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Objective: In recent years, an increasing number of studies have begun focusing on
epigenetics as a link between environmental factors and a greater predisposition to
the development of obesity and its comorbidities. An important challenge in this field
is the evaluation of the possibility of the reversal of obesity-related epigenetic marks
by means of therapy to induce weight loss and if the beneficial effects of therapy in
reducing obesity are mediated by epigenetic mechanisms. We aimed to offer an outline
of the current results regarding to the impact of bariatric surgery on epigenetic regulation,
as well as to show if the beneficial effect of this intervention could be mediated by
epigenetic mechanisms.

Methods: A review of the scientific publications in PubMed was performed by using
key words related to obesity, epigenetics and bariatric surgery to provide an update of
recent findings in this area of research. The most relevant and recently published articles
and abstracts were selected to frame this review.

Results: Previous studies have demonstrated the presence of differential DNA
methylation after bariatric surgery and the differential expression of non-coding RNAs.
Therefore, epigenetic regulation could mediate the benefit of bariatric surgery on body
weight and the metabolic disturbances associated with excess body weight, such as
insulin resistance, hypertension, and cardiovascular disease. This evidence is relatively
new as epigenetic regulation was first evaluated in the obesity field only a few years ago.
However, there is an urgent need to perform longitudinal studies to evaluate the capacity
of epigenetic marks in the prediction of bariatric surgery response.

Conclusions: Bariatric surgery appears to be capable of partially reversing the obesity-
related epigenome. The identification of potential epigenetic biomarkers predictive for
the success of bariatric surgery may open new doors to personalized therapy for
severe obesity.

Keywords: DNA methylation, epigenetic reprograming, metabolic balance, non-coding RNA (ncRNA), weight loss

INTRODUCTION

Obesity is currently a huge healthcare problem, worldwide, and is a risk factor for several diseases
such as type 2 diabetes (T2D), cardiovascular disease and cancer (1). As the prevalence of obesity
reaches pandemic proportions, this metabolic disease is estimated to become the biggest cause of
mortality in the near future (2). In fact, it is extremely alarming, given that 2.3% of men and 5.0%
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of women have a body mass index (BMI) >35 kg/m?. The
worldwide prevalence of morbid obesity was reported to be 0.64%
in men and 1.6% in women (3).

Obesity is a multifaced chronic disease, the cause of which is a
disbalance between energy consumed and the energy burned off.
This disbalance is promoted by several factors such as unhealthy
diet, sedentarism, and genotype (4). As consequence, surplus
energy is stored in the adipocytes, and leading to an adipose
tissue dysfunction characteristic of obesity, as well as other
metabolic disorders, such as alterations in insulin sensitivity,
blood pressure and the plasma lipid profile, which are risk factors
that together define metabolic syndrome (5). Abdominal obesity
is a powerfully risk factor of cardiovascular disease and T2D,
independently of BMI (6).

Many of the aforementioned metabolic alterations occur as a
result of an interplay between environmental, lifestyle and genetic
factors (7). Metabolic diseases are strongly affected by physical
inactivity and unhealthy dietary habits (8). Disappointingly,
regardless of exhaustive genetic research on these disorders,
the molecular mechanisms are scarcely elucidated. However,
recently, it has been proposed that epigenetic mechanisms may
be one factor underlying the development of the metabolic
syndrome. Especially, there has been an growing interest in the
potential role of epigenetics in the development of metabolic
diseases, and in how lifestyle habits are associated with these
changes (8).

In terms of weight-loss therapy, lifestyle changes such as those
focusing on diet and exercise have poor long-term adherence,
while pharmacological interventions are scarce.

Bariatric surgery is indicated when a patient shows a BMI
higher than 40 kg/m? or higher than 30 kg/m? if obesity I
coexisting with other comorbidities such as diabetes mellitus.
The techniques of bariatric surgery are divided into restrictive
and malabsortive or a combination of both. Among the most
widely used techniques are the sleeve gastrectomy and the
adjustable gastric band which are restrictive and the Roux-en
Y gastric bypass (RYGB) which is a combined malabsorptive
and restrictive procedure and it is the most used and most
studied procedure. Other procedures such as the biliopancreeatic
diversion are used with less frequency (9). Bariatric surgery
is currently the most effective intervention (10), however, a
significant number of patients are predisposed to recover the
weight lost after surgery.

