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Abnormal lipid metabolism in metabolic syndrome: an 
epigenetic perspective

Anomaliile metabolismului lipidic în sindromul metabolic:  
o perspectivă epigenetică
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Abstract
Metabolic syndrome is a complex pathology including central obesity, impaired glucose tolerance/diabetes, an 
atherogenic dyslipidemia and a prothrombotic state.
A new perspective on understanding the mechanisms underlying metabolic syndrome is provided by the epigenetic 
changes (mainly DNA methylation and histone covalent modifications), which influence gene expression without 
changing of the DNA sequence.
DNA methylation (mainly in carnitine palmitoyltransferase 1A gene) and histone modifications were shown to be 
associated with VLDL and LDL phenotypes, with hyperglycemia and reduced level of HDL cholesterol, with hyper-
triglyceridemic waist phenotype and with progression of atherosclerotic occlusion in peripheral arteries.
The epigenetic changes can occur in the prenatal period, throughout the life span, and can be transmitted to the offspring.
Both poor maternal nutrition and maternal obesity, diabetes and overfeeding can result in epigenetic alterations 
that amplify the risk of metabolic syndrome for the offspring.
Throughout life span, environmental factors, such as nutrition and exercise can induce epigenetic changes influ-
encing the evolution of the metabolic syndrome (through adipocyte metabolism and insulin signaling pathway).
The epigenetic modifications are not completely erased during gametogenesis and embryogensis, resulting in a 
transgenerational transmission of an epigenetic state up to the fifth generation.
Epigenetic mechanisms are an interface between environmental stimuli and resulting phenotype by inducing a cer-
tain transcriptional state, which may be also transmitted to the next generation(s) and which may predispose to an 
increased risk for developing metabolic syndrome in the context of a mismatched environment.
Elucidating epigenetic modulation might provide additional information about risk evaluation and more targeted 
therapeutical intervention.
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Rezumat
Sindromul metabolic reprezintă o patologie complexă, care asociază obezitate abdominală, tulburări de glicore-
glare/diabet zaharat, dislipidemie aterogenă și o stare protrombotică.
O nouă perspectivă în înțelegerea mecanismelor de producere a sindromului metabolic este oferită de modificările 
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epigenetice (în principal metilări ale ADN și modificări covalente ale histonelor), care influențează expresia gene-
lor, neînsoțită de modificări în secvența ADN. 
Statusul metilării ADN (în special a genei carnitin palmitoil transferazei 1A) și modificările histonelor au fost aso-
ciate cu fenotipurile subclaselor de lipoproteine VLDL și LDL,cu hiperglicemia și nivelul redus de HDL colesterol, 
cu fenotipul de talie hipertrigliceridemică și cu progresia leziunilor aterosclerotice în arterele periferice.
Atât subnutriția cât și obezitatea, diabetul și excesul caloric al mamei în timpul sarcinii pot produce modificări 
epigenetice care amplifică riscul de sindrom metabolic la urmași. În decursul vieții, factorii de mediu cum sunt nu-
triția și exercițiul fizic pot induce modificări epigenetice influențând evoluția sindromului metabolic (prin interme-
diul metabolismului adipocitelor și căii de semnalizare a insulinei). Modificările epigenetice nu dispar complet în 
cursul gametogenezei și embriogenezei, permițând transmiterea statusului epigenetic până la a cincea generație.
Modificările epigenetice se pot produce atât prenatal, cât și de-a lungul întregii vieți, putând fi transmise și la 
urmași. Mecanismele epigenetice sunt o interfață între stimulii de mediu și fenotip, prin inducerea unei stări tran-
scripționale, care se poate transmite și la generația următoare și care poate predispune la un risc crescut de a dez-
volta sindrom metabolic în contextul anumitor factori de mediu nefavorabili. Elucidarea mecanismelor epigenetice 
poate furniza informații suplimentare despre evaluarea riscului și introducerea de terapii țintite.
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Metabolic syndrome represents a complex pa-
thology, which includes central obesity, im-
paired glucose tolerance, atherogenic hyper-
lipidemia and hypertension. Other features 
associated with metabolic syndrome are proin-
flammatory state, oxidative stress, endothelial 
dysfunction, nonalcoholic fatty liver disease, 
microalbuminuria, polycystic ovarian syn-
drome, and hemostatic imbalance, resulting in 
a prothrombotic tendency.

