming information from dietary cues in critical life stages.

Long-term DNA methylation modifications may contribute to the programming of an
up-regulated expression of browning-related genes such as Slc27a1 and Prdm16 in subcuta-
neous WAT, brought about by the mild supplementation of NR during the suckling period
in male mice [45]. Thus, neonatal NR-supplementation resulted in the hypomethylation of
specific CpG sites in the distal promoter and intragenic regions of the Slc27a1 gene and the
Prdm16 gene proximal promoter, and it counteracted the HFD-induced changes in other
methylation marks of these genes in WAT in adulthood. Methylation changes at CpGs close
to putative binding sites for transcription factors (TF) known to be relevant in the context
of AT and energy metabolism (NRF1, PPARγ) were observed, which could modulate TF
binding and, thus, transcription [45]. Interestingly, NR exerted down-regulatory effects on
the gene expression of main de novo DNA methyltransferases both in the subcutaneous
WAT of young mice supplemented with NR during suckling and in 3T3-L1 adipocytes in
culture [45]. This suggests one mechanism that, in the context of the persistence of the
affected epigenetic marks, could explain the hypomethylation of DNA sites in WAT as
observed in adulthood. How site-specific hypomethylation is achieved remains unclear.

Secondary to the programming of more oxidative adipose tissues (or as a consequence
of NR epigenetic effects on other tissues), male mice supplemented with NR during suckling
were protected against HFD-induced triacylglycerol accumulation in skeletal muscle and
displayed lower triacylglycerol levels, a degree of steatosis in the liver, distinct capacities
for fat oxidation and decreased lipogenesis in both tissues. These phenotypic differences
paralleled signs of enhanced SIRT1 and AMP-dependent protein kinase signaling in these
tissues [46].



Cells 2024, 13, 870 6 of 34

2.2. Vitamin A

Vitamin A (VA) is an essential micronutrient with two dietary sources: preformed
VA (retinol and retinyl ester) derived from animal sources and provitamin A carotenoids
(mainly β-carotene and β-cryptoxanthin) derived from colorful fruits and vegetables. The
acidic form of VA, retinoic acid (RA), is a potent regulator of mammalian gene expression
by serving as an activating ligand of the transcription factors of the nuclear receptor
superfamily, the retinoid receptors (RARs), and other mechanisms [49]. Retinoids comprise
VA (retinol) and its metabolites, such as retinaldehyde and RA.

VA, primarily as RA, modulates key aspects of adipocyte and AT biology, including
adipogenic differentiation (adipogenesis), hypertrophic expansion, the capacity for fat oxi-
dation and thermogenesis, and the secretory function, with possible benefits in the context
of controlling body fat, obesity and its comorbidities [50–53]. Dietary VA supplementation,
dietary β-carotene conversion to RA, and direct RA treatment have all been demonstrated
to exert anti-obesity effects in animal models [54–59]. Recent evidence indicates that local
β-carotene conversion to RA in the AT can contribute to body fat reduction [60]. The
anti-adiposity action of RA is attributed to its ability to (i) induce UCP1 expression and
stimulate both BAT thermogenesis [61–63] and WAT browning [64,65]; (ii) decrease the
levels and activity of the master proadipogenic/pro-lipogenic transcription factor peroxi-
some proliferator-activated receptor γ (PPARγ) in the WAT [57,66]; and (iii) stimulate fatty
acid oxidation in non-adipose tissues [67–69]. In humans, β-carotene in plasma [70] and
dietary VA intake [71] are inversely associated with adiposity, and anti-obesity effects of
β-carotene-rich carotenoid supplements have been described [72].

The accumulated evidence linking VA to beneficial effects regarding the control of
body fat reserves has prompted pre-clinical research on the programming activity against
the obesity of supplemental VA in early life. These studies need to consider the toxicity
and teratogenicity of VA. This vitamin and its metabolite, RA, play key roles in fetal
morphogenesis and organ development [73]. VA requirements during pregnancy are
increased, yet VA at high supplementation levels can exert teratogenic effects in animals
and humans [74]. The WHO considers a dose of up to 10,000 IU daily or 25,000 IU
weekly safe during pregnancy [75], a threshold about five times higher than the Population
Reference Intake (PRI) for VA in pregnant women (700 µg/day or 2331 IU/day) [76].
Therefore, there is limited room for research on the impact of VA at levels moderately above
normal intake on fetal development and its long-term consequences. The PRI for VA in
lactating women is 1300 µg/day or 4329 IU/day [76]. Children are born with short VA
reserves, and human milk provides both preformed VA (retinol and retinyl esters) and
provitamin A carotenoids to fulfill these requirements [77]. Interestingly, carotenoids are
readily detected in breast milk but are often lacking in formula milk [78,79]. Furthermore,
breast milk provitamin A carotenoid concentrations are decreased in obese mothers [80,81].
It is conceivable, therefore, that a deficit in provitamin A supply contributes to a relative
“malprogramming” in formula-fed infants and infants of mothers with obesity, prompting
research on the effects of mild excess VA supply during suckling/lactation.

Retinoids inhibit adipogenesis in cell models [82] and in vivo in adult mice exposed to
a high-fat diet [59]. In line with an antiadipogenic action of retinoids, in rats, a 3-fold excess
supplemental VA as retinyl palmitate during suckling triggers changes in the developing
WAT that result in smaller adipocytes with lower expression levels of PPARγ and higher
proliferating cell nuclear antigen (PCNA) at weaning [83]. The increased proliferative state—
attributed to an increased number of immature adipocytes rather than preadipocytes since
preadipocyte marker genes (Pref1, Sox9, Klf2) were not upregulated—potentiated WAT
hyperplasic expansion in the face of an obesogenic diet. Thus, when fed a high-fat diet,
the VA-supplemented rats gained the same body weight but higher adiposity and WAT
DNA content than control rats. Notably, the increase (30%) in adiposity did not correlate
in these animals with a worsening of metabolic complications related to obesity. In the
same direction, a 4-fold excess dietary VA (as retinol in food) led to higher adiposity gain
in three-week-old rat weanlings challenged with a cafeteria diet for eight days, which
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paralleled a higher proliferation competence of the adipocyte precursor cells isolated from
the animals’ fat depots [84]. Further, adipocyte hyperplasia and a smaller adipocyte size
were found in fat depots of lambs under standard feed supplemented with a 30-fold excess
VA as retinyl palmitate from birth until the end of the growth period, despite no effects on
total body adiposity [85]. Overall, these studies show that VA supplementation in early
postnatal life can favor adipocyte hyperplasia, perhaps as a consequence of inhibiting
the differentiation of fully mature adipose cells. This effect is interesting since adipocyte
hyperplasia has a protective impact on metabolic dysfunction induced by excessive caloric
intake. An insufficient number of adipocytes favors adipocyte hypertrophy, hypoxia, and
inflammation, a key cause of metabolic dysfunction [22].

Mild VA supplementation during gestation and lactation (at twice the normal intake
as retinyl acetate, in drinking water) also favored adipocyte hyperplasia in the offspring, as
indicated by increased white and brown fat mass, smaller adipocyte size, and an elevated
expression of both preadipocyte genes and mature adipocyte markers in fat depots at
weaning [86]. However, this supplementation also strongly upregulated beige/brown
adipogenesis in both WAT and BAT. This was indicated by an increased number of UCP1-
positive multilocular adipocytes in subcutaneous WAT, a higher expression of Ucp1 and
other brown adipose genes in WAT and BAT, and a higher core body temperature at wean-
ing. As a result, the offspring of VA-supplemented dams were efficiently protected from
obesity and metabolic dysfunction when challenged for 5 months with a high-fat diet
starting at 30 days of age [86]. The intraperitoneal injection of RA during pregnancy (at
embryonic days E10.5 and E13.5) reproduced the effects on adipocyte hyperplasia and
beige/brown adipogenesis in weanling offspring. The effects of maternal retinoids during
the fetal stage were shown to be RAR-mediated and related to the promotion of angiogene-
sis in the fetal ATs, leading to an expanded population of PDGFRα+ adipose progenitor
cells. These are proliferative cells capable of both white and beige adipogenesis [87], and
therefore their expansion could explain both white adipocyte hyperplasia and increased
beige adipogenesis.

