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Abstract 

Early-life malnutrition plays a critical role in fetal development and predispose to the appearance of 

metabolic diseases in later life, according to the concept of 'developmental programming'. Different 

types of early nutritional imbalances, including undernutrition, overnutrition or micronutrient 

deficiency have been related to long-term metabolic disorders. Accumulating evidence has 

demonstrated that disturbances in nutrition during the period of preconception, pregnancy and primary 

infancy can affect mitochondrial function and epigenetic mechanisms. Moreover, even though multiple 

mechanisms underlying non-alcoholic fatty liver disease (NAFLD) have been described, in the last 

years special attention has been given to mitochondrial dysfunction and epigenetic alterations. 

Mitochondria play a key role in cellular metabolic functions. Dysfunctional mitochondria contribute to 

oxidative stress, insulin resistance and inflammation. Epigenetic mechanisms have been related to 

alterations in genes involved in lipid metabolism, fibrogenesis, inflammation and tumorigenesis. In 

accordance, studies have reported that mitochondrial dysfunction and epigenetics linked to early-life 

nutrition can be important contributing factors in the pathogenesis of NAFLD. In this review, we 

summarize the current understanding of the interplay between mitochondrial dysfunction, epigenetics 

and nutrition during early life, which is relevant to developmental programming of NAFLD.  
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INTRODUCTION 

Non-alcoholic fatty liver disease (NAFLD) includes a spectrum of liver disorders, ranging from simple 

liver steatosis to non-alcoholic steatohepatitis (NASH) and cirrhosis, which can lead to the 

development of liver cancer
(1)

. The mechanisms underlying the development of this metabolic disease 

are complex, resulting from the interaction of genetic and environmental factors. Maternal diet during 

gestation and lactation is an important environmental condition that has direct effects on liver 

development
(2)

. In addition, early-malnutrition can affect mitochondrial function and epigenetics
(3,4)

. In 

this sense, a growing body of evidence indicates that an inadequate nutrition during preconception, 

pregnancy and early infancy can affect the metabolic phenotype in the progeny, thus contributing to the 

development of NAFLD in later life, according to the concept of ‘developmental programming’
(5)

. 

 The regulation of metabolism is strongly related to mitochondrial function. Mitochondria are 

subcellular organelles that play a significant role in energy homeostasis by metabolizing nutrients as 

well as in the synthesis of adenosine triphosphate (ATP). Additionally, these organelles are involved in 

a variety of processes such as regulation of apoptosis, calcium homeostasis and generation of reactive 

oxygen species (ROS)
(6)

. In the last years, evidence has supported the notion that mitochondrial 

dysfunction has a central role in the pathophysiology of NAFLD. Alteration of mitochondrial function 

was related to fat liver deposition, lipid peroxidation, hepatic oxidative stress and accumulation of 

mitochondrial DNA (mtDNA) damage
(3,7)

. Moreover, it has been reported that mitochondrial 

dysfunction is linked to liver insulin resistance
(8)

.  

 Epigenetic mechanisms enclose changes in gene expression and phenotype not associated to 

modifications in primary DNA sequence. These alterations are heritable and induced by the exposure to 

different environmental factors
(9,2)

. Epigenetics has been related to alterations in genes involved in lipid 

metabolism, fibrogenesis, inflammation and tumorigenesis
(10)

. Studies have demonstrated that 

nutritional perturbances during early development can lead to epigenetic dysregulation, which may be 

later associated to NAFLD development
(2)

. 

 The aim of the present review is to discuss the interplay between mitochondrial dysfunction, 

epigenetics and their relation to the development of NAFLD associated to early-life nutrition. We first 

outline the concept of developmental programming and its relation to early-life nutrition. Next, we 
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present an overview of mitochondrial biology, including bioenergetics, biogenesis and biodynamics. 

Then, we discuss the involvement of mitochondrial dysfunction and epigenetics in the pathogenesis of 

NAFLD, related to disturbances in early-life nutrition. Finally, we conclude establishing a link between 

NAFLD, nutrition, epigenetics and mitochondrial dysfunction, and future scopes of research in this 

field. 

DEVELOPMENTAL PROGRAMMING OF NAFLD: IMPACT OF EARLY-LIFE 

NUTRITION 

The nutritional environment during preconception, pregnancy and early life plays a critical role in the 

development of the progeny and is related to the incidence of acute and chronic diseases in later life
(11)

. 

Early nutritional environment, including undernutrition, macronutrient excess or micronutrient 

deficiency have been related to long-term metabolic disorders
(12)

. Certainly, human epidemiological 

evidence and animal studies have reported that there exists an association between maternal 

undernutrition and the appearance of metabolic diseases in adulthood, such as diabetes and NAFLD
(13)

. 

Maternal obesity has also been demonstrated to be an important risk factor for NAFLD
(14)

. These 

events are in accordance with the ‘Developmental Origins of Disease Hypothesis’ which sustained that 

exposure to an adverse environment during sensitive periods of cellular plasticity confers an augmented 

risk to develop diseases in later life
(15)

. This process, known as ‘developmental programming´, is 

directly related to the ‘thrifty phenotype’ hypothesis. This argues that when a fetus is exposed to 

undernutrition, it adapts to nutrient availability limitation, thus conferring the opportunity to short-term 

survival under these adverse conditions. However, these metabolic adaptations increment susceptibility 

to long-term metabolic diseases when exposed to an adequate nutrient environment
(16)

. Similarly, 

maternal obesity and micronutrient deficiency leads to the programming of the fetus as in maternal 

undernutrition, since these nutritonal environments represent a form of fetal malnutrition
(12)

.  

 Several animal studies have reported an association between a maternal obesogenic 

environment and the development of NAFLD in the progeny. In this regard, it has been shown that the 

exposure to a high-fat diet (HFD) during preconception, pregnancy and lactation leads to a NAFLD 

phenotype in rodents and non-human primates
(17,18)

. Moreover, the administration of a HFD after 

weaning conduces to exacerbation of this phenotype, since the offspring developed NASH in early 

adulthood compared to the ones exposed to the normal diet, which only exhibit simple steatosis
(19,20)

. 
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Regarding the influence of high-calorie processed foods during early life, Sánchez Blanco et al. 

reported that 21-day old pups from dams administered cafeteria diet during preconception, gestation 

and lactation present increased plasma triacylglycerol levels
(21)

. In another study the long-term 

influence of cafeteria diet during pregnancy and lactation was evaluated in 14-month old male rats, 

showing an increment in triacylglycerol and fatty acids contents in liver
(22)

. Furthermore, the effects of 

maternal junk food rich in energy, fat, sugar and salt was studied, demonstrating that offspring exposed 

to this diet during fetal life developed several exacerbated signs of NAFLD, such as liver steatosis, 

oxidative stress and hepatocyte balloning at the end of adolescence, when compared to animals that had 

only received this diet from weaning
(23)

. Interestingly, liver steatosis and oxidative stress were also 

present in offspring from junk food-fed mothers that had received a regular diet after weaning
(23)

. 

