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Abstract

The gut microbiome plays a key role in the health-disease 
balance in the human body. Although its composition is 
unique for each person and tends to remain stable through-
out lifetime, it has been shown that certain bacterial patterns 
may be determining factors in the onset of certain chronic 
metabolic diseases, such as type 2 diabetes mellitus (T2DM), 
obesity, metabolic-associated fatty liver disease (MAFLD), 
and metabolic syndrome. The gut-liver axis embodies the 
close relationship between the gut and the liver; disturbance 
of the normal gut microbiota, also known as dysbiosis, may 
lead to a cascade of mechanisms that modify the epithelial 
properties and facilitate bacterial translocation. Regulation 
of gut microbiota is fundamental to maintaining gut integ-
rity, as well as the bile acids composition. In the present 
review, we summarize the current knowledge regarding the 
microbiota, bile acids composition and their association with 
MAFLD, obesity, T2DM and metabolic syndrome.
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Introduction

The prevalence of metabolic chronic diseases is increasing 
around the world, mainly due to the increased incidence 

of obesity and type 2 diabetes mellitus (T2DM). The glob-
al prevalence of T2DM is 8.8%, which translates into ap-
proximately 422 million afflicted people worldwide; the USA 
alone has a T2DM prevalence of 25% among its seniors 
and an alarming amount of obesity, with 604 million adults 
and 108 million children being obese.1 Metabolic-associated 
fatty liver disease (MAFLD) affects 25% of the global popu-
lation,2–9 representing the principal cause of chronic liver 
disease.10–12

This phenomenon can be associated with the modern life-
style across industrialized countries that favors a sedentary 
life and high-calorie diets, thus promoting obesity and other 
chronic comorbidities. This situation constitutes a serious 
public health problem.6,13–15

The pathophysiology of these metabolic diseases is very 
complex and multiple factors seem to play a role in their de-
velopment and progression; however, the gut microbiota is 
an emerging topic, as over the past few decades it has been 
demonstrated to play a critical role in their development. 
Signals generated by dietary intake and environmental fac-
tors disturb the composition of the microbiota, altering in-
testinal barrier homeostasis as well as the bile acid (BA) 
composition, and activating inflammatory pathways.16

Furthermore, it has been demonstrated that diet not only 
determines calorie intake but also impacts composition of 
the BA pool and gut microbiota, along with the intestinal 
barrier homeostasis.17

Throughout this paper, we will discuss the role of gut mi-
crobiota and BAs composition in metabolic diseases such as 
T2DM, obesity and MAFLD.

Epidemiology and risk factors of MAFLD

Elements such as ethnicity and gender have been described 
as determinants of the susceptibility and predictors of the 
severity and progression of MAFLD. Hispanics are the most 
susceptible to liver damage, followed by African Americans. 
Countries with the highest prevalence are USA, Belize, Bar-
bados, and Mexico, with 30% of adults and 10% of adoles-
cents having a MAFLD diagnosis, equaling to more than 80 
million MAFLD patients.6 The highest prevalence of MAFLD 
is between the ages of 50 to 70 years.13 Men are at high-
er risk than women are; although, after menopause, this 
protective effect is lost. Life-style related factors, like little 
physical activity and a high-fat diet, are also important due 
to the close relationship of MAFLD with other chronic meta-
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bolic diseases like T2DM, obesity and metabolic syndrome.6

Genetics and MAFLD

Genetics have always been an important determinant and 
risk factor for the development of numerous diseases. Sev-
eral studies have strongly suggested the existence of a he-
reditary component of MAFLD.18,19