The timing of VA supplementation during development may thus critically condition
the consequences on offspring adiposity. VA supplementation promotes AT hyperplasia in
the offspring when administered to pregnant and lactating dams [86], during pregnancy
only [86], or directly to suckling or recently weaned animals [83–85], albeit not necessarily
by the same mechanisms, while the stimulation of beige/brown adipogenesis apparently
requires VA supplementation during fetal life [86]. Notwithstanding other differences in
the study designs, it is worth noting that in mice, brown fat fully develops, and white
fat begins to develop during the fetal stage [88,89]. Therefore, it is likely that many cells
acquire the commitment to brown/beige adipocytes during fetal life.

Recent studies indicate that VA supplementation in early life may ameliorate malpro-
gramming caused by an inadequate maternal diet. In particular, in rats, a 50-fold excess VA
as retinyl acetate in the maternal diet during lactation reduced excess adiposity and other
harmful effects caused by maternal high-fat diet feeding during pregnancy and lactation in
the offspring studied up to postnatal day 35 [90]. Oral RA treatment to the suckling pups
(4 µg/g body weight, every three days from postnatal day 5 to 20) also ameliorated the
excess adiposity in neonates born to high-fat diet-fed dams, studied up to postnatal day
20 [91]. These works have studied the short-term consequences (in newborns or recently
weaned animals) of VA supplementation at relatively high doses. Our recent (unpublished)
results indicate that mild-direct VA supplementation as retinyl palmitate to mouse pups at
a physiologically relevant level (3-fold excess) during suckling can lessen the worsening
in glucose control, associated with maternal and lifelong obesogenic Western diet feeding
studied at 4 months of age.

Provitamin A carotenoids such as β-carotene are generally considered to have lower
toxicity and teratogenicity than preformed VA and may, therefore, represent a safer form of
VA provision. However, β-carotene is not only a precursor to VA; it has VA-independent
effects and can be metabolized to other apocarotenoids besides the VA retinoids. Little
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is known about tissue β-carotene metabolism in the fetal and neonatal periods [92] and
the eventual metabolic programming effects of β-carotene. We have shown that supple-
mental oral β-carotene at a mild dose is partly absorbed intact by suckling rats (so that
it accumulates in the serum and liver) and is partly metabolized to retinoids (leading to
increased levels in the liver and WAT after supplementation) [93]. Unlike supplementation
with retinyl ester, neonatal supplementation with an equivalent dose (3-fold excess) of
VA in the form of β-carotene did not affect adipocyte size, PPARγ, or PCNA expression
in WAT at weaning [93]. Moreover, retinyl palmitate and β-carotene supplementations
differentially impacted epigenetic methylation marks in the WAT of rats at weaning in
these and other genes related to AT development and function [94]. The hypermethy-
lation of the Pparg promoter and hypomethylation of the Pcna promoter were observed,
together with inverse changes in mRNA levels, in the retinyl palmitate-treated group only.
In a recent study, maternal β-carotene supplementation during pregnancy (leading to a
1.57-fold increase in retinol content in the maternal liver) was shown to increase visceral
fat weight and PPARγ expression and cause metabolic impairments in the adult female
offspring [95]. Overall, studies suggest that supplementing preformed VA or β-carotene in
early life may entail different outcomes regarding adiposity programming, which deserves
further investigation.

2.3. Resveratrol and Other Polyphenols

Several reports have indicated beneficial metabolic programming effects of maternal
supplementation with polyphenols, including resveratrol, during the fetal and lactation
stages, especially in the context of maternal HFD/obesity, as well as a reduction of body
fat accumulation and metabolic disorders, such as hypertension, insulin resistance, and
inflammation, and cognitive impairment, in the offspring in adulthood (reviewed in [96–98]).
Since polyphenols have a wide range of activities, their beneficial effects are attributed to
several interrelated mechanisms affecting oxidative stress, nutrient-sensing signals, and
others [99]. In addition, polyphenols reverse adverse epigenetic regulation by, among
others, altering DNA methylation or histone modification [100].

Focusing on anti-obesity action and AT direct effects, a polyphenol of reference is
resveratrol (3,5,4′ trihydroxy-trans-stilbene), a polyphenol produced by and present in
plant species such as blackberries, peanuts, and grapes. Resveratrol shows anti-obesogenic
effects and metabolic benefits when administered to adult animals, which have been re-
lated to the stimulation of the mitochondrial oxidative metabolism in AT, among other
tissues [101–103]. Although the results are more controversial, interesting effects of resvera-
trol supplementation have also been demonstrated in humans [104]. Apart from its effects
as a direct antioxidant agent or through indirectly upregulating the expression of antiox-
idant defensive enzymes [105], resveratrol has a stimulatory effect on cellular oxidative
metabolism that has been related to its ability to activate SIRT1, which is a crucial regu-
lator of mitochondrial oxidative metabolism [106]. Also related to SIRT1 activation [107],
another biological activity of resveratrol that may be relevant in the context of metabolic
programming is its capacity to augment telomerase activity and contribute to telomere
maintenance, as demonstrated in endothelial progenitor cells [108].

Regarding programming effects, animal studies have shown that the maternal in-
take of different polyphenols, including resveratrol, during pregnancy and/or lactation
can favorably program the offspring towards a better inflammatory profile under con-
ditions of HFD feeding, including a less proinflammatory gene expression signature in
AT [97,109], which could be protective against obesity-related metabolic complications.
Additionally, resveratrol supplementation to HFD-fed mouse dams during pregnancy and
lactation (~4 mg per mother per day) promotes BAT metabolic activity and the browning
of subcutaneous WAT in their male offspring, conferring protection against HFD-induced
obesity and insulin resistance in adulthood [110]. This was mediated by an increased
expression of PRDM16 and the activation of the SIRT1/AMPK pathway in BAT and WAT
at weaning [110]. Other studies using the HFD-obese rat model highlighted that maternal
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resveratrol supplementation has a reprogramming role for progeny involving the upregu-
lation of SIRT1 in WAT [111]. Maternal resveratrol supplementation (~10 mg per mother
and day) only during lactation also attenuated body weight and plasma and liver triacyl-
glycerol levels in adult male rat offspring and programmed enhanced AMPK activation
through SIRT1 upregulation in the adult liver (effects on AT were not reported) [112]. The
programming effects of maternal resveratrol intake are different in males and females,
although most studies reported on male offspring only [98]. It is worth mentioning that,
even though health benefits are widely reported, some studies pointed to concern about
the adverse effects of maternal polyphenols rich-extracts intake during pregnancy and/or
lactation [113].

The biological effects of maternal polyphenol supplementation on programming are
attributable to both effects on the mother and directly on the offspring. Resveratrol most
likely alters maternal metabolism, which could change the intrauterine and early postnatal
nutritional environments, including potential changes in breast milk macronutrient and
micronutrient composition and milk microbiota, beyond the possible presence of resver-
atrol and its metabolites (presumable but not reported in those studies). However, since
resveratrol can cross the placenta as other polyphenols, direct effects on the fetus cannot be
discarded [114,115].

Interestingly, the direct oral supplementation of mouse pups with a low dose of
resveratrol (~3 µg to ~16 µg per pup per day) during suckling has sex-specific programming
effects on AT features [43–45]. This supplementation increased the expression of genes
related to browning, oxidative metabolism, and mitochondrial biogenesis and function
in the subcutaneous WAT of adult male mice but not in females [43]. The browning-
promoting effect was confirmed with the increase in the content of mitochondrial DNA and
the presence of multilocular adipocytes positive for UCP1 and COXIV immunostaining in
the subcutaneous WAT of adult mice. Along with WAT browning, adult male mice treated
with resveratrol during suckling presented a more oxidative metabolic profile in skeletal
muscle [116], a delayed body weight gain [43] and blunted triacylglycerol accumulation in
skeletal muscle [43], compared to controls on an HFD [43].

