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Abstract: The interplay between mitochondria, epigenetics, and the microbiota is intricately linked to both health and
disease. Within our cells, a complex molecular dance occurs, where these components intertwine in a mesmerizing
ballet that plays a decisive role in our health. Mitochondria, beyond being energy powerhouses, modulate nuclear
gene expression through messengers like reactive oxidative stress (ROS) and calcium. Epigenetics, acting as the
molecular conductor, regulates the expression of both nuclear and mitochondrial genes through modifications like
DNA methylation. The intestinal microbiota itself produces short-chain fatty acids (SCFAs) that influence
mitochondrial activity. SCFA-induced epigenetic modifications, like histone acetylation, impact mitochondrial
function which may lead to disease. Mitochondrial dysfunction generates retrograde signals that alter nuclear gene
expression, as evidenced by increased histone H3 lysine 27 acetylation (H3K27ac) in genes essential for neuronal
differentiation and mitochondrial reprogramming. Alterations in the mitochondrial-nuclear-microbiota axis are
associated with diseases including diabetes, neurodegeneration, and cancer. Modulating the intestinal microbiota with
probiotics or prebiotics can restore balance while intervening in mitochondrial pathways, which can be a therapeutic
strategy. Additionally, using epigenetic agents like histone deacetylase (HDAC) inhibitors can reprogram gene
expression and improve mitochondrial function. Finally, the present review aims to explore the central interplay
between mitochondria, epigenetics modifications, and microbiota in a complex and dynamic molecular context that
plays a fundamental role in human health. Specifically, it will examine the impact of microbiome components and
metabolites generated from normobiosis and dysbiosis on mitochondria and epigenetic modifications across different
diseases and metabolic conditions. This integrated understanding of the molecular players and their interactions

provides a deeper perspective on how to promote health and potentially combat disease.
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Introduction

The human body harbors a vast and intricate microbial
ecosystem encompassing trillions of microorganisms. This
diverse community, predominantly composed of bacteria
but also including archaea, viruses, and eukaryotes,
flourishes within the gastrointestinal tract, reaching its peak
density in the intestine. It is crucial to distinguish between
“microbiota” and “microbiome”; the former refers to the
assemblage of microbes themselves, while the latter
encompasses their collective genetic makeup [1]. The gut
microbiota plays a pivotal role in shaping the host’s health
status. Its composition, characterized by various species’
abundance, dominance, and viability, exhibits dynamism
and is susceptible to dietary choices, lifestyle factors, and
environmental influences [2]. These microbial populations’
richness and diversity are essential for maintaining overall
well-being.

Recent advancements have wunveiled the gut
microbiome’s centrality in a multitude of physiological
processes, underscoring its significance in human health. It
contributes significantly to food digestion, nutrient
absorption and utilization, and the biosynthesis of vital
molecules such as vitamins (K and B complex), proteins,
and bile acids. Notably, the gut microbiome is responsible
for the generation of short-chain fatty acids (SCFAs), which
exert regulatory effects on host physiology [2]. Furthermore,
this microbial community facilitates the breakdown of
dietary polysaccharides that would otherwise remain
undigested. The gut microbiota is also the main antigenic
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stimulus responsible for the development, activation, and
function of gut-associated lymphoid tissue (GALT) [3]
which modulates innate and mucosal immunity, thereby
influencing gut barrier function, gut motility, and the
suppression of pathogenic microbial expansion [2].

Intriguingly, recent studies suggest that the gut
microbiome can extend its influence beyond the gut,
regulating host gene expression, circadian rhythms, drug
efficacy and toxicity, and even aspects of the central nervous
system (CNS) [4]. As reviewed by Dicks [5], gut bacteria
synthesize neurotransmitters such as dopamine, histamine,
serotonin, norepinephrine, and y-aminobutyric acid
(GABA), to communicate with the CNS through afferent
vagus nerve (VN) fibers. In response, via VN efferent fibers,
the brain sends signals back to enteroendocrine and
enterochromaffin cells in the intestinal epithelium, and to
mucosal immune system cells to improve the integrity of the
gut wall and inhibit the release of pro-inflammatory
cytokine to reduce peripheral inflammation, keeping the gut
microbiome in a balanced state.

This interplay between the gut microbiota, and the host
fosters cooperation and functional stability within the gut
ecosystem, aptly termed the holobiont [6]. This concept
underscores the intimate and dynamic relationship between
the host and its associated microbiota, highlighting its
indispensable role in host physiology and health [6]. The
holobiont framework challenges the notion of the gut
microbiota as a mere collection of independent microbes,
instead portraying it as a complex system characterized by
coevolution and reciprocal interactions between the host and
its microbial inhabitants. For instance, the gut microbiota can
influence the expression of host genes, while host genetics
can shape the composition and function of the microbiota.
The microbiota potentially affects host behavior, social
interactions, and even the evolution of the host species [7].