Maternal western-style diet administration during prenatal and post-weaning periods also programmes 

susceptibility to liver disease in male offspring, as a result of alterations in inflammation and lipid 

metabolism
(24)

.Additionally, a considerable body of evidence from animal models has shown a link 

between in utero undernutrition and the development of NAFLD in the offspring. In this respect, it has 

been demonstrated that the administration of low-protein diets during pregnancy and lactation conduces 

to liver steatosis in rats during adulthood
(25,26)

. With regard to early micronutrient deficiency, it has 

been evidenced that vitamin B12 restriction in maternal diets conduces to increased body fat mass, 

diabetes mellitus type 2, augmented plasma cholesterol levels and dysregulation of fatty acid 

metabolism pathways
(27,28,29)

. Another study reported that vitamin B12 and folate deficiency during 

gestation and lactation induces rat liver steatosis at weaning related to impaired mitochondrial fatty 

acid oxidation, and a significant reduction in birthweight in the offspring
(30)

. Sharma et al. 

demonstrated that maternal calcium and vitamin D deficiency conduces to abnormal lipid metabolism 

and liver gene expression in female offspring rats, which results in liver steatosis, even though control 

diet was administered after weaning
(31)

. Given that NAFLD has become one of the most prevalent liver 

metabolic diseases worldwide, a great interest has been given to developmental programming, its 

association to the nutritional environment and the potential underlying mechanisms.   

MITOCHONDRIA: BIOENERGETICS, BIOGENESIS AND BIODYNAMICS  

Mitochondria are double membrane organelles that contain their own DNA. The outer mitochondrial 

membrane (OMM) and the inner mitochondrial membrane (IMM) enclose distinct proteins and have 

different functions. The OMM is more permeable and characterizes by the establishment of membrane 

https://doi.org/10.1017/S0954422422000038
Downloaded from https://www.cambridge.org/core. IP address: 200.80.138.20, on 24 Jan 2022 at 18:44:57, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.1017/S0954422422000038
https://www.cambridge.org/core
https://www.cambridge.org/core/terms


Accepted manuscript 

 

contact sites with endoplasmic reticulum, lysosomes, peroxisomes, plasma membrane, endosomes and 

lipid droplets. The IMM includes the mitochondrial invaginations known as the cristae, which contain 

electron transport chain (ETC) complexes and ATP synthase. A small intermembrane space is found 

between the outer and inner mitochondrial membranes. IMM delimits the mitochondrial matrix, which 

includes enzymes involved in glycolysis, tricarboxylic acid cycle (TCA cycle) and fatty acid β-

oxidation (FAO). In addition, the matrix encloses a circular mtDNA which is packaged in nucleoids. 

mtDNA encodes 2 ribosomal RNAs, 22 transfer RNAs, 13 polypeptide subunits of ETC and some non-

coding RNAs, while the rest of proteins are encoded by the nuclear genome. 

 Mitochondria are known as the “powerhouses of the cell”
(32)

. They generate energy in the form 

of ATP through oxidative metabolism of nutrients
(33)

. Glucose, amino acids and fatty acids from 

nutrients are metabolized, and then enter the TCA cycle. As a result, electrons are released and stored 

in the carriers Nicotinamide adenine dinucleotide (NADH) and Flavin adenine dinucleotide (FADH2). 

These reducing agents transfer electrons to the ETC in the IMM
(34)

. Mitochondrial ETC includes five 

enzyme complexes. Complex I (NADH ubiquinone reductase) collects electrons from NADH, while 

complex II (Succinate dehydrogenase) from FADH2. Then, electrons from these complexes are 

transferred to coenzyme Q (CoQ), which donates them to complex III (Ubiquinol-cytochrome c 

reductase). Complex IV (Cytochrome c oxidase) oxidizes cytochrome c and transfers electrons to 

oxygen, forming water. This flow of electrons along the ETC is employed to pump protons into the 

intermembrane space
(35)

, which establishes the electrochemical gradient necessary for the generation of 

ATP through complex V (ATP synthase) in the process of oxidative phosphorylation (OXPHOS)
(36)

.  

 As described above, the transfer of electrons along the ETC through oxygen is coupled to the 

generation of ATP. However, a fraction of electrons commonly leak from the ETC, reacting directly 

with oxygen, and generating superoxide radicals
(37)

. These ROS may be converted to hydrogen 

peroxide (H2O2), and then to hydroxyl radicals through Fenton Reaction
(32)

. Even though there exist 

eight sites involved in the production of these ROS, mitochondrial complexes I, II and III are the main 

contributors to ROS generation
(38)

. Fortunately, mitochondria have antioxidant mechanisms to 

scavenge these extremely reactive ROS, thus protecting molecules from oxidative damage. These 

antioxidant defenses comprise enzymatic and non-enzymatic mechanisms. The mitochondrial enzyme 

Superoxide dismutase (SOD2) converts superoxide anion into H2O2, which is less reactive
(39)

. H2O2 can 

then be converted to water by different enzymes, including catalase (CAT), peroxiredoxins (PRXs) and 
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glutathione peroxidases (GPXs)
(40)

. While PRXs are abundant in mitochondria, only isoform 4 of GPx 

is located in this compartment and CAT is found in peroxisomes
(40)

. Mitochondrial enzymes PRX3 and 

PRX5 are oxidized by H2O2, and then reduced by thioredoxin 2 (TRX2) and thioredoxin reductase 2 

(TRXR2)
(41)

. In turn, GPX 4 is oxidized by H2O2 and then reduced by the non-enzymatic antioxidant, 

glutathione (GSH)
(40)

. It has been proposed that PRXs are the principal mitochondrial antioxidant 

enzymes involved in the elimination of minimal levels of H2O2, as a result of their high abundance and 

their high rate constant. On the contrary, GPXs are critical for scavenging higher levels of H2O2, when 

GPXs can compete with PRXs for substrate, due to their less abundance
(42)

. Under physiological 

conditions, ROS have intracellular messenger actions and their production is controlled by 

mitochondrial antioxidant defenses, in order to prevent cellular oxidative injury
(43)

.  However, when 

these protective mechanisms are insufficient, the overproduction of ROS results in oxidative damage to 

lipids, mtDNA and proteins in mitochondria
(44)

. In addition, mitochondria have an important role in the 

defense against ROS from other subcellular compartments such as peroxisomes
(45)