To underlying the mechanisms involved in this unsuccessful
outcome and to find predictive biomarkers is a challenge for the
obesity physicians (11). Additionally, the molecular mechanisms
associated with the beneficial effect of bariatric surgery are still
unclear. An important challenge in this field is to evaluate if
it is possible to reverse the obesity-related epigenetic marks by
means of therapy to induce weight loss and if the beneficial
effects of therapy to reduce obesity are mediated by epigenetic
mechanisms. Understanding the association between epigenetic
mechanisms in obesity management could provide targets for
personalized therapy.

In this review, we offer a snapshot of the current results
in the epigenetics research field and bariatric surgery, as well
as the impact of this intervention on epigenetic profiles in the

counteraction of obesity and its comorbidities, and to predict the
individual responses to this therapy.

MECHANISMS INVOLVED IN
EPIGENETIC REGULATION

The genetic information is the same in all the types of
cells present in an organism, although their functions and
characteristics are different. The mechanisms responsible for this
cellular differentiation that originate the different phenotypes are
the epigenetic marks of the genomes. The concept of epigenetics
was first defined by Conrad Waddington in the early 1940s.
He defined epigenetics as “the branch of biology that studies
the causal interactions between genes and their products that
give rise to the phenotype” (12). In later years, this definition
was elaborated upon and is nowadays commonly accepted as
“the study of changes in genetic function that are mitotically
and/or meiotically inheritable and that do not imply a change
in the DNA sequence” (13). The genome of an organism is
generally unchanging. In contrast, the epigenome can be altered
by the effect of external environmental factors (including lifestyle,
nutrient intake, stress, exposure to toxins, physical activity,
medical history, etc.), allowing in a short-time to provide a
dynamic response by the organism (14). Therefore, epigenetics
may explain why many different cell types are generated during
an organism development, in spite of containing the same
genetic information (15). Hence, epigenetic investigations aim
to understand how external factors regulate gene expression, and
even phenotypic traits (16).

Epigenetic markers are chemical modifications mediated by
DNA enzymes and their chromatin proteins that play a key role in
the regulation of genomic functions. The main mechanisms that
lead this epigenetic regulation are (Figure 1): DNA methylation,
histone post-translational modification (PTM), and non-coding
RNAs (ncRNAs) including microRNAs (miRNAs) and long non-
coding RNAs (IncRNAs) (15). Among these mechanisms, DNA
methylation is the most abundant in the organism and the
most known.

DNA Methylation

Methylation corresponds to the biochemical addition of a
methyl group to a molecule. In DNA from mammals, DNA
methyltransferase enzymes (DNMTs) catalyzed this biochemical
process and predominantly occurs in CG dinucleotides. The
regions with a high density of CG dinucleotides, often found
in genes in the promoter region, are referred to as CpG islands
(17, 18).

DNA methylation can be evaluated in different genomic
contexts: transcriptional start sites with or without CpG islands,
in gene bodies, at regulatory elements and at repeat sequences
(19). In general, CpG island methylation status has been
correlated with transcription regulation, wherein methylated
CpG islands in the promoter region are located upstream of
switch off genes and unmethylated CpG islands are located
upstream of switch on genes (20). While promoter methylation
is associated with a decrease expression, it is known that
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FIGURE 1 | Mechanisms of epigenetic regulation. The main mechanisms involved in epigenetic regulation are: DNA methylation, histone post-translational
modifications (PTMs), and non-coding RNAs (ncRNAs) including microRNAs (miRNAs), and long non-coding RNAs (IncRNAs). These epigenetic modifications play a
fundamental role in the development and regulation of gene expression throughout life. Recent studies demonstrate its relevance in clinical application as biomarkers
or potential therapeutic targets for the early diagnosis and personalized treatment of diseases such as obesity and its comorbidities.

HISTONE POSTTRANSLATIONAL
MODIFICATIONS

intragenic methylation (gene body, 5UTR and 3'UTR) is related
to increased gene expression (19).