Multiple polymorphisms have been associated with 
MAFLD, among the most studied are those involving the 
patatin-like phospholipase domain containing 3 (PNPLA3), 
TM6SF2, LYPLAL1, GCKR and MBOAT7 genes.20 PNPLA3 has 
been consistently identified across different genome-wide 
association studies (commonly known as GWAS). This gene 
is located on chromosome 22 and encodes up to 81 amino 
acids related to the synthesis of the enzyme adipose triglyc-
eride lipase, which contributes to the degradation of triacyl-
glycerol in adipose tissue.18 The variant I148M (rs738409) 
substitutes an isoleucine with a methionine, reducing the 
capability of the enzyme to catalyze triacylglycerol in lipid 
droplets as they are gathered in the adipose tissue, leading 
to the accumulation of lipids within the liver; thus, there is 
a close relationship with the development of MAFLD.18,21,22 
This polymorphism has also been associated with the sever-
ity of inflammation and fibrosis progression21,23,24 and, wor-
ryingly, some data have also indicated that it might increase 
the risk of MAFLD-associated hepatocellular carcinoma.18

Other polymorphisms that have been studied in MAFLD 
patients involve TM6SF2 (rs58542926) and MBOAT7 
(rs641738). Their association with the severity of hepatic 
steatosis has been demonstrated across studies, but a re-
cent study suggested that they are not associated with the 
severity of hepatic fibrosis.25

On the other hand, the HSD17B13 17-beta hydroxyster-
oid dehydrogenase 13 polymorphism rs6834314 (located in 
chromosome 14 and expressed mainly in the liver) has been 
described to have a protective effect on MAFLD. Although 
it does not appear to influence hepatocyte lipid accumula-
tion, it might protect against hepatic fibrosis by modulating 
retinol dehydrogenase activity.26–28 This polymorphism was 
found to be associated with a protective effect in MAFLD pa-
tients, limiting progression from hepatic steatosis to meta-
bolic steatohepatitis and fibrosis progression,27 and thereby 
reducing MAFLD chronic liver disease progression.28

Genetics and gut microbiota

It is believed that the gut microbiota composition is influ-
enced, at least in part, by genetics, as it has been found 
that family members share similar microbial signatures.29 
Moreover, studies made in twins found that the gut micro-
biota was more similar among the monozygotic twins rather 
than the dizygotic twins.30 The idea of a genetic influence on 
the microbiome and its dysbiosis is not far from the findings 
obtained from studies of other metabolic disorders; unfor-
tunately, no studies have been made yet to characterize the 
specific genes and processes underlying this specific inter-
action.29

Intestinal barrier homeostasis

The intestinal barrier is constituted of several components 
that assure its homeostasis and prevent the translocation 
of pathogen and inflammatory factors, protecting the liver 
in this gut-liver axis. The main components of the intestinal 
barrier are the mucosal epithelium, tight junction proteins 
(TJPs) and the immune cellular barrier.

Mucosal epithelial barrier

Mucus represents the first anatomical barrier between the 
epithelial cells and the intestinal microbiota. The glycopro-
tein-rich mucus layer also serves as a source of nutrition 
and growth for some bacterial species. When fiber intake is 
deprived, the thickness of the mucus layer is decreased,31 
which may lead to intestinal inflammation and a reduction 
in the physical barrier between the microbiota and the epi-
thelial cells.32

The mucus layer also represents a source of immuno-
globulins, mainly IgA, and antimicrobial peptides, that hin-
der the translocation of “good” bacteria. The mucus layer 
composition and thickness have to be balanced enough 
to prevent commensal microbial washout due to BAs and 
peristaltic movements, and to conserve the integrity of the 
intestinal barrier.33 Therefore, diet is very important to pre-
serve the mucosal barrier integrity, protecting against intes-
tinal pathogen translocation and inflammation.33,34

TJ proteins “leaky gut”

Among the intestinal TJs are those that hold the epithelial 
cells together, maintaining the integrity of the intestinal bar-
rier. Such TJs are the ZO-1 (zonula occludens-1), occludin, 
claudin-1 and claudin-4. It has been shown in experimental 
studies in rodents that a fructose-enriched diet decreases 
the concentration of the TJs, as well as the concentration of 
adherent junction proteins, leading to an increase of bacte-
rial endotoxin levels and contributing to the leaky gut con-
dition.35 In other studies, it has also been described that, 
in MAFLD over-nourished patients (high-fat or fructose-en-
riched diet), the concentration of ZO-1 and occludin is de-
creased, favoring bacterial translocation to the circulation, 
and supporting increase lipopolysaccharide (LPS) levels in 
the blood (known as metabolic endotoxemia). When the 
LPS is detected by Toll-like receptors in the liver, the char-
acteristic low-grade inflammation associated with hepatic 
steatosis and fibrosis is triggered.36