Like for NR (Section 2.1), mechanisms behind the sex-dependent programming of
the beige AT phenotype through postnatal resveratrol supplementation during suckling
likely include changes in WAT-resident progenitor cells toward a greater commitment to
beige (versus white) adipogenesis and long-term effects on DNA methylation marks in
brown/beige-related genes in subcutaneous WAT. For both treatments, the expression of
brown/beige adipocyte marker genes was upregulated in primary cultures established
from the WAT of young treated male animals and downregulated in those established
from the WAT of treated females [45]. In the case of resveratrol treatment, the widespread
downregulation of these genes in the female-derived WAT primary cultures was particularly
evident. Both treatments modified methylation marks in Slc27a1, Prdm16 and the HFD-
dependent dynamics of these marks in the adult WAT, with distinct and common effects that
could contribute to increased transcription. Additionally, both early postnatal treatments
affected the gene expression of de novo DNA methyltransferases in the WAT of recently
weaned animals. The down-regulation of epigenetic modulators was reported in association
with the attenuation of programmed kidney injury by maternal green tea polyphenol
supplementation during lactation [117]. Overall, the programming effects of NR and
resveratrol supplementation in early life on the beige phenotype are very similar and show
a similar sex dependence, as could be expected considering that the two compounds are
activators of SIRT1, albeit by different mechanisms [37,118]. However, both compounds
have additional biological targets that could be involved in less similar programming
effects observed in tissues such as brown fat [43] or the liver [46,116].

Our studies using direct pup supplementation would support that resveratrol is
present in the breast milk of resveratrol-supplemented mothers since similar effects on the
WAT phenotype are found in both approaches. Although data on breast milk polyphenolic
composition and its association with plant-based food intake or food supplementation are
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limited [119], it has been observed in the vertical transmission of phenolic compounds and
their metabolites (both enzymatic and microbial) to offspring via milk in rats fed with extra
virgin olive oil [120]. Opening new approaches, a pilot study in humans demonstrates that
polyphenols from maternal pomegranate juice consumption are absorbed by the nursing
infant from breast milk, excreted in infant urine, and, interestingly, impact the infant gut
microbiome [121]. The modulation of the gut microbiome and their derived metabolites
can, in turn, impact the brown/beige activity in WAT and BAT [122].

2.4. Polyunsaturated Fatty Acids

The polyunsaturated fatty acids (PUFA) linoleic acid (LA; C18:2n-6) and α-linolenic
acid (ALA; C18:3n-3), along with their long-chain products arachidonic acid (AA; C20:4n-6),
eicosapentaenoic acid (EPA; C20:5n-3), and docosahexaenoic acid (DHA; C22:6n-3), exert
significant influences on AT function and development and overall body adiposity.

Fish oil, which is rich in the n-3 PUFA EPA and DHA, may decrease abdominal
adiposity in humans [123], and animal studies corroborate an anti-obesogenic effect of
EPA/DHA feeding linked to BAT activation and WAT browning (reviewed in [26,124]).
Mechanisms explaining the EPA stimulation of brown/beige fat include (i) the activation
of free fatty acid receptor 4 (FFAR4, also known as GPR120), leading to the upregulated
expression of microRNAs (such as miR-30b and miR-378) promoting brown adipogene-
sis in adipose precursor cells [125], and the secretion of FGF21 by the adipocytes [126].
FGF21 activates brown/beige adipocytes in a paracrine/autocrine manner and also acts
centrally to induce SNS activity [127]; (ii) the stimulation of Neuregulin 4 (NRG4) pro-
duction by preadipocytes [128], a batokine/adipokine linked to brown/beige adipocyte
activation [129,130]; and (iii) the activation of transient receptor potential vanilloid 1
(TRPV1) receptor [131]. TRPV1 is present (among other sites) in the gastrointestinal tract,
on vagal afferent fibers to the brain, and its interaction with dietary agonists such as EPA
may lead to SNS activation and catecholamine release to BAT/WAT [131]. On the other
hand, n-6 PUFA, especially AA, promote white adipogenesis by serving as a precursor of
prostacyclin, a signal that stimulates preadipocyte proliferation in a paracrine loop, and
by activating PPARs [132]. The n-3 PUFA are not metabolized to prostacyclin and do not
promote adipogenesis [133] or even inhibit adipogenesis [134] in cell models.

The composition of dietary fatty acids, especially PUFA, in the perinatal diet influences
the early development of AT and adiposity later in life. Animal studies showed that the
intake of a high n-6/n-3 PUFA ratio during fetal and postnatal life promotes early AT
growth and obesity [135,136]. The maintenance of a Western-like fat diet with a high n-6/n-
3 PUFA ratio (LA/ALA of 28) gradually enhances fat mass over generations in mice [137].
In lactating women, breast milk’s fatty acid composition reflects the composition of the
maternal diet [138]. Infant exposure to a high n-6/n-3 PUFA ratio during gestation and
breastfeeding is associated with increased pediatric adiposity up to 3 years of age [139].
Adipose deposition by four months of age is directly associated with the n-6/n-3 PUFA
ratio in human milk independent of maternal BMI [140]. A high n-6/n-3 PUFA ratio in the
diet may imply a substantial increase in LA, a decrease in ALA, or both. The n-6/n-3 ratio in
Westernized diets has markedly increased since 1960, mainly as a consequence of replacing
the saturated fatty acids in processed foods with n-6-rich fatty acid oils, especially soybean
oil [141]. The increase in the n-6/n-3 PUFA ratio in modern diets and breast milk in the last
60 years has been postulated to contribute to the current obesity pandemic [135,136].

Contrary to perinatal exposure to high n-6/n-3 PUFA ratios, perinatal exposure to
a low endogenous maternal n-6/n-3 PUFA ratio conditions adult resistance to dietary
obesity in mice [142]. This was demonstrated in the wild-type offspring of hemizygous
dams for the overexpression of the fat-1 gene from Caenorhabditis elegans, which encodes
a fatty acid desaturase (absent in mammals) that converts n-6 PUFA to n-3 PUFA. By
postnatal day 14, the subcutaneous WAT of wild-type pups receiving low perinatal n-
6/n-3 ratios displayed more adipocytes smaller in size, a suppressed adipogenic gene
expression (including Pparγ), and the hypermethylation of the Pparγ promoter compared
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to the subcutaneous WAT of wild-type pups receiving high perinatal n-6/n-3 ratios [142].
Pups exposed to low endogenous maternal n-6/n-3 PUFA also had elevated circulating
adiponectin. However, no changes in beige or brown adipocyte regulators were observed in
the subcutaneous WAT of pups. Obesity resistance in these animals as adults was associated
with a lower positive energy balance and food intake, greater energy expenditure and lipid
fuel substrate preference, and better glucose clearance [142]. Lowering the endogenous
maternal n-6/n-3 PUFA ratio also reduced maternal obesity-associated inflammation and
limited adverse developmental programming in the wild-type offspring of high-fat diet-
fed dams, protecting against excessive body fat accumulation and insulin resistance in
adulthood [143].

It is likely that both the excess of n-6 PUFA and paucity of n-3 PUFA in early life
stages, characteristic of more Western-style high-fat diets, are involved in the adverse
metabolic programming of the offspring. In this context, animal studies indicate the
benefits of n-3 PUFA supplementation. Maternal n-3 PUFA supplementation (with 3%
PUFA from fish oil) enhanced BAT development in the offspring in mice, leading to
the upregulated expression of brown-specific gene and protein profiles at weaning [144].
This paralleled the modulation of epigenetic factors for BAT development, including
increased levels of a functional cluster of brown-specific miRNAs (miR-30b, -193b, and
-365) and histone acetylation at the promoter/enhancer region of brown adipocyte genes
Ucp1 and Pgc1a [144]. Importantly, maternal n-3 PUFA supplementation conferred long-
lasting thermogenic benefits to offspring. At 11 weeks of age, the animals were more
cold-resistant and had higher energy expenditure (no differences in respiratory exchange
ratio) than the controls. After cold exposure, they presented a more active BAT and massive
subcutaneous WAT browning compared to the control mice not exposed to maternal n-3
supplementation [144]. It remains to be tested if maternal n-3 supplementation also confers
resistance against dietary obesity in adulthood.