As DNA methylation is modulated by environmental and
lifestyle factors, this is an important mechanism underlying
metabolic alterations (21). Different processes can be involved
in the influence of lifestyle factors on the regulation of the
epigenetic machinery (22). There is increasing evidence stating
that lifestyle changes, including weight loss, can have an impact
on DNA methylation and consequently in gene expression (23).
Therefore, an important function of DNA methylation is to drive
the gene expression (24). There are multiple types of epigenetic
modification, and each type has a fundamental role in the
development and regulation of gene expression throughout one’s
life course (18). In general, epigenetic marks are stable, although
all levels of epigenetic modifications can be reverse. Specifically,
DNA methylation can change from high levels to low levels of
methylation and vice versa. This process can be promoted by
different players, such as epigenetic drug intake [for example, the
hypomethylating agent—5-aza-2'-deoxycytidine (5-aza-dC)] and
healthy lifestyle habits (25). A dietary treatment with functional
foods and exercise can modulate DNA methylation and as
consequence, the gene expression leading to an improvement of
a specific diseases phenotype (17, 26).

The assessment of DNA methylation has strong applicability
to disease management (27). It is possible to identify biomarkers
for obesity and other related diseases, which serve as predictors
of an specific biological status for personalized medicine
(28). Traditionally, DNA methylation studies were aimed on

quantifying the methylation level of the target genes and
determining the total level of 5-methyl-cytosine (5mC) (29).
With the use of microarray hybridization technology, it is
possible to measure the genome-wide DNA methylation. With
the next-generation sequencing platforms genomic maps of DNA
methylation can be built at a single-base resolution (30).

Greatest resolution and precision is obtained when DNA
methylation is evaluated by bisulfite conversion and then
sequenced (31). By means of the bisulfite treatment, DNA
cytosines pass to uracil, but only when the cytosine is
unmethylated. Thus, the sequencing assessment is able to
distinguish methylated and unmethylated cytosines can be
distinguished by sequencing (32).

Histone Post-translational
Modification (PTM)

The post-translational modifications of histones play an
important role in the control of gene expression, demonstrating
their clinical relevance. Therefore, the number of investigations
in this field has increased in recent years.

Histones are the main components of chromatin, a protein
that together with DNA integrates chromosomes. Histones can
be post-translationally altered by methylation, phosphorylation,
acetylation or ubiquitination. These chemical processes are
associated with the restructuring of chromatin, producing a
more or less compacted state that activates (euchromatin) or
inactivates (heterochromatin) the transcription of DNA (33).
This modifications can occur at different sites simultaneously and
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the regulation between histone modifications can ensue within
the same site, among different histone tails of in the same histone
tail (15). Current studies have demonstrated the effect of histone
modifications in adipogenesis (34, 35) and obesity (36, 37).

Non-coding RNAs (ncRNAs)

ncRNAs have arisen as relevant transcriptional factors in
physiological and pathophysiological circumstances; therefore,
gene silencing with their use can be employed as a therapeutic
strategy. There are different types of ncRNAs in human genome
as it was shown by whole-genome studies (38).

First, microRNAs (miRNA) are small, evolving, single-
stranded and non-coding RNA molecules that represent 1-5%
of the human genome and regulate at least 30% of the genes
encoding proteins. Although little is currently known about
biological functions, it is apparent that they are decisive players
in the gene expression regulation that controls various cellular
and metabolic pathways (39). MiRNAs are being increasingly
described as having the capacity to impact alterations in the
metabolism. The potential of miRNA as therapeutic targets, as
well as disease markers to fight obesity has been highlighted
(40, 41).

Additionally, long non-coding RNAs (IncRNAs) also
represent a new emerging class of ncRNAs (17). For a long
time, they were considered as the transcriptional “noise” of the
genome; however, they have received considerable attention
in recent years. LncRNAs are defined as RNA molecules with
more than 200 nucleotides that present in large numbers in
genome and they are involved in chromatin remodeling, as
well as transcriptional and post-transcriptional regulation (42).
Several IncRNAs have been identified for their role in the
regulation of adipogenesis (white adipose tissue and brown
adipose tissue) and energy metabolism (43). Therefore, their use
as potential therapeutic targets to combat obesity is currently
being considered.

EPIGENETICS IN OBESITY
AND COMORSBIDITIES

There is growing interest on epigenetics in the scientific
community and its role in the development of chronic diseases
such as obesity. The reason for this recent interest lies in the
current knowledge that metabolic diseases are highly associated
with epigenetic alterations. In fact, in the last two decades,
scientists have generated a variety of valuable data and knowledge
based on epigenetic and cellular metabolism studies (16).
Recently, it has been claimed that epigenomes may represent the
molecular bridge connecting gene regulation and environmental
factors in defining the risk of obesity. Furthermore, it was
hypothesized that epigenetic dysregulation could contribute to a
rapid increase in the prevalence of obesity and its complications
due to the heritability of acquired epigenetic marks (44).

