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Abstract

The global prevalence of obesity has reached an alarming level, placing a significant burden
on public health systems and individual well-being. Bariatric surgeries (BSs) result in
greater and more sustained weight reduction than emerging medications such as glucagon-
like peptide-1 (GLP-1). Despite the proven effectiveness of BS, considerable inter-individual
variability in postoperative outcomes persists, with differences in weight loss and remission
of obesity-related comorbidities among patients. Gut microbiota gene richness has been
shown to change following BS. Importantly, the influence of the gut microbiota extends
beyond conventional metabolic pathways to include interactions with the host epigenome.
Although growing evidence suggests that microbiota-derived metabolites can influence
epigenetic processes, whether inter-individual differences in gut microbiota composition
contribute to variability in postoperative weight loss and metabolic outcomes following
BS remains largely unknown. The gut microbiota–epigenome axis represents a potential
molecular interface between postoperative gastrointestinal remodeling and metabolic adap-
tation. Surgical remodeling of the gastrointestinal tract reshapes the gut microbiota and
its metabolites, including short-chain fatty acids and B vitamins, which may regulate host
gene expression through histone deacetylase inhibition, DNA methylation, and modulation
of systemic inflammation. Current evidence suggests that postoperative probiotic supple-
mentation may improve glucose homeostasis, lipid profiles, and vitamin B12 and D status
while having little or no additional effect on postoperative weight loss. Future research
should address the limitations of existing studies by conducting adequately powered, high-
quality randomized controlled trials integrating multi-omics technologies and precision
medicine approaches to identify microbiome-based therapeutic targets, including postbiotic
interventions. Further elucidation of this axis may support the development of precision
bariatric strategies, although the clinical utility of microbiome- and epigenome-targeted
interventions remains to be established.
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1. Introduction
The global prevalence of obesity has reached an alarming level, placing a significant

burden on public health systems and individual well-being. Obesity is more than just a
cosmetic issue; it is a complex metabolic disease that leads to a number of serious comorbidi-
ties, including metabolic dysfunction-associated steatohepatitis (MASH), cardiovascular
diseases, type 2 diabetes (T2DM), and certain cancers. More than 1.3 billion people globally
are expected to develop diabetes by 2050, mainly driven by obesity. Moreover, the global
impact of obesity-related complications is expected to intensify, with cardiovascular event
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rates expected to double within the next ten years, and obesity-associated cancers are
anticipated to rise as well [1–4].

The Middle East and North Africa region has witnessed a substantial and rapid
increase in obesity prevalence, with some countries reporting exceptionally high rates of
obesity among adults [2]. The economic burden attributable to obesity-related healthcare
expenses and diminished productivity reached more than 340 billion dollars in 2023 [4].

For many people dealing with severe obesity, the traditional weight reduction strate-
gies and medications just do not deliver long-term success. Emerging pharmaceuticals
such as glucagon-like peptide-1 (GLP-1) receptor agonists represent a significant therapeu-
tic advance in the medical management of obesity and T2DM. Nevertheless, they have
yet to demonstrate outcomes comparable in magnitude and durability to those achieved
through metabolic and bariatric surgery (BS). Additionally, weight regain is frequent when
treatment is discontinued, and the extent of weight loss is generally more modest. Bariatric
surgeries, on the other hand, consistently result in a greater and more sustained weight
reduction that can be maintained over many years. Beyond the weight loss itself, these
surgeries trigger beneficial metabolic changes that can significantly improve overall health
and quality of life [5]. Moreover, they lead to dramatic improvement and resolution of
serious obesity-related comorbidities, including T2DM, heart disease, high blood pres-
sure, and several other comorbidities that often accompany excess weight. Importantly,
modern BS has a good safety record. Surprisingly, its risk profile is comparable to that of
some of the safest and most routinely performed operations in the United States, such as
cholecystectomy, appendectomy, and knee replacement [6–8].

Despite the proven effectiveness of BS, the results remain subject to significant vari-
ability in how individual patients respond to the procedure. Although most patients
experience significant weight reduction and resolution of their comorbidities over years, a
considerable subgroup experiences less favorable outcomes such as insufficient weight loss,
significant weight gain over time, or only partial improvement in obesity-linked illnesses
like T2DM. This wide variability in outcomes has puzzled researchers for years. Clearly,
this heterogeneity underscores the complexity of obesity pathophysiology and suggests
that factors beyond anatomical alterations contribute to the long-term success or failure of
BS. These factors may include demographic characteristics, the ability to maintain necessary
lifestyle changes after surgery, and psychological and behavioral elements. Understanding
these contributing factors is essential to establish positive long-term outcomes following
BS [9–11].

Importantly, emerging evidence points to a novel critical contributor that helps explain
much of this variability: the gut microbiota. These trillions of microbes that inhabit the
gastrointestinal tract do far more than just help digest food. They act like an internal
control center that influences inflammation levels, hormone signals, energy use, and how
our bodies adapt after surgery. Additionally, this dynamic gut ecosystem actively helps
manage nutrient breakdown, supports immune function, and produces key metabolites
that influence homeostasis [12,13].

In people with obesity and related conditions, the gut microbiome is often imbalanced,
a state called dysbiosis. Additionally, a low microbial gene richness (MGR) was observed
in them and was associated with metabolic alterations, including low-grade inflammation,
insulin resistance, and adipocyte hypertrophy [14,15].

Importantly, the influence of the gut microbiota extends beyond conventional
metabolic pathways to include interactions with the host epigenome, the regulatory net-
work governing gene expression without altering the underlying DNA sequence. This
raises the possibility that baseline gut microbiota composition may contribute to inter-
individual variability in postoperative weight loss and metabolic outcomes following
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bariatric surgery [12]. The gut microbiota–epigenome axis therefore represents a plausible
mechanistic framework through which microbial signals and metabolites may interact
with host epigenetic processes. However, associations between microbiome changes and
metabolic or epigenetic outcomes do not by themselves establish causality, particularly
because bariatric surgery simultaneously alters gastrointestinal anatomy, nutrient flow,
caloric intake, bile acid metabolism, body weight, and medication exposure. Therefore,
microbiome-associated changes should be interpreted as potential contributors to postoper-
ative metabolic and epigenetic remodeling rather than as established causal determinants.

The gut microbiota–epigenome axis represents a molecular interface through which
microbial signals, particularly microbiota-derived metabolites, induce stable yet reversible
changes in host gene expression via epigenetic mechanisms. By regulating inflammatory
responses, metabolic pathways, and other physiological processes, this axis provides a
novel framework for understanding how the altered gastrointestinal environment following
BS may durably reprogram host biology. Consequently, it offers a plausible mechanistic
explanation for both the remarkable metabolic benefits of BS and the substantial inter-
individual variability in postoperative outcomes [16].

