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Abstract: The prevalence of metabolism-associated fatty liver disease (MAFLD) represents an urgent
pandemic, complicated by a higher risk of morbidity and mortality as well as an increased socio-
economic burden. There is growing evidence proving the impact of gut microbiota modifications on
the development and progression of MAFLD through changes in metabolic pathways, modulation
of the immune response, and activation of pro-inflammatory signals. Concurrently, metabolites
produced by gut microbiota consisting of short chain fatty acids and bile acids contribute to the
regulation of hepatic homeostasis by interacting with mitochondria. Evolving research indicates that
innovative therapeutic targets for MAFLD may focus on gut microbiota–mitochondria interplay to
regulate hepatic homeostasis. Recent investigations have explored the potential of new treatment
strategies, such as prebiotics, probiotics, and metabolites, to change the composition of gut microbiota
and simultaneously exert a positive impact on mitochondrial function to improve MAFLD. This
review summarizes the significance of mitochondria and reports modifications in the composition of
gut microbiota and its metabolites in MAFLD in order to illustrate the fascinating interplay between
liver mitochondria and intestinal microbiota, discussing the potential effects of innovative treatments
to modulate gut microbiota.
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1. Introduction

Metabolic dysfunction-associated fatty liver disease (MAFLD), formerly named non-
alcoholic fatty liver disease (NAFLD), is defined by the presence of steatosis in >5% of
hepatic parenchyma associated with metabolic disorders (such as obesity and/or type
2 diabetes), in the absence of chronic conditions and with alcohol consumption lower than
30 g/d for men and 20 g/d for women [1]. MAFLD affects about a quarter of the world’s
adult population, posing a major health and economic burden to all societies. However,
despite this, it has no approved therapy [1–4]. The high prevalence of this disease has been
fueled by the rapid rise in levels of sedentary behavior, low levels of physical activity, and
excess calorie intake relative to expenditure in nutritionally imbalanced and unhealthy
diets. In this context, the lack of effective prevention and treatment represents an urgent,
unmet need in the field.

According to a recent International Consensus Panel, MAFLD can be diagnosed by
liver biopsy, imaging, or blood biomarker evidence of fat accumulation in the liver (hep-
atic steatosis), in addition to one of the following three criteria, namely (1) overweight/
obesity, (2) the presence of type 2 diabetes mellitus (T2DM), or (3) evidence of metabolic
dysregulation [1]. Liver fat accumulation is a very sensitive and early indicator of metabolic
dysfunction [5,6]. Risk factors of MAFLD include advanced age, male gender, obesity, high
levels of circulating metabolic parameters (such as fasting glucose, triglycerides, choles-
terol, uric acid), urban residence, and lower education [7–9]. Hepatic steatosis implies a
higher risk for atherosclerosis, and the relationship between MAFLD and atherosclerotic
cardiovascular disease is sustained by huge epidemiological studies, genetic analyses,
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and investigations of subclinical atherosclerosis [10]. MAFLD may directly account for
atherosclerotic cardiovascular disease by promoting hepatic delivery of atherogenic lipopro-
teins, particularly boosting secretion of very low-density lipoproteins [10]. Accordingly,
cardiovascular disease is the most common cause of mortality in patients with fatty liver
disease [11]. Furthermore, patients with MAFLD are exposed to higher risk of overall mor-
tality, but also of more advanced liver disease and renal disease, worsening the prognosis
of other diseases [12–14].

Ultrastructural and functional alterations of mitochondria are key determinants in
the pathogenesis of MAFLD [15–18]. Being the powerhouse of cells, modifications of
mitochondrial structure together with a decrease in mitochondrial function cause metabolic
disorders and contribute to the progression of MAFLD [19–21]. Nevertheless, the exact
mechanisms that link mitochondrial changes to steps of MAFLD progression need to be
clarified.