Genome-Wide Association Studies (GWAS) 
have suggested that the inherited variance in an 
individuals’risk of developing metabolic syn-
drome traits cannot be explained only by the vari-
ation in the primary sequence of the genome, and 
that epigenetic changes occurring in the prenatal 
and postnatal period may intervene in the patho-
physiology of metabolic syndrome, and may par-
tially explain the “missing heritability” (1).

Epigenetics refers to changes in gene expres-
sion without changing of the DNA sequence. 
This approach was born on the grounds that all 
tissues contain the same genes, but their expres-
sion, the “phenotype” is different at a given stage 
in a given tissue. The explanation is that owing 

to epigenetic patterns, genes may be expressed 
at various extent, or silenced (permanently or 
transiently). These changes are mediated by 
DNA methylation of cytosine residues within 
cytosine-guanine dinucleotides (CpG islands), 
covalent histone modifications (methylation, 
acetylation, phosphorylation, ubiquitination), 
micro RNAs and polycomb group proteins, re-
sulting in alterations of the chromatin structure 
and function, which promotes or inhibit gene 
transcription (2, 3).

Influence of epigenetics changes on lipid 
metabolism in metabolic syndrome

Patients with metabolic syndrome display a 
particular lipid profile characterized by hyper-
triglyceridemia, low HDL cholesterol, predom-
inance of atherogenic small LDL particles and 
high levels of apoB (4). In subjects with central 
obesity, the enhanced release of free fatty acids 
(FFA) from the enlarged intraabdominal adipose 
tissue leads to an increased level of free fatty ac-
ids in the portal flow, which in its turn acts on the 
liver, stimulating the synthesis of VLDL, thus 
contributing to hyperlipidemia (5).
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The role of epigenetic factors in the estab-
lishment of the lipid profile is stressed by a study 
showing that methylation of carnitine palmito-
yltransferase 1A (CPT1A) gene is associated 
with VLDL and LDL phenotypes (6). CPT1A 
is expressed in the liver and attaches carnitine 
to long-chain fatty acids, thus facilitating their 
transport to mitochondria for β-oxidation. Hence, 
increased expression of CPT1A should be associ-
ated with a more protective lipid profile, through 
an increase in the transport of triglycerides. In-
creased methylation at two CpGs located in the 5′ 
untranslated region regulatory region of CPT1A 
was correlated with a decrease in large and me-
dium VLDL particles, and thus a decrease in the 
overall number of VLDL particles. The associa-
tion of methylation status at one of these CpGs 
with a decrease in the small subfraction of LDL 
led to an association with an increase in average 
LDL diameter. These results suggest that an in-
crease in methylation of CPT1A is associated 
with a favorable lipid pattern (6).

Mendelson et al in a study on obese children 
demonstrated an association between differen-
tial methylation of CPT1A and triglycerides, 
suggesting that alterations in DNA methylation 
may favor the development of obesity – related 
dyslipidemia (7).

An important component of the metabolic 
syndrome is central obesity. The hypertriglyc-
eridemic waist (HTGW) phenotype, defined as 
high waist circumference (≥ 95 cm in males and 
≥ 80  cm in females) combined with increased 
serum triglyceride concentration (≥ 2.0 mmol/L 
in males and ≥ 1.5 mmol/L in females) is consid-
ered a marker of type 2 diabetes and cardiovas-
cular disease. This phenotype shows association 
with DNA methylation within CPT1A (gene in-
volved in fatty acid and triglyceride metabolism) 
and ABCG1 (gene encoding for ATP-binding 
cassette sub-family G member 1, involved in 
cholesterol efflux) (8).