. Other reactive 

species can be found in mitochondria. Although the presence of nitric oxide synthase in mitochondria 

has been controversial, either nitric oxide (NO) derived from ETC or the one produced in a different 

compartment, after diffusing mitochondrial membranes, can react with superoxide, forming 

peroxynitrite inside this organelle
(46)

. Even though peroxynitirites can affect different proteins, they are 

efficiently detoxified by PRXs and GPXs
(47)

. Since mitochondria have a critical role in the production 

and maintenance of physiological levels of ROS, then alterations in these organelles can lead to 

oxidative stress, which is considered to be an important factor in the generation of hepatocyte injury in 

the context of NAFLD
(48)

. In animal models of NAFLD, enhanced ROS formation has been reported as 

a result of impairment of mitochondrial ETC activity
(49)

. Similar observations were obtained in NAFLD 

patients
(50)

. In addition, a diminished expression and activity of antioxidant enzymes has been 

described in in vitro and in vivo models of NAFLD
(51)

. Thus, an excessive ROS production and a 

decreased antioxidant capacity can contribute to NAFLD pathogenesis. 

 Mitochondrial biogenesis is defined as the process by which cells augment their mitochondrial 

mass, involving the maintenance of their size and number
(52)

. The majority of mitochondrial 

constituents are synthesized in the nucleus
(53)

. Then, these nuclear proteins have to be imported by 

mitochondria. Therefore, an adequate mitochondrial biogenesis needs the coordinated expression of 

nuclear and mitochondrial genes
(54)

. Different factors are involved in the regulation of this process. 

Peroxisome proliferator-activated receptor gamma coactivator-1 α (PGC-1α) is a coactivator that 

https://doi.org/10.1017/S0954422422000038
Downloaded from https://www.cambridge.org/core. IP address: 200.80.138.20, on 24 Jan 2022 at 18:44:57, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.1017/S0954422422000038
https://www.cambridge.org/core
https://www.cambridge.org/core/terms


Accepted manuscript 

 

promotes mitochondrial biogenesis through the activation of different nuclear receptors and nuclear 

transcription factors, including nuclear respiratory factors (NRFs) 1 and 2
(55)

. NRF-1 and NRF-2 induce 

the transcription of almost every component of the ETC, and promote the expression of mitochondrial 

transcription factor A (Tfam) that leads to mtDNA synthesis
(56)

. Additionally, PGC-1 α coactivates 

other factors such as thyroid hormone, glucocorticoid, estrogen, peroxisome proliferator-activated 

receptors (PPARs) and estrogen-related receptors (ERRs) α and γ
(57)

. By acting as a coactivator of 

PPAR α and δ, PGC-1α conduces to the expression of mitochondrial FAO genes
(58)

. PGC-1α also 

affects mitochondrial biogenesis by interacting with ERRs, which are involved in fatty acid metabolism 

and OXPHOS
(59)

. In turn, PGC-1 α is regulated by AMP-activated protein kinase (AMPK) and sirtuin 1 

(SIRT1). AMPK phosphorylates PGC-1α in response to acute energy deprivation
(60)

. The protein 

deacetylase SIRT1 activates PGC-1α in liver in response to fasting
(61)

. In contrast, the mitochondrial 

SIRT3 is a downstream target of PGC-1α. SIRT3 upregulates several proteins such as FAO enzymes 

and ETC complexes I and II, thus affecting mitochondrial biogenesis
(62)

. PGC-1β is another coactivator 

that regulates this process through NRF-1
(63)

. Different studies have shown that alterations in 

mitochondrial biogenesis are related to obesity and type II diabetes
(64,65)

, establishing an important link 

with NAFLD development. 

 Mitochondrial dynamics involves the balance between fusion and fission mechanisms to 

maintain normal mitochondrial function. Mitochondrial fusion refers to the union of two mitochondria 

resulting in one mitochondrion. This event is mediated by mitofusin 1 (MFN1) and mitofusin 2 

(MFN2) that enable the fusion of OMMs, and optic atrophy 1 (OPA1) that allows the fusion of 

IMMs
(66,67)

. Mitochondrial fission involves the division of a mitochondrion into two mitochondria. It is 

mediated by different proteins such as dynamin-related protein 1 (DRP1), mitochondrial fission factor 

(MFF), mitochondrial dynamics proteins of 49 kDa (MID49) and 51 kDa (MID51), and mitochondrial 

fission 1 protein (FIS1)
(68,69,70,71)

. In this process, DRP-1 translocates from the cytosol to mitochondria, 

and then binds to MFF, MID49, MID51 and FIS1 in the OMM. This allows for DRP1 oligomerization 

and posterior mitochondrial division
(72)

. The balance between fusion and fission events depends on the 

metabolic state and the nutrient availability of cells
(73)

. In response to an enriched nutrient environment, 

mitochondria undergo fragmentation, while starvation induces mitochondria elongation
(74,75,76)

. Thus, 

mitochondrial fragmentation leads to a reduced ATP production and nutrient storage, in an attempt to 

prevent energy waste. On the contrary, mitochondrial elongation leads to maintenance of ATP 
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generation, through the increment in mitochondrial bioenergetic efficiency
(77)

. Additionally, a shift 

toward fission is related to degradation of injured mitochondria through the process of mitophagy
(78)

. 

MITOCHONDRIAL DYSFUNCTION, NAFLD AND EARLY-LIFE NUTRITION  

Different mechanisms are involved in the development and progression of NAFLD. The ‘two-hit 

hypothesis’ was initially postulated to explain the occurrence of this metabolic disorder
(79)

. According 

to this theory, the ‘first hit’ was represented by liver accumulation of lipids as a consequence of 

sedentary lifestyle, hypercaloric diets, insulin resistance and obesity.  Afterwards, this fatty liver 

becomes more vulnerable to a ‘second hit’, which induces inflammation and fibrosis. However, 

accumulating research showed that this theory was insufficient to explain the complex alterations 

observed in human NAFLD patients. Nowadays, the most accepted model is the ‘multiple-hit 

hypothesis’. This theory sustains that multiple factors act in conjunction in genetically susceptible 

individuals to lead to the development of NAFLD. These ‘hits’ include dietary factors, insulin 

resistance, adipose tissue dysfunction, and changes in gut microbiome
(80)

. The high levels of free fatty 

acids (FFAs), free cholesterol and other lipid metabolites that are derived from the above described 

insults, induce lipotoxicity
(81)

. This environment in the liver leads to an impaired mitochondrial 

function that favours an excessive production of ROS and inflammation
(82)

. The ‘multiple-hit 

hypothesis’ considers mitochondrial dysfunction a critical player in the development of NAFLD
(78)

. In 

fact, evidence has been reported showing that hepatic mitochondrial dysfunction occurs before NAFLD 

development in rodents
(83)

. Accordingly, livers from NASH patients showed structural and functional 

mitochondrial alterations. Structural damage includes morphological changes, such as para-cristalline 

inclusions in megamitochondria and mtDNA depletion, which may be related to the liver injury 

developed in NAFLD patients
(84,85)

. Functional modifications include impaired mitochondrial protein 

synthesis which is related to uncoupling and decrease of ETC complex activities, alterations in 

mitochondrial biogenesis and biodynamics, and reduced concentrations of antioxidant enzymes
(85)

. 