Correlations between increased intestinal permeabil-
ity and other alterations (like obesity, insulin resistance, 
and elevated lipid profile) have been demonstrated.37 As 
described above, MAFLD patients have an increased gut 
permeability, and even though bacterial translocation is a 
relatively physiological process and the liver can regulate 
the bacterial concentrations through their elimination via 
Kupffer cells, the significant increase of harmful bacterial 
substances promote the production of chemokines, inflam-
matory cytokines, vasoactive factors, and reactive oxygen 
species, which lead to hepatocyte apoptosis and activation 
as well as proliferation of stellate cells and development of 
fibrosis through TGFβ.38,39

Immune cells barrier

Several immune cells contribute to reinforcement of the in-
testinal barrier. These include lymphocytes (T cells [CD4+ 
Th17, CD4+T regulatory]), natural killer T cells, dendritic 
cells, and mononuclear phagocytes.16 The intestinal im-
mune barrier itself is composed of intraepithelial lympho-
cytes that include a diversity of T cells, mainly CD4+ and 
T regulatory cells.40 Natural killer T cells are also important 
components for the recognition and discrimination between 
foreign and self-antigens, when activated by antigen pre-
senting cells triggering immune responses. They can also be 
activated by pro-inflammatory cytokines.41

Dendritic cells are another important cellular component 
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of the innate immune system that constitute the intestinal 
barrier. They induce T cell activation, produce interleukin 
(IL)-23 and induce a T helper immune response.42 Dendritic 
cells also express TJs and have the capacity to open epithe-
lial tight junctions, playing an important role in preserving 
epithelial barrier integrity.43

Role of BAs in intestinal microbiota

BA composition and receptors also play a key role in the gut 
microbiota composition as well as in signaling pathways that 
regulate metabolic syndrome. They also seem to be part of 
the progression of hepatic fibrosis in patients with MAFLD.

BA composition

BAs are essential for fat-nutrients absorption and are clas-
sified as primary (PBA) and secondary (SBA). They are 
synthetized in the liver from cholesterol and transformed 
from PBA to SBA by the gut microbiota. They can be either 
conjugated or deconjugated. The BA signaling pathways 
and BA pool are controlled by the gut microbiota through 
different reactions (dihydroxylation and deconjugation).17 
It has been described that SBAs increase the risk of meta-
bolic diseases. Their composition is importantly determined 
by gut microbiota and dysbiosis disrupts the PBA/SBA ra-
tio.44 Furthermore, BAs may also alter the gut microbiome 
by inhibiting bacterial development and altering the micro-
biome composition, by acting as a detergent according to 
the hydroxyl groups and amino acid portion, exerting this 
deleterious effect on the Bacteroidetes phyla especially.17,44 
BAs represent a crucial partaker in liver-microbiota com-
munication, and their composition and concentration seem 
to have a positive correlation with metabolism and hepatic 
fibrosis.45,46

The composition of BAs is important in many metabolic 
diseases, it has been described that patients with T2DM 
present a change from PBA to SBA with an increase in de-
oxycholic acid levels. BAs are metabolic integrators that act 
through signaling pathways that regulate the expression 
of certain metabolic genes; hence, a tweak in BA signaling 
might promote and aggravate metabolic syndrome.17