The liver is the organ with the closest contact with the gut, since 75% of its blood
supply comes from the portal vein, which collects blood from the intestine. Portal blood
not only contains metabolites but also bacterial products and viable bacteria absorbed from
the gut [22]. MAFLD is associated with an altered microbiota, and dysbiosis can increase
toxic metabolites, cause liver inflammation and damage, aggravate liver disease, promote
disease progression to liver fibrosis, and seriously affect patient outcomes [23]. On the
other hand, liver alterations may exert an impact on intestinal microbiota. For example,
bile transport from the liver to the small intestine through the biliary system is continuous,
so hepatic changes resulting in a disruption to biliary homeostasis may have a negative
effect on gut microbiota [24].

Mitochondria and gut microbiota closely interact, and a disruption of this interaction is
reported in several conditions [25–28]. Indeed, intestinal microbiota and related metabolites
are determinant for mitochondrial metabolism, biogenesis, and redox homeostasis [25].
On this basis, it is strongly conceivable that crosstalk between mitochondria and gut
microbiota is crucial for the progression of MAFLD. In this review article, we will first
summarize the importance of mitochondria in the pathogenesis of MAFLD. Next, changes
in the composition of gut microbiota and its metabolites in MAFLD will be described.
Finally, we will try to depict the intriguing interaction between liver mitochondria and
intestinal microbiota, discussing the potential effects of innovative treatments to modulate
gut microbiota in MAFLD.

2. Mitochondrial Involvement in MAFLD

In the liver, mitochondria represent almost one-fifth of the volume of hepatocytes
(reaching a number of 500–4000 per cell), being involved in several key metabolic networks
and signaling pathways [29]. One of the main mitochondrial functions is the production of
ATP from energetic substrates as the products of carbohydrate, lipid and protein catabolism.

In the wide histological pattern characterizing MAFLD, simple steatosis supple-
mented by no or limited inflammation (non-alcoholic fatty liver) may progress to necro-
inflammation with hepatocyte ballooning (non-alcoholic steatohepatitis, NASH) and fibro-
sis. Several studies provide evidence of mitochondrial alterations in every step of MAFLD
progression (Figure 1).

Mitochondrial dysfunction is characterized by different grades of ultrastructural
and morphologic modifications, impairment of β-oxidation, oxidative phosphorylation
(OXPHOS) and ATP exhaustion, higher permeability of membranes, overproduction of
reactive species, and oxidative damage of mitochondrial DNA (mtDNA) [30–33].

Mitochondrial morphology is commonly described as an elongated ovoid or spherical
shape, depending on the plane and orientation of the sectioning of electron microscopy
observation [34]. These organelles are enveloped by an outer and an inner membrane,
from which parallel infoldings of cristae originate, functionally representing the surface
area for ATP production [35,36]. The association between ultrastructural alterations and
mitochondrial dysfunction is of particular interest because giant mitochondria characterize
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the occurrence of several diseases [37–39]. Of note, MAFLD patients present with ultrastruc-
tural changes consistent with giant mitochondria, characterized by a significant decrease
in the surface area-to-volume ratio and disruption to the inner- and cristae mitochondrial
membranes suggestive of mitochondrial dysfunction [40].
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chondrial changes in hepatocytes leading to MAFLD.