There is a remarkable interindividual variability in the
human gut microbiota. Each individual has a diversity of
bacteria to perform the same biological function, this
functional redundancy is exhibited by robust microbiotas
[8]. The establishment of this diversity begins early in life
and changes by various factors such as gestational age,
mode of delivery, infant feeding practices, weaning, and
exposure to environmental factors (e.g., antibiotics). While
the gut microbiota composition exhibits a degree of stability
in adulthood, factors like body mass index (BMI), lifestyle
choices, exercise frequency, ethnicity dietary, and cultural
habits [9] (Fig. 1).

Particularly regarding ethnicity, it can be seen as a
manifestation of multiple lifestyle factors, which have a low
effect singly, but collectively are significant to result in a
unique profile of gut microbiota that distinguishes ethnic
groups [10]. The microbiota can also be changed by a host’s
social environment as microbes can be transmitted through
different social contact [11]. Consequently, there is no single
“optimal” gut microbiota composition, as it is unique to
everyone, but can be considered stable if, after a
disturbance, has resistance to change its composition,
resilience to restore the initial composition, and functional
redundancy to recover the initial function despite
compositional changes [8].
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FIGURE 1. Gut microbiota, dysbiosis, and the association with human diseases.

The human gastrointestinal tract presents a spectrum of
physiological variations along its length, encompassing the
small intestine and colon. These variations are characterized
by gradients in chemical composition nutrient availability,
and compartmentalized host immune activity, all known to
influence bacterial community composition. Microbial cell
populations are most abundant within the gastrointestinal
tract, with lower abundances observed in the oral cavity and
stomach, potentially attributed to the harsher acidic
environment in these regions [12,13]. The number of
microorganisms progressively increases along the small
intestine, reaching a peak in the colon, where the low
oxygen tension (O,) favors the establishment of a dense
anaerobic microbial community [12,13].

Disruption or alteration in the composition and function
of the gut microbiota, known as gut dysbiosis, can have
significant consequences for both intestinal and extra-
intestinal health [14] (Fig. 1). The potential implications of
gut dysbiosis are vast and alarming, spanning a broad
spectrum of diseases, including inflammatory bowel disease,
irritable bowel syndrome, allergies, autoimmune diseases,
obesity, type 2 diabetes (T2D), and even neurological
disorders (Fig. 1). These understandings may offer insights
into potential therapeutic strategies for modulating the
mitochondrial-nuclear-microbiota axis to promote health
while avoiding these afflictive diseases.

While the precise mechanisms underlying the link
between gut dysbiosis and disease remain under
investigation, several hypotheses have been proposed. One

theory suggests that an altered microbiota can trigger an
inappropriate immune response, leading to chronic
inflammation and tissue damage [15-17]; this disruption is
common in inflammatory bowel diseases, autoimmune
diseases, and even cancer. Another hypothesis posits that
dysbiosis can disrupt nutrient metabolism and energy
storage, potentially contributing to the development of
obesity and T2D [18,19]. Furthermore, dysbiosis has been
associated with alterations in the gut-brain axis, which may
play a role in developing neurological disorders [20,21]. Gut
microbiota, mitochondria, and neurodegeneration have been
recently  explored concerning  Alzheimer’s  disease,
amyotrophic lateral sclerosis, Huntington’s disease [22,23],
and age-related cognitive decline [24,25]. This review will

explore the impact of microbiome components and
microbiome-derived =~ metabolites on  mitochondrial
metabolism and epigenetic regulation across various

pathological contexts.

Altered Gut Microbiome and Epigenetics: Crosslink with
Potential Diseases

Emerging evidence underscores a fascinating bidirectional
communication between the gut microbiome and the
epigenome. Epigenetics encompasses a range of stimuli that
induce alterations in gene expression patterns without
modifying the underlying DNA sequence itself. These
alterations can be transient or even persist across
generations. Fundamental epigenetic mechanisms include
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DNA methylation, histone modifications, non-coding RNA
(ncRNA) regulation, and chromosomal remodeling [22,26].

DNA methylation involves the enzymatic addition of a
methyl group to a cytosine residue within the DNA
sequence, mediated by DNA methyltransferases and
requiring S-adenosylmethionine as a cofactor. This
modification primarily targets cytosines within a cytosine-
guanine dinucleotide context (CpG). The conversion
transforms cytosine to 5-methylcytosine (5mC), and CpG-
rich regions, known as CpG islands, are scattered unevenly
throughout the genome. DNA methylation can repress gene
expression by hindering the binding of transcription factors
to the DNA. DNA methylation patterns are generated
during development and often exhibit tissue specificity [24].
Disruptions in these patterns have been linked to a variety
of diseases, including cancer, neurological disorders, and
cardiovascular disease [27].

Histone modification refers to alterations in the proteins
that package DNA. Post-translational modifications of
histones, such as acetylation, methylation, sumoylation,
phosphorylation, etc., can influence chromatin structure and
potentially impact gene transcription [28,29]. These
modifications can alter chromatin accessibility and thereby
regulate gene expression. Similar to DNA methylation,
histone modifications occur along with development and
can be influenced by environmental factors. Notably,
dysregulation of histone modifications has been implicated
in various diseases, including cancer, neurological disorders,
and inflammaging-associated hypertension [30-32]. Histone
methylation significantly influences mitochondrial function
through crosstalk between the nucleus and mitochondria.
This modification involves the addition of methyl groups to
histone proteins, primarily on lysine and arginine residues,
altering chromatin structure and gene expression. Dysbiosis-
associated changes in histone methylation can lead to
functional implications such as altering mitochondrial
biogenesis, cellular energy homeostasis, and cellular health,
thus contributing to the pathogenesis of various diseases.