This narrative review aims to provide a comprehensive synthesis of the current un-
derstanding of the gut microbiota–epigenome axis in BS. We will first delineate the char-
acteristic changes in gut microbial composition and function following different types of
bariatric procedures. Subsequently, we will explore the specific mechanistic insights into
how metabolites produced by these microbes, such as bile acids, short-chain fatty acids, and
methyl donors, interact with the host’s epigenetic mechanisms, including effects on histone
modifications, DNA methylation, and the regulation of non-coding RNAs, both directly
and indirectly. Finally, we will highlight the therapeutic perspectives emerging from this
research, including the potential for prebiotics, probiotics, fecal microbiota transplantation,
synbiotics, and other future microbiome-targeted interventions to optimize surgical success
and enhance long-term metabolic health in patients undergoing BS.

2. Key Terms
- Gut Microbiome: The collective genomes and functional genetic repertoire of the

microorganisms inhabiting the human gastrointestinal tract. These microorganisms,
including bacteria, archaea, fungi, viruses, and other eukaryotic microbes, form a
dynamic ecosystem that influences host physiology in health and disease and is
shaped by diet, genetics, medications, and surgical interventions [17].

- Epigenetics: The study of heritable and reversible changes in gene expression that
occur without alterations in the underlying DNA sequence, primarily through DNA
methylation, histone modifications, and non-coding RNAs [18].

- Short-Chain Fatty Acids (SCFAs): Organic acids that contain one to six carbon atoms.
These acids include acetate, propionate, and butyrate, which are generated through
bacterial fermentation of non-digestible dietary fiber by the gut microbiome [19].

- Bile Acids (BAs): Steroid molecules synthesized from cholesterol in the liver that
facilitate lipid digestion and absorption. Primary bile acids are converted by the gut
microbiota into secondary bile acids, which function as signaling molecules through
receptors including the farnesoid X receptor (FXR) and Takeda G protein-coupled
receptor 5 (TGR5), thereby regulating glucose metabolism, lipid homeostasis, inflam-
mation, and energy expenditure [20–24].

- Microbiota–Epigenome Axis: A bidirectional communication pathway through which
gut microbial metabolites and host-derived signals interact with epigenetic mecha-
nisms to regulate gene expression, metabolism, immune function, and inflammatory
responses [16].
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- One-Carbon Metabolism: A metabolic pathway involving the transport of one-
carbon units (such as methyl groups). The process supports the synthesis of S-
adenosylmethionine (SAM), which serves as the universal methyl donor [25–32].

- DNA Methylation: A process that includes the addition of a methyl group (-CH3) to
the 5′ carbon of a cytosine residue, typically within a CpG dinucleotide. This process
is catalyzed by DNA methyltransferases (DNMTs) [33].

- Histone Modification: Post-translational chemical modifications of histone proteins, in-
cluding acetylation, methylation, phosphorylation, ubiquitination, and crotonylation,
that alter chromatin structure and regulate gene transcription [33].

- Metabolic Memory: The persistent biological effects of previous metabolic states, such
as obesity or chronic hyperglycemia, that are maintained through stable epigenetic
modifications despite subsequent metabolic improvement [12,34,35].

3. Gut Microbiome Before and After Bariatric Surgery
The human gut harbors a wide variety of microorganisms dominated by six main

bacterial phyla: Firmicutes, Bacteroidetes, Verrucomicrobia, Actinobacteria, Euryarchaeota,
and Proteobacteria. Together, Firmicutes and Bacteroidetes represent more than 90% of
the total microbial population. Because of their dominance, they have received the most
scientific attention. Interestingly, an elevated Firmicutes-to-Bacteroidetes ratio and reduced
microbial variety have been found in obesity and have been associated with low-grade
systemic inflammation.

BS helps reshape the gut microbiome. Both SG and RYGB typically increase Bac-
teroidetes and decrease Firmicutes, thereby lowering the Firmicutes/Bacteroidetes ratio
toward a healthier balance. RYGB tends to have a more pronounced impact, including
increasing Bacteroides, Proteobacteria, Veillonella, Escherichia, Streptococcus, and Slackia
and decreasing Blautia. SG more prominently boosts Blautia, Eubacterium, Lactobacillus,
and Haemophilus. Studies on Blautia showed that certain strains act as natural anti-
hyperlipidemic agents by targeting lipid-modulating pathways and suppressing cellular
fat accumulation. Additionally, restoration of microbiota diversity is often considered a
shift toward a more metabolically healthy ecosystem [31,36].

The changes in microbiota composition are caused by gastric pH alteration, changes
in nutrient availability and redistribution, modified intestinal transit times, and a bile acid
enterohepatic circulation reconfiguration. These changes begin within weeks and often
persist for months to years, contributing to sustained weight loss, improved metabolic
health, and reduced appetite beyond the mechanical effects of the procedures. Overall,
these taxonomic rearrangements favor microbes that strengthen the gut barrier and dampen
inflammation [37,38].

4. Microbial Metabolites as Epigenetic Mediators After BS
Epigenetic regulation in the host is influenced by metabolites produced by the gut

microbiota. These bioactive compounds can be produced or modified by microbial enzymes.
They can cross the gut epithelium, enter the systemic circulation, and reach distant organs.
Once inside host cells, they act as substrates, inhibitors, or cofactors for epigenetic enzymes,
thereby directly influencing the host’s transcriptional landscape [39].

Emerging evidence after BS suggests that postoperative microbial remodeling occurs
alongside broader metabolic and molecular adaptations involving microbial metabolites
and host regulatory pathways. Human post-bariatric studies have reported postoperative
changes in microbial composition and function, short-chain fatty acids, bile acid profiles,
indole-related metabolites, DNA methylation, microRNAs, and metabolic gene expression.
Importantly, integrated multi-omics studies have begun to examine these changes across
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interconnected biological levels, providing a broader view of the molecular response to
BS. They suggested that BS is associated with parallel changes in microbiota, microbial
metabolites, host DNA methylation, miRNAs, and metabolic gene expression. Neverthe-
less, the available evidence remains heterogeneous, and the associations observed between
microbial, metabolic, and host molecular changes do not necessarily demonstrate direct
mechanistic relationships. Furthermore, experimental and microbiota transfer studies pro-
vide additional support for the capacity of microbial communities and their metabolites to
influence host metabolic and epigenetic pathways, but the relevance of these mechanisms to
specific postoperative changes in humans requires further validation. Table 1 summarizes
these findings across the major components of the proposed axis and highlights the distinc-
tion between evidence demonstrated after BS and complementary mechanistic evidence
from experimental models (Table 1).