Liver steatosis develops as a consequence of increased lipid uptake and synthesis
and/or reduced lipid removal/oxidation [19,20]. The lipid excess in liver steatosis is mainly
composed of neutral lipids, such as triglycerides and cholesterol esters, which are gathered
as lipid droplets in hepatocytes [41]. Hydrolysis of triglycerides and cholesterol esters
releases fatty acids, which can be esterified again, incorporated in second messengers (such
as phosphatidylinositol bisphosphate, sphingosine, ceramide, and others), or transported
within mitochondria for β-oxidation [42]. Nevertheless, very-long-chain fatty acids can-
not be oxidized by mitochondria, so these are transported to peroxisomes [43]. While
medium and short-chain fatty acids can freely enter mitochondria, long-chain fatty acids
need to be activated by CoA to be transported within the mitochondrial matrix through
the carnitine palmitoyl transferase system [44]. Mitochondria are involved in fatty acid
catabolism through β-oxidation reactions, whose impairment causes lipid accumulation
in liver cells [45]. Reduced β-oxidation in MAFLD may be the consequence of decreased
mitochondrial intake of fatty acids, mediated by the impaired activity of carnitine palmi-
toyl transferase 1 (CPT1) [46]. Indeed, CPT1 represents the mitochondrial gateway for
long-chain fatty acid entrance within the matrix, being the key regulator of mitochondrial
β-oxidation [47]. In mammals, CPT1 requires carnitine to translocate long-chain acyl CoAs
across the inner mitochondrial membrane, and intramitochondrial carnitine reacts with
short- and medium-chain acyl CoAs to generate short-chain acylcarnitine, which can be
transported out of mitochondria [48]. The accumulation of long-chain acylcarnitine and
reduction in short-chain acylcarnitine have been reported in the liver of MAFLD patients,
further confirming the impaired mitochondrial β-oxidation of long-chain acyl-CoAs to
medium- and short-chain acyl-CoAs [49]. On the other hand, it has been reported that the
genetic deficiency in mitochondrial trifunctional protein (involved in the oxidation of long
chain fatty acids) is associated with hepatic steatosis and insulin resistance [50,51]. Of note,
mitochondrial fatty acid oxidation is decreased by 40–50% in patients with steatohepatitis,
suggesting that the impairment of lipid metabolism is linked with disease progression [52].
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Mitochondria also exert a determinant role in lipid synthesis. Indeed, even though
lipogenesis occurs in the cytoplasm, the mitochondrial matrix is the producing site of citrate,
the precursor of fatty acid synthesis [53]. Thus, lipid synthesis requires citrate export out of
mitochondria, which occurs through a carrier reaction mediated by the ATP-dependent
citrate lyase [54]. Of interest, ATP-citrate lyase is upregulated in patients with MAFLD,
and its increased acetylation is associated with progression of disease [55].

In hepatic steatosis, hepatic mitochondrial β-oxidation is inefficient for the metabolism
of fatty acid excess, so lipotoxic intermediates accumulate in the liver; furthermore, over-
stimulated mitochondrial β-oxidation generates excess reducing equivalents (NADH and
FADH2) and electron flow to the electron transport chain (ETC), but this rate is limited by
the ATP rate turnover, which impairs reactive species transfer and production [56].

MAFLD severity may be further influenced by the dysfunctional mitochondrial elec-
tron transport chain (ETC), with consequent OXPHOS defects and mitochondrial oxidative
stress [57]. Impaired ETC is described in MAFLD patients, particularly in those presenting
with steatohepatitis [49,58]. In particular, a human study reports that mitochondrial res-
piratory activity adapts during the progression of MAFLD, being increased with respect
to mitochondrial mass in simple steatosis but compromised in steatohepatitis [58]. ETC
defects and related overproduction of reactive species may lead to overexpression of un-
coupling protein 2, with consequent bioenergetic impairment and ATP depletion [30,31].
Furthermore, MAFLD patients exhibit several mtDNA mutations involving ETC-related
genes, and the number of mutations is associated with histologic severity [59].

Mitochondrial dysfunction is a consequence of altered mitochondrial quality control
(MQC), which includes biogenesis, mitophagy and dynamics (fusion/fission) [60]. The
transcription factor peroxisome proliferator-activated receptor γ (PPAR γ)-coactivator-1α
(PGC-1α) is the master regulator of mitochondrial biogenesis and promotes the expres-
sion of genes engaged in β-oxidation, the tricarboxylic acid cycle, ETC, and mtDNA
duplication [61]. The hepatic expression of PGC-1α is reduced in MAFLD patients [58]. Fur-
thermore, PGC-1α and mitochondrial biogenesis are repressed in the liver of animal models
of MAFLD [62,63]. Patients with MAFLD also exhibit alterations in mitochondrial protein
synthesis [64]. Impairment of mitochondrial transcription factor A (TFAM), a downstream
effector of PGC-1α that promotes mtDNA transcription and mtDNA repair enzymes, can
lead to the disruption of mtDNA-encoded respiratory chain subunits, further amplifying
mitochondrial dysfunction, and leading to the progression of steatohepatitis [63].