The ncRNA regulation involves the modulation of gene
expression by RNAs lacking protein-coding capacity. These
ncRNAs function as inhibitors of gene expression by
binding to messenger RNA, thereby preventing their
translation into proteins. Conversely, ncRNAs can enhance
gene expression by interacting with DNA and influencing
chromatin structure [33]. Perturbations in ncRNA
regulation have been associated with various diseases,
including cancer and cardiovascular disease [34,35].

More importantly, both dysregulation of the gut
microbiome and epigenetic modifications have been
implicated in various diseases, including obesity [36],
inflammatory bowel disease [37], and cancer [38]. Microbial
metabolites mediate epigenetic changes that contribute to
metabolic disorders by affecting intestinal permeability,
immune and inflammatory responses, and insulin resistance;
these metabolites can also lead to dysbiosis in the
microbiota by directly interacting with G-protein-coupled
receptors (GPCRs) [39]. Thus, diet, the gut microbiota, and
epigenetics changes may be of significant value when
considering the development of metabolic diseases like
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others (Fig. 2). The potential of deciphering the mechanisms
underlying this communication is immense, as it may pave
the way for the development of innovative strategies for
preventing and treating these conditions.

A randomized controlled trial involving 69 male and
female health volunteers showed that anthocyanin-rich
functional ingredients could improve cognitive function,
working memory, and eye dryness via modulation of the gut
microbiome and histone acetylation [40]. Considering
cognitive function, a recent study revealed a potential
involvement of Alzheimer’s disease (AD)-associated
dysbiosis with the development of cognitive deficits [41].
Using AD transgenic mice or administrating feces of AD
transgenic mice to wild-type mice, the researchers identified
gut microbiota dysbiosis, Tau phosphorylation, and
cognitive impairment in the wild-type mice; all these
manifestations were reversed following gavage with
Lactobacillus  and  Bifidobacterium. The epigenetic
mechanisms underlying these changes have been attributed
to the butyric acid-mediated acetylation of Glycogen
Synthase Kinase-3 beta (GSK3f) at lysine 15 which
regulated its phosphorylation finally impacting Tau
phosphorylation. More recently, Behrens et al. [42] showed
an improvement in depressive-like behavior of rats after
supplementation with sodium propionate (50 mM). These
effects were particularly associated with the modulation of
gut bacterial communities and attenuation of the epigenetic
dysregulation via histone 3 epigenetic regulation in the brain
of stressed animals.

Considering fecal microbiota transplant (FMT), a larger
gut microbiota shift was obtained with allogenic FMT,
indicating that the introduction of new species can
modulate the plasma metabolome and epigenome. For
instance, Prevotella amplicon sequence variants correlated
with methylation of the Actin Filament-Associated Protein 1
(AFAP1) gene, impacting mitochondrial function, insulin
sensitivity, and peripheral insulin resistance, suggesting
FMT as promising to ameliorate insulin sensitivity in
metabolic syndrome [43].

Recent studies indicate that microbe-derived metabolites
can significantly impact host metabolism by serving as
epigenetic regulators. Butyrate, a metabolite produced by
intestinal bacteria, functions as a histone deacetylase
inhibitor and has been documented to enhance memory and
learning in animal models. Notably, butyrate and
lipopolysaccharide (LPS) generated from transplanted gut
microbiota of children with type 1 diabetes (T1D) have
protective and deleterious effects, respectively, on pancreatic
islet structure and function in a streptozotocin-induced T1D
mice model [44]. While LPS enhanced inflammatory
response, butyrate activated insulinl and 2 gene expressions.
Diabetic dysbiosis is a novel key factor related to diabetic
complications. By administering butyrate to non-obese T2D
MKR mice, Noureldein et al. [45] evaluated alterations in
colon shortening and inflammation; they observed that
dysbiosis associated with T2D is accompanied by reduced
bacteroid fragilis and butyrate-forming bacteria, and the
inadequate secretion of butyrate alleviated HDAC3
inhibition and altered colon permeability. By contrast,
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FIGURE 2. Intestinal microbiota and SCFAs can affect the epigenome through different ways of action by interacting with epigenetic substrates
or chromatin-modifying enzymes. These regulations have been documented in multiple diseases. Acetyl (Ac); DNA methyltransferase (DNMT);
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short-chain fatty acids (SCFAs).

treatment with butyrate restored the normal levels of
inflammatory markers and reduced ROS production which
may attenuate diabetic complications. Interestingly, colon
tissue of diabetic mice showed overexpression of
inflammatory cytokines (interleukin (IL)-18) and NADPH
oxidase (NOX)4 which was associated with dysbiosis and
lower levels of butyrate-forming bacteria [46]. A cohort
study (95 adults) showed that gut microbiome remains
stable in individuals during the early stages of diabetic
chronic kidney disease with a predominance of phyla
Firmicutes and Bacteroidetes [47].