BA receptors and their effect on metabolic diseases

The BA composition is very important in MAFLD develop-
ment. They play a key role in the modulation of metabolic 
pathways and in the balance of gut microbiome by acting as 
signaling molecules to diverse intestinal and liver receptors, 
such as farnesoid X receptor (FXR), vitamin D receptor and 

the TGR5 Takeda G protein-coupled receptor, and modu-
lating immune responses in the gut.47–49 Activation of the 
hepatic receptors also varies depending on the type of BAs, 
with FXR being triggered preferably by PBAs and TGR5 by 
SBAs. These receptors modulate several metabolic charac-
teristics, such as glucose tolerance, insulin sensitivity, fatty 
acid β-oxidation, energy expenditure, very low-density li-
poprotein clearance, as well as hepatic inflammation.17,44

Microbial distribution in healthy subjects

Each individual has a unique gut microbiome, mainly 
shaped early in life by many factors, like the type of birth, 
milk feeding, weaning period or antibiotic use. The different 
bacteria species that inhabit the gut have a specific inter-
action with the host, regulating nutrient metabolism and 
immunomodulation, and protecting against pathogens or 
maintaining the gut mucosal barrier. Those specific varia-
tions within individuals are crucial in the predisposition to 
health or disease.50

Even though the gut microbiota tends to be stable 
throughout adulthood, it may vary due to exercise, life-
style, dietary habits, pharmaceutical consumption or even 
metabolic or mental disorders, like stress or depression. An 
understanding of the healthy composition of the gut mi-
crobiota might be helpful in developing interventions that 
restore or maintain its equilibrium.50,51

Taxonomically, bacteria are classified into phyla, classes, 
order, families, genera, and species.

The gut microbiota is mainly composed of Firmicutes, 
Bacteroidetes, Actinobacteria, Proteobacteria, Fusobacteria 
and Verrucomicrobia, with the first two accounting for up 
to 95% of the entire pool. The Firmicutes phylum contains 
over 200 different genera (Lactobacillus, Clostridium, Ente-
rococcus, Ruminococcus, etc.), but Clostridium is the most 
representative; meanwhile, Bacteroidetes’ predominant 
genera are Bacteroides and Prevotella.50

Clinical implications

Gastrointestinal microbiome in obesity, T2DM, 
MAFLD and alcohol consumption

Several studies have analyzed the composition and role of 
the gut microbiome in different states of disease and have 
found correlations with metabolic pathologies, such as obe-
sity, T2DM, atherosclerosis, MAFLD, irritable bowel syn-
drome, even some cutaneous problems, like atopic derma-
titis, and psoriasis, among others (Table 1).9,50–64

Obesity: Most of the evidence that links changes in the 

Table 1.  Comparative view of the healthy gut bacterial composition and its alterations during disease

Phylum Species

Healthy/
Normal

Firmicutes, Bacteroidetes, Actinobacteria, 
Proteobacteria, Fusobacteria, Verrucombia

Lactobacillus, Clostridium, Enterococcus, 
Ruminococcus, Bacteroides, Prevotella

Obesity Firmicutes (↑) Bacteroidetes (↓) Akkermansia muciniphila (↓)/Tuminococcaceae, 
Rikenellaceae, Mollicutes (↑)

Diabetes Firmicutes (↑) Bacteroidetes (↓) Roseburia, Eubacterium hallii, Faecalibacterium 
prausnitzii (↓)/Lactobacillus gasseri, 
Streptococcus mutans, E. coli (↑)

MAFLD Firmicutes (↑), Actinomycetes (↑), Proteobacteria (↑), 
Bacteroidetes (↓), Fusobacteria (↓), Lentisphaerae (↓), 
Proteobacteria(↓), Thermus(↓), Verrucomicrobia (↓)

Prevotella, Porphyromonas, Veillonella (↑)
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gut microbiome with obesity was obtained from animal 
studies. Mouse and human microbiota have close similari-
ties, mostly due to the shared characteristic predominance 
of Firmicutes and Bacteroidetes.14

Studies of genetically obese mice revealed a lower abun-
dance of Bacteroidetes, whereas the Firmicutes showed 
higher composition for species such as Tuminococcaceae 
and Rikenellaceae, with Mollicutes being the most com-
mon. Recent studies have demonstrated that Akkermansia 
muciniphila, a mucin-degrading bacterium that lives in the 
mucus layer, is decreased in genetically and induced obese 
mice.53