Contrary to conventional n-6 PUFA, conjugated linoleic acid (CLA)—which represents
the positional and geometric isomers of linoleic acid—has been associated with anti-obesity
effects in several animal and human studies and positive effects in the context of metabolic
programming. In rats, maternal CLA supplementation (mix of 50% each c9,t11 and t10,C12
CLA isomers) to a high-fat diet normalized the inflammatory phenotype in mothers and
blunted the adverse early life growth trajectory (including reduced fetal size and acceler-
ated growth in the pre-weaning period) and the impaired insulin sensitivity of offspring
at weaning [145]. CLA supplementation during pregnancy/lactation in rats also had
long-term benefits for the offspring. It ameliorated the maternal high-fat diet-induced pro-
gramming of early onset puberty, increased fat mass, increased hyperlipidemia in female
offspring [146] and prevented programmed excess adiposity and metabolic impairments in
the adult male offspring [147]. The latter effects were associated with a smaller adipocyte
size and a decreased expression of the preadipocyte marker Dlk1 in the retroperitoneal
WAT depot, suggesting a healthier AT expansion in the male offspring exposed to maternal
CLA supplementation [147]. Those studies did not report the effects of maternal CLA
supplementation on BAT development or WAT browning.

2.5. miRNAs in Milk

MicroRNAs (miRNAs), non-coding RNAs of about 22 nucleotides, are present in breast
milk [148], and research has suggested their bioavailability in newborns [149,150]. Thus,
miRNAs supplied by breast milk can allow effective molecular communication between
the mother and the infant [151,152], participating in signaling and regulatory mechanisms
during the early postnatal period and maybe contributing to metabolic programming. For
example, many studies have linked the presence of specific miRNAs in milk to the regula-
tion of immune responses [152–154], epigenetic mechanisms [155–157], metabolism [153],
and also adipogenesis [158].

The implication of miRNAs controlling critical aspects of AT physiology, such as brown
and white adipocyte differentiation, proliferation, WAT browning, and adipocyte function,
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has extensively been described (reviewed in [159,160]). Interestingly, many adipogenesis-
related miRNAs are found in milk, increasing the interest regarding their role as modulators
of the reduced risk of obesity associated with breastfeeding. Although it is difficult to
establish a direct cause–effect relationship between the effects of miRNAs supplied through
milk on the AT development of newborns and the metabolic programming of obesity risk,
several human studies and animal models have suggested this possibility [161–169].

In a cohort of 60 lactating women (half of them with overweight/obesity), six miRNAs
known to be involved in adipogenesis and insulin signaling were screened for potential
effects on infant growth depending on their levels in milk. Notably, among these miRNAs,
miR-148a and miR-30b emerged as noteworthy. An inverse correlation was found between
1-month breast milk miR-148a levels and infant fat mass and weight at one month of
age. In contrast, a direct correlation of miR-30b was found [168]. These results were also
observed in another study that included 175 women, 35 of them with gestational diabetes
mellitus (GDM) [169]. The inverse correlation between 1-month breast milk miR-148a
levels and infant weight was also found at six months of age in the latter study [169].
Moreover, miR-148a and miR-30b levels were decreased in breast milk from women with
overweight/obesity and GDM [168,169], suggesting that the maternal condition impacts
breast milk miRNA levels, affecting metabolic outcomes in offspring.

miR-148a is one of the most abundant miRNAs in milk [170]. The role of miR-148a in
adipogenesis has been evidenced in several cell models. miR-148a promotes the adipogene-
sis of human adipose-derived mesenchymal stem cells by repressing Wnt1, an inhibitor
of adipogenesis [171] and of rabbit and ovine pre-adipocytes through the inhibition of
PTEN, one of the targets of this miRNA and another inhibitor of adipogenesis [172,173]. In
addition, miR-148a inhibits the proliferation of ovine pre-adipocytes [173]. It has also been
reported that miR-148a promotes adipogenesis via targeting the Wnt5a/Ror2 pathway in
bone marrow mesenchymal stromal cells from rats [174] or silencing Wnt10b mRNA in
3T3-L1 cells [175]. Further, higher miR-148a expression is found in the WAT of diet-induced
obese mice and human subjects with obesity [171]. Therefore, there is considerable evidence
that miR-148a promotes adipocyte differentiation by different mechanisms.

miR-148a has also been linked to decreased CpG island methylation at crucial de-
velopmental gene promoters by suppressing DNA methyltransferase [156]. Melnik and
coauthors proposed a hypothesis of the putative impact of miR-148a in milk exosomes in
the epigenetic modulation of WAT and BAT [156,157]. On the one hand, miR-148a could
stimulate adipogenesis by promoting the hypomethylation of FTO, thus promoting the
expression of FTO and its downstream target C/EBPα, an early adipogenic transcription
factor. Additionally, miRNA-148a could directly target AMPK, SIK1, and WNT10B mR-
NAs, thus attenuating the inhibitory action of these targets on mTORC1, SREBP1c, and
PPARγ signaling pathway, respectively [156]. On the other hand, the suppression of DNA
methyltransferase by miR-148a could result in the demethylation of the UCP1 gene en-
hancer/promoter, thus increasing UCP1 expression, thermogenesis, and the conversion of
white to beige/brown adipocytes [157]. There is experimental evidence for the regulation
of UCP1 gene expression in murine AT through changes in the methylation status of its
enhancer/promoter [176]. However, the experimental evidence of a modulatory role of
miR-148a on brown/beige adipogenesis is lacking, to the best of our knowledge.

Regarding miR-30b, it has been described to promote brown and beige adipogene-
sis [160]. miR-30b expression increased during brown adipocyte differentiation and in AT
following cold exposure or β-adrenergic stimulation [177]. Moreover, miR-30b overex-
pression induced the expression of thermogenic genes such as Ucp1 and Cidea in brown
adipocytes and adipocytes derived from subcutaneous WAT, while miR-30b knockdown
suppressed the expression of these genes [177]. A molecular mechanism explaining these
effects involves the receptor-interacting protein 140 (RIP140). This protein represses the
UCP1 gene enhancer/promoter and is a target of miR-30b [177]. Thus, miR-30b could posi-
tively regulate brown and beige adipogenesis by downregulating RIP140. The impact of
breast milk miR-30b on thermogenesis or browning in lactating infants remains unknown.
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In a small cohort of lactating women involving 38 women with normal-weight and 21
with overweight/obesity, our group has described inverse associations between the levels
of miR-103, miR-17, miR-181a, miR-222, miR-let7c, and miR-146b in breast milk and the
BMI of their children at two years of age in the normal-weight mothers that, interestingly,
were lost in the mothers with obesity [162]. All these miRNAs have been associated with
some extent with AT development and function, as explained next. In several cell models,
miR-103 has proven to be a pro-adipogenic miRNA [160]. In porcine preadipocytes in cul-
ture, miR-103 induced adipogenesis by targeting retinoic acid-induced protein 14 (RAI14),
a protein whose expression normally declines during differentiation [178]. In murine
preadipocytes, miR-103 increased Pparg expression and promoted adipogenesis by target-
ing the anti-adipogenic transcription factor myocyte enhancer factor 2D (MEF2D) and acti-
vating the AKT/mTOR pathway [179]. miR-103 also promotes apoptosis in preadipocytes
by targeting WNT family member 3a (Wnt3a) [180], suggesting that miR-103 could be
related to increased adipocyte apoptosis found in the WAT of subjects with obesity [181].
Moreover, miR-103 negatively regulates insulin sensitivity by targeting caveolin-1, a mod-
ulator of the insulin receptor [182]. Studies in obese human AT show that miR-103 is
upregulated (reviewed in [183]). On the contrary, the activity of miR-17a improves insulin
resistance, and its levels are reduced in WAT in obesity [160]. miR-17 targets Ask1 (apopto-
sis signal-regulating kinase 1), a MAP kinase family member involved in the regulation
of macrophage activation; the downregulation of Ask1 by miR-17 could thus contribute
to the prevention of macrophage-mediated inflammation in the AT, improving insulin re-
sistance [184]. miR-181a promotes adipogenesis by targeting TNF-α [185]. miR-222 levels
are increased in the WAT of diet-induced obese mice [186] and type 2 diabetic rats [187].
Increased circulating levels have been detected in adults and children with obesity and
T2D patients [188–190]. The transcriptome analysis of preadipocytes transfected with a
mimetic of miR-222 showed inhibition in metabolic pathways related to insulin signaling,
adipogenesis, and lipid metabolism [164]. Overall, these results suggest that miR-222
can repress the insulin signaling pathway in WAT and participate in developing insulin
resistance. miR-let7c belongs to the let-7 family. Let-7 are key miRNAs, which have been
reported to regulate adipogenesis [160]. Although miR-let7c has not been directly related
to the modulation of AT, in humans, circulating let-7c is associated with changes in lipid
profile and insulin resistance [191]. Finally, miR-146b appears to promote adipogenesis
since its levels increased during the adipogenic differentiation of 3T3-L1 cells, and its inhi-
bition decreased the differentiation of these cells into adipocytes [192]. The pro-adipogenic
activity of miR-146b appears to involve suppressing Sirtuin 1 and Sirtuin 1 downstream
effects [192]. miR-146b has also been related to WAT browning, as the aging-dependent
inhibition of cold-induced perivascular adipocyte browning is accompanied by decreased
miR-146b levels [193]. Therefore, the maternal obesity-associated deregulation of these milk
miRNAs with a putative role in AT development could influence perinatal AT imprinting,
potentially contributing to the higher BMI in their children.