In colon cancer cells, butyrate is more available than
glucose and serves as an HDAC inhibitor, thus preventing
cell proliferation and inducing apoptosis [48]. Previous
reports found that colorectal cancer (CRC)-associated
microbiota can enhance the number of hypermethylated
genes in murine colonic mucosa compared to health control
microbiota; Secreted Frizzled Related Protein 1, 2, and 3
(SFRP1,2,3), Proenkephalin = (PENK), Aristaless-Like
Homeobox 4 (ALX4), WNT Inhibitory Factor 1 (WIF1),
Septin 9 (SEPT9), and Neuropeptide Y (NPY) gene
promoters were hypermethylated in CRC in contrast to
normal tissue or components of fecal donors and blood
methylation levels of Wifl, PENK, and NPY were closely
related to CRC dysbiosis [49]. New findings revealed that
the CRC microbiome programs DNA methylation of host
cells mainly by interfering with methyl donor metabolism
[50]. Researchers also showed associations between
methylation profiles of CRC-related genes and specific
bacterial taxa, emphasizing their role in physiological
homeostasis and in contributing to CRC development. In

human colonic biopsies, ulcerative colitis and Crohn’s
disease have been extensively associated with DNA
methylation involving microbiota composition, disease
classification, and inflammatory status [51].

The gut-lung axis is another target of investigation in
lung disorders. To investigate if gut microbiota contributes
to tuberculosis and host immunity, Yang et al. [52] studied
pulmonary inflammation in a mouse model of
mycobacterium tuberculosis infection. They found a
downregulation of gut bacteria-regulated long-non-coding
RNA (IncRNA), termed IncRNA-CGB, during dysbiosis
while a direct regulator of IncRNA-CGB was Bacteroides
fragilis. Importantly, IncRNA-CGB interacted with Enhancer
of Zeste Homolog 2 (EZH2) to negatively regulate H3K27
tri-methylation (H3K27Me3) epigenetic programming
resulting in Interferon Gamma (IFN-y) expression and
immune protection against tuberculosis.

An interesting study by Cuomo et al. [53] showed that
methylation signatures of human host fecal DNA (HFD) are
correlated with gut dysbiosis and inflammation in children
with autism spectrum disorder (ASD). Particularly, most
methylated genes in HFD were associated with
inflammatory response and immune cells; this methylation-
based algorithm could also be used to explore other brain
disorders and intestinal inflammatory diseases. New
evidence indicating that paternal microbiome perturbations
affect offspring’s parameters (e.g., low birth weight, growth
restriction, and premature mortality) is linked to the gut-
germline axis where dysbiosis is mostly associated with
altered testicular metabolite profiles, impaired leptin
signaling, and remapped small RNA payloads in sperm [54].
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Using obese wild-type C57BL/6NCrl mice and transgenic
mice with an altered sperm epigenome, their descendants
were characterized for metabolic profile and the histone 3
lysine 4 trimethylated (H3K4me3) showed a pivotal role in
the paternal transmission of metabolic dysfunction [55];
although this study focused on evaluating the metabolic
alterations driven by a high-fat diet, it is important to note
that the microbiota could also be affected.

In the context of a high-fat diet, the development of
obesity has been prevented by changes in microbiota-
derived signals and intestinal epithelial HDAC3 [56]. The
regulation of HDAC3 by the microbiota occurs via the
integration of multiple molecular signals. Compared to
control microbiota, the obesity-related microbiota transfer
induced increased enrichment of histone H3 lysine 27
acetylation (H3K27Ac) at metabolic genes in colonic
intestinal epithelial cells [57]. Under microbial colonization,
histone modifications occur in different immune cells
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through different regulatory mechanisms (for details refer to
the paper by Woo et al. [58]).

Gut Microbiota Dysbiosis and the Role of Mitochondria

The human gut microbiome, teeming with trillions of
microorganisms, produces a vast array of small metabolites
that significantly impact mitochondrial homeostasis, cellular
ROS levels, and ultimately, intestinal, and metabolic health
[59] (Fig. 3). Mitochondria are essential organelles
responsible for ATP generation through the mitochondrial
oxidative phosphorylation system (OXPHOS) during
substrate oxidation. In addition to energy production, these
organelles play a multifaceted role in metabolism,
participating in sugar, fat, and protein breakdown
(catabolism) while also contributing to the synthesis of
essential biomolecules (anabolism) such as glucose, fatty
acids, and amino acids. Additionally, mitochondria regulate

Damaged mitochondria

O o
i)
7
o
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adequate ATP
Mitophagy Altered mitochondrial
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FIGURE 3. Mitochondrial-microbiota integration under balanced and unbalanced (dysbiosis) conditions.
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ionic balance, influence cell death pathways, and contribute to
ROS generation [60].

The molecular crosstalk between the gut microbiota and
mitochondria is a topic of intense research, with evidence
suggesting a bidirectional communication channel (Fig. 3).
The intestinal microbiota can influence mitochondrial
function and biogenesis through the production of specific
metabolites, such as butyrate that prevented autophagy in
colonocytes [61,62]. Conversely, mitochondrial function can,
in turn, modulate the composition and activity of the gut
microbiota [63].