Similar alterations have been observed in ob/ob mice, which showed modifications in ROS production 

and GSH levels, lipid peroxidation, and changes in mitophagy and mitochondrial biogenesis
(78)

. 

 Mitochondrial structure and function are directly related to the cellular metabolic state. An 

enriched nutrient environment induces fragmentation of mitochondria, increase of mitochondrial ROS 

production and mtDNA damage. On the other hand, undersupply of nutrients restricts mtDNA damage 
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and induces fusion and elongation of mitochondria. A continuous metabolic imbalance induces 

alterations in mitochondrial morphology that could affect mitochondrial function and mtDNA quality 

that, in turn, can alter the susceptibility to long-term metabolic diseases
(3,86,87)

. Importantly, studies 

have demonstrated that even mitochondria in the fertilized oocyte are proned to be damaged by 

nutritional stressors. Oocytes exposed to a high-fat high-sucrose diet (HFHSD) showed a diminishment 

in mitochondrial membrane potential and in the metabolites involved in ATP production, and absence 

of mitophagy, thus resulting in the transmission of dysfunctional mitochondria
(88)

. Moreover, the 

maintenance of this altered mitochondrial phenotype has been demonstrated across generations, and 

has been proven to favour the development of insulin resistance in the offspring
(89)

. In this regard, it is 

important to note that the transfer of these mitochondrial disturbances through three generations was 

observed between obese mothers and female offspring, supported by the fact that these organelles are 

maternally inherited
(89)

.   

 Several studies have demonstrated a strong relationship between early-life malnutrition, 

NAFLD and mitochondrial disturbances (Table 1). In this regard, different alterations in mtDNA, 

mitochondrial bioenergetics, biogenesis and biodynamics have been related to metabolic disorders, 

including obesity, diabetes and NAFLD
(90,91,48)

. Alfaradhi et al. reported that young offspring (8 weeks 

of age) exposed to a high-fat, high-sugar diet during pregnancy and lactation, that reflects Western 

obesogenic environment, presented augmented mitochondrial complex I and II activities, and 

diminished mitochondrial cytochrome c and glutamate dehydrogenase levels, showing hepatic 

dysfunctional mitochondria
(92)

. These detrimental changes were associated to increments in hepatic 

lipid content, oxidative damage, PPARγ expression and insulin levels, and a decrease in trigliceryde 

lipase
(92)

. Other study showed that adult offspring exposed to a semisynthetic not obesogenic western 

style diet (WW) (rich in energy, moderate in fat and cholesterol) from prenatal to post-weaning 

developed microvesicular fat accumulation, diminished plasma β-hydroxybutyrate and mRNA levels of 

PPARα, showing an imbalance between mitochondrial FAO and augmented production of fatty acids, 

which is consistent with mitochondrial dysfunction
(24)

. Impairment of mitochondrial ETC complex 

activities (I, II, III and IV) and reduced serum concentrations of β-hydroxybutyrate were also 

demonstrated by others in offspring fed a HFD (42% kcal from fat) , which had been born from obese 

mothers, during gestation and post-weaning 
(18,93)

. Burgueño et al. evidenced that exposure to a HFD 

(40% fat added to standard diet) 2 weeks before breeding and during gestation and lactation resulted in 

adult offspring (18 weeks of age) with reduced hepatic mtDNA content and male-specific 
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diminishment in hepatic transcriptional activity of PGC1α, which was further related to insulin 

resistance and abnormal liver fat accumulation 
(94)

. Other studies have shown that post-weaning HFD-

fed adult offspring (45% kcal from fat) born from prepregnancy obese dams presented reduced levels 

of regulators of mitochondrial dynamics (PGC1α, PGC1β, and ERRα) and mitofusins in liver
(95)

. In 

another set of experiments, de Velasco et al. demonstrated  the effecs of maternal consumption of 

isoenergetic and normolipidic diets rich in trans-fatty acids hydrogenated fat or its industrial substitute 

lipid source, interesterified-fatty acids fat, during pregnancy and lactation
(96)

. These early-life insults 

predisposes to hepatic mitochondrial dysfunction in adult offspring (postnatal day 110), related to 

changes in mitochondrial bioenergetics, which includes respiration impairment, liver augment of H2O2 

production and compromised mitochondrial membrane permeability
(96)

. The current research provides 

convincing evidence about the critical role of these mitochondrial alterations in offspring programming 

related to malnutrition and NAFLD development.  

EPIGENETICS, NAFLD AND EARLY-LIFE NUTRITION  

Although the exact mechanisms underlying NAFLD development have not been completely described, 

epigenetics arises as an important player contributing to NAFLD pathophysiology
(91)

. Furthermore, 

studies have established a link between environmental factors, epigenetics and developmental 

programming
(97)

. In this regard it is important to mention that an inadequate nutrition during 

preconception, pregnancy and early infancy has been related to epigenetic modifications in genes 

involved in lipid metabolism and inflammation, which may favour the development of metabolic 

alterations later in life
(97,98)

. The epigenetic mechanisms that regulate nuclear gene expression include 

non-coding RNAs, DNA methylation and post-translational modifications of histones. DNA 

methylation refers to methylation of cytosine nucleotides at CpG rich promoters
(10)

. While 

hypermethylation blocks gene transcription, hypomethylation induces gene activation, which depends 

on the activity of DNA methyltransferases (DNMTs)
(2)

. Post-translational modifications of histones 

include acetylation, methylation, ubiquitinylation, phosphorylation and SUMOylation
(2)

. Histone 

acetylation is the most reported mechanism. While acetylation is related to promotion of gene 

transcription, deacetylation is associated to gene inactivation
(2)

. Among non-coding RNAs, microRNAs 

(miRNAs) are the most studied. MiRNAs are non-coding single stranded RNAs with 19-23 nucleotides 

that modulate mRNA degradation or inhibition of translation
(2). 

https://doi.org/10.1017/S0954422422000038
Downloaded from https://www.cambridge.org/core. IP address: 200.80.138.20, on 24 Jan 2022 at 18:44:57, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.1017/S0954422422000038
https://www.cambridge.org/core
https://www.cambridge.org/core/terms


Accepted manuscript 

 

 In the last years, several studies in rodents have shown the interplay between adverse maternal 

nutrition, epigenetic modifications and developmental programming of this liver disease
(97)

 (Table 2). 