In obese subjects with metabolic syndrome 
under energy restriction, reduction in body 
weight, total fat mass, android fat mass, total 
cholesterol and triglycerides were associat-
ed with higher DNA methylation levels in the 
transcriptional regulatory region of SERPINE1 
gene, which codes for PAI-1 (9), a potent anti-
fibrinolytic mechanism, suggesting the complex 
influence of epigenetic changes not only on lipid 
pattern but also on the hemostatic balance.

In a population-based study, exploring the 
associations between components of the meta-
bolic syndrome (fasting glucose, high-density li-
poprotein cholesterol, triglycerides, blood pres-
sure, waist circumference) and global leukocyte 
DNA methylation, it was shown that DNA hy-
pomethylation is independently associated with 
hyperglycemia and reduced level of high-density 
lipoprotein cholesterol, both essential compo-
nents of the metabolic syndrome (10).

The effect of risk factors such as high choles-
terol and homocysteine levels on atherogenesis is 
well documented at cellular level (on endothelial 
cells, monocytes/macrophages, smooth muscular 
cells), but the studies of their molecular effects 
on histones and DNA provide a deeper insight of 
these mechanisms. In an in-vivo model using 20-
week old female apo E+/- mouse offspring from apo 
E-/- and wild-type mothers, it was shown that both 
prenatal induced and diet-induced hypercholester-
olemia influenced histone methylation and lysine 
methyltransferase expression in vasculature. More-
over, these epigenetic modifications were different 
in endothelial cells and smooth muscle cells, sug-
gesting the existence of a cell –specific responsive-
ness to a similar stimulating factor (11, 12).

Hyperhomocysteinemia has been associated 
with a global reduction in genomic DNA methyla-
tion, as well as with a downregulation of the intra-
cellular S-adenosyl methionine (SAM)/S-adeno-
sylhomocysteine (SAH) ratio, which is a marker 
of the methylation status of the cell (13).
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The progression of atherosclerotic occlusion 
in peripheral arteries resulting in ischaemic in-
jury seems also to be influenced by epigenetic 
factors, such as DNA hypermethylation and his-
tone modifications. The expression of oxidized 
low-density lipoprotein regulated pro-inflamma-
tory gene within endothelial cells is controlled 
by phosphorylation/acetylation of histone H3 
and acetylation of histone H4 (14).

Environmental exposures inducing epige-
netic changes can occur during intrauterine life, 
throughout lifespan, and the modifications can 
be transmitted to the next generations.

Metabolic syndrome and prenatal epige-
netic factors

During periods of tissue development, as DNA 
is replicating at an accelerated rate, the genome 
is very sensitive to epigenetic intervention (15). 
Several lines of evidence support the hypothesis 
that individuals with metabolic syndrome were 
prone to an incorrect “epigenetic priming“dur-
ing fetal or postnatal development because of 
metabolic disturbances and inappropriate mater-
nal nutrition (16,17).

Children exposed to prenatal famine have 
increased risk of type 2 diabetes, hypertension 
and other cardiovascular disease (18). Maternal 
protein restriction has been shown to cause hy-
pomethylation of key metabolic transcriptional 
regulators such as the glucocorticoid receptor, 
peroxisome proliferator activated receptor α 
(PPARα), and of the promoter of insulin recep-
tor gene (16).

Histone hyperacetylation in the promoters of 
metabolic regulatory gene PGC-1α, and lipid me-
tabolism intermediate transporter gene, CPT1A 
were reported in rat offspring exposed to utero-
placental insufficiency during gestation (19).

Because of developmental plasticity, not 
only poor maternal nutrition but also maternal 
obesity, diabetes and overfeeding can result in 

epigenetic alterations that amplify the risk of 
metabolic syndrome for the offspring (20). Rat 
offspring of mothers on a high fat diet during 
gestational period had elevated liver triglycer-
ides and an approximately 50% reduction in in-
sulin receptor β at 3 months of life (21).

Animal studies had shown that fetal CpG 
dinucleotides within promoters of hypothalamic 
genes involved in body weight and food intake 
regulation are vulnerable to methylation in over-
weight/diabetic overfed pregnant rat females. 
The hypercaloric/hyperglycemic gestational 
milieu induces alterations in the methylation 
pattern, which result in changes in gene tran-
scription, and ultimately in an increased risk of 
developing obesity and metabolic syndrome for 
the offspring (22).