Available human studies have shown that obese indi-
viduals have several specific variations in the gut micro-
biome; the most evident was a decreased microbial diver-
sity. Healthy individuals with high bacterial richness have 
been associated with abundant microbial species, such as 
Faecalibacterium, Bifidobacterium, Lactobacillus and Akker-
mansia; those with low bacterial richness were dominant in 
Bacteroides and Ruminococcus.53

Interestingly, the lack of microbial diversity enhances 
calorie harvesting, which is mainly associated with the in-
crease in Firmicutes species that provide the capacity of 
metabolizing polysaccharides that would normally be ex-
creted;52 consequently, this leads to more adiposity, sys-
temic inflammation and a tendency towards insulin resist-
ance and dyslipidemia. It is worth mentioning that diet is 
a substantial point in this microbial richness; indeed, stud-
ies have found partial restoration of the gut microbiome in 
obese individuals with energy-restricted diets.65

Furthermore, studies have shown that the gut micro-
biome may influence weight gain by affecting host gene 
expression and modification of metabolic or inflammation 
pathways; therapeutic methods that regulate this interac-
tion could be useful in the future.66

Still other studies have shown a correlation between the 
gut microbiome and the metabolic state through fecal mi-
crobiota transfer from obese mice to lean ones, which leads 
to increased fat mass, as well as the inverse situation, by 
transferring fecal matter from bypass operated mice to non-
operated lean mice, with a final observation of reduced fat 
mass.67

The characteristic low-grade chronic inflammation in obe-
sity can also be partly related to the alteration of the gut mi-
crobiome, evidence indicates that gut microbes exacerbate 
adipose tissue inflammation via increased gut permeability 
and increased circulating LPS.68

Emerging evidence based on animal studies has shown 
that short chain fatty acids (SCFAs), like butyrate, propion-
ate and acetate, have an important role in obesity (apart 
from their normal signaling functions between the gut 
microbiome and the host metabolism), by increasing de 
novo lipogenesis in the liver and general lipid accumula-
tion; however, despite human studies finding higher levels 
of SCFAs in obese individuals, the exact relationship with 
the pathophysiology remains to be clarified by more specific 
research.60 Hypotheses suggest that the effects SCFAs have 
in obesity involve intestinal anaerobic bacteria produced by 
fermentation of indigestible polysaccharides; these contrib-
ute almost 200 kcal to the human body, thus increasing 
lipogenesis and accumulation in adipose tissue. However, 
other lines of evidence show that SCFAs might be beneficial 
for cardio metabolic health.69

T2DM: Evidence shows that obese people with insulin 
resistance have an altered gut microbiota composition char-
acterized by an increase in the Firmicutes:Bacteroidetes ra-
tio compared to that in healthy people.54 However, related 
studies of diagnosed T2DM patients showed that this ratio 
is instead decreased, further accompanied by a reduction of 
other functional bacteria, like Bifidobacterium.55,56 A lower 
abundance of butyrate-producing microbes, such as Rose-

buria intestinalis and F. prausnitzii, and increased Lactoba-
cillus species (L. gasseri, S. mutans) has also been reported 
in T2DM patients.57

A modification in the Bacteroidetes:Firmicutes ratio has 
been associated with a higher expression of microbial genes 
that encode carbohydrate metabolism-related enzymes. 
This altered fermentation profile may lead to an increased 
capacity to harvest energy from the diet and subsequent 
establishment of poor energy homeostasis, which leads to 
hyperglycemia (as well as hyperlipidemia).54 It is worth 
mentioning that the excess of adipose tissue is also a cause 
of insulin resistance, due to the increased production of adi-
pokines, like resistin; on the other hand, the harmful effects 
of hyperglycemia are widely known, going from nephropa-
thies, neuropathies, retinopathy to cardiovascular disease. 
Other effects of gut dysbiosis in diabetes are the enrichment 
in membrane transport of sugars, decreased butyrate syn-
thesis, and an exaggerated oxidative stress response.54,70