Researchers found that a high-fat lard diet rich in an unsaturated fatty acids (at 35% level) during 

preconception and pregnancy until gestation day 18-20 modulated the epigenome of fetal livers, 

evidenced by the promotion of DNA methylation and histone acetylation, leading to liver lipid 

accumulation
(99)

. Keleher et al. reported that a maternal HFD induced thousands of DNA methylation 

alterations in livers of post-weaning HFD-fed offspring mice (42% kcal from fat), which were also 

evident in adulthood
(93)

. In addition, in HFD-fed daughters these epigenetic alterations were associated 

to obesity and diabetes-related phenotypic changes
(93)

. In the same line, Seki et al. evidenced that 

exposure to a maternal high-fat lard diet during preconception, gestation and lactation results in global 

hepatic DNA hipermethylation in male offspring
(100)

. Persistent methylation throughout life of three 

genes involved in growth and metabolism (Arhgef19, Zbtb17/Miz-1 and Mmp9) was observed in these 

offspring
(100)

. Exposure to a western diet (rich in energy and moderate in fat and cholesterol) during 

preconception, pregnancy, lactation and post-weaning results in phenotypic alterations compatible with 

NAFLD in the offspring, which were further associated to significant methylation differences in 

PPARα, an important gene involved in lipid metabolism
(24)

. In accordance, Whankhade et al. showed 

that a maternal overnutrition via in utero exposure to a HFD (45% fat) induced alterations in DNA 

methylation of PGC1α and Fgf21 in livers of post-weaning HFD offspring livers, which may be 

involved in NAFLD development
(97)

. A maternal HFD (22.6% fat) during pregnancy and lactation has 

also been demonstrated to affect miRNAs expression in adult offspring livers
(101)

. Furthermore, it was 

evidenced that an adverse intrauterine environment induced by a high-sucrose (72%), low copper diet 

(HSD) conduces to significant modifications in DNA methylation of 327 regions corresponding to 183 

genes in offspring rat livers. The affected pathways were associated to metabolic disease, insulin 

resistance and carbohydrate metabolism
(102)

. A high-fat high-cholesterol Western-type diet before and 

during gestation and lactation given to apoliprotein (Apo) E-deficient dams results in augmented 

hepatic methylation of CpG nucleotides on the promoter region of ApoB genes of male adult 

offspring
(103)

. The progeny also developed hyperinsulinemia, insulin resistance, glucose intolerance and 

hepatic steatosis
(103)

. Other study showed that perinatal exposure to an obesity-inducing diet rich in 

saturated fat, fructose and cholesterol, used to reproduce the Western fast-food diet, induced alterations 

compatible with NAFLD in the offspring (10 weeks of age), which were further related to differential 

expression and methylation of genes associated to fibrosis and cell death pathways
(104)

. Interestingly, 

these authors also demonstrated that this phenotype could be reversed if a healthy diet is administered 
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after weaning to the offspring, otherwise the progeny would develop a NASH phenotype following a 

re-exposure to this Western fast-food diet in adulthood
(104)

. Du et al. reported that the male offspring 

born to mothers exposed to 50% food restriction during gestation presented a dysregulated hepatic 

metabolism through alterations in taurine levels and hepatocyte nuclear factor 4 A (HNF4A) 

methylation that is associated to alterations in hepatic lipogenesis and gluconeogenesis
(105)

. In another 

study, maternal protein restriction during gestation derived from low (8%) protein diet-fed pregnant 

rats conduces to histone acetylation of liver X receptor α (Lxrα) in male rat offspring
(106)

. This event 

suggests the epigenetic silencing of its promoter, thus leading to glucose intolerance in adulthood
(106)

.  

Intrauterine growth restriction as a result of maternal low-protein diet (8%) during pregnancy and 

lactation induces repressive histone modifications at hepatic cholesterol 7α-hydroxylase promoter in 

adult rat offspring, which augments cholesterol levels
(107)

. In non-human primates, in utero exposure to 

a HFD (32% calories from fat), but not maternal obesity per se, alters the fetal metabolome through 

augmented acetylation of histone H3 (H3K14ac) and decreased SIRT1 expression in fetal livers
(108)

. 

These modifications were related to altered expression of PPARα, PPARγ, SREBF1, Cyp7A1, Fasn 

and SCD, which are modulated by SIRT1 and known to be deregulated in NAFLD
(108)

. Maternal 

obesity induced by a high-fat high-fructose diet during preconception and pregnancy until gestation day 

165 showed dysregulated TCA cycle, proteasome, glycolysis, oxidative phosphorylation and Wnt/β-

catenin pathways along with excessive lipid accumulation in fetal baboon livers
(109)

. This was correlated 

with the identification of several miRNAs that were inversely expressed with key genes in these 

pathways that have been shown to be regulated by these miRNAs, suggesting that these fetal hepatic 

miRNA-gene interactions may affect these pathways, thus leading to regulation of cell proliferation, 

liver steatosis, hepatic fibrosis and lipid metabolism
(109)

. In conjunction, the available evidence strongly 

supports the notion that modulation of the nuclear epigenome mediated by early-life nutrition 

constitutes an important player in NAFLD pathophysiology. Thus, current epigenetic studies not only 

may explain the mechanisms underlying the development of NAFLD, but also provides evidence 

concerning the role of epigenetic modifications in the developmental programming of this liver disease.  

 Due to evident ethical restrictions, there exists limited evidence concerning a link between 

adverse maternal nutrition, metabolic disease and epigenetic alterations in human offspring. The famine 

suffered by pregnant human females during the Dutch Hunger Winter in 1944-45 provides evidence 

about the consequences of long-term exposure to maternal undernutrition in humans
(110,111)

. In this 

regard, it was reported that human offsprings who were exposed to famine during first and second 
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trimester in utero presented lower birthweights than those not exposed
(112)

. Moreover, prevalence of 

obesity at young men adulthood was augmented in those individuals that had been exposed to famine 

undernutrition during the first half of pregnancy
(113)

. In addition, epidemiological studies from the 

Chinese Great Famine (1959-1961) have demonstrated a significant association between early-life 

undernutrition and augmented risk of later NAFLD development, where steatosis degree was 

determined by abdominal ultrasonography
(114,115)

. Early famine exposure has also been linked to 

obesity, type 2 diabetes, and metabolic syndrome, which are closely related to NAFLD
(116,117,118)

. It is 

important to mention that even though findings that link early famine exposure to NAFLD 

development have been reported, we may not conclude that higher risks for NAFLD in early famine-

exposed individuals are exclusively related to early-life malnutrition.   