Diet plays a central role in this fascinating interplay.
Dietary choices have a profound impact on the composition
and function of the gut microbiota, and this influence is
implicated in the pathogenesis of various metabolic
disorders, including obesity, T2D, and metabolic syndrome
[64,65]. Furthermore, mitochondria, being the cornerstone
of cellular energy metabolism, are highly responsive to
dietary components [66,67].

Metabolic  disorders are often characterized by
dysregulated energy metabolism and chronic low-grade
inflammation (Fig. 3). Oxidative stress and inflammation are
key players in the development of these conditions, with
significant consequences for mitochondrial function [68,69].
Given their critical role in energy generation, mitochondria
are particularly susceptible to inflammation-induced oxidative
stress. They can sense inflammatory signals and are among
the first organelles affected by systemic inflammation [70].

Mitochondrial dysfunction arises when these organelles
fail to generate and maintain adequate ATP levels due to
imbalances in nutrient signaling, energy production, and
oxidative respiration (Fig. 3). Consequently, mitochondria
play a significant role in the development of obesity-related
metabolic disorders. Their core function is cellular energy
metabolism, achieved through the oxidation of
carbohydrates, lipids, and proteins [71]. More recently, a
review by Colangeli et al. [72] showed the mechanisms
whereby gut microbiota and microbial metabolites are
capable of shaping host metabolism, adipogenesis, and white
adipose tissue inflammation, and, particularly, in obesity,
this dysregulation can affect adipose tissue (AT) metabolism
via direct and indirect effects on AT mitochondria.

The capacity of diet to shape the composition and
diversity of the gut microbiota is well-known. Several
dietary components have been identified as beneficial for
promoting a healthy and diverse gut microbiome. Dietary
fiber, abundant in whole grains, fruits, and vegetables,
functions as a prebiotic, selectively nourishing and
promoting the growth of beneficial bacteria [73].
Additionally, fermented foods like yogurt and kefir, rich in
probiotics, introduce live beneficial microorganisms directly
into the gut [74,75]. Polyphenols, found in various plant-
based foods, can promote the growth of beneficial bacteria
while inhibiting the growth of harmful species [76,77].
Moreover, omega-3 fatty acids, commonly found in fatty
fish and certain nuts and seeds, have been associated with a
more favorable gut microbiota profile [78].

Certain dietary components can also positively influence
mitochondrial function. Antioxidant-rich foods, including
colorful fruits and vegetables, can counteract oxidative stress
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and protect mitochondria from damage. Coenzyme Q10
(CoQ10), present in meat, poultry, fish, nuts, and seeds, is
involved in mitochondrial energy production and can
enhance mitochondrial function. Other natural compounds,
particularly polyphenols, possess antioxidant properties that
enable them to inhibit the activation of nuclear factor-xB
(NF-kB) and the expression of target genes associated with
inflammation [79]. In addition to inhibiting inflammation,
oxidative stress, and metabolic dysfunction linked to gut
dysbiosis, polyphenols improve blood-brain barrier (BBB)
permeability, thus protecting against the onset of brain
diseases; they can activate nuclear factor-erythroid 2-related
factor 2 (Nrf2) and sirtuin-1 pathways to inhibit ROS
generation [79]. Furthermore, foods rich in essential
nutrients such as B vitamins and magnesium provide
cofactors necessary for mitochondrial metabolism and ATP
production [80]. Thus, the modulation of mitochondrial
function represents one of the mechanisms by which
bioactive compounds exert health benefits.

The gut microbiota has been implicated in the
pathogenesis of metabolic disorders. Dysbiosis-associated
changes in microbial metabolites and gut barrier function
can influence dietary energy extraction, adipose tissue
metabolism, and host inflaimmatory responses (Fig. 3).
These interactions can disrupt energy homeostasis, promote
fat storage (adiposity), and contribute to obesity
development [81]. Dysbiotic microbiota profiles are often
associated with metabolic endotoxemia, chronic low-grade
inflammation, and insulin resistance [14,18,81]. Gut
microbiota dysbiosis and mitochondrial dysfunction are also
associated with chronic intestinal inflammation and
colorectal cancer. Studies have suggested that gut microbiota
signal to the mitochondria of epithelial cells and immune
cells thus altering mitochondrial metabolism, immune cell
activation, inflammasome assembly, and epithelial barrier
function [82].

Diets high in saturated fats and deficient in fiber are
linked to an imbalanced gut microbiota characterized by a
decline in beneficial bacteria and a surge in potentially
harmful microbes [83]. These shifts in the microbial
community composition can significantly impact the host’s
metabolism and immune function [84]. For example,
dysbiosis induced by a high-fat diet in mice promoted
changes in the production of microbial metabolite that
compromise mitochondrial function in the colonic
epithelium, resulting in mitochondrial dysfunction and
associated metabolic disorders such as inflammatory bowel
disease [85].

The relationship between diet, the gut microbiota, and
mitochondria is highly complex and plays a crucial role in a
multitude of aspects of human health and disease (Fig. 3).
Favorable dietary components that nurture a diverse and
balanced gut microbiota can indirectly influence
mitochondrial function by producing microbial metabolites,
such as SCFAs which serve as valuable energy substrates.
Conversely, optimal mitochondrial function contributes to
gut health by maintaining the integrity of the intestinal
barrier and regulating immune responses [86].