Maternal diet can change the milk miRNA profile. In animal models, we have verified
that the maternal intake of an obesogenic diet during lactation affects specific miRNA
levels in milk [161]. Higher levels of miR-222 and lower of miR-200a and miR-26a were
found in milk of rats fed the obesogenic diet [161]. These changes could be related to
adverse metabolic effects observed in the progeny. Specifically, the offspring of rats fed a
cafeteria diet during lactation presented a higher fat mass and metabolic features of the thin-
outside-fat-inside phenotype [194,195]. We have indirect evidence of how changes in these
miRNA levels in milk could contribute to the higher adiposity in the offspring. A general
decrease in the expression of key genes related to insulin signaling, adipogenesis, and lipid
metabolism was observed in 3T3-L1 cells transfected with a miR-222 mimetic [164]. The
transfection with a mimetic of miR-26a in 3T3-L1 cells decreased the expression of Pten,
Hmga1, Stk11, Rb1, and Adam17, a set of putative target genes of this miRNA related to
the development of AT [165]. Interestingly, the offspring of dams fed the obesogenic diet,
breastfed with lower levels of miR-26a, and showed a higher expression of Hmag1, Rb1,
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and Adam17 in retroperitoneal WAT compared to controls [165]. Notably, elevated levels
of miR-222 in the mammary gland (at weaning) and in milk (on day 15 of lactation) were
also observed in rat dams that were fed a Western diet from one month before gestation
until the end of lactation [196]. This dietary condition was also associated with adverse
programming effects on offspring [197]. Interestingly, the implementation of a healthy
diet during lactation, which mitigated most of the detrimental programming effects in the
offspring [197], also normalized the expression levels of miRNA-222 in both the mammary
glands and milk to values of control rats [196].

In another study, the maternal dietary supplementation of leucine, betaine, and oleic
acid during lactation in rats reduced the levels of specific miRNAs in milk (miR-222, miR-
27a, miR-103, and miR-200a). These changes could be related to metabolic alterations
observed in the offspring, which displayed increased body fat and HOMA-IR. Body fat con-
tent in adulthood was negatively associated with the levels of these miRNAs in milk [163].

Overall, maternal factors, including diet and metabolic health status (obesity or ges-
tational diabetes), can modify the composition of specific miRNAs in breast milk. While
other factors may be involved, there is increasing evidence that suggests that miRNAs
supplied through breast milk could contribute to mother–baby communication, potentially
modulating the early metabolic programming of AT development. This modulation could
occur through the direct regulation of key gene expression or via epigenetic mechanisms
such as DNA methylation.

2.6. Peptide Hormones in Milk/Leptin

Human milk contains a variety of endogenously synthesized peptide hormones and
cytokines, which are not present or not active in infant formula. These include leptin,
adiponectin, ghrelin, insulin, insulin-like growth factor-1, resistin, nesfatin-1, copeptin,
and apelin, among others, which play a role in the regulation of energy metabolism and
body weight [198,199]. Hence, it is reasonable to anticipate that these hormones, whose
levels in breast milk are variable depending on maternal conditions, possess the potential
to influence newborn growth and metabolism, and metabolic health in the long-term.
However, with exceptions, the precise functions of most of these compounds in milk and
their potential effects on metabolic programming are largely unknown [198–200]. Leptin,
in particular, emerges as one of the most biologically relevant, with evidence highlighting
its crucial role in the early metabolic programming of newborns [201,202]. There is also
some limited evidence of the potential impact of other hormones like insulin, adiponectin,
and ghrelin in milk on infant growth and development, but their precise effects remain
uncertain [9,199]. Here, we will thus focus on leptin ingested during lactation as a metabolic
programming factor.

Leptin

Leptin is a pleiotropic hormone mainly produced and secreted by the AT in proportion
to the size of fat reserves. It plays a crucial role at the central level in regulating energy
homeostasis by suppressing appetite and increasing energy expenditure [203,204]. Beyond
its central action, leptin also plays a significant role in the AT, exerting different effects de-
pending on the depot and the type of adipocytes. These effects encompass regulating lipid
metabolism, adipogenesis, thermogenesis, browning, apoptosis, and inflammation [205].

Leptin is also produced by the mammary epithelium [206] and is present in breast
milk [207,208], but not in infant formula [209]. Breast milk leptin seems essential for
neonate development and has been proposed as one of the main factors that contribute
to the benefits of breastfeeding in comparison to infant formula feeding [202]. We un-
veiled a novel function of leptin as a crucial nutrient during lactation. Through animal
studies, we demonstrated a direct cause–effect relationship, underscoring the signifi-
cance of leptin intake in the early postnatal period for the metabolic programming of
neonates [201,210]. We also obtained relevant evidence from human studies that suggest
milk-borne leptin protects infants from excess weight gain [211]. Leptin ingested during
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lactation exerts both short- and long-term regulatory actions at the central and peripheral
levels, influencing metabolic programming on the neonate and shaping the development
and function of critical tissues and organs, such as the hypothalamus and AT, which are
pivotal in maintaining energy balance [205]. Hence, leptin’s role during this critical devel-
opmental period carries significant implications for regulating body weight and influencing
the risk of obesity and related comorbidities.

Interestingly, the amount of leptin ingested in breast milk affects infant weight gain.
Several independent studies have found a negative association between breast milk leptin
levels and infant weight gain during lactation [211–215]. This provides evidence in humans
of the significant role of leptin intake during this critical development period. Leptin levels
in breast milk vary depending on maternal adiposity, and a positive correlation has been
consistently described between maternal body mass index (BMI) or adiposity and the
concentration of leptin in breast milk [202,211]. However, some of the human studies have
not found such a correlation between leptin in milk and anthropometric parameters of
infants [216–219]. These disparities have been attributed, at least in part, to bias arising
from the inclusion of women with obesity. Maternal obesity appears to interfere with leptin
action through mechanisms not yet clarified [202].

Animal studies have provided direct evidence of the critical role of leptin ingested
during lactation. Male neonate rats supplemented with physiological doses of leptin during
lactation were more resistant to the development of overweight/obesity [201,220,221].
Concretely, the leptin-supplemented animals showed in adulthood lower body weight and
a lower adiposity index than untreated animals, both under a normal fat and a high-fat
diet [201,220,221]. Moreover, they also exhibited improved insulin sensitivity and were
protected from the development of obesity-related metabolic complications in adulthood,
such as liver steatosis, when exposed to the dietary stressor of a high-fat diet [201,220,221].

The beneficial outcomes of leptin intake during lactation have primarily been linked
to a greater imprinted leptin sensitivity at both central and peripheral levels, along with
a reduced propensity for age- and diet-induced leptin resistance [202]. This has been
related to changes in the expression of genes pivotal to the leptin action in central and
peripheral tissues [201,221]. Specifically, in the AT, neonatal leptin supplementation has
been shown to sustain the abundance of leptin receptors among animals on a high-fat
diet. In contrast, non-supplemented animals exhibited a decline in these receptors in the
mesenteric and retroperitoneal depots. Besides sustaining AT leptin sensitivity, neonatal
leptin supplementation is associated with an enhanced fatty acid oxidative capacity in AT
and a better ability to handle excess fuel [221].