 Even though human studies usually employ reduced bitrthweight to demonstrate the effects of 

an inadequate maternal nutrition, researchers showed that a lower birthweight was insufficient to probe 

epigenetics involvement
(119)

. Interestingly, while human offsprings born alive (50-58 years ago) with a 

normal birthweight who were exposed to famine during the Dutch Hunger Winter at early gestation 

showed epigenetic alterations, those offspring with low birthweight exposed to this famine during late 

gestation did not present epigenetic modifications
(98119)

 (Table 2). In fact, other researchers reported 

lower DNA methylation of the insulin-like growth factor II gene in human offsprings born alive 

exposed to this famine (Winter of 1944-1945) during periconception, in comparison with their 

unexposed brothers from the same sex, six decades later
(111)

. These data support the notion that adverse 

maternal nutrition leads to epigenetic alterations during the first stages of development which are 

maintained over time in humans, which may be related to metabolic liver disease during adulthood.  

 Interestingly, while epigenetic regulation of nuclear DNA has been extensively reported, that of 

mtDNA has been recently demonstrated
(120,121)

. Moreover, in the last years, studies have reported the 

complex interaction between mitochondrial metabolism, epigenetics and environmental changes
(122)

. 

Mitochondria are highly sensitive to environmental factors and could acquire epigenetic alterations that 

may disrupt mitochondrial function
(123)

. Maternal nutrition is described as a relevant factor that may 

affect these epigenetic modifications
(124)

. In addition, since mitochondria depend on nuclear encoded 

proteins to function, it is crucial to explain the link between nuclear and mitochondrial DNA and the 

subsequent epigenetic alterations to nuclear DNA that may affect mitochondrial metabolism. 
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Mitochondrial epigenetic mechanisms include mtDNA methylation, post-translational modifications of 

nucleoid-associated proteins and non-coding RNAs (ncRNAs)
(122)

.  

 Over the last years, the epigenetic mechanism of mtDNA methylation has been extensively 

studied. However, it is far from being clearly understood. Studies have centered on mtDNA 

methylation at CpG sites, when also adenine and non-CpG methylations have been evidenced
(125, 126)

. 

Moreover, it has been hypothetized that mtDNA methylation on adenine is the principal alteration 

among them
(122)

. Given that environmental factors could affect mtDNA methylation, maternal diet 

arises as an inportant contributor to mtDNA regulation. In this regard, it has been reported that a 

maternal LP diet during pregnancy alters DNA methylation and hydroxylmethylation of mtDNA-

encoded OXPHOS gene promoters in a sex-specific manner, in livers of newborn piglets
(127)

. These 

modifications may be associated to long-term consequences in energy homeostasis
(122)

 that, in turn, 

could be involved in the development of liver metabolic disease.  

 Unlike nuclear DNA, mtDNA is not surrounded by histones. However, mtDNA is organized in 

nucleoids. Thus, this epigenetic mechanism is referred as post-translational modification of nucleoid-

associated proteins. The principal protein present in mitochondrial nucleoids is Tfam, which is a 

nuclear encoded binding factor also required for mtDNA transcription
(128)

. Different post-translational 

modifications of Tfam have been reported, including acetylation, glycosylation, phosphorylation and 

ubiquitination
(122,129,130,131)

. For instance, phosphorylation and acetylation of Tfam reduce the binding 

affinity of Tfam to DNA, thus resulting in a decreased mtDNA compaction that ultimately leads to 

alterations in mtDNA transcription
(122)

. Even though it can be hypothesized that all of those alterations 

may affect Tfam function that, in turn, could lead to mitochondrial dysfunction which may later be 

involved in NAFLD development, until now there is no evidence supporting the notion that epigenetic 

modifications of Tfam are associated to NAFLD pathophysiology. 

  Recently, it was reported the presence of ncRNAs inside mitochondria associated to epigenetic 

regulation of mitochondrial gene expression
(122,132)

. These ncRNAs include nuclear-encoded and 

mitochondria-encoded ncRNAs (nuclear-ncRNAs and mt-ncRNAs, respectively). While the formers 

are involved in anterograde communication, the latters are associated to retrograde communication
(133)

. 

With regards to mt-ncRNAs, long non-coding RNAs (mt-lncRNAs) and small non-coding RNAs (mt-

sncRNAs) are included. The discovery of these ncRNAs at mitochondria increases the level of 
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complexity in mitochondrial gene expression. However, only few studies have related mt-ncRNAs to 

the development of diseases, such as cancer and cardiovascular diseases
(134,135)

. Therefore, until now, 

data are insufficient to establish a link between mitochondrial epigenetics and NAFLD development.  

However, it can be envisioned that the association between mt-ncRNAs and human diseases in general, 

and NAFLD in particular, may be potent as they are relevant in mitochondrial homeostasis and 

communication. In this sense, mt-ncRNAs may be employed as biomarkers of different diseases.  

CONCLUSION AND PERSPECTIVES 

In summary, the reviewed data support the relevance of mitochondrial dysfunction and epigenetic 

modifications as contributors to the deregulated mechanisms underlying the developmental 

programming of NAFLD. Rodent and non-human primates studies have shown that early-life exposure, 

including preconception, pregnancy, lactation and early infancy, to an adverse nutritional environment 

is linked to long-term alterations in mitochondrial function and epigenetics in the offspring (Fig. 1). 

Due to evident ethical limitations, human studies concerning this association are scarce. Given that 

dysfunctional mitochondria are strongly related to NAFLD development, mitochondrial epigenetics 

could also be involved in the regulation of NAFLD pathogenesis, in the context of early-life 

malnutrition. However, the association of mitochondrial epigenetics and NAFLD in this adverse 

context has yet to be elucidated.  