Mostly of recent findings in the area of epigenetics and
obesity research have been provided by human studies. These
studies include those that investigate the relationship between
total methylation, site-specific methylation or whole-genome

methylation and obesity, as well as studies examining the impact
of interventions on DNA methylation profiles and obesity (45).

DNA Methylation in Obesity

Differences in DNA methylation related to obesity or dietary
interventions and weight loss use to be lower than 20%, even
though this depend on the condition and tissue to be studied. A
major limitation in many human studies is that epigenetic marks
used to be measured in blood cells (as it is readily accessible for
DNA analyses), instead of target tissues of metabolic disorders.
Regardless of this, new studies have demonstrated the association
between specific methylation sites in both blood and adipose
tissue. According to this, Dick et al., demonstrated the association
between DNA methylation levels and body mass index, the
results in adipose tissue were reflected in whole blood (46). This
warrants the use of DNA methylation profiling of blood cells
for the detection of relevant epigenetic changes and offers a
motivation for other appropriate studies (46, 47).

In line, our research group conducted a study using isolated
DNA samples of subcutaneous adipose tissue and circulating
leukocytes obtained from obese and non-obese patients
(Figure 2A). This study provided new and valuable biomarkers
for the DNA methylation of adipose tissue pathogenesis related
to obesity, through peripheral blood analysis (48). There are
several other examples regarding the objective of investigating
whether the methylation signature of blood cell DNA is capable
of reflecting the methylation status of adipose tissue. Specifically,
it was determined in one study that the DNA methylation profile
in peripheral blood mononuclear cells (PBMC) showed the
methylation of white adipose tissue (WAT), with similar mean
methylation of CpGs in the subcutaneous adipose and visceral
adipose tissues (52). In another recent study, alterations in
DNA methylation were identified in several tissues from obese
patients, which influenced the pathogenesis of T2D (53).

Regarding the effect of DNA methylation in the promotion
of obesity comorbidities, there is an abundance of evidence
in the literature. For instance, an epigenetic analysis of the
whole genome of the visceral adipose tissue of patients with
morbid obesity was performed according to their sensitivity
to insulin (49). The results obtained identified an methylome
specific of insulin resistance in visceral adipose tissue, in which
potential epigenetic biomarkers and new therapeutic targets
for the alterations in insulin sensitivity associated with obesity
were identified (Figure2B) (49). In this line, a very recent
study from the Methyl Epigenome Network Association (MENA)
project evidenced that the methylation levels of 478 CpG sites in
blood leukocytes are differentially methylation depending on the
HOMA-IR cut off point of 3 units, being the methylation of these
differentially methylated CpG sites good predictors of insulin
resistance (54). Insulin resistance is the more relevant component
of metabolic syndrome and related to this disorder, differential
methylation was observed. Both global DNA methylation and
the methylation levels of specific genes related to adipose tissue
function and metabolism in visceral adipose tissue were found
to be related to the metabolic syndrome etiology (55, 56). In
blood leukocytes also a specific DNA methylation pattern was
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FIGURE 2 | Evidences of DNA methylation associated with obesity and codiseases. (A) Heatmap showing differences in the global methylation levels of the overall
valid CpGs between the obese and non-obese subcutaneous adipose tissue samples (right panel) and leukocyte samples (left panel). Reprinted with permission from
Crujeiras et al. (48). (B) Heatmap representing the differential DNA methylation in insulin-resistant and insulin sensitive patients. Reprinted with permission from

Crujeiras et al. (49). (C) Supervised clustering of the CpGs found differentially methylated in breast tumor samples taking into account menopausal and adiposity
status. Reprinted with permission from Cruijeiras et al. (50). (D) Supervised clustering of the CpGs that were found to be differentially methylated in colorectal tumor
samples from the obese and non-obese patients. Reprint with permission from Crujeiras et al. (51). DMCpGs, differentially methylation CpG sites.
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found to be related to metabolic syndrome and the difference was
consistent especially for ABCG1 gene (57).