MAFLD: Few studies have analyzed the composition of 
the gut microbiome in MAFLD patients. Unfortunately, the 
results have not been homogeneous, probably because of 
differences in sample sizes, variations within countries, and 
the unavoidable individual properties of each gut microbio-
ta. Nevertheless, the fact that all studies showed the pres-
ence of dysbiosis confirms its role in the disease. Overall, 
at the phylum level, and with aid of animal studies, we can 
suggest that the general diversity is reduced, with increased 
Firmicutes, Actinomycetes and reduced Bacteroidetes, Fu-
sobacteria, Leptosphaeria, Proteobacteria, Thermus and 
Verrucomicrobia.58–60 Studies have obtained contradictory 
results for Actinobacteria and Bacteroidetes. Additionally, 
research comparing MAFLD patients and controls has re-
vealed that certain bacteria species, such as Prevotella and 
Porphyromonas, are increased.61 In patients with meta-
bolic steatohepatitis, Proteobacteria species are consist-
ently enriched; in cirrhosis, oral bacteria, such as Prevotella 
or Veillonella, can be observed in the distal colon. Stud-
ies that analyzed the microbial profile of cirrhotic patients 
with hepatocellular carcinoma (HCC) found increased fecal 
counts of Escherichia coli, as well as other Gram-negative 
bacteria, such as Atopobium, Collinsella, Eggerthella and 
Coriobacterium; others that studied the microbiota of only 
HCC-diagnosed patients found that Lactobacillus spp., Bi-
fidobacterium spp., and Enterococcus spp. were reduced, 
with an additional increased concentration of H2S- and 
CH3SH-producing bacteria: Fusobacterium, Filifactor, Eu-
bacterium, Parvimonas and Treponema.61,62

Finally, it is important to mention that some bacterial sig-
natures can overlap between MAFLD and other metabolic 
diseases, due to their close relationship.

Recent studies with mice have shown that the gut micro-
biome’s state within itself may predispose to the develop-
ment of MAFLD. In an experimental study, mice were fed for 
16 weeks with a fat-rich diet and classified into two groups: 
“responders” with liver damage, and those that did not. Ulti-
mately, transplant of the fecal microbiota from these groups 
into new microbe-free mice showed the mice that received 
“responder” microbiota were lean but had a propensity to-
wards steatosis and insulin resistance.58

Pathologies like dysbiosis and small intestine bacterial 
overgrowth are closely correlated with MAFLD. The excess 
of gut bacteria leads to an increased lipid permeability and 
intake. These bacteria also tend to be translocated to the 
circulation, where they activate inflammatory pathways via 
the recognition of LPS. Ultimately, the Toll-like receptor 4 
expression increases, production of IL-8 increases and insu-
lin signaling decreases, leading to an increase in the influx 
of free fatty acids and a vicious cycle of lipotoxicity.54

MAFLD is closely related with obesity and insulin resist-
ance, mainly because of the toxic effects the lipid excess 
causes in the liver tissue. The pathophysiology of lipotox-
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icity in the liver revolves around three main points: low-
grade inflammation, autoimmunity, and oxidative stress. It 
occurs when the hepatic capacity to store or export lipids is 
exceeded by the fatty acid intake (from peripheral tissues 
or by de novo synthesis). The imbalance of gut microbio-
ta (dysbiosis), as already mentioned, leads to inflamma-
tion; this process activates the Kupffer cells and prompts 
recruitment of other leukocytes to the tissue, initiating a 
cascade of proinflammatory cytokines and chemotactic fac-
tors, which provoke autoimmunity. Stellate cells are also 
activated by the cytokines and initiate an overproduction of 
extracellular matrix, which consequently supports progres-
sive fibrosis.71 If these fibrotic and inflammatory processes 
are not regulated, steatosis can quickly progress into meta-
bolic steatohepatitis.