4.1. Short-Chain Fatty Acids (SCFAs) as Key Microbial Mediators

The main SCFAs produced in the human intestine are acetate, propionate, and butyrate.
They are produced mainly by bacterial fermentation of dietary fiber but also come from
the metabolism of organic and amino acids. Production has been observed to be strain-
specific; for example, members of the Bacteroidetes phylum predominantly generate acetate
and propionate, whereas Firmicutes species are the main producers of butyrate. Studies
have observed significant changes in circulating SCFA levels 12 months following BS.
Specifically, there was a marked increase in the levels of butyrate, propionate, isovalerate,
and isobutyrate. Additionally, the greater rises in these SCFAs were associated with larger
drops in body mass index [19].

Post-bariatric surgery, the enrichment of SCFA-producing bacteria contributes to the
observed metabolic improvements. For instance, butyrate-mediated HDAC inhibition has
been shown to upregulate the expression of genes involved in intestinal gluconeogenesis,
which paradoxically helps improve systemic glucose homeostasis via a gut–brain neural
circuit. Moreover, SCFAs can bind to and activate host cell G-protein-coupled receptors
(GPRs), including GPR41 and GPR43. These receptors are also activated in adipose tissue,
modulating adipokine secretion and reducing chronic inflammation, further impacting the
host’s epigenetic and metabolic state [40].

Butyrate is especially important for gut health. It is an energy source for intestinal
epithelial cells, stimulates the production of mucin, and encourages the proliferation of
healthy colonocytes and has antiproliferative activity against cancerous colonocytes. In
addition to barrier function, SCFAs regulate both innate and adaptive immunity. They
promote the development and expansion of regulatory T cells, which are important for
immune homeostasis; modulate B-cell metabolism to promote IgA production; and inhibit
mast cell activation via butyrate and propionate. Collectively, these pleiotropic actions help
maintain immune balance and tolerance to commensal microbes [39,41].

Beyond acting as energy sources for intestinal cells or interacting with G-protein-
coupled receptors, butyrate is a strong natural inhibitor of both Class I and Class II histone
deacetylases (HDACs). By inhibiting HDACs, butyrate promotes the hyperacetylation
of histone lysine residues. This modification reduces the electrostatic attraction between
histones and the negatively charged DNA backbone, resulting in a more relaxed and
transcriptionally accessible chromatin structure. This mechanism allows for the activation
of various genes involved in anti-inflammatory responses; cell growth, differentiation, and
apoptosis; gut barrier maintenance; and metabolic regulation through the regulation of
appetite, glucose, and lipid homeostasis [42–44].

Furthermore, butyrate exerts important effects on brain function by enhancing blood–
brain barrier (BBB) integrity. It can cross the BBB and regulate neurotransmitter activity and
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neuroinflammatory responses while serving as a critical signaling molecule that facilitates
bidirectional communication between the gut and the brain through the gut–brain axis [44].

4.2. Bile Acids: Signaling Through Nuclear Receptors

Secondary bile acids (BAs) have emerged as key regulators of the microbiome–
epigenome interplay after BS, especially after malabsorptive BS like Roux-en-Y gastric
bypass (RYGB). The changes that occur in the anatomy after the surgical reconfiguration
allow the passage of concentrated bile acids to the distal intestine, where they interact with
a remodeled gut microbiota. These changes alter the microbial capacity to deconjugate
and dehydroxylate primary BAs into secondary BAs, such as deoxycholic acid (DCA) and
lithocholic acid (LCA), which serve as preferential ligands for key metabolic receptors.
Specifically, bile acids act as signaling molecules through receptors including the mem-
brane G-protein-coupled receptor TGR5 and the nuclear receptor FXR. Several secondary
BAs can activate TGR5, whereas FXR has a distinct ligand preference and is regulated by
specific primary and secondary BAs. Therefore, the effects of bile acid signaling depend
on the composition of the bile acid pool and the physiological context, with downstream
pathways influencing glucose homeostasis, insulin sensitivity, energy metabolism, and
other metabolic processes. FXR has been shown to recruit epigenetic modifiers, including
the Class III histone deacetylase SIRT1 (a sirtuin). SIRT1 is a master metabolic regulator
that deacetylates and activates key proteins such as PGC-1α (involved in mitochondrial
biogenesis) while deacetylating and inhibiting lipogenic factors like SREBP-1c. This syn-
ergy between microbial-modified BAs and host sirtuins is a critical mechanism through
which BS resets host lipid metabolism, suppresses fat accumulation, and resolves hepatic
steatosis [20–24,30]. Concurrently, TGR5 activation in muscle and intestinal L-cells stimu-
lates the secretion of metabolic hormones such as glucagon-like peptide-1 (GLP-1), which
enhances resting energy expenditure and insulin sensitivity. Activation of these receptors
leads to complex intracellular signaling pathways that eventually reach the nucleus of
the cell, leading to significant remodeling of the epigenome without changing the genetic
sequence. These signals trigger multiple changes in the epigenome through alterations in
DNA methylation in metabolic tissues, including the liver, skeletal muscle, and adipose
tissues. In patients with chronic obesity, genes responsible for healthy metabolism be-
come silenced by obstructive methyl groups, while pro-inflammatory genes become highly
expressed. Postoperative alterations in bile acid concentrations and signaling may con-
tribute to changes in metabolic tissues through FXR-, TGR5-, and sirtuin-related pathways.
Experimental evidence also suggests potential interactions between bile acid signaling
and epigenetic regulators. However, the extent to which these pathways directly mediate
epigenomic changes in human metabolic tissues after BS remains uncertain. In particular,
evidence that postoperative bile acid changes directly alter DNA methylation at specific
anti-obesity or insulin-signaling genes in humans is limited. Therefore, these pathways
should be regarded as biologically plausible mechanisms rather than established causal
pathways [20–24,30].

4.3. One-Carbon Metabolism and the Supply of Methyl Donors

The structural reconfiguration of the gastrointestinal tract following BS alters internal
pH levels, shifts oxygen gradients, and modifies nutrient transit times. These dramatic
changes lead to a rapid transformation of the gut microbiota, causing a massive expansion
of specific beneficial bacterial phyla, most notably Bifidobacterium, Lactobacillus, and
Bacillus subtilis [25–32].

This newly optimized microbiome experiences an immediate upregulation of func-
tional genes dedicated to the de novo synthesis of critical micronutrients, providing a
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vital source of methyl donors such as folate, B12, and B6, which are essential for the
host’s one-carbon metabolism. This metabolic network is responsible for the synthesis of
S-adenosylmethionine (SAM), which serves as the universal methyl donor for DNA methyl-
transferases (DNMTs) and histone methyltransferases (HMTs). The sufficient amount of
folate provided by microbiota can be used by the host to activate the methylation and
suppression of pro-inflammatory cytokine genes such as TNF-α and IL-6 [25–32].