Obesity is also related to the development and progression of
non-alcoholic fatty liver disease (NAFLD). Moreover, epigenetics
was proposed to be a relevant player in the onset of NAFLD.
In this regards several differentially methylated regions (DMR)
were found depending on the status of liver fibrosis. Importantly,
these DMRs were associated with metabolic pathways and were
reversed after weight loss (58).

Additionally, in the association between obesity and cancer,
it was evidenced that epigenetic regulation, specially DNA
methylation, may have a role. A specific methylome in
post-menopausal breast cancer has been identified (Figure 2C)
(50). Similarly, an analysis of the human colorectal cancer (CRC)

ENVIRONMENTAL FACTORS

* Lifestyle * Toxins

* Nutrients * Physical activity

* Stress * Food intake
NON-CODING RNAS (ncRNAS) HISTONE POSTTRANSLATIONAL
MODIFICATIONS

Longnon-codingRNAS .
(IncRNAs) .
i MicroRNAS (miRNAS)

|

~S—C

e

w REPROGRAMMING
Healthy body weight EPIGENETIC Excess body weight

Metabolic disturbance
Risk of disease

Metabolic balance
Disease prevention

QACROROAY

fr

WEIGHT LOSS INTERVENTION
Diet

Exercise

BARIATRIC SURGERY

FIGURE 3 | Summary of the relationship between obesity development and
bariatric surgery effect mediated by epigenetic mechanisms. Obesity is
associated with a specific epigenetic dysregulation that is induced by several
environmental factors such as toxics, dietary and physical activity habits and
psychological events. On the other hand, bariatric surgery induces an
improvement in obesity pathophysiology that could be mediated by the
reversion of the obesity-related epigenetic dysregulation.

methylome was associated with obesity (Figure 2D) (51). Some
the BMI-associated CpG sites in blood leukocytes were also
found to be related to hepatocellular carcinoma, evidencing the
potential effect of obesity on hepatocellular carcinoma mediated
by epigenetic mechanisms (59).

ncRNAs in Obesity

In terms of epigenetic regulation and obesity physiopathology,
epigenetic mechanisms other than DNA methylation have also
been evaluated. Studies have demonstrated the involvement
of ncRNAs, such as miRNAs (60, 61) and IncRNAs (62) in
body weight homeostasis and obesity co-morbidities. Emerging
evidence suggests that microRNAs play a key role in the
pathological development of obesity through their influence of
adipocyte differentiation (63). In addition, interesting reports
suggest that miRNAs may be regulated by diet and lifestyle
factors. Slattery et al. showed some evidence of differences
in miRNA expression associated with differences in food
composition, even though this study did not find a relationship
between miRNA expression and BMI (64). Also, miRNA may
respond to various nutritional interventions (65). Moreover,
miRNA expression profiles were correlated with subcutaneous
adipose tissue and BMI (66). Other studies have aimed to
identify the circulating miRNAs related to obesity that could be
secreted from adipocytes and explore their possible role in the
pathogenesis of metabolic disease (67, 68).

Several IncRNAs regulate adipogenesis (69), and they respond
to metabolic transcription factors and hormones and nutrients
(70). Three IncRNAs (IncRNA-p5549, IncRNA-p21015, and
IncRNA-p19461) were found to be decreased in blood from obese
individuals (71). From the identified IncRNAs, the IncRNA-
p19461 expression level was found to be significantly increased
in eight obese human individuals after a 12-week diet-induced
weight-loss therapy, suggesting that circulating IncRNAs are
altered in obesity and can be reversed after weight-loss treatment
(71). LncRNAs, such as ASMER-1 and ASMER-2, have been
proposed as key players in the insulin resistance associated with
obesity (72) and as being involved in the potential mechanism
in the link between obesity and cancer (73).In short, in recent
years, numerous studies have been focusing on epigenetics as a
link between environmental factors and a greater predisposition
to the development of obesity and its comorbidities (17).
This evidence proposes these epigenetic modifications as early
prognostic markers for diseases such as obesity, allowing for the
individuals stratification depending on the risk for developing
a metabolic disorder, and the design of strategies for disease
prevention and treatment in a personalized manner (26, 74).
This has been demonstrated in studies focusing on epigenetics
and precision medicine in obesity, and those on the epigenetic
biomarkers of obesity and obesity-related diseases (75-77).