Research conducted in animal models has provided valuable insights into the specific
biological functions of leptin during lactation and the underlying mechanisms. During
this period, rather than playing a main role in energy balance, leptin plays a crucial
neurotrophic role, significantly contributing to the proper development of hypothalamic
circuits involved in the regulation of body weight [202,222,223]. In rodents, this action
is temporally restricted to the second postnatal week, coinciding with a transient surge
in circulating leptin levels [222]. Disruptions in this leptin peak due to factors such as
gestational calorie restriction [224], or the lack of leptin during this critical window, as
observed in leptin-deficient rodents [222], can adversely affect the neuronal organization of
hypothalamic nuclei and lead to impaired energy homeostasis regulation in adulthood. In
animal models, it has been shown that treatment with exogenous leptin during the lactation
period, but not in adulthood, promotes neuronal development and allows the recovery
of neuronal projections of the arcuate nucleus interrupted in genetically leptin-deficient
mice [222]. Likewise, oral supplementation with physiological doses of leptin during
lactation reverses much of the alterations in the CNS caused by moderate gestational calorie
restriction [225,226]. This was translated into a healthier phenotype in adulthood [227].
Specifically, increased fat accumulation and other alterations related to the metabolic
syndrome, such as hepatic fat accumulation, hypertriglyceridemia, and insulin resistance,
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which are particularly evident when exposed to the stress of a diet rich in fats and sugars
(Western diet) in adulthood, were largely prevented [227].

The molecular mechanisms of the effects of leptin on metabolic programming have
only been sparsely studied, but its potential connection to POMC gene methylation seems of
relevance. The evidence from animal models indicates a complex relationship between pre-
and postnatal exposures that impact epigenetic mechanisms linked to the POMC gene [228].
Considering the established connection between leptin and the upregulation of POMC
in the hypothalamus, we explored in rats whether leptin supplementation during the
suckling period could impact the programming of hypothalamic neuropeptides, including
POMC [229]. We found that the reduced body weight and food intake that exhibited leptin-
treated animals in adulthood was accompanied by significantly increased methylation at
a CpG site within the promoter of the Pomc gene when animals were fed a normal diet,
while methylation levels were lower when fed a high-fat diet compared to vehicle-treated
animals [229].

In addition to the effects of leptin on the development of CNS structures, leptin can
exert programming effects on the development and function of the AT [230]. Evidence
has been obtained from animal models exposed to adverse conditions during pregnancy.
For example, gestational malnutrition in rodents affects the development of peripheral
nervous system structures, including the sympathetic innervation of inguinal WAT [231]
and BAT [232]. This alteration might relate to the observed lack of leptin surge during
the second postnatal week in the offspring born to calorie-restricted dams [224]. The SNS
influences the size of AT: the sympathetic denervation of AT decreases the content of
norepinephrine and increases fat mass and the number of fat cells [233]. Accordingly, the
reduced sympathetic innervation of the inguinal fat depot was associated with increased fat
accumulation in adulthood [231]. In turn, in BAT, the reduced innervation may account for
the diminished thermogenic capacity and the greater sensitivity to cold (with a higher body
temperature decline when exposed to it) observed in these animals at a juvenile age [232].
Interestingly, leptin supplementation at physiological doses throughout lactation restored
the sympathetic innervation and normalized the expression of genes related to lipolysis
and fatty acid oxidation in the inguinal AT depot [234], and prevented the programmed
predisposition for increased fat accumulation and other metabolic alterations in adulthood
caused by gestational malnutrition [227].

It is known that circulating leptin participates in both the induction of BAT thermo-
genesis and WAT browning [205]. Concretely, in BAT, leptin activates thermogenesis and
increases the production of UCP1 [235]. It also induces browning in WAT, resulting in the
appearance of beige adipocytes expressing UCP1 and other browning markers [205]. These
effects are primarily mediated by interactions with leptin-responsive neurons in the CNS,
which govern the outflow of the SNS to both BAT and WAT [236,237]. Leptin may also exert
direct (autocrine/paracrine) effects on these tissues, further influencing their metabolic
activities [238], although the direct effects of leptin on these processes are probably more
limited and remain incompletely understood. In any case, the role of endogenous leptin in
stimulating energy expenditure is clear. However, the potential impact of leptin ingested
during lactation on thermogenesis and browning processes remains largely unexplored.
In a study in which newborn rats were supplemented with leptin during lactation, no
significant effects on BAT weight or UCP1 mRNA and protein levels in adulthood were
found [201]. Consequently, differences in BAT thermogenesis do not seem to significantly
contribute to the observed effects of leptin during lactation on later body weight, namely
resistance to the development of overweight/obesity. However, considering the influence
of leptin during lactation on the development of peripheral nervous system structures, it is
plausible that these animals might exhibit an enhanced response to thermogenic stimuli.
The long-term effect of leptin on other hormones has not been directly explored, but lep-
tin supplementation during suckling in the offspring of gestational calorie-restricted rats
has been reported to normalize the decreased plasma T3 levels and altered T3 signaling
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in WAT [234]. This is of note, given the role of thyroid hormones in the regulation of
lipogenesis and lipolysis in WAT and thermogenesis in BAT [239,240].

The effects of leptin on metabolic programming during lactation may be influenced
by maternal metabolic status and diet during the perinatal period. Specifically, in animal
models, the effects of leptin supplementation during the suckling period are less evident in
the offspring of mothers fed a Western diet than in the offspring of mothers fed a standard
diet, regardless of body weight [197]. These results could have additional significance in
humans and partly explain the lack of a clear inverse association between leptin levels in
breast milk and infant body weight in women with overweight/obesity [202]. It should also
be mentioned that, in contrast to the aforementioned beneficial effects of orally administered
leptin at physiological doses during the suckling period, leptin injected at pharmacologic
doses in neonatal rats may lead to adult obesity [241]. However, the injection into neonatal
rats born to malnourished mothers did normalize the altered phenotype in adulthood,
including body weight, fat mass, calorie intake, locomotor activity, as well as circulating
leptin and insulin [241,242].

Related to the abovementioned aspects, it should be noted that the effects of leptin
during lactation may be influenced by other adipokines, such as adiponectin. The rela-
tionship between leptin and adiponectin, often represented as the leptin to adiponectin
(L/A) ratio, plays a significant role in metabolic conditions, such as insulin resistance, and
has been suggested as a marker of AT dysfunction and inflammation [243,244]. However,
the potential impact of the L/A ratio in milk on the long-term metabolic health of infants
has been barely explored. In rats, the milk L/A ratio at day 15 of lactation positively
correlated with the body fat mass of female offspring in adulthood, whereas absolute levels
of both hormones per se did not show significant correlations [163]. A similar trend was
observed in males. These findings suggest that the milk L/A ratio might play a role in the
future metabolism and health of newborns [163], but further studies are needed to confirm
this association.

Finally, although our focus has primarily been on the effects of leptin as a compo-
nent of milk during lactation, we note that leptin may also play a role during gestation
in programming the structure and function of AT, as well as other key organs and tis-
sues [205]. This may have implications for body weight control and the risk of obesity.
This is particularly relevant in humans because AT depots begin to develop during the
second trimester of gestation, unlike rodents, where AT development occurs later, within
the first two weeks after birth [30]. Therefore, in humans, the influence of hormonal
and other environmental signals on AT development during gestation could be crucial in
metabolic programming. Consequently, the dysregulation of leptin production and/or
function during fetal development, e.g., associated with maternal obesity, may result in
altered growth [245]. Interestingly, in a rat model, we have described the appearance of
placenta-derived leptin in amniotic fluid by the end of gestation. Amniotic fluid leptin
might be functionally important for the near-term fetus, as it was internalized into the
immature stomach after being swallowed, and then transferred to fetal circulation [246].
At this time near parturition, leptin may be important to induce satiety and play a role
in metabolic programming in the developing offspring. Consequently, nutritional and
other environmental factors that modulate these leptin levels could be crucial for later
health-related outcomes and energy metabolism.