Providing the dysfunctional mitochondria is removed, mitophagy could be a protective
mechanism to prevent MAFLD progression [65]. Mitophagy is defined as the cellular
process that leads to the selective degradation of dysfunctional mitochondria, being the
exclusive mechanism to specifically clear whole organelles and limit overproduction of
reactive species [66]. As a result, defective mitophagy results in the accumulation of injured
mitochondria, with consequent hepatocellular necrosis [67]. The main pathway regulating
mitophagy and consequent mitochondrial function/structure is dependent on PINK1,
which phosphorylates Parkin; in turn, activated Parkin mediates the ubiquitination of
mitochondrial proteins, leading to the formation of an autophagosome and initiating the
mitochondrial degradation program [68]. Pre-clinical evidence suggests that PINK1/Parkin
mediated mitophagy is involved in hepatic lipid accumulation, suggesting its involvement
in the pathogenesis of MAFLD [69,70]. Further pathways of mitophagy regulated by BCL2
interacting protein 3 (BNIP3)/BNIP3L (or NIX), FUN14 Domain Containing 1 (FUNDC1),
AMP kinase (AMPK), mitochondria-eating protein (MIEAP), and high mobility group box
1 (HMGB1) may be involved in MAFLD pathogenesis [71].

Dysfunctional mitochondria can be further recovered through fusion with healthy
organelles, even though severe impairment leads to segregation from mitochondrial net-
work through fission [72]. Mitochondrial dynamics is modulated by several key proteins
including mitochondrial fission 1 and 2 (Fis1 and Fis2), mitofusins (Mfn), mitochondrial
fission factor (Mff), dynamin-related protein 1 (Drp1), and mitochondrial dynamic proteins
of 49 kDa and 51 kDa (MiD49 and MiD51) [73]. Both Fis1 and Drp1 levels were shown
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to decrease in a mouse model characterized by liver inflammation and fibrosis [74]. On
the other hand, hepatic expression of mitochondrial fission-related proteins such as Mff
and Drp1 was found to be higher in mice fed HFD [75]. The importance of mitochondrial
dynamics in MAFLD pathogenesis is strengthened by demonstrating that hepatic ablation
of Mff increases the susceptibility of steatohepatitis development in HFD-fed mice [76].
Furthermore, hepatic Mfn2 levels are lower both in mouse models and in patients with
steatosis/steatohepatitis [17]. Of note, Mfn2 re-expression is able to improve liver pathol-
ogy in steatohepatitis, while the hepatic deletion of Mfn2 causes steatosis, inflammation,
fibrosis, and liver cancer [77].

3. The Gut-Liver Axis: A Link between MAFLD and Intestinal Microbiota

Gut microbiota includes numerous microorganisms, such as bacteria, viruses, fungi,
and archaea, within the gastrointestinal tract. Amongst the intestinal bacterial microbiota,
Firmicutes and Bacteroidetes represent the prevalent phyla [78]. Gut microbiota exerts
various determinant functions in preserving healthy homeostasis, avoiding colonization by
pathogens, processing xenobiotics, and supplying vitamins, especially biotin and folate,
which are implicated in energy metabolism and maintenance of the immune system [79].

Considering the bidirectional relationship between the liver and intestine, changes in
gut microbiota—defined as “dysbiosis”—may contribute to several liver diseases, including
steatosis, steatohepatitis, and fibrosis (Figure 2) [80].
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Figure 2. Intestinal dysbiosis consequent to metabolic alterations may increase the release of microbial
metabolites such as short chain fatty acids (SCFD) and secondary bile acids (BAs) to the liver through
the portal vein, contributing to the pathogenesis of hepatic injury.