The crucial point that determines the progression of liver 
steatosis into metabolic steatohepatitis resides within the 
production of fibrotic factors such as tumor necrosis factor 
(TNF)-α, Fas ligand and TGFβ, being mainly regulated by 
activation of the recurrent nuclear factor kappa-B (NF-κB) 
in hepatocytes (once again, the consequence of sustained 
inflammation). It is also important to highlight the impor-
tance of Kupffer cell activation and lymphocyte recruitment, 
because apart from the effects mentioned before, leukocyte 
presence in the liver tissue is a classic histopathological sign 
of metabolic steatohepatitis.72

Increasing evidence suggests that the gut-liver axis can 
take part in the onset of hepatocellular carcinoma, par-
ticularly due to the dysbiosis-induced endotoxemia. For 
example, gut microbial metabolites that act as antigens, 
like lipoteichoic acids in the case of Gram-positive bacteria 
or LPS in Gram-negative bacteria, can induce synthesis of 
the prostaglandin E2 PGE2 by hepatic stellate cells, which 
reduces the antitumoral activity of CD8+ lymphocytes.61 
Another pathway that promotes hepatic carcinogenesis is 
the Toll-like receptor 4 recognition of pathogen-associated 
molecular patterns; this generates a cascade that activates 
NF-κB, which promotes the synthesis and release of inflam-
matory cytokines (IL-1, IL-6, TNF-α), thereby perpetuating 
liver inflammation. Nevertheless, the key point is that NF-
κB may also induce antiapoptotic genes (TRAF-1 and TRAF-
2), having important carcinogenic consequences. Toll-like 
receptor 4 is also expressed in hepatic stellate cells, where 
it is involved in the regulation of hepatocytogen epiregulin, 
an epidermoid growth factor with a potent mitogen effect on 
liver cells (Fig. 1).63

Lean non-alcoholic fatty liver disease continues to be an 
outstanding and interesting topic to discuss. In a study per-
formed by Chen et al.,64 lean healthy subjects were found 
to have different microbiota and BA composition compared 
to lean non-alcoholic fatty liver disease patients, which have 
increased BA levels and bacteria species involved with BA 
metabolism, such as those in the Clostridium genus, the 
Ruminococcaceae family, and the Dorea genus, and a re-
duction of protective bacteria, like Marvinbryantia and 
Christensellenaceae R7 group. The authors discussed that 
lean non-alcoholic fatty liver disease patients have a better 
metabolic profile, with less insulin resistance and dyslipi-
demia compared to non-lean MAFLD patients, suggesting a 
different pathophysiology. In another study, Eslam et al.9 
also demonstrated that non-obese non-alcoholic fatty liver 
disease patients have an increase in BA levels and FXR that 
confers a metabolic adaptation; nevertheless, the progres-
sion of non-alcoholic fatty liver disease in lean patients con-
tinues to be a matter of debate.9

Alcohol consumption: Mice models have demonstrated 
that 2 weeks of alcohol consumption is enough to induce 
an evident increment in gut permeability, endotoxemia and 
hepatic injuries. Ethanol, similar to what happens with an 
inadequate hypercaloric diet, has detrimental effects on the 
gut epithelial integrity by altering the stability of TJs. It also 

has been observed that it induces mucus erosion and ul-
cerations, mainly by modifying glycosylation of the mucus. 
In addition, alcohol may also induce changes in the micro-
biota composition (dysbiosis), an increased predominance 
of Proteobacteria, and a decrease in Firmicute species like 
Faecalibacterium prausnitzii which are important for the 
reinforcement of intercellular gut connections through the 
production of butyric acid. Other bacterial products, like SC-
FAs, can be altered after alcohol consumption, leading to 
the further destabilization of the intestinal barrier integrity. 
Furthermore, ethanol also has an influence on BAs, as it 
reduces the expression of FXR and stimulates CYP7A1 he-
patic activity, leading to a higher BA pool; this prevents the 
growth of beneficial bacterial species and promotes stellate 
cell activation.73