Table 1. Evidence supporting the gut microbiota, microbial metabolites, and host epigenetic regulation
following bariatric surgery.

Microbial Compo-
nent/Metabolite Proposed Pathway Evidence After Bariatric Surgery Supporting Evidence from Other

Models

Gut microbiota
remodeling

DNA methylation and
host gene expression

RYGB and SG are associated with
persistent changes in microbial

composition and functional potential,
and microbial alterations are

correlated with adipose tissue gene
expression, inflammation, insulin

sensitivity, and metabolic outcomes
[12,45–52].

Preclinical studies support the
biological relevance of microbiota
remodeling after bariatric surgery,

showing that surgically altered
microbial communities can influence

host energy metabolism and
adiposity, with post-SG changes

additionally linked to altered
microbial bile acid metabolism

[53,54].

SCFAs
butyrate/propionate

Histone
acetylation/HDAC

activity

Postoperative studies demonstrate
changes in circulating and/or fecal

SCFAs, including butyrate,
propionate, and acetate, that could be
related to weight loss and improved
insulin sensitivity [12,40,51,52,55,56].
However, direct links between these
postoperative changes and histone

acetylation have not been established.

Experimental studies demonstrate
that SCFAs, particularly butyrate, can
inhibit HDAC activity and modulate

histone acetylation and gene
expression [57,58].

Microbiota-derived
bile acid metabolites

FXR/TGR5 signaling
and downstream

transcription

Bariatric surgery alters bile acid
metabolism and signaling through

FXR and TGR5, which may
contribute to weight loss,

improvements in glucose metabolism,
and diabetes remission [24,48].

Preclinical studies demonstrate that
altered microbiota and secondary bile

acids contribute to the metabolic
effects of SG/VSG through FXR and

TGR5 signaling [54,59].

Microbial indole
metabolites

AhR-associated
transcriptional

regulation

RYGB is associated with
postoperative reductions in
circulating tryptophan and

downstream kynurenine pathway
metabolites, with these changes

correlating with BMI and HbA1c and
accompanying improved glycemic

control [40,48,50,60].

Experimental studies support
biological effects of

microbiota-derived indoles through
AhR signaling [61,62].

Postoperative host
DNA methylation

remodeling

PPARGC1A, PDK4,
PIK3R1, ITGB3, and

other metabolic genes

RYGB and SG are associated with
postoperative DNA methylation

remodeling involving metabolically
relevant pathways and genes
including PPARGC1A, PDK4,

PIK3R1, and ITGB3, with
normalization toward levels observed

in lean controls [63–70].

Experimental evidence supports
epigenetic regulation of metabolic
and inflammatory genes in obesity

and weight loss models [71].
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Table 1. Cont.

Microbial Compo-
nent/Metabolite Proposed Pathway Evidence After Bariatric Surgery Supporting Evidence from Other

Models

MicroRNAs Post-transcriptional
gene regulation

Bariatric surgery is associated with
changes in circulating miRNAs
related to improvement in BMI,

glucose, lipid metabolism,
inflammation, and liver enzymes

toward levels observed in non-obese
controls [16,72].

Experimental literature supports
functional roles of specific miRNAs in

metabolic and inflammatory
pathways [73,74].

Integrated microbiota–
metabolite–

epigenome axis

DNA methylation,
histone acetylation,
miRNA regulation,
and transcriptional

signaling

Bariatric surgery is associated with
parallel changes in microbiota,

microbial metabolites, host DNA
methylation, miRNAs, and metabolic

gene expression
[12,19,40,46–52,55,56,64,65,70].

Microbiota transfer and animal
studies demonstrate that

postoperative microbial communities
can influence metabolic phenotype,
while experimental models support
effects of microbial metabolites on

host signaling and epigenetic
regulation [24,53,54,59,71].

Abbreviations: AhR, aryl hydrocarbon receptor; BMI, body mass index; FXR, farnesoid X receptor;
HbA1c, glycated hemoglobin; HDAC, histone deacetylase; miRNA, microRNA; PDK4, pyruvate
dehydrogenase kinase 4; PIK3R1, phosphoinositide-3-kinase regulatory subunit 1; PPARGC1A,
peroxisome proliferator-activated receptor gamma coactivator 1-alpha; RYGB, Roux-en-Y gastric
bypass; SCFAs, short-chain fatty acids; SG, sleeve gastrectomy; TGR5, Takeda G-protein-coupled
receptor 5; VSG, vertical sleeve gastrectomy.

5. Epigenetic Remodeling of Host Metabolic Pathways
The positive metabolic effects of BS may involve tissue-specific epigenetic remodeling,

alongside substantial anatomical, hormonal, metabolic, behavioral, and nutritional changes.
Epigenomic changes in the host are mainly attributed to three interlinked processes: the
process of DNA methylation that opens or silences gene promoters; the process of histone
modification (which includes acetylation and methylation) that dynamically switches
chromatin accessibility; and the expression of non-coding RNAs (microRNAs and long
non-coding RNAs) that fine-tune metabolic transcripts. Ultimately, this remodeling process
contributes to the regulation of glucose metabolism, lipid synthesis, and inflammatory
responses across key metabolic tissues, including the liver, adipose tissue, and skeletal
muscle [32,63,75].

5.1. Restoring Insulin Sensitivity

One of the notable impacts of BS is the relatively fast recovery of glucose control and
possibility of remission of type 2 diabetes, which often happens within weeks or months
after the surgery. The early improvement in glycemic control after BS is likely multifactorial
and may involve changes in insulin signaling, gut hormones, bile acid metabolism, nutrient
status, caloric intake, and potentially epigenetic regulation. Evidence suggests that changes
in DNA methylation at genes involved in insulin signaling and glucose metabolism may
occur following BS, including insulin receptor substrate 1 (IRS1) and glucose transporter 4
(GLUT4) in adipose tissue and skeletal muscle. Mechanistically, reduced methylation at reg-
ulatory regions may increase chromatin accessibility and facilitate the transcription of these
genes. Increased IRS1 expression could enhance downstream insulin signaling pathways,
including activation of phosphoinositide 3-kinase (PI3K) and protein kinase B (AKT), which
are involved in insulin-mediated glucose uptake. Similarly, increased GLUT4 expression or
translocation to the cell membrane could facilitate glucose uptake in skeletal muscle and
adipose tissue. These changes may therefore contribute to improved insulin sensitivity
after bariatric surgery. However, these mechanisms remain biologically plausible, and the
available human evidence does not establish that surgery-induced methylation changes
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directly cause these metabolic effects [63]. Moreover, improvements have been reported
in the epigenetic modification of the genes responsible for hepatic glucose production,
including PEPCK, as well as in reducing excessive gluconeogenesis. These findings pro-
vide biological plausibility for a potential microbiome–epigenome–metabolism interaction;
however, the available human evidence does not establish that these microbiome changes
directly cause the observed epigenetic remodeling or improvement in insulin sensitivity.