2.7. Myo-Inositol

Myo-inositol (MI), the primary isomeric form of inositol, is a carbocyclic sugar with
six hydroxyl groups that can be acquired from the diet or endogenously synthesized from
glucose-6-phosphate by myo-inositol-3-phosphate synthase. It plays a crucial role in vari-
ous biological processes within mammalian physiology. Specifically, MI is the precursor for
phosphatidylinositol (PI)-4,5-bisphosphate. This compound acts as the substrate for a partic-
ular phospholipase C enzyme, leading to the production of inositol 1,4,5-trisphosphate and
diacylglycerol, which function as second messengers in cellular signaling pathways [247].
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MI has been proposed as an insulin-sensitizing substance in treating metabolic syn-
drome [248,249]. Animal studies have reported that oral MI treatment improves glucose
tolerance and insulin sensitivity, as well as reduces WAT accretion in monkeys [250] and
mice [251,252]. In a study in postmenopausal women with metabolic syndrome, MI supple-
mentation led to better glucose levels, insulin sensitivity, lipid profile, and blood pressure
compared to the placebo [253]. Notably, 20% of women in the MI group no longer met
the criteria for metabolic syndrome after the supplementation, a significant improvement
over the control group. In pregnant women with overweight and obesity, supplementing
with MI during pregnancy reduced the incidence of gestational diabetes and its associated
complications, including premature birth and gestational hypertension [254,255]. However,
the quality of the evidence is still low, suggesting the need for further studies to corroborate
these latter findings [254,255].

It has been hypothesized that MI could play a significant role in neonatal development
as a component of breast milk [256]. Of note, breast milk generally contains a higher
concentration of MI compared to infant formula [257,258], and hence breastfed infants
exhibit greater serum levels compared to formula-fed infants [257–259]. Interestingly,
MI levels are increased in milk from rats exposed to moderate calorie restriction during
lactation [256], which is a model associated with a better protection of the offspring against
obesity and insulin resistance in later life [260,261]. However, studies addressing the effects
of MI present in milk are scarce. We recently investigated the impact of MI supplementation
at physiological doses during the suckling period both in control rats and the offspring of
rats exposed to gestational calorie restriction [198,226,262]. The effects were more evident
in the offspring of dams undergoing gestational calorie restriction. In these animals, MI
supplementation demonstrated efficacy in improving metabolic health and ameliorating
insulin resistance and hypertriglyceridemia programmed by maternal undernutrition,
which was particularly pronounced when combined with exposure to an obesogenic diet
in adulthood [198]. The effects were more apparent in males, who were also more sensitive
than females to exposure to the obesogenic diet. Moreover, MI supplementation also
partially reversed the postnatal phenotypic consequences linked to fetal malnutrition in
terms of hypothalamic development, leading to an increased number of neurons in the
ARC and PVN nuclei, albeit in a sex-dependent manner [226]. Interestingly, some of the
effects of MI supplementation observed in these preclinical studies were comparable, to
some extent, to those observed for leptin, both facilitating the reversal of adverse outcomes
resulting from gestational undernutrition. Therefore, a potential role of MI empowering
the action of leptin naturally ingested with milk has been suggested [226].

Furthermore, MI ingested during the suckling period impacted the development of
the AT, favoring the browning process and enhancing thermogenesis capacity, thus having
beneficial effects on metabolism and energy expenditure [262]. Specifically, at the age of
7 months and after two months of exposure to the stress of a Western diet, animals that
were supplemented with MI during suckling exhibited elevated expression levels of Ucp1,
Hoxc9, and Cidea in WAT, with variations based on the depot and sex of the animals [262].
Again, the effects were most pronounced in offspring born to dams undergoing gestational
calorie restriction. Nevertheless, some effects were also appreciated in the progeny of
control rats since they exhibited a greater expression of Hoxc9 in the inguinal WAT depot
(in males and females) and Ucp1 in the retroperitoneal WAT (only in males). In BAT, MI
supplementation during suckling allowed the normalization of UCP1 protein levels, which
were significantly diminished in the female offspring of rats exposed to gestational calorie
restriction [262].

The mechanisms underlying the metabolic programming effects of MI ingested during
the suckling period remain incompletely understood. One potential avenue is the ability
of MI to favor leptin action during this critical development stage of lactation. This is
supported by the partially comparable effects observed with MI and leptin supplementation
in neonatal rats, particularly on hypothalamic development [226]. Moreover, a possible
role of the brain-derived neurotrophic factor (BDNF) in mediating the effects of MI during
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the suckling period has been proposed [262]. BDNF is a multifaceted neurotrophin that
regulates nerve growth and influences energy balance by modulating thermogenesis in
BAT, promoting WAT browning, and enhancing insulin sensitivity and glucose uptake
in skeletal muscle and AT [263]. Interestingly, the offspring of rats supplemented with
MI during suckling displayed elevated circulating BDNF levels, especially those born to
dams undergoing gestational calorie restriction [262]. Therefore, the activation of BDNF
signaling could partially contribute to the observed positive effects of MI supplementation
during the early postnatal period. The potential impact of MI on leptin sensitization during
lactation, referenced above, is also worth considering, although additional confirmation
is needed.

3. Concluding Remarks and Future Directions

The rising prevalence of obesity in humans has prompted considerable research into
the relationship between AT and early life conditions. It is widely recognized that nutrition
during the critical window of plasticity, mainly represented by the first 1000 days, plays a
pivotal role in mammalian early growth and development, exerting long-lasting effects on
metabolic health. AT plays a crucial role in regulating energy homeostasis and metabolism,
and BAT function and WAT browning are promising therapeutic targets for combating
weight gain. It is clear that cellular and metabolic aspects of AT biology—e.g., cellularity,
sympathetic innervation, and adipose progenitor cells’ features/capacity for browning—are
programmable by specific nutritional compounds acting in critical developmental periods.

Research in animal models is essential to the field of metabolic programming be-
cause it allows the precise control of the timing and nature of the exposures and delves
into molecular and mechanistic aspects. Initial studies in the field focused on the ad-
verse programming effects of maternal over- and undernutrition and unbalanced dietary
macronutrient composition. Regarding the micronutrients, the initial focus was on the
micronutrients involved in the 1 C metabolism pathway—owing to the importance of
this pathway for epigenetic reactions that may be at the root of long-lasting biological
effects—and the impact of micronutrient deficiencies. More recently, interest shifted to
specific dietary compounds that may exert positive programming effects or help counteract
malprogramming caused by adverse in utero exposures. Here, we adopted an adipocentric
view and reviewed nutritional compounds for which beneficial programming activity is
documented involving the modulation of specific aspects of AT biology. The different
aspects affected and postulated mechanisms are schematized in Figure 2, and Table 1 sum-
marizes key studies reviewed documenting specifically the enhancement of fat browning
by early exposure to nutrients/food bioactive compounds. Nutritional compounds with
beneficial programming activity but that have not been studied so far for their specific
impact on AT pathways beyond changes in body fat content are not included in this review,
though notable examples exist. This is the case of taurine, a semi-essential amino acid that
is added to milk formula for babies and to parental solution for premature babies, and
whose supplementation to mothers has been shown to counteract adverse programming
associated with gestational protein restriction [264], fructose feeding [265], and cafeteria
diet feeding [266] in animal studies.
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Table 1. Key studies reviewed regarding early exposure to nutrients and adipose tissue browning.