Modulating dietary habits to promote a beneficial gut
microbiota composition while simultaneously enhancing



1436

mitochondrial function holds promise for preventing and
managing various metabolic disorders. Strategies to
modulate the gut microbiota through dietary interventions,
including prebiotic and probiotic supplementation,
increased dietary fiber intake, and personalized nutrition
plans, are emerging as potential allies to mitigate these
disorders. Additionally, therapeutic approaches targeting the
gut microbiota, such as fecal microbiota transplantation and
using microbially derived metabolites, are also possibilities
for disease management.

Mitochondrial-Epigenetic Interactions are Closely Linked
to Dysfunctional Microbiota and Associated Diseases

Mammalian mitochondrial DNA (mtDNA) encodes limited
components for protein synthesis. Most mitochondrial
proteins are encoded by nuclear DNA and transported into
the mitochondria [87]. This necessitates a tightly
coordinated communication between the nucleus and
mitochondria, termed “mitonuclear communication”
[88,89]. The nucleus governs mitochondrial biogenesis and
activity by regulating the expression of mitochondrial genes
(anterograde signaling). Conversely, mitochondria signal
back to the nucleus (retrograde response) through energy
cues, ROS production, and calcium signaling, thereby
influencing cellular function and metabolic reprogramming.
This  bidirectional ~communication ensures cellular
homeostasis and adaptation to various challenges.

Within this scenario, the nuclear epigenome, which
controls gene expression patterns without altering the DNA
sequence, can modulate mitochondrial function. Conversely,
mitochondria can initiate epigenetic modifications in the
nucleus [90,91]. Epigenetic modifications on nuclear DNA
play a crucial role in the expression of genes encoding
mitochondrial proteins. For instance, lysine-specific
demethylase-1 (LSD-1), an enzyme that removes methyl
groups from histones, i.e., a histone demethylase (HDM), is
essential for expressing a third of nuclear-encoded
mitochondrial genes in the liver [92]. This highlights the
significance of histone methylation and HDMs in regulating
mitochondrial biogenesis and function.

Microglia, the immune cells residing in the CNS, are
essential to maintaining neuronal networks. They do this by
eliminating apoptotic cells and dysfunctional synapses
during healthy brain function. However, they can also be
activated by disease, injury, or infection, assuming an
immune role [93,94]. What is truly interesting is the
influence of the gut microbiota on microglial maturation
and function especially through the production of SCFAs, a
byproduct of bacterial fermentation. Among these SCFAs,
acetate has emerged as a key player, promoting microglial
maturation, and regulating metabolic homeostasis [95]. This
underscores the significant role of gut microbiota in
microglial function and, by extension, brain health.

The absence of gut microbiota throughout the lifespan of
germ-free (GF) mice leads to profound epigenetic changes in
microglia. These changes involve alterations in histone 3
lysine 9 acetylation (H3K9ac) and H3K4me3, which in turn
regulate microglial proliferation, morphology, activation,
and even metabolic functions, including mitochondrial
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density [95]. The implications of these changes are
significant, as GF mice displayed microglia with
dysfunctional mitochondria, likely due to reduced brain
acetate levels. Notably, supplementation with acetate
restored these mitochondrial abnormalities, suggesting a
crucial connection between gut microbiota, epigenetics
changes, microglial function, and neuronal protection.
Acetate, in the form of acetyl-CoA, can fuel the citric acid
cycle (TCA) and ATP production and potentially contribute
to nuclear histone acetylation, providing a possible
mechanism for this functional link. These findings reinforce
the delicate balance in our body’s systems and the potential
consequences of any disruption.

As previously mentioned, SCFAs, generated by gut
bacteria during fermentation, can influence histone
modifications by inhibiting histone deacetylases (HDACs)
(Fig. 4). This finding is particularly intriguing in the context
of recent research linking diet to ASD [96]. Studies using
PC12 cells, a model system for studying neuronal processes,
have shown that propionic and butyric acids, two common
SCFAs, can induce broad changes in gene expression
profiles. These alterations include neurotransmitter systems,
neuronal adhesion molecules, inflammation, oxidative stress,
lipid metabolism, and mitochondrial function-all aspects
relevant to ASD pathophysiology [96].

Accumulating evidence has demonstrated the role of the
gut microbiome on amygdala development in infancy,
suggesting differential regulation in the frontal cortex and
other brain regions [97]. These processes include the
regulation of microRNA-451, 14-3-3, cytochrome P450
(CYP)1BI, and the melatonergic pathways. Decreased
monoamine oxidase activity, increased levels of miR-451
and CYP1BI, along with reduced 14-3-3 activity, inhibit the
synthesis of N-acetyl serotonin and melatonin. This
contributes to the hyperserotonemia often seen in ASD,
affecting mitochondrial function and the content of released
exosomes. Considering Parkinson’s disease (PD), the nuclear
and mitochondrial genome, epigenome, and the host gut
microbiome have been examined in the onset and
progression of PD since they revealed potential biomarkers
to predict early stages of the disease and interventions with
personalized treatment [98]. For instance, non-coding RNAs
are involved with PD-associated regulatory mechanisms and
metagenomic analyses may be an important approach for
early diagnosis.