In the case of skeletal muscle, it is worth mentioning that the decreased level of DNA
methylation in the gene PPARGC1A encoding PGC-1α, the master regulator of mitochon-
drial biogenesis and oxidative metabolism, is linked to weight loss post-RYGB. Thus,
enhanced expression of PGC-1α positively affects mitochondrial functionality [32,63,75].

Apart from the modifications that occur in DNA and histones, BS facilitates the repro-
gramming of body metabolism through the normalization of host microRNAs (miRNAs),
which function as vital post-transcriptional regulators controlling the activity of gene
expression within the microbiota–epigenome axis. The dramatic remodeling in the micro-
biome results in the establishment of a highly responsive, bidirectional communication
loop. In this pathway, host-derived fecal miRNAs can directly enter bacterial cells to shape
microbial composition, while the newly restructured gut microbiota reciprocally regulates
host tissue miRNA expression. They target pathways regulating adipogenesis, insulin
resistance, and liver lipid metabolism. In addition, the increase in Bacteroides and Parabac-
teroides correlates with precise shifts in hepatic miR-5112. This molecular shift turns on key
genes such as Akt1, Socs3, and potassium calcium-activated channel subfamily N member
1 (Kcnn1) that help peripheral tissues to return to an insulin-sensitive state [76,77].

5.2. Adipose Tissue Remodeling and the Resolution of Inflammation

Obesity is associated with low-grade systemic inflammation, which is primarily due
to the abnormal functioning of white adipose tissue (WAT). Obese individuals show a “pro-
inflammatory epigenome”, wherein the promoters of inflammatory cytokines such as TNF
and IL6 are hypomethylated, causing the upregulation of their expression. This condition
is responsible for causing insulin resistance. BS results in extensive reprogramming of
WAT epigenomes into anti-inflammatory and metabolically healthy states. Post-surgical
weight loss promotes the de novo methylation of pro-inflammatory cytokine promoters,
thereby switching off their expression and decreasing systemic inflammatory markers.
WAT also secretes adiponectin, which acts as a powerful insulin sensitizer. Additionally, BS
greatly changes the cell’s energetic state and thus activates metabolic regulators such as
AMPK. This results in the reprogramming of chromatin-modifying enzymes to actively
place open histone tags such as H3K27ac on mitochondrial and fatty acid oxidizing genes.
Such targeted chromatin modification relaxes the structure of chromatin, exposing the
OXPHOS genes. As a result, new fat cells are genetically programmed with a high oxidative
capacity [78,79].

5.3. Hepatic Epigenetic Reprogramming

Bariatric surgeries have shown high effectiveness in resolving liver fat accumulation
(hepatic steatosis), inflammation, and even liver fibrosis, which are closely related to hepatic
epigenetic reprogramming. In particular, genes involved in de novo lipogenesis, such as
FASN (fatty acid synthase) and SREBP-1c, become hypermethylated at their promoters,
leading to reduced transcription and fat synthesis. On the contrary, genes that take part in
fatty acid oxidation, like CPT1A, become less methylated in their promoters, leading to
increased expression and higher rates of lipid degradation. Hepatic epigenetic modifica-
tions are greatly influenced by a different pool of metabolites generated by the microbiome
post-surgery. As mentioned above, increased production of bile acids in the post-surgery
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gut enhances FXR activity and recruits SIRT1, which deacetylates and regulates transcrip-
tion factors. Moreover, the decreased gut-derived inflammatory signals like LPS contribute
to the resolution of liver inflammation and its associated epigenetic dysregulations. Ad-
ditionally, the balanced microbiota following BS increases Natural Killer T (NKT) cells
in the liver, preventing steatosis and inflammation in the organ. Interactions between
the post-bariatric microbiome and metabolites may contribute to the hepatic regulatory
pathways observed after BS. However, these interactions should not be considered the
sole or established primary drivers of hepatic improvement, as BS simultaneously induces
substantial changes in energy balance, nutrient availability, bile acid signaling, adiposity,
and systemic inflammation [78,80–83].

Furthermore, the remarkable enrichment of specific groups of Bacteroidetes phyla
following BS, especially Bacteroides uniformis, results in the regulation of miR-122 and
the peroxisome proliferator-activated receptor alpha (PPARα), which consequently curbs
excessive hepatic gluconeogenesis and downregulates tissue-level inflammation in the
liver [76,77,84,85].

5.4. Cardiovascular Risk and Atherogenic Silencing

The process of recovery of the intestinal barrier after surgery leads to the deactivation
of endothelial cells (first stage of blood vessel damage). The epigenetic reset of the vessel
walls takes place due to the blocking of LPS and pro-inflammatory cytokines systemically.
Histone modifications (for instance, H3K9ac) are removed from the promoters of vascular
adhesion genes. This prevents accumulation of white blood cells in the blood vessels, thus
inhibiting further development of atherosclerosis and decreasing the risk of cardiovascular
disease. Additionally, a great reduction in fat mass, low-density lipoprotein, and total
cholesterol levels was observed [12,86].

However, the rise in the level of trimethylamine N-oxide (TMAO) produced by gut
microbiota after BS is rather surprising since the elevated level of TMAO is associated with
an increased risk of developing CVD, while BS is known to reduce the risk of CVD. This
surprising rise in a harmful bacterial metabolite shows that other protective mechanisms
such as increased butyrate production and a healed gut barrier might be strong enough to
override the TMAO effect [87,88].