MAFLD is promoted by nutritional changes, resulting in either overnutrition or mal-
nutrition, so that the high-fat diet (HFD) closely mimics human liver disease in animals [81].
HFD reduces the Shannon diversity index and the special operational taxonomic units
(OTUs) of gut microbiota, significantly increasing the wealth of Firmicutes and decreasing
Bacteroidetes [82]. It is worth noting that similar changes in gut microbiota are described in
humans with obesity [83]. Emerging evidence suggests that HFD plays a causal role in de-
termining gut dysbiosis because of its increased ability for energy accumulation and higher
gut inflammation and permeability [84]. On the other hand, the role of gut microbiota in
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the pathogenesis of MAFLD has been demonstrated by transplantation experiments in
germ-free mice fed HFD: colonization of fecal microbiota from donors with hyperglycemia
and high plasma levels of pro-inflammatory cytokines induces macrovesicular liver steato-
sis and increases the expression of genes involved in lipid synthesis [85]. It is worth
noting that mice developing steatosis display a high concentration of two bacterial species
(Lachnospiraceae bacterium 609 and a relative of Barnesiella intestinihominis) [85]. Moreover,
another investigation reports that hepatic steatosis may occur in wild type mice simply by
co-housing mice with steatohepatitis due to inflammasome-mediated gut dysbiosis [86].
Nevertheless, information obtained by mouse models cannot be entirely transferred to
humans, not only because hepatic histological alterations are not identical, but also because
the microbiota is considerably dissimilar [87]. To sidestep this hindrance, fecal microbiota
transplanted from MAFLD patients to germ-free mice to duplicate the human phenotype
causes hepatic steatosis and inflammation, which are aggravated by HFD feeding [88].

The composition of gut microbiota in MAFLD patients has been investigated by a
small number of studies, which led to heterogeneous results but described the presence
of dysbiosis, confirming its contribution to the disease. In general, these studies suggest
the reduction of gut microbiota diversity, with increased Firmicutes and Actinomycetes and
reduced Bacteroidetes, Leptosphaeria, Proteobacteria, Fusobacteria, Verrucomicrobia, and Ther-
mus [89–91]. Studies provide conflicting data for Bacteroidetes and Actinobacteria. It is also
essential to point out that due to their close relationship, MAFLD and metabolic diseases
such as obesity and type 2 diabetes may present with some overlap in bacterial signa-
tures [92]. However, several differences are reported among investigations, with diverse
results for phylum, family, genus, and species [93]. Despite the fact that most research
on the gut-liver axis has focused on bacteria, patients with MAFLD have a unique fecal
mycobiome composition and a strong systemic immune response to Candida albicans [94].
Furthermore, the diversity of the fecal virome was reduced in MAFLD patients compared
to healthy subjects [95].

The profile of gut microbiota may be related to the severity of liver injury: its
β-diversity is higher in cirrhosis than in the absence of advanced fibrosis [96]. Dysbiosis
causes excess gut bacteria and increases lipid permeability and intake; furthermore, bacteria
translocate to the portal circulation and trigger inflammatory signals via the detection of
lipopolysaccharide, stimulating the expression of the toll-like receptor 4, production of
IL-8, and inhibition of insulin signaling, ultimately increasing the influx of free fatty acids
and lipotoxicity [97]. The latter is defined as the cytoplasmic accumulation of toxic lipids,
causing organelle impairment, cellular injury, and apoptosis [98]. It is also worth noting
that the diversity of both the fecal mycobiome and virome is associated with the severity
of MAFLD [94,95].