 The increasing prevalence of NAFLD in the last years positions it as an emerging health 

concern. Therefore, the clarification of the modulation of the epigenome and mitochondrial function 

related to nutritional disturbances during early-life may contribute to the progress in this emerging field 

of research. Advance in the understanding of these deregulated mechanisms in NAFLD are essential to 

design early interventions during the critical periods of human development intended to prevent this 

liver disease. More research in this field presumably would help to the challenging work of developing 

adequate treatment strategies, focused on mitochondrial function improvement and epigenome 

modulation, to prevent and/or treat NAFLD. Furthermore, it cannot be discarded that this knowledge 

would serve to the design of new diagnostic biomarkers. 
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Figure 1. Interplay between mitochondrial dysfunction, epigenetics and nutrition during early 

life, which is relevant to developmental programming of NAFLD. Different types of early 

nutritional imbalances, including undernutrition, overnutrition or micronutrient deficiency have been 

related to long-term metabolic disorders. Accumulating evidence has demonstrated that disturbances in 

nutrition during the period of preconception, pregnancy and primary infancy can affect mitochondrial 

function and epigenetic mechanisms. In addition, in the last years special attention has been given to 

mitochondrial dysfunction and epigenetic alterations as probable mechanisms underlying non-alcoholic 

fatty liver disease (NAFLD). Dysfunctional mitochondria contribute to oxidative stress, insulin 

resistance and inflammation. Epigenetic mechanisms have been related to alterations in genes involved 

in lipid metabolism, fibrogenesis, inflammation and tumorigenesis. Mitochondria are highly sensitive 

to environmental factors and could acquire epigenetic alterations that may disrupt mitochondrial 

function. Thus, mitochondrial dysfunction and epigenetics linked to early-life nutrition can be 

important contributing factors in the pathogenesis of NAFLD.  
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Table 1. Studies associated to the interplay between early-life nutrition, NAFLD and mitochondrial 

disturbances. 

Early-life  

nutritional 

insult 

Diet 

description 

Species 

 

Mitochondrial 

dysfunction 

Effects 

over offspring  

related to NAFLD 

Reference 

Western-type 

(not 

obesogenic) 

diet  during 

prenatal, 

lactation and  

post-weaning 

periods 

Energy-rich- 

semisynthetic 

western diet  

(45% kcal fat, 

20% kcal 

protein, 35% 

kcal 

carbohydrate; 

4.73 kcal/g)  

Mouse ↓plasma β-

hydroxybutyrate 

imbalance between 

mitochondrial FAO 

and ↑ production of 

fatty acids 

↑microvesicular lipid 

accumulation 

↑inflammation  

↑liver injury 

 

24 

Obesogenic 

diet (high-fat, 

high-sugar) 

during 

pregnancy 

and lactation 

Energy-rich 

highly 

palatable 

obesogenic 

diet (10% 

simple sugars, 

20% animal 

lard, 28% 

polysaccharide, 

23% protein 

(wt/wt), 28.43 

kJ/g) 

supplemented 

with sweetened 

condensed 

milk (16% fat, 

33% simple 

sugars, 15% 

protein, 13.7 

kJ/g)  

Mouse ↑mitochondrial 

complex I and II 

activities 

↓cytochrome c  

↓glutamate 

dehydrogenase 

↑hepatic lipid content 

↑oxidative stress 

↑PPARγ expression  

hyperinsulinemia 

↓trigliceryde lipase 

92 

High-fat 

obesogenic 

diet during 

prenatal, 

gestation, and 

post-weaning 

periods 

Diet (42% kcal 

fat, 42.7 % 

kcal 

carbohydrates, 

15.2% kcal 

protein; 4.5 

kcal/g)  

Mouse ↓mitochondrial ETC 

complex activities (I, 

II, III and IV)  

↓ plasma β-

hydroxybutyrate  

↓reduced sensitivity to 

insulin 

↑ serum leptin, 

insulin, triglycerides, 

glucose, and free fatty 

acids levels 

93 

High-fat diet 

during 2 

weeks before 

conception, 

Solid diet 

(40% wt/wt 

bovine 

and porcine fat 

Rat ↓liver mtDNA copy 

number 

Fatty liver 

Insulin resistance and 

hyperleptinemia in 

male offspring 

94 
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gestation and 

lactation 

added to the 

standard chow) 

Maternal 

intrauterine 

obesity and/or 

high-fat diet 

during post-

weaning 

period 

Obesogenic 

liquid diet (5% 

kcal fat, 20% 

kcal protein, 

75% kcal 

carbohydrate) 

at 220 kcal/kg 

per day (40% 

excess of 

calories) and/or 

high-fat diet 

(45% kcal 

from fat) 

Rat ↓transcriptional 

regulators of 

mitochondrial 

dynamics (PGC1α, 

PGC1β, and ERRα) 

↓MFN1 and MFN2 

↓ energy expenditure 

Impaired fat 

utilization 

95 

Normolipidic 

diets rich in 

trans-

unsaturated 

fatty acids or 

interesterified 

fat during 

pregnancy 

and lactation 

Isoenergetic 

diets (17.2 kJ/g 

of dry diet) 

containing 6% 

partially 

hydrogenated 

vegetable oil 

plus 1% 

soyabean oil, 

or 5% 

interesterified 

fat plus 

2% soyabean 

oil. 

Mouse Respiration 

impairment  

↑liver H2O2 

production 

↓mitochondrial Ca
2+

 

retention capacity  

 

Impaired glucose 

homeostasis 

Alterations in serum 

and hepatic lipids 

profile 

96 

 

FAO, fatty acid β-oxidation; ETC, electron transport chain; mtDNA, mitochondrial DNA; PGC1, 

Peroxisome proliferator-activated receptor-gamma coactivator alpaha; ERR, estrogen-related receptor; 

MFN, mitofusin; PPAR, peroxisome proliferator-activated receptor. 
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Table 2. Studies related to the link between early-life nutrition, NAFLD and epigenetics. 

Early-life  

nutritional 

insult 

Diet description Species 

 

Epigenetic 

alterations 

Effects 

over offspring 

related to 

NAFLD 

Reference 

Western-type 

diet during 

preconception, 

pregnancy and 

lactation 

Energy-rich- 

semisynthetic 

western diet (not 

obesogenic) 

(20% kcal protein, 

35% 

kcal carbohydrate, 

45% kcal fat; 4.73 

kcal/g) 

Mouse ↑DNA 

methylation in 

PPARα, Insig2, 

and Fasn genes 

↑hepatic lipid 

content 

↑oxidative stress 

↑PPARγ 

expression  

hyperinsulinemia 

↓trigliceryde 

lipase 

24 

High-fat 

obesogenic diet 

during prenatal, 

gestation and 

post-weaning 

periods 

Diet  (15.2% kcal 

protein, 42.7 % 

kcal carbohydrates, 

42% kcal fat; 4.5 

kcal/g) 

Mouse DNA methylation 

differences in 

thousands of 

hepatic genes  

↓sensitivity to 

insulin 

↑serum leptin, 

insulin, 

triglycerides, 

glucose, and free 

fatty acids levels 

93 

High-fat lard 

diet dietary rich 

in unsaturated 

fatty acids 

during prenatal 

period and 

pregnancy until 

gestation day 

18-20 

 

Diet containing 35 

g lard fat/100 g 

diet 

Rat Fetal livers: 