6. Integration of Mechanistic Crosstalk: Intestinal Integrity and
Tissue-Level Repair

The molecular mechanisms within the gut microbiota–epigenome axis do not work in
isolation; instead, they form a highly connected loop that controls systemic metabolism.
The basis of this crosstalk involves restoration of the integrity of the intestinal barrier so
as to block metabolic endotoxemia (the leakage of bacterial toxins into the blood). Before
BS, obesity-associated dysbiosis causes damage to the mucosal coating and downregulates
structural cellular junctions in the intestine. In turn, this facilitates entry of lipopolysaccha-
ride (LPS), an outer membrane component of Gram-negative bacteria and a major toxic
component, allowing it to pass via paracellular pathways into the portal circulation. On
entering the bloodstream, systemic LPS binds to Toll-Like Receptor 4 (TLR4) expressed
on host immune cells, adipocytes, and hepatocytes and causes activation of NF-κB, a
pro-inflammatory signaling cascade. This causes inflammatory signaling to alter the host
epigenetic balance by upregulating pro-inflammatory cytokine genes and altering DNA
methylation in metabolic pathways. BS interrupts this vicious cycle via an integrated
biochemical process. This is because the increase in certain species of post-surgical bacteria
such as Bacteroidetes and Lactobacillus causes an increase in SCFAs and indoles. These
metabolites initiate epigenetic reprogramming locally within the intestinal epithelium, thus
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causing HDAC inhibition and recruiting histone acetyltransferases to the promoter region
of important tight junction proteins such as Claudin-1, Occludin, and Zonula Occludens-1
(ZO-1) [9,38,89–92]. An illustration of the role of BS in driving mechanistic crosstalk within
the gut microbiota–epigenome axis is presented in Figure 1.

Figure 1. Mechanistic flow of the gut microbiota–epigenome axis and tissue-level remodeling
post-bariatric surgery. Abbreviations: SCFAs, short-chain fatty acids; HDAC, histone deacetylase;
DNMT, DNA methyltransferase; TLR4, Toll-Like Receptor 4; NF-κB, nuclear factor kappa-light-chain-
enhancer of activated B cells; LPS, lipopolysaccharide; TNF-α, tumor necrosis factor-alpha; IL-6,
Interleukin-6; FXR, farnesoid X receptor; TGR5, Takeda G-protein 5; SIRT1, silent information regu-
lator (Sirtuin) 1; CREB, cAMP response element-binding protein; PGC-1α, peroxisome proliferator-
activated receptor gamma coactivator 1-alpha; GLP-1, glucagon-like peptide-1; PPARGC1A, peroxi-
some proliferator-activated receptor gamma coactivator 1-alpha gene; IRS1, insulin receptor substrate
1; GLUT4, glucose transporter type 4.

7. Inter-Individual Weight Outcomes and Weight Regain
Changes in gut microbiota composition induced by BS have been proposed as po-

tential determinants of weight loss and long-term metabolic improvements. Olsson and
colleagues conducted a randomized controlled trial and found that both RYGB and SG
result in microbiome shifts toward a functionally aligned profile; however, RYGB has larger
compositional shifts and a more homogeneous gut microbiota [12]. Clinical remission is
associated with increased bacterial gene richness, increased capability of methanogenesis,
and expansion of several Akkermansia species. Importantly, clinical responders show
a decrease in fecal SCFA levels (indicating increased host absorption), together with an
increase in the branched-chain-to-short-chain fatty acid ratio (BCFA/SCFA), indicating
faster SCFA absorption into the host tissue.

On the other hand, persistent differences in gut microbial composition or function
after surgery may be associated with variability in metabolic responses, although the mech-
anisms underlying these differences remain incompletely understood. Some studies have
reported associations between postoperative microbiota profiles, microbial metabolites,
and clinical outcomes; however, these findings do not establish that microbiota changes
directly determine weight loss or weight regain. Similarly, the concept of metabolic memory
proposes that epigenetic alterations acquired during obesity may persist after subsequent
metabolic improvement. Although such persistent epigenetic changes have been described
in obesity and after weight loss, their specific contribution to postoperative weight regain
has not been established in humans. Therefore, the proposed role of persistent “epige-
netic scars” should currently be considered a mechanistic hypothesis requiring further
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investigation rather than an established explanation for variability in bariatric surgery
outcomes [12,34,35].

8. Targeting the Microbiota–Epigenome Axis: Probiotic Evidence and
Future Biotic Perspectives
8.1. Modulating the Axis via Biotic Therapeutics

Given the potential involvement of the gut microbiota in postoperative metabolic
adaptation, microbiota-targeted interventions, including probiotics, have been investigated
as possible adjunctive therapies after BS. However, current clinical evidence does not
establish probiotics as effective modulators of the postoperative microbiota–epigenome
axis. Previous meta-analysis studies published by Daghmouri et al., and Swierz et al.,
demonstrated no significant effect on weight-related outcomes. In contrast, there was a
significant improvement in fasting insulin in T2DM patients and a significant decrease in
triglyceride and LDL-cholesterol levels [93,94]. Additionally, probiotic supplementation
(particularly from the Bifidobacterium and Lactobacillus genera) after BS led to statistically
significant increases in serum concentrations of vitamins B12 and D, indicating that these
strains function as active in vivo micro-factories that overcome malabsorption after surgery
and restore the cofactor pool in the host. However, it did not significantly affect weight
loss, metabolic parameters, or inflammatory markers [95]. In another study conducted
by Sherf-Dagan et al., patients who underwent laparoscopic sleeve gastrectomy were
administered high-dose, multi-strain probiotics (25 billion live bacteria per capsule with
11 different strains) for six months after surgery. The results of a direct analysis of fecal
microbiome composition showed that there was no statistical difference in the diversity
of microbial populations or the phyla present in the two groups at 3, 6, and 12 months
after surgery. The only differences were temporary increases in the presence of Proteobac-
teria, Actinobacteria, and Collinsella at 6 months, which decreased again at 12 months.
These results show that the anatomical changes of BS are the main driver of microbiome
restructuring, leaving a relatively narrow therapeutic window for supplemental probiotics
to induce permanent compositional shifts [96]. A summary of comparative human clinical
evidence of microbiome-targeted interventions in bariatric surgery patients is presented in
Table 2.

Table 2. Summary of comparative human clinical evidence of microbiome-targeted interventions in
bariatric surgery.

Intervention Definition Outcome

Probiotics [93–95] Living micro-organisms confer a health benefit
when administered in adequate amounts.

• No significant effect on weight-related outcomes.
• Significant improvement in vitamins D and B12, as well as

fasting insulin in T2DM patients.
• Significant decrease in triglyceride and LDL-cholesterol

levels.

Prebiotics [97]
Substrates selectively stimulate the growth of
good bacteria already in the gut, promoting
production of beneficial compounds. • Prebiotic supplementation group showed higher weight loss

than both the placebo and synbiotic groups.
• Neither supplements produced statistically significant

reductions in inflammatory markers.Synbiotics [97]

A mixture comprising live microorganisms
and substrate(s) selectively utilized by host
microorganisms that confers a health benefit
on the host.

FMT [98]

The administration of human fecal matter
containing a complex community of
microorganisms from a healthy donor into the
gastrointestinal tract of a recipient to restore or
modify the gut microbiota.