Nutrient/Bioactive
Compound

Species Intervention in Dose Offspring Studied
at/in

Offspring Sex
Studied

Main Intervention Outcomes in
the Offspring

Reference

Nicotinamide
riboside (NR)

NMRI mice pups during lactation from 24 µg per pup on
PND-2 to 45 µg on PND-20
(~15-fold the total B3
quantity derived from
maternal milk)

adulthood after a
10-week NFD/HFD
challenge starting at
age 3 months

male and female Improved responses to the HFD
and increased signs of scWAT
browning and BAT activation after
the HFD in the male mice

[43]

Nicotinamide
riboside (NR)

NMRI mice pups during lactation from 24 µg per pup on
PND-2 to 45 µg on PND-20
(~15-fold the total B3
quantity derived from
maternal milk)

PND-35 male and female Increased spontaneous beige
adipogenesis in primary scWAT
cultures from NR-supplemented
male mice

[44]

Nicotinamide
riboside (NR)

NMRI mice pups during lactation from 24 µg per pup on
PND-2 to 45 µg on PND-20
(~15-fold the total B3
quantity derived from
maternal milk)

PND-35 and
adulthood after a
10-week NFD/HFD
challenge starting at
age 3 months

male Decreased Dnmt3b expression in
scWAT at PND-35; changes in
methylation status of
browning-related genes and its
HFD-induced dynamics in the
adult scWAT

[45]

Vitamin A (VA) C57BL/6 mice mothers during
gestation and lactation

2-fold excess VA as retinyl
acetate in drinking water

weaning (PND-21)
and adulthood after 5
months of HFD
starting at PND-30

male Increased beige/brown
adipogenesis in WAT and BAT at
weaning; protection against
HFD-induced obesity in adulthood

[86]

Resveratrol (RES) C57BL/6 mice mothers during
gestation and lactation,
as part of a control diet
and a HFD

0.2% RES in the diets,
equivalent to ~200 mg per
kg bw per day

weaning (PND-21)
and adulthood after
11 weeks of HFD
starting at weaning

male Increased beige/brown
adipogenesis in WAT and BAT in
offspring of HFD-fed mothers;
protection against HFD-induced
obesity in adulthood

[110]

Resveratrol (RES) NMRI mice pups during lactation 2 mg per kg bw per day
from PND-2 to PND-20

adulthood after a
10-week NFD/HFD
challenge starting at
age 3 months

male and female Delayed HFD-induced bw gain in
the RES male mice; increased signs
of scWAT browning after both NFD
and HFD in the male mice

[43]

Resveratrol (RES) NMRI mice pups during lactation 2 mg per kg bw per day
from PND-2 to PND-20

PND-35 male and female Increased beige and brown
adipogenesis in primary cultures
derived from scWAT and BAT of
RES-supplemented males

[44]
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Table 1. Cont.

Nutrient/Bioactive
Compound

Species Intervention in Dose Offspring Studied
at/in

Offspring Sex
Studied

Main Intervention Outcomes in
the Offspring

Reference

Resveratrol (RES) NMRI mice pups during lactation 2 mg per kg bw per day
from PND-2 to PND-20

PND-35 and
adulthood after a
10-week NFD/HFD
challenge starting at
age 3 months

male Decreased Dnmt3a and Dnmt3b
gene expression in scWAT at
PND-35; changes in the
methylation status of
browning-related genes and its
HFD-induced dynamics in the
adult scWAT

[45]

n-3
polyunsaturated
fatty acids (PUFA)

C57BL/6 mice mothers during
gestation and lactation

3% PUFA from fish oil in
the diet

weaning (PND-21)
and age 11 weeks

males and females Enhanced BAT development at
weaning; epigenetic changes in
BAT at weaning; increased total
energy expenditure and
cold-resistance in adulthood (age
11 weeks); higher BAT activity and
scWAT browning after
cold-exposure in adulthood

[144]

Myo-inositol (MI) Wistar rats pups of control (CON)
and
25%-calorie-restricted
(CR) pregnant rats
during lactation

twice the average quantity
derived from maternal
milk

weaning (PND-21)
and at 7 months of
age, after a 2-month
Western diet
challenge

males and females upregulation of circulating BDNF
levels at weaning and of browning
markers in WAT and BAT in the
adult animals, especially those
born to CR mothers

[262]

Abbreviations: BAT, brown adipose tissue; Dnmt, DNA methyltransferase gene; HFD, high-fat diet; PND, postnatal day; scWAT, subcutaneous white adipose tissue.
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Figure 2. Adipose tissue features impacted by the indicated nutritional interventions during gestation
and/or lactation and postulated mechanisms.

Studies reviewed herein—carried out in various animal models, with different interven-
tions during pregnancy and/or lactation, and targeting mothers or offspring—have shed light
on the effects of specific compounds on the development and function of AT, its long-term
consequences on health status, and the underlying mechanisms (Figures 1 and 2). Although
here we focus on AT, and partly on the hypothalamus, as the main organs involved in
energy homeostasis, we must consider that programming generally encompasses various
tissues and organs, therefore affecting the entire physiology of the organism. In this sense,
interventions in mothers during pregnancy and/or lactation with specific compounds,
such as nicotinamide riboside, vitamin A, resveratrol, and PUFA, have shown effects on
the development of AT and have been related to improved functionality in adulthood. On
the other hand, changes in the composition of certain miRNAs (e.g., miR-222) in milk due
to dietary interventions (e.g., an obesogenic diet) and/or an altered metabolic state (obesity
and/or gestational diabetes) have been related to alterations in the development of the
AT and result in greater adiposity in adulthood. Strategies to ensure an optimal maternal
intake of the aforementioned compounds and to effectively control the levels of specific
miRNAs in milk are thus of potential interest for the metabolic programming of a healthy
adult phenotype.

Regarding lactation, human milk stands as the gold standard for infant nutrition,
offering a rich array of nutrients, bioactive compounds, and stimuli essential for infant
growth and development. Moreover, breast milk plays a crucial role in metabolic pro-
gramming. A range of nutritional components naturally present in breast milk, such as
peptide hormones (leptin), vitamins (vitamin A, nicotinamide riboside), myo-inositol, and
resveratrol, have been shown to possess protective effects against obesity susceptibility in
animal studies involving direct interventions in pups during the suckling period. These
compounds may affect the development of neuroendocrine circuits at the central and/or
peripheral level (as suggested for leptin and myo-inositol) or AT development and function
through local epigenetic modifications (as suggested by vitamin A, resveratrol and nicoti-
namide riboside) and effects on progenitor cells, therefore influencing AT cellularity and
metabolic capacities. These effects may ultimately impact, at least in part, the ability for AT
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remodeling in response to biological signals and/or conditions, among other processes. It
is crucial to emphasize that these bioactive compounds may be present in lower amounts
(e.g., myo-inositol, provitamin A carotenoids, polyphenols) or even absent or inactive (e.g.,
leptin) in infant formula compared to breast milk. These differences may contribute to the
long-term health advantages of breast milk over infant formula, as appears particularly evi-
dent for leptin. Furthermore, the levels of these compounds in breast milk can be affected
by maternal factors, such as diet or metabolic health status (e.g., obesity or gestational
diabetes), potentially influencing offspring growth and development.

The metabolic programming activity of early life nutritional exposures interacts with
diet later in life to determine metabolic health in adulthood. The programming “legacy” can
be masked or, on the contrary, unveiled/reinforced depending on the overall characteristics
of the contemporary diet. However, earlier preventive interventions are considered more
effective in reducing the risk of non-communicable metabolic diseases and preventing
their transgenerational conditioning than interventions in affected adults [267]. The earlier
interventions may favor life-long improved functional capacity, better responses to dietary
challenges, and enhanced responsiveness to beneficial food compounds or conditions. For
instance, early life interventions impinging on the population of progenitor cells in WAT
capable of brown/beige adipogenesis can remain influential for WAT browning in older
animals, or even reveal themselves as such only in older animals, after rounds of progenitor
cell proliferation and de novo adipogenesis linked to aging and eventual obesogenic diet
feeding (as in the case of nicotinamide riboside and resveratrol supplementation during
suckling [43,44]).

Optimizing maternal nutrition during gestation and lactation holds promise as a
feasible and effective strategy for combating obesity and associated metabolic disorders in
offspring. However, our understanding of the specific roles of many bioactive compounds
present in breast milk remains limited. Long-term human studies are recommended, and
intervention studies in animal models may help gain insights into the molecular mecha-
nisms through which micronutrients and bioactive compounds influence AT remodeling
and browning capacity, thereby opening up novel avenues for targeted interventions, with
broad implications for public health. In particular, dietary guidelines for optimal nutri-
tional interventions could be updated to mitigate the risk of obesity and metabolic disease
across generations. However, further research is imperative to translate these findings
appropriately and effectively into clinical practice.
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