Alteration of the gut microbiota may contribute to MAFLD pathogenesis through
the products of microbial metabolism. Gut dysbiosis is associated with higher intestinal
production of short chain fatty acids (SCFAs), which promote the transport of monosac-
charides, gluconeogenesis, synthesis, and accumulation of toxic lipids in the liver [99].
Originating from carbohydrate fermentation by gut microbiota, acetic acid, propionic acid
and butyric acid are the most representative intestinal SCFAs: acetic acid produces 10% of
total daily energy for the host, while butyric acid is the main energy producer for intestinal
epithelial cells [100]. Germ-free models and mice with antibiotic-induced microbiome de-
pletion exhibit reduced turnover and decreased proliferative activity of intestinal epithelial
barrier, with consequent increased gut permeability [101,102]. Furthermore, butyric acid
may promote hepatic lipid synthesis and consequent lipotoxicity though its modulation of
Carbohydrate Response Element Binding Protein (ChREBP) and Sterol Response Element
Binding Protein-1 (SREBP-1), the main controllers of de novo lipogenesis [102]. Propionic
acid is involved in MAFLD pathogenesis, acting as a direct precursor for lipogenesis [103].
A further mechanism through which SCFAs may induce hepatic lipotoxicity is related to
their capacity to activate G protein-coupled receptors [104]. In particular, the activation of
GPR43 triggers hepatic lipogenesis, stimulating the development of MAFLD [105].
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A further cause of gut microbiota-induced lipotoxicity is represented by excess sec-
ondary bile acids (SBAs). SBAs are converted by intestinal microorganism from primary bile
acids, which preserve gut microbiota homeostasis by directly inhibiting pathogenic bacteria
and activating the farnesoid X receptor (FXR) [106]. The FXR contributes to the preservation
of the intestinal epithelial barrier and down-regulates the expression of SREBP-1c and liver
X receptor (LXR), decreasing hepatic lipogenesis [107].

Other gut microbiota-related metabolites, such as ethanol, choline, and tryptophan
derivatives, may be implicated in MAFLD pathogenesis [108]. Ethanol derived from
intestinal microbiota is considered to be a determinant for MAFLD pathogenesis, since
its chronic microbial production may impair glucose and lipid metabolism, inducing
hepatic steatosis and steatohepatitis [109]. Gut microbiota-derived ethanol levels in portal
vein blood of patients with MAFLD are higher than healthy subjects, and correlate with
increased fecal concentrations of lactic acid bacteria [110]. Choline and its derivatives, such
as trimethylamine (TMA) and TMA-N-oxide (TMAO), are the main microbial metabolites,
whose high amounts are associated with lipid metabolism and atherosclerosis [111]. Low
choline levels may induce hepatic lipid accumulation by decreasing the synthesis and
secretion of very low-density lipoproteins (VLDL) in humans, replicating that described in
rodents fed a methionine/choline deficient (MCD) diet [112]. TMA translocates through
the portal circulation to the liver, where it is transformed to TMAO, which promotes and
aggravates liver steatosis [113,114]. Microbial derivatives of tryptophan, such as tryptamine
and indole-3-acetate, are able to favorably modulate the hepatic inflammatory response,
but HFD induces changes in gut microbiota associated with the depletion of tryptophan
metabolites [115].

An integrative analysis of gut microbiota and fecal metabolites performed in MAFLD
patients, in addition to describing a reduced variety of species, reported modifications in
circulating and fecal microbial-derived metabolites with prevailing lipid molecules [116].
Thus, the complete characterization of the pathogenic role of gut microbiota in MAFLD de-
velopment and progression must include the intricate interaction with
microbial metabolites.

4. Interplay between Gut Microbiota and Liver Mitochondria: A New Perspective of
Pathway Communication

There is a strong relationship between mitochondria and microbes, suggesting a possi-
ble interaction among these organelles and gut microbiota. Recent investigations describe
a bidirectional relationship between mitochondria and gut microbiota [117]. Indeed, mito-
chondria evolved from within a bacterial phylum (either Alphaproteobacteria or an ancestor
related to Rickettsiales were hypothesized), so that they share several proteins for parallel
metabolic pathways [118–120]. Early mitochondria established a reliable symbiosis with
ancient anaerobic bacteria, since they were capable of providing energy even in the absence
of oxygen, while nutrients were provided by the host [121]. As the complexity of the organ-
isms increased, new forms of symbiosis were required, so single-cell communication was
expanded toward multicellularity to allow remote connections between the microbiota and
the host cells, promoting composite metabolic pathways. Thus, resident mitochondria are
now part of the host, and microbiota mainly supplies metabolites that are required by mito-
chondria to maintain host metabolism [121]. The strong connection between mitochondria
and gut microbiota is further supported by the evidence that bactericidal antibiotics such
as aminoglycosides, quinolones, and beta-lactam antibiotics may lead to mitochondrial
dysfunction [122]. On the other hand, mitochondrial-targeted antioxidants may also be
effective as antibiotics [123].