• FMT did not reduce the body weight of patients undergoing
bariatric surgery.

• FMT may improve metabolic parameters, including insulin
sensitivity, glucose metabolism, and inflammatory markers.

Abbreviations: FMT, fecal microbiota transplant; T2DM, type 2 diabetes mellitus; LDL, low-density
lipoprotein.
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Beyond the bariatric cohorts, a recent meta-analysis conducted by Guo and colleagues
showed that probiotic supplementation can have beneficial effects on body weight pa-
rameters. The decrease in weight, visceral fat content, and waist circumference in the
experimental group taking probiotics was significantly higher than that in the placebo
group. However, there was no significant difference in BMI and LDL-C levels between the
experimental group and the control group [99].

Furthermore, evidence suggests that the potential anti-obesity effects of probiotics
are highly strain-specific. Certain strains of Lactobacillus (including L. casei, L. rhamnosus,
L. gasseri, and L. plantarum) and Bifidobacterium (including B. longum, B. animalis, and
B. breve) have demonstrated associations with reduced body weight or adiposity in both
preclinical and clinical studies [100].

8.2. Current Limitations and Therapeutic Barriers

The characterization of probiotics as definitive clinical modulators of the post-bariatric
microbiota–epigenome axis remains limited by several major methodological challenges in
the current literature. First, there is a notable lack of direct tissue-based epigenetic anal-
yses. Existing clinical trials have primarily focused on conventional anthropometric and
metabolic outcomes, without incorporating paired, high-resolution epigenomic sequencing
approaches to determine whether probiotic interventions induce functional alterations in
host gene regulation. Second, substantial heterogeneity exists among available studies,
including variations in probiotic strains, formulations, dosages, intervention durations, and
measured outcomes. Furthermore, the predominance of multi-strain probiotic preparations
limits the ability to define strain-specific effects, resulting in inconsistent findings and
emphasizing the need for further research to identify the probiotic strains with the greatest
potential for modulating body weight and metabolic outcomes. Importantly, associations
between probiotic supplementation, changes in microbial composition, and clinical out-
comes should not be interpreted as evidence that microbiota modulation directly causes the
observed metabolic or nutritional effects. Demonstrating causality will require trials incor-
porating longitudinal microbiome profiling, metabolomics, and appropriate host molecular
measurements alongside clinical outcomes.

Future studies should include larger cohorts with extended follow-up periods and
integrated multi-omics approaches. Given that epigenetic modifications represent long-
term adaptive mechanisms involved in host metabolic regulation, short-term studies may
be insufficient to determine whether microbiota-targeted interventions result in sustained
or durable alterations in metabolic programming [101–103].

9. Emerging Multi-Omics Approaches
In order to understand and decode the post-bariatric microbiota–epigenome axis com-

prehensively, research is moving beyond just studying single-layer profiling and toward
a multi-omics approach. The combination of detailed sequencing of microbial species,
transcriptional analysis of activity, and systemic metabolite tracking with host tissue epige-
nomics provides scientists with a way of identifying the pathways that link specific probiotic
strains to chromatin alterations. Moreover, an important insight emerging from the current
literature is that the most informative biomarker after BS may not be a microbial taxon
itself, but rather a functional signal linking microbial activity to host physiology. Taxonomic
changes are highly variable across studies and may reflect differences in diet, medications,
surgical procedure, geography, and baseline metabolic status. Consequently, identifying a
bacterium that increases or decreases after surgery does not, by itself, establish its biological
importance. A more meaningful sequence is to determine whether a microbial functional
change produces an altered metabolite profile, whether these metabolites are associated
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with changes in host metabolic or epigenetic pathways, and whether these molecular
changes precede and predict subsequent clinical improvement. Accordingly, we propose
that future bariatric studies should adopt longitudinal multi-omics designs with repeated
microbiome, metabolomic, metabolic, and epigenomic measurements, together with de-
tailed dietary and medication data and clinically meaningful long-term outcomes. Details
of these emerging multi-omics approaches, their biological targets, and their contributions
to epigenetic discovery are shown in Table 3 [104–107].

Table 3. Emerging multi-omics approaches in gut microbiota–epigenome research [75–78].

Omics Approach Description Role in Microbiota–Epigenome Axis

Metagenomics

Sequencing and analysis of all
microbial DNA within a sample to
characterize microbial composition

and functional potential.

• Identifies microbial composition and
diversity.

• Detects genes involved in metabolite
production.

• Predicts microbial functional potential.
• Identifies taxa associated with epigenetic

changes.

Metabolomics
Comprehensive analysis of

small-molecule metabolites in
biological samples.

• Quantifies microbial metabolites.
• Identifies epigenetically active metabolites.
• Links metabolites to host metabolic pathways.

Metatranscriptomics
Analysis of the collective microbial

RNA transcripts in a biological
sample.

• Identifies actively expressed microbial genes.
• Reveals functional microbial activity.
• Links gene expression to metabolite

production.

Epigenomics
Genome-wide analysis of epigenetic

modifications affecting gene
expression.

• Profiles DNA methylation and histone
modifications.

• Identifies microbiota-associated epigenetic
changes.

• Reveals host gene regulatory alterations.

Multi-Omics
Integration

Integration of multiple omics
datasets to provide a comprehensive

view of biological systems.

• Integrates microbial, metabolite, and
epigenetic data.

• Identifies host–microbiota interaction
networks.

• Reveals mechanistic pathways.

AI and Systems Biology Computational tools for pattern
recognition and system modeling.

• Integrates complex multi-omics datasets.
• Predicts microbiota–epigenome interactions.
• Identifies biomarkers and therapeutic targets.

Abbreviations: AI, Artificial Intelligence.

10. Bariatric Surgery Versus Emerging Pharmacological Therapies
Recent pharmacological advances have narrowed the efficacy gap between medical

and surgical treatment of obesity. Tirzepatide (Zepbound), a dual GIP/GLP-1 receptor
agonist, produced approximately 15–21% mean weight loss after 72 weeks at doses of
5–15 mg in adults with obesity or overweight without diabetes, with dose escalation
during the first 20 weeks. Adverse events caused treatment discontinuation in 4.3%, 7.1%,
6.2%, and 2.6% of participants receiving 5 mg, 10 mg, and 15 mg tirzepatide doses [108].
Moreover, Retatrutide, a triple GIP/GLP-1/glucagon receptor agonist, resulted in 24.2%
mean weight loss after 48 weeks at 12 mg in a phase 2 trial, as compared with 2.1% in
the placebo group. These results should not be interpreted as direct comparisons with BS
because the trials differed in treatment duration, dose escalation, adherence and completion,
eligibility criteria, diabetes status, and lifestyle interventions. Importantly, the magnitude
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of pharmacological weight loss must also be considered alongside treatment persistence
and long-term maintenance. Although newer incretin-based therapies offer promising
alternatives to BS, whether their benefits can match the long-term and broader metabolic
effects of surgery remains uncertain [109].