↑global DNA 

methylation 

↑DNMT1 activity  

↓acetylated H2A 

and H2B levels  

↓HAT activity  

↑adipogenesis in 

fetal livers 

99 

Obesogenic diet 

during 

preconception, 

pregnancy, 

lactation and 

post-weaning 

periods 

Diet (14.7% kcal 

protein, 40.7% 

kcal carbohydrate, 

44.6% kcal total 

fat: 61% SFA, 

30% MUFA, 9% 

PUFA; 4.7 kcal/g) 

Mouse DNA methylation  

alterations in 

PGC1ß and 

Fgf21 

 

Hepatic steatosis 

↑inflammation 

↑pro-fibrogenic 

gene expression 

 

97 

High-fat diet 

during 2 weeks 

before 

conception, 

pregnancy and 

lactation 

Obesogenic diet 

containing 35.5% 

fat as lard, 20% 

protein, 36.3% 

carbohydrate, (5.49 

kcal/g)  

Mouse Persistent DNA 

methylation 

alterations in 

Arhgef19, 

Zbtb17/Miz-1 

and Mmp9 

 ↑adiposity 

impaired glucose 

tolerance and 

insulin sensitivity 

100 

High-fat diet 

prior to 

conception, 

Diet (22.6% fat, 

23% 

protein, 48.6% 

Mouse ↓expression of 

miR-709, miR-

122, miR-494, 

↑hepatic 

mRNA levels of 

genes involved in 

101 
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during 

pregnancy and 

lactation 

carbohydrate, 

W/W) 

miR-192, miR-

194, miR-26a, 

let-7a, let7b and 

let-7c, and miR-

483 

fat metabolism  

(PPARα, cpt-1a, 

IGF2) 

Maternal high 

fat/high 

cholesterol 

Western-type 

diet  

before and 

during 

pregnancy and 

lactation 

High fat, high 

cholesterol diet 

composed of 43% 

kcal from fat, 

16.5% kcal from 

protein, 38.7% 

kcal from 

carbohydrate, and 

0.2% cholesterol 

Mouse Hypermethylation 

of hepatic 

ApoB gene 

Hyperinsulinemia 

Insulin resistance 

Glucose 

intolerance  

Hepatic steatosis 

103 

Obesity-

inducing diet 

rich in fat, 

fructose and 

cholesterol 

(Western fast-

food diet) before 

conception and 

during gestation 

and lactation 

Diet composed 

of 40% energy as 

fat (12% saturated 

fatty acid, 

0.2% cholesterol)  

with fructose (23.1 

g/L final 

concentration) 

and glucose (18.9 

g/L) in the 

drinking water 

Mouse Differential 

methylation 

linked to 

profibrogenic and 

proinlfammatory 

gene signature 

 

Hepatocellular 

ballooning 

Lipoapoptosis 

↑liver steatosis 

↑liver injury 

↑liver 

inflammation 

↑liver fibrosis 

104 

Maternal food 

restriction 

during gestation 

50% food-

restriction diet 

 

Rat Changes in 

HNF4A 

methylation 

↑ liver lipid 

accumulation 

↑ plasma glucose 

levels 

 

 

105 

Low-protein 

diet during 

gestation 

Isocaloric low-

protein diet 

containing 8% 

protein 

Rat ↓acetylation of 

histone H3 

(K9,14)  

surrounding 

transcriptional 

start site of 

hepatic Lxrα 

Glucose 

intolerance 

106 

Low-protein 

diet during 

pregnancy and 

lactation 

Isocaloric low-

protein diet 

containing  8% 

protein 

Rat ↓acetylation 

and ↑methylation 

of histone H3 

(K9,14) 

surrounding 

promoter region 

of hepatic 

Cyp7a1 

↑serum and 

hepatic 

cholesterol levels  

 

107 

Maternal 

intrauterine 

Diet composed of 

32% calories from 

Macaque ↑ acetylation of 

histone H3 

Alterations in 

expression of 

108 
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exposure to 

high-fat diet  

fat, 18% from 

protein and 45% 

from carbohydrates 

(H3K14ac) PPARα, PPARγ, 

SREBF1, 

Cyp7a1, Fasn 

and SCD in fetal 

livers 

Maternal high-

fat high-sucrose 

diet prior to 

conception and 

until gestation 

day 165  

Diet (45% energy 

from fat, 4.62% 

from glucose, 

5.64% from 

fructose and 2.32% 

from sucrose, 

regular protein 

content, 4.03 

kcal/g) 

with free access to 

a sugar-containing 

drink 

 

Baboon Alterations in 

miR-130a-3p, 

miR-186-5p, 

miR-96, miR-

130a-3p, miR-

143-3p, miR-

1285-3p, 

miR-199a-5p, 

miR-182-5p, 

miR-1285-3p, 

miR-185-5p, 

miR-194-3p, 

miR-145-3p, 

miR-183-5p  

 

Dysregulated 

TCA cycle, 

proteasome, 

glycolysis, 

oxidative 

phosphorylation 

and Wnt/β-

catenin pathways 

Excessive hepatic 

lipid 

accumulation 

109 

Periconceptional 

exposure to 

famine 

* Individuals born 

alive 50-58 years 

ago during the 

Dutch Hunger 

Winter (November 

1943-February 

1947) in the 

Wilhelmina 

Gasthuis, 

Amsterdam  

* Individuals born 

alive 6 decades ago 

during the Dutch 

Hunger Winter 

(winter of 1944–

45) 

Human ↓methylation of 

IGF2 DMR 

Glucose 

intolerance 

Obesity 

Atherogenic lipid 

profile 

111,119 

PPAR, peroxisome proliferator-activated receptor; Insig2, Insulin-induced gene 2; Fasn, Fatty acid 

synthase; DNMT1, DNA methyltransferase 1; HAT, histone acetyltransferase; SFA, saturated fatty 

acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; PGC1ß, peroxisome 

proliferator-activated receptor gamma coactivator 1-betha; Fgf21, Fibroblast growth factor 21; 

Arhgef19, Rho Guanine Nucleotide Exchange Factor 19; Zbtb17/Miz-1, Myc-interacting zinc finger 

protein 1; Mmp9, Matrix metallopeptidase 9 ; Cpt-1a, Carnitine palmitoyltransferase 1a; IGF2, Insulin-

like growth factor 2; ApoB, Apolipoprotein B; HNF4A, Hepatocyte Nuclear Factor 4 Alpha; Lxrα, 

liver X receptor alpha; SREBF1, Sterol Regulatory Element Binding Transcription Factor 1; Cyp7a1, 

cholesterol 7α-hydroxylase; SCD, Stearoyl-CoA Desaturase; DMR, differentially methylated region. 
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