Variations in gut microbiota and related metabolites may promote the excessive pro-
duction of mitochondrial reactive species, leading to the loss of redox homeostasis and
oxidative damage, which are key pathogenetic factors for the progression of steatosis and
the development of steatohepatitis in MAFLD [124,125]. Interplay between gut microbiota
and mitochondria may be triggered by metabolites such as short chain fatty acids and bile
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acids, but also by direct modulation of gene expression [126]. Changes in gut microbiota
induced by HFD decrease the available pool of short chain fatty acids, which are energetic
substrates for mitochondria [127,128]. Furthermore, HFD triggers the conversion of conju-
gated bile acids to secondary bile acids— which are able to modulate mitochondrial function
via transcription factors implicated in carbohydrate and lipid metabolism—through Bifi-
dobacterium and Bacteroides [129]. Both animal and human MAFLD are associated with
high circulating levels of TVAMA (a metabolite of gut microbiota), which in turn reduces
carnitine levels, impairing the mitochondrial internalization and consequent β-oxidation of
fatty acids and alters the preservation of mitochondrial structure [130].

The association of MAFLD pathophysiology, mitochondrial dysfunction and gut
dysbiosis is suggested by studies that mostly used culture-independent methods, relying
on metagenomic or DNA sequencing [93]. Dysosmobacter welbionis, a novel species of
Ruminococcaceae isolated from feces of obese and diabetic patients, is negatively correlated
with metabolic markers; furthermore, administration of D. welbionis to HFD-fed mice
reduces fat mass by increasing lipolysis and mitochondrial number/function [131].

On the other hand, mitochondria may modulate gut microbiota. More than regulating
the innate immune response against pathogen infection, mitochondria are involved in the
control of the intestinal epithelial barrier: indeed, mitochondrial dysfunction facilitates
transepithelial flux of Escherichia coli [132]. The analysis of gut microbiota in models of
mitochondrial dysfunction demonstrates that variations in mitochondrial genetics change
the composition of microbial community, which is associated with host production of
reactive species [133].

Evidence of an interaction between gut microbiota and liver mitochondria is also
provided by studies that approached MAFLD treatment with novel functional foods or
fecal transplantation, targeting the microbiota but exerting an impact on mitochondrial
function [126]. The prebiotic xylo-oligosaccharides (XOS)—which target F. prausnitzii—
improves liver steatosis in HFD-fed rats, but it is also able to boost hepatic β-3 Hydroxyacyl
Coenzyme A Dehydrogenase activity and complex I levels, and to improve oxidative
phosphorylation and ATP generation [134,135]. Additionally, XOS increase lipid oxida-
tion in the liver of patients with steatohepatitis through depletion of isovalerate and
tyrosine [136]. The prebiotic resistant dextrin (indigestible dextrin) limits mitochondrial
dysfunction and reduces the production of reactive species by favorable modulation of
gut microbiota (boosting Blautia and Dubosiella, which increase the amount of lactitol,
cafestol, dimethyl fumarate, and 4-hydroxyphenylacetic acid), ameliorating liver steatosis
in HFD-fed mice [137,138]. The effects of resistant dextrin are also mediated by the reduc-
tion in secondary bile acids and tryptophan, and the increase in indole derivatives, which
play a role as endogenous metabolites to decrease inflammatory response and intestinal
permeability in MAFLD [139,140]. Active peptides such as Val-Val-Tyr-Pro (VVYP)—a com-
ponent of the globin digest—may prevent steatohepatitis by re-establishing gut microbiota
balance [141]. Indeed, VVYP may increase Coriobacteriaceae, Eubacteriaceae, Bacteroidia, and
Desulfovibrionaceae to change the amount of short chain fatty acids and bile acids; this effect
is associated with a reduction in the fragmentation of swollen and vacuolate mitochon-
dria, improvement in lipid metabolism, and a reduction in circulating pro-inflammatory
cytokines [141]. Finally, transplantation of cecal microbiota from methylation-controlled J
protein (inhibitor of mitochondrial complex I activity) knockout to germ-free mice delayed
steatohepatitis and ameliorated gut-liver axis in a forceful dietary model of advanced
MAFLD [142].