An increased incidence of type 1 and 2 dia-
betes was reported in offspring of women with 
gestational diabetes or type 1 diabetes (23).

These data suggest that epigenetic mecha-
nisms are an interface between nutritional stim-
uli during development and resulting phenotype. 

Metabolic syndrome and postnatal epige-
netic factors 

Epigenetic changes are not restricted to the 
gestational period but can occur in response a 
multitude of environmental factors throughout 
life; also, they and are not necessarily permanent 
modifications (24, 25).

The risk of type2 diabetes was 1.3 to 1.6 
higher in women exposed during their childhood 
to the Dutch Famine Winter 1944-1945, compar-
atively to unexposed women (26). 

A key element involved in type 2 diabetes 
pathogenesis is peroxisome proliferator activated 
receptor-γ (PPARγ) co-activator-1α (PGC-1α), 
which was identified as a candidate for epigenet-
ic intervention in pancreatic islets of humans with 
type 2 diabetes (27) and in the liver of patients of 
non-alcoholic fatty liver disease (15, 28).
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The importance of the impact of environmen-
tal factors on metabolic syndrome is stressed by 
observations showing that exercise induces a de-
crease in DNA methylation of genes involved in 
retinol metabolism, calcium signaling pathways 
and with known functions in muscle biology and 
type 2 diabetes (29).

A study performed on human adipose tissue 
demonstrated genome wide changes in DNA 
methylation in response to exercise, potentially 
influencing adipocyte metabolism (30).

The age-related increase in the prevalence 
of chronic disorders, including metabolic syn-
drome may be partially attributed to the accu-
mulation of age-dependent methylation changes 
found in different tissues (31).

It is well known that the prevalence of obe-
sity, type 2 diabetes and cardiovascular disease 
tend to increase with ageing. This phenomenon 
might be explained by the dynamics of epige-
netic changes throughout life span resulting in 
progressive, cumulative deleterious effects of 
various genes. This hypothesis is supported by 
the observation that within families at high risk 
for expressing metabolic syndrome traits, there 
are age-associated genomic loci densely situated 
near genes that function in the hedgehog signal-
ing and the maturity-onset diabetes of the young 
pathways (32).

A study demonstrating an inverse correla-
tion between PAI-1 expression in human athero-
sclerotic plaques and the aortas of old mice and 
SIRT1, a class III histone deacetylase, suggest-
ed that SIRT1-mediated epigenetic inhibition 
of PAI-1 expression exerts a protective effect in 
vascular endothelial senescence (33).

Metabolic syndrome and transgenera-
tional epigenetic transmission

The epigenetic modifications are not completely 
erased during gametogenesis and embryogen-
sis, resulting in a transgenerational transmission 

of an epigenetic state up to the fifth generation 
(34,35). The genetic predisposition for develop-
ing obesity was progressively exacerbated when 
the A(vy) allele of obese Agouti [A(vy)] mouse 
was passed along successive generations (36).

In humans, paternal pre-conceptual obesi-
ty was associated with hypomethylation of the 
imprinted Insulin-like Growth Factor 2 (IGF2) 
gene in newborns (37). A study in rats showed 
that female offspring of high-fat fed overweight 
fathers developed an early onset of impaired in-
sulin secretion and glucose tolerance that wors-
ened with time compared to controls (38).

Conclusions

Metabolic syndrome is a multifactorial disorder, 
involving complex interactions among the genetic 
background and environmental factors, mediated 
through epigenetic processes. Epigenetic mech-
anisms include a network of regulatory proteins 
acting on genes and inducing a certain transcrip-
tional state, which may be also transmitted to the 
next generation(s) and may predispose to an in-
creased risk for developing metabolic syndrome 
in the context of a mismatched environment. 

Elucidating epigenetic modulation through 
studies combining animal models with human 
sample, as well as populational studies, might 
provide valuable additional information about 
risk evaluation and more targeted therapeutical 
intervention.
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