CHANGES IN EPIGENETIC MARKS AFTER
BARIATRIC SURGERY

Bariatric surgery induces several beneficial effects on metabolism
apart from weight loss. These beneficial effects lead to
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improvements in insulin sensitivity, resolving T2D (78).
Additionally, after bariatric surgery, obese patients gain
cardiovascular function (79). More relevantly, weight loss after
bariatric surgery was found to be capable of decreasing the risk of
hormone-related cancers in obese patients (80). These beneficial
effects induced by weight loss and reduced calorie intake can be
promoted by several pathways. It was recently demonstrated that
bariatric surgery induces a new metabolic state that appears to be
conserved in rodents and humans (81). After bariatric surgery,
the chronic low-grade inflammation characteristic of obesity is
resolved (82), and the release of incretin hormones is improved
(83). Moreover, lipid oxidation and mitochondrial function
improve after bariatric surgery (84). However, the molecular
mechanism behind this is still unclear. As epigenetic regulation
can be a relevant pathway in the expression modulation of the
genes involved in the physiology and metabolism in human
obesity (85), bariatric surgery could contribute to improvements
in the metabolism by means of epigenetic regulation.

Several studies have evaluated the differences in DNA
methylation levels after bariatric surgery (86, 87). Global DNA
methylation data were inconsistent; however, RYGB surgery was
able to modify the DNA methylation level of specific sites (86).
For instance, in muscle tissue, it was observed obesity or weight
loss induced by RYGB surgery is not associated with global
cytosine methylation differences (88). Similarly, the methylation
levels of long interspersed nuclear element 1 (LINE-1), a marker
of global DNA methylation, did not change after RYGB bariatric
surgery-induced weight loss (89, 90). In contrast, the methylation
of specific genes underwent changes after weight loss-induced
surgery. In muscle, significant changes were observed after
RYGB in the DNA methylation profiles of PGCI1A and PDK4,
in addition to changes in the methylation at the CpG shores
and exonic regions close to the transcription start sites. These
changes after bariatric surgery were also associated with changes
in the transcript levels, suggesting that these weight loss-induced
epigenetic changes play a role in the regulation of metabolic
gene transcription loss (88). A recent study demonstrated that
weightloss induced by RYGB surgery is able to restored to normal
levels the SORBS3 methylation and gene expression in the muscle
(91). Alterations in the expression and methylation patterns
of genes involved in insulin signaling as well as those related
to specific non-alcoholic fatty liver disease (NAFLD) were also
observed in liver biopsies after bariatric surgery (92). Adipose
tissue, the key player in obesity biology, showed significant DNA
methylation differences after RYGB bariatric surgery (93). These
differences were observed in subcutaneous and omental adipose
tissue and were correlated with differences in the transcript levels
of differentially methylated genes, suggesting the role of adipose
tissue DNA methylation in obesity and the possibility of its
remodeling after surgery-induced weight loss (93).

Novel data were also observed when the epigenetic signature
of obesity was evaluated in spermatozoa. DNA methylation
of central control of appetite genes in sperm varied between
obese and non-obese subjects and RYGB surgery-induced weight
loss (94).

Apart from target tissue analysis, the methylation profile of
specific genes was also evaluated in blood leukocytes before and

after bariatric surgery. Although DNA methylation is tissue-
specific, blood cells are easily accessible and useful tools for the
performance of longitudinal epigenetic studies especially when
the target tissue is inaccessible (17). After RYGB operation,
the DNA methylation profile of obese individuals changed and
resembled that of non-obese patients (95). The differentially
methylated promoter was enriched in metabolic processes,
demonstrating the potential association between the methylation
pattern and beneficial effect of bariatric surgery on metabolic
homeostasis. Moreover, the methylation of specific genes
belonging to inflammatory pathways, such as SERPINE-1, IL-6,
TNFA, IL-1B, and PKD4, was modulated after RYGB surgery (89,
96). A recent study demonstrated that the promoter methylation
levels of the NFKB1 gene were significantly increased after
surgery, and these changes were associated with changes in the
circulating levels of inflammatory markers and blood pressure
(97). Additionally, the methylation level of the genes involved in
metabolic pathways also showed changes after bariatric surgery.
The methylation levels of the stearoyl CoA desaturase-1 (SCD)
gene promoter were decreased in morbidly obese individuals
before bariatric surgery, and increased 6 months after RYGB,
resembling those observed in individuals in the control group
(98). SCD is an endoplasmic reticulum-bound enzyme that
transforms different saturated fatty acids into monounsaturated
fatty acids (99). In fact, this increase was associated with
changes in the parameters related to insulin resistance, such as
free fatty acid levels, homeostasis model assessment-estimated
insulin resistance values, as well as the circulating levels of
adiponectin (98).