11. Current Challenges and Knowledge Gaps
Translating the gut microbiota–epigenome axis from bench to bedside following BS

is associated with practical difficulties. One of the key problems in the current available
literature is the insufficient number of samples in most post-surgical studies. Additionally,
the observed heterogeneity was high in many studies for most of the outcomes. According
to Debédat et al., most of the variations in the studies’ findings can be attributed to various
technical and external differences. From a technical perspective, researchers employ differ-
ent techniques for DNA extraction and sequencing that include not only simple techniques
like qPCR or lower-resolution marker sequencing (16S rRNA) but also highly accurate
whole-genome shotgun sequencing. Apart from that, there are significant time differences
between sample collection. Although the 16S sequencing technique is widely used, it does
not provide information about specific bacterial strains, and it lacks the resolution to map
functional microbial genes responsible for SCFA or B vitamin synthesis [110–113].

Critical methodological gaps also limit our mechanistic understanding of this axis.
Target tissue biopsies (such as visceral adipose tissue or the liver) are not typically obtained
from patients in parallel in human studies. Consequently, researchers have to utilize stool
samples and peripheral blood mononuclear cells, which do not accurately reflect chromatin
states in metabolic organs. Moreover, most of the available data in humans are observational
in nature. It is necessary to track isotope-labeled metabolites in humans or use humanized
models in order to determine whether a particular host DNA methylation change is a result
of microbial metabolites or caloric restriction. Furthermore, the available human literature
on the gut microbiota, epigenetic regulation, and metabolic outcomes following BS remains
observational or mechanistic rather than directly causal. Experimental and mechanistic
studies provide important biological plausibility, but the independent causal contribution of
the microbiome and its metabolites to postoperative epigenetic and metabolic remodeling
remains incompletely defined in humans. Finally, studies evaluating probiotic benefits
after BS usually focus on clinical endpoints (like weight loss or serum lipids) rather than
performing serial stool metagenomics or metabolomics, leaving the actual composition and
metabolite production of the supplemented strains unverified [110,111].

12. Future Perspectives
Future research should move beyond conventional anthropometric measures toward

a precision bariatric medicine approach that integrates gut microbiota, microbial metabo-
lites, epigenetic biomarkers, and clinical phenotypes to better characterize inter-individual
variability in postoperative outcomes. Whereas existing bariatric metrics primarily focus
on the percentage of excess weight loss or BMI reduction, future studies are suggested to
focus on measuring the efficacy of surgery by employing epigenetic aging algorithms such
as Horvath’s clock and GrimAge. Monitoring post-bariatric alterations in gut microbiota-
derived metabolites, such as increased butyrate production and methyl donor availability,
may provide mechanistic insights into host epigenetic remodeling and markers of DNA
methylation aging following bariatric surgery. These biomarkers could offer a more com-
prehensive assessment of metabolic health and cardiovascular risk than body weight alone,
although their clinical utility requires further validation. Additionally, future studies
should validate the survival and functional activity of probiotic strains within the surgi-
cally altered gastrointestinal environment, characterized by changes in pH and intestinal
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transit time, while tailoring conventional and next-generation probiotic interventions ac-
cording to each patient’s preoperative microbial and epigenetic profile. Moreover, to
overcome the challenges associated with live bacterial colonization after surgery, postbi-
otics, comprising purified microbial components or bioactive metabolites such as SCFAs,
represent a promising therapeutic alternative. Furthermore, the development of epigenetic
biomarkers to predict postoperative weight regain and guide clinical decision-making,
together with the investigation of fecal microbiota transplantation from patients with fa-
vorable postoperative responses to those with suboptimal outcomes, may further advance
microbiota-based therapeutic strategies and accelerate the transition toward personalized
bariatric care [12,34,35,93,94,98].

13. Conclusions
Growing evidence indicates that BS is accompanied by coordinated changes in gut mi-

crobial composition and function, microbial metabolites, and host metabolic and regulatory
pathways. These changes provide a potential framework for understanding how postoper-
ative microbial remodeling may interact with host processes involved in metabolic adap-
tation. Microbial metabolites, including SCFAs, bile acid derivatives, and indole-related
compounds, can influence host signaling and gene regulation through pathways involving
histone deacetylases, DNA methylation, nuclear and G-protein-coupled receptors, and in-
flammatory signaling. However, the extent to which these mechanisms contribute directly
to postoperative epigenetic remodeling in humans remains incompletely established.

Current clinical evidence suggests that postoperative probiotic supplementation may
improve selected nutritional or metabolic outcomes, including vitamin B12 and D concen-
trations and some lipid or glycemic measures, but does not consistently provide additional
weight loss benefit. The available evidence is also limited by heterogeneity in probiotic
strains, doses, treatment duration, patient populations, and outcome assessment, as well as
limited direct assessment of microbiome function and host epigenetic changes.

Future research should therefore prioritize adequately powered longitudinal random-
ized trials integrating microbiome profiling, metabolomics, and tissue- or blood-based
epigenetic measurements with clinically meaningful outcomes. Such studies are needed to
determine whether microbiota-derived metabolites and epigenetic alterations are mediators
of postoperative metabolic improvement or simply correlate with broader changes induced
by surgery and weight loss. Postbiotics, personalized probiotic strategies, fecal microbiota
transplantation, and epigenetic biomarkers represent promising areas for investigation, but
their clinical effectiveness remains to be established. Ultimately, a better understanding of
the microbiota–epigenome relationship may contribute to precision bariatric care, provided
that mechanistic hypotheses are supported by rigorous longitudinal and interventional
human evidence.
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Abbreviations
The following abbreviations are used in this manuscript:

AhR Aryl hydrocarbon receptor
BAs Bile acids
BMI Body mass index
BS Bariatric surgery
DNMTs DNA methyltransferases
FMT Fecal microbiota transplantation
FXR Farnesoid X receptor
GI Gastrointestinal
GLP-1 Glucagon-like peptide-1
GPR G-protein-coupled receptor
HATs Histone acetyltransferases
HDACs Histone deacetylases
HMTs Histone methyltransferases
RYGB Roux-en-Y gastric bypass
SAM S-adenosylmethionine
SCFAs Short-chain fatty acids
SG Sleeve gastrectomy
TGR5 Takeda G-protein-coupled receptor 5
TLR4 Toll-Like Receptor 4
TMAO Trimethylamine N-oxide
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