Further studies delve deeper into the mechanisms by
which SCFAs might influence brain health. Research on
embryonic hippocampal progenitor cells and PCl12-
NeuroD6 cells (expressing high levels of NeuroD6, a protein
regulating neural progenitor proliferation) has shown that
sodium butyrate (NaBt), an HDAC inhibitor, triggers a
specific = H3K27ac in genes critical for neuronal
differentiation and mitochondrial reprogramming [99].
These epigenetic changes promote mitochondrial biogenesis,
enhance OXPHOS metabolism, and improve mitochondrial
bioenergetic parameters (Fig. 4). Moreover, they confer
resistance to oxidative stress, a crucial factor during

neuronal differentiation. These findings suggest that
epigenetic modulation of the mitochondrial pool before
neurotrophic  signaling can enhance mitochondrial
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used in the mitochondrial machinery to generate ATP in the tricarboxylic acid cycle (TCA) or, together with histone acetyltransferase (HAT),
to promote epigenetic acetylation of nucleosomes, opening chromatin to activate nuclear gene transcription. SCFAs like sodium butyrate also
act to inhibit histone deacetylases (HDAC), preventing deacetylation to maintain specific acetylation of histone H3 lysine 27 (H3K27ac) to
increase mitochondrial biogenesis, bioenergetic potential, and also improving the metabolism of the oxidative phosphorylation system
(OXPHOS) and the resistance to reactive oxidative stress (ROS). Other epigenetic modifications on nuclear DNA act on methyl groups to
prevent transcription, maintaining a condensed form of chromatin. Through demethylation, methyl groups are removed from histones to
activate the transcription of essential genes encoding mitochondrial proteins. In this way, lysine-specific demethylase-1 (LSD-1) is a
crucial enzyme that plays a role in liver nuclear cells, while lysine (K)-specific demethylase 6B/Jumonji domain-containing protein-3
(Kdméb/Jmjd3) also has histone demethylase (HDM) activity in osteoblasts that allows exposure of the region promoter of mitochondrial
transcription factor A (Tfam) to the expression of its target gene through the influence of prebiotics intake. Tfam, in turn, alters the Ca**
flux in the mitochondria membrane, which acts in retrograde signaling to regulate the Ca*>* flux in the endoplasmic reticulum and

nucleus according to the metabolic state.

biogenesis, thereby improving the efficiency of neural
progenitor cells to differentiate into neurons [99].

Notably, recent research suggests a potential link
between epigenetic modifications and major depressive
disorder [100]. Yu et al. [100] utilized affinity enrichment
and high-resolution liquid chromatography-tandem mass
spectrometry to identify acetylated proteins in the
hippocampus of gut microbiota-absent mice. A total of 986
lysine acetylation sites in 543 proteins were identified. These
proteins were involved in various biological functions,
primarily located in mitochondria, and most of the altered
pathways showed disturbances in OXPHOS and the
tricarboxylic acid cycle. These findings suggest that lysine
acetylation alterations may contribute to mitochondrial
dysfunction, potentially linking gut microbiota to brain
function and behavior.

Since the communication between the nucleus and
mitochondria is bidirectional, mitochondria respond to
nuclear signals and can also signal back to the nucleus,
influencing gene expression through epigenetic modifications.

They regulate the nuclear supply of acetyl-CoA and S-
adenosyl methionine (SAM), essential for DNA and histone
modifications. Mitochondrial damage can trigger retrograde
signaling, triggering specific epigenetic changes, and altering
gene expression [101]. Various mediators, including ROS,
fatty acids, and TCA cycle metabolites, participate in this
retrograde signaling pathway. These mitochondrial-derived
metabolites can induce epigenetic changes in the nucleus,
thereby enhancing or repressing gene expression. This may
involve differential regulation of cellular metabolism, tissue
repair, and disease progression, ultimately contributing to
cellular homeostasis [102].

Studies on liver injury further exemplify the concept of
mitochondrial dysfunction leading to epigenetic changes via
retrograde signaling. In a murine model, a loss of
mitochondrial transcription factor A, which promotes
mitochondrial dysfunction, triggered the secretion of the
growth factor amphiregulin (AREG) from hepatocytes.
Mitochondrial dysfunction-responsive enhancers of the
AREG gene are activated, leading to chromatin remodeling
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and epigenetic reprogramming. This suggests that, in response
to stress, retrograde signaling can induce transcriptional and
epigenetic changes to promote tissue repair through the
secretion of growth factors from dysfunctional mitochondria
[101].