DNA methylation is the most studied and abundant epigenetic
mechanism. However, as mentioned above, other players in
the epigenetic regulation exist such as ncRNA and chromatin
remodeling. Several miRNAs have been implicated in the control
of both insulin signaling and glucose metabolism at multiple
levels and their expressions were associated with obesity (100).
In line with this, Ortega et al. (101) evaluated the microRNAome
in the adipose tissue obtained from morbidly obese patients
before and after RYGB. This study demonstrated that 15 miRNAs
were differentially expressed after surgery-induced weight loss
and these miRNAs were related to cell cycle, development,
lipid metabolism and inflammatory response (101). Similarly,
after bariatric surgery, changes were observed in the adipocyte-
derived exosomal microRNAs in association with improvements
in insulin resistance (102). Other studies have evaluated the
miRNA expression in serum or plasma. After RYGB, changes
in the serum microRNA expression were observed compared
to those before surgery, in association with insulin resistance
parameters, demonstrating that microRNA expression could play
an important and unique role in the effect of RYGB on the
improvement of insulin secretion and insulin resistance, apart
from the influence of decreased weight and body fat factors
(103). A very recent study demonstrated that RYGB altered the
circulating microRNAomes in a time-dependent manner, and
the expression of 48 circulating microRNAs was significantly
different. This study indicated that the circulating microRNAs
differentially expressed after bariatric surgery are involved in
pathways related to metabolic functions and their expression was
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correlated to BMI, body weight loss and fasting blood glucose
levels (104).

LncRNAs constitute a novel class of RNAs that regulate
gene expression; they are involved in the regulation of the
expression of several genes belonging to relevant cellular
functions. The exploration of their differential expression in
relation to metabolism and endocrine regulation requires further
investigation for the identification of potential therapeutic targets
for obesity (62, 71). Few studies have explored the modulation of
the expression of IncRNAs after bariatric surgery, and most of
them were performed in animal models. In high-fat diet-induced
diabetic mice, a total of 301 IncRNAs, including 232 that were
upregulated and 69 that were downregulated, were differentially
expressed in the duodenum between the duodenal-jejunal
bypass and sham groups (105). These differentially expressed
IncRNAs were related to pathways involved in inflammation
and insulin secretion. It is suggested that the modulators of
NONMMUGO021726, the top-ranked gene, have the potential to
be used as therapeutic targets or biomarkers for the prediction of
bariatric surgery outcomes (105). NONMMUT023781 IncRNA
expression was also identified as a potential target for glucose
homeostasis after bariatric surgery in the jejune of high-fat
diet-induced diabetic mice (106). This study demonstrated the
differential expression of 827 jejunal IncRNAs in the duodenal-
jejunal bypass group compared to the sham group (105).
These dysregulated IncRNAs were related to neuromodulation-
related pathways or biological processes, including serotonergic,
glutamatergic, and dopaminergic synapses, suggesting the
potential involvement of these IncRNA in the remission of T2D
via the gut-brain axis (105).

Regarding other epigenetic mechanisms such as chromatin
remodeling and histone modifications, no studies till date have
focused on the effect of bariatric surgery. Further studies
must evaluate the potential effect of bariatric surgery on these
epigenetic mechanisms.

Transgenerational studies performed on the offspring of obese
women before and after bariatric surgery provide potential
evidence of the effect of bariatric surgery on epigenetic
mechanisms. It was observed that children born before bariatric
surgery show different methylome than children born after
surgery, suggesting that the surgical intervention of mothers
is able to modify the epigenetic mechanisms of the offspring.
The identified genes differentially methylated between before
bariatric surgery and after bariatric surgery siblings were related
to insulin receptor signaling, type 2 diabetes signaling, and leptin
signaling in obesity (107). A previous study demonstrated that
the surgical treatment of severe maternal obesity resulted in
sustained differences in the methylome and transcriptome of
the genes involved in the inflammatory pathways in offspring
born after the mothers underwent surgery, compared to
their siblings conceived pre-surgery (108). On comparing the
methylation profiles of siblings born before and after maternal
bypass surgery, the CpG site-encoded genes involved in the
glucoregulatory pathways were differentially methylated and
potentially responsible for the improved cardiometabolic risk
profile with greater insulin sensitivity in siblings conceived post-
surgery (109). These studies demonstrate that the improvements

in the obesity-related features of mothers following bariatric
surgery are reflected in gene methylation and the expression
levels of metabolic, immunologic, and inflammatory genes in
their offspring. Thus, surgically induced reduction in body weight
in a woman of reproductive age can reduce obesity in her
children, potentially via epigenetic mechanisms (110).