Microbial metabolites may exert beneficial effects on MAFLD by improving mitochon-
drial function. The protective impact of SCFAs on MAFLD has been well demonstrated
in both animal investigations and human studies; indeed, these fatty acids (1) modulate
liver mitochondria energy metabolism by supplying reducing equivalents, and (2) decrease
the production of mitochondrial reactive species [143]. Of note, administration of butyrate
or acetate to different rodent models of MAFLD reduced liver steatosis and inflammation,
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while targeted delivery of propionate to colon decreased intrahepatic lipid concentration in
overweight patients [144–146].

Interestingly, chronic exposure to HFD increases the catabolism of choline by intestinal
E. coli through injured mitochondrial bioenergetics in colonic epithelial cells, which in turn
raises concentration of potentially harmful choline derivative TMAO [147]. Whether this
mechanism occurs also in liver mitochondria, or whether E. coli-derived TMAO is a main
responsible for hepatic steatosis in MAFLD is not clear and is worth of investigation.

Interventions that act synergistically on gut microbiota and mitochondrial function
may represent novel therapeutic strategies for the treatment of MAFLD. Increased intake of
mono- (olive oil) and polyunsaturated fatty acids (soybean oil), rather than saturated fatty
acids (coconut oil), increase gut microbiota diversity and symbiotic balance and improve
fatty acid oxidation as well as mitochondrial respiration, increasing insulin sensitivity and
preventing liver steatosis [148]. Berberine, an oral hypoglycemic plant extract with anti-
obesity and hypolipidemic properties, is able to prevent dysbiosis induced by HFD, together
with mitochondrial impairment observed in colon enterocytes [149]. Nevertheless, whether
berberine could improve mitochondrial function in hepatocytes is worthy of investigation.
The antioxidant resveratrol—a natural polyphenol—exhibits hepatoprotective effects associ-
ated with favorable changes in gut microbiota and the induction of antioxidant enzymes by
triggering the Nuclear factor erythroid 2-related factor 2 (NRF2) [150]. Curcumin, another
natural polyphenol with antioxidant properties, exerts beneficial effects in MAFLD not only
by reducing oxidative stress and improving mitochondrial function, but also modulating
gut microbiota and circulating microbial metabolites [151,152]. Even the natural polyphe-
nol quercetine shows favorable effects in hepatic steatosis and steatohepatitis through
positive modulation of mitochondrial fatty acids metabolism and redox homeostasis, but
also through the induction of a protective phenotype of gut microbiota [153].

Overall, this evidence reinforces the significance of microbiota-mitochondria interplay
in MAFLD, suggesting that focusing on it could be a helpful treatment strategy.

5. Conclusions

In the last few years, our knowledge of the intestinal system has been improved,
particularly in regard to its relationship with liver function. The interplay between the
liver and gut microbiota, in the context of the gut-liver axis, has been well described by
several investigations. Most of these studies proved that the structure, mass, function, and
dynamics of liver mitochondria can be modulated by the composition of gut microbiota.
Furthermore, even though studies on the direct regulation of liver mitochondria by gut
microbiota, or on the liver modulation of gut microbiota composition through mitochon-
drial signaling are scarce, this evidence had been progressively described in recent times.
Considering the pivotal role of both gut microbiota and mitochondria in the pathogenesis
of MAFLD, innovative therapeutics may target the interaction between these factors to
improve hepatic homeostasis. This perspective paper suggests a theoretical model about
the interplay between gut microbiota and liver mitochondria, relying on the common evo-
lutionary homology between mitochondria and bacteria. Symbiont and pathobiont bacteria
may control liver mitochondria. The interplay between liver mitochondria and intestinal
microbiota across the portal circulation represents a major pathway of the liver-gut axis.
This new perspective not only develops our knowledge of the liver-gut interaction, but
also suggests a new therapeutic approach, targeting the liver mitochondria-gut microbiota
relationship with the potential to treat MAFLD.
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