Behera et al. [103] investigated how probiotics affect
mitochondrial biogenesis and bone health through histone
methylation in obese mice fed a high-fat diet. Treatment
with  probiotics or indole-3-propionic acid (IPA)
significantly increased trabecular bone volume and bone
mechanical strength while preventing gut inflammation in
obese mice. From a mechanistic standpoint, probiotics
treatment upregulated mitochondrial transcription factor A
(Tfam) expression in osteoblasts by enhancing Kdméb/
Jmjd3 histone demethylase activity, thereby reducing
H3K27me3 epigenetic methylation at the Tfam promoter
(Fig. 4). Moreover, obese mice overexpressing Tfam did not
exhibit obesity-induced reductions in glucose uptake,
mitochondrial biogenesis, or mineralization in osteoblasts
when fed a high-fat diet.

Recent research shows how the gut microbiome can
influence immune T-cell function through a previously
unknown pathway involving mitochondrial metabolism and
epigenetics changes [104]. Studies show that inhibiting the
mitochondrial pyruvate carrier (MPC) in CD8" T cells, a
type of immune cell, promotes their differentiation into
memory T cells. Memory T cells are crucial for long-term
immunity. Interestingly, this differentiation is driven by a
“mitochondrial retrograde pathway” involving a metabolic-
epigenetic axis.

The inhibition of MPC in CD8" T cells does not
significantly alter their immediate effector function or
energy status. However, it does trigger a metabolic shift,
favoring acetyl-CoA production through glutamine and fatty
acid oxidation. This increase in acetyl-CoA is then linked to
the acetylation of a specific site (lysine residue 27) on
histone H3. Histone acetylation is an epigenetic
modification that influences gene expression. In this case, it
promotes chromatin accessibility on genes associated with
memory T cell differentiation, allowing these genes to be
more readily expressed. This epigenetic reprogramming,
triggered by the metabolic shift caused by MPC inhibition,
ultimately enhances the T cells’ capacity to fight tumors in
adoptive cell transfer therapy.

A healthy gut microbiome contributes to normal
mitochondrial function in immune cells by providing
essential metabolites for cellular energy production and
signaling pathways. However, a dysbiotic microbiome,
characterized by an imbalance in bacterial communities, can
disrupt mitochondrial function [105]. This disruption can
manifest in several ways, including increased reliance on
aerobic glycolysis (a less efficient way of producing energy),
reduced OXPHOS, and altered fatty acid oxidation.
Additionally, a dysbiotic microbiome can lead to changes in
mitochondrial membrane permeability and resistance to cell
death in immune cells. This could be impactful since
butyrate, a SCFA produced by gut bacteria, has been shown
to affect mitochondrial respiration and cell death, improving
intestinal inflammation [106].
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Given the potential of mitochondrial-derived metabolic
signals to induce epigenetic modifications in response to stress
or damage, interventions aimed at a dysbiotic gut microbiome
could be a game-changing strategy. By fostering a healthy gut
microbiota, we might be able to avert epigenetic changes
triggered by altered mitochondrial retrograde signaling. This
could potentially lead to enhanced immune function and
overall health, underscoring the practical implications of this
data collection for clinical settings.

Conclusion and Prospects

An imbalance in gut microbial communities (e.g., dysbiosis)
has been linked to various metabolic disorders like T2D,
obesity, and metabolic syndrome. However, the exact
mechanisms connecting these entities remain under
investigation. In this context, it has proposed a two-way
communication between the gut microbiota and
mitochondria, playing significant metabolic roles. The gut
microbiome can influence mitochondrial function through
metabolite production, while optimal mitochondrial
function supports gut health. The interplay between the gut
microbiome and epigenetics changes might also contribute
to the development of metabolic diseases.

Epigenetic modifications, which can be influenced by
environmental factors including diet and the microbiome,
regulate gene expression without altering the DNA sequence
itself (Fig. 4). Understanding this complex regulatory
network between gut microbiota, mitochondria, and
epigenetics modifications has the potential to reveal novel
therapeutic approaches for preventing and managing
metabolic diseases. Since mitochondrial signals can trigger
epigenetic changes, modifying a dysbiotic gut microbiome
could be valuable in restoring homeostasis and attenuating
the risk of various metabolic and inflammatory disorders.
Some food compounds can protect the organism from age-
related diseases by acting on the epigenetic level and slowing
down aging-in doing this the physiology of the microbiome
is also modified [107]. Dietary interventions that promote a
healthy gut community, such as prebiotics, probiotics,
increased fiber intake, and personalized nutrition, hold
promise for mitigating metabolic disorders and improving
patients’ quality of life (Fig. 4). Also, polyphenols may
interact with the gut microbiota where they undergo
extensive metabolism to produce bioactive molecules [108];
these molecules, in turn, act on transcription factors that are
crucial for mitochondrial biogenesis, antioxidant systems,
DNA repair, and glucose and lipid homeostasis.

Understanding the crosstalk between the microbiome,
mitochondria, and epigenetic regulation is essential for
unraveling the complex mechanisms underlying human
health and disease. While existing literature has established
the link between gut dysbiosis and metabolic disorders, the
exact mechanisms underlying these connections remain
incompletely understood. The relationship between gut
microbiota and metabolic disorders is well-documented;
however, there is a significant gap in comprehensive studies
that integrate mitochondrial function and epigenetic
modifications into this framework. In vivo and in vitro
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analyses might lead to the development of novel therapeutic
strategies targeting these interactions to prevent or treat a
wide range of disorders.
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