Other issue that should be considered regarding to the
association between the bariatric surgery effect on epigenetic
mechanisms is that mediated by the microbiota composition.
Bariatric surgery is able to modify the composition of microbiota
and part of the beneficial effects of bariatric surgery could
be mediated by the composition of microbiota after the
surgical intervention and the changes correlate with changes in
body composition and glucose homeostasis parameters (111).
Importantly, the metabolites derived from microbiota can induce
changes in DNA methylation and expression of non-coding-
RNA. These changes in epigenetics machinery induced by
microbial metabolites were proposed to have potential roles for
preventing diseases development such as obesity (112). Further
studies are needed to elucidate the crosstalk between microbiota
metabolites and epigenetic machinery.

Taken together, the findings of all the aforementioned studies
indicate that the beneficial effects induced by bariatric surgery
on metabolism, immunity and inflammation can be mediated
by epigenetic mechanisms, and also that these beneficial
effects induce epigenetic mechanisms that determine descendant
phenotype. Most of the studies were performed in small cohorts
and therefore, the results have limited translation to the general
population. However, the represent a very good start point for
future studies in the field.

POSSIBLE THERAPEUTIC DIRECTION IN
THE FUTURE

Relevant topics for discussion include the role of the epigenetic
marks induced by bariatric surgery on the prognosis of obesity,
as well as the susceptibility to the regain of weight loss. Bariatric
surgery is able to induce long-term weight loss and resolves
obesity co-morbidities with high efficacy. However, 1-2 years
after surgery weight regain may occur (113). As mentioned above,
epigenetic marks have been extensively proposed as biomarkers
of the development and prognosis of several diseases, including
obesity (17). However, few epigenetic studies till date have
evaluated the association between the epigenetic marks induced
by bariatric surgery and obesity-related prognoses. Only one
very recent study focused on epigenomics and bariatric surgery
efficacy. Even though it should be verified in an independent
study, this work suggests that miR-448 and its target gene SIRT1
could serve as prognostic indicators for obese T2D patients after
laparoscopic bariatric surgery (114). That study was performed
using peripheral blood obtained from obese T2D patients.
Patients were classified according to the clinical remission in
response to bariatric surgery into the effective and ineffective
groups. The time of efficacy evaluation was 3 months after
surgery. Thus, the miR-448 expression was lower and mRNA
and protein expression of SIRT1 was higher in the effective
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group than in the ineffective group after surgery (114). Regarding
other epigenetic markers, patients who regained the weight loss
induced by nutritional intervention exhibited differential DNA
methylation patterns in the subcutaneous adipose tissue (115)
or leukocytes (116) compared to patients who were able to
maintain their weight loss over a short or long period. No
relevant studies in this field have focused on bariatric surgery
and obesity prognoses. Longitudinal studies must be conducted
to explore the capacity of DNA methylation levels and other
epigenetic marks in the prediction of the efficiency of bariatric
surgery in the maintenance of weight loss and resolution of
obesity co-morbidities, and provide potential therapeutic targets
to guarantee the long-term success of bariatric surgery. On
the other hand, changes in diet after bariatric surgery could
be a relevant cause of changes in the epigenome. Longitudinal
studies could also help to elucidate the effect of diet after
bariatric surgery on epigenetics and its association with the
success of the surgical intervention in counteraction obesity and
its comorbidities.

CONCLUSIONS

Considering that obesity features are regulated by epigenetic
mechanisms and that bariatric surgery appears to be capable
of reversing the obesity-related epigenome, identification of
potential epigenetic marks associated with the response to
bariatric surgery may open new doors to the personalized
therapy for severe obesity. This evidence is relatively new,
as epigenetics regulation has been evaluated in the field of
obesity only in the past few years, and few studies at present
are involved in clarifying the role of epigenetic marks in
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