Treatment of MAFLD

Treatment of MAFLD with probiotics

Current interventions for MAFLD management are focused 
on drug administration in order to control lipid levels, di-
abetes and TNF-α production, while others try to encour-
age dietary and lifestyle modifications, despite poor pa-
tient compliance.74 However, in the past few years, as the 
knowledge about gut-liver relationship has grown, several 
efforts have been directed towards the development of new 
strategies using this information. Two approaches to modu-
late gut dysbiosis have been established: 1) the untargeted 
methods, that use diet, probiotics, and antibiotics; and 2) 
microbiota-targeted therapy, which specifically aims at cer-
tain bacteria and host metabolites. Throughout this section 
we will discuss the findings related to beneficial effects of 
probiotic administration on the onset/treatment of MAFLD.

Probiotics are defined by the World Health Organization 
as a “live microorganism that—when administered in ad-
equate amounts—confers a health benefit on the host,” not 
to be confused with prebiotics, which are compounds in food 
that induce the growth or activity of microorganisms. Probi-
otics must be able to survive and transit the gut, as well as 
be able to grow and multiply in order to benefit the host.75 
Several probiotics, like Streptococcus, Bifidobacterium and 
Lactobacillus have been commercialized as fermented dairy 
products due to beneficial effects on the survivability of the 
gut epithelium and the promotion of anti-inflammatory cy-
tokines, as well as interaction with the immune system.74 
The expected effects of these probiotics are reversion of 
adverse gut microbiota growth and its consequences relat-
ed to the constant inflammation through the recognition of 
LPS, production of ethanol, alteration of the BA metabolism, 
SCFAs metabolism, cellular stress, and so forth; ultimately, 
the desired outcome is returning the microbiota to a healthy 
state.

Multiple animal-based studies have shown significant 
therapeutic effects in fatty liver mice models. Administra-
tion of probiotics could prevent the onset of liver steatosis 
and improve steatohepatitis and fibrosis. The mechanisms 
behind these protective effects are the reduction of he-
patic lipid accumulation, less endotoxemia, oxidative stress 
and activation of anti-inflammatory pathways through the 
modulation of NF-κB and TNF production, as well as the 
regulation of collagen production.72,75,76 For example, a 
study conducted by Xin et al.75 showed prevention of the 
onset of hepatic steatosis and cellular apoptosis in mice fed 
with a high-fat diet through the administration of the pro-
biotic Lactobacillus johnsonii BS15; the end result was an 
improvement in hepatic inflammation and oxidative stress. 
A more recent study by Liang et al.77 gave a compound of 
probiotics to a group of mice fed with a high-fat diet and 



Journal of Clinical and Translational Hepatology 2021 vol. 9  |  227–238232

Hernández-Ceballos W. et al: Gut microbiota in MAFLD

Fig. 1.  Factors that promote gut dysbiosis and its effect on MAFLD. Factors such as alcohol consumption, sedentarism, inadequate diet, medication and men-
tal disorders may lead, through diverse mechanisms, to the onset of gut dysbiosis. Alteration of the normal gut bacteria conformation enhances the energetic intake 
through SCFA production; this excessive energy is then converted into FFAs through anabolism in the enterocytes. At the same time, ethanol-producing bacteria in-
crease the endogenous levels of this metabolite, which then induces mucus erosion and increases gut permeability, leading to bacterial translocation. The transport of 
bacteria, related antigens, and FFAs to the liver through the portal vein generates lipotoxicity in the hepatocytes, with inflammation occurring because of PAMP recogni-
tion, and ultimately immune cell recruitment. All the mechanisms mentioned favor cell apoptosis and fibrosis, and hence MAFLD severity progression. Abbreviations: 
FFA, free fatty acids; NASH, nonalcoholic steatohepatitis; PAMPs, pathogen-associated molecular patterns.
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also showed an improvement in gut dysbiosis and a reduc-
tion of the hepatic lipid deposition. VSL#3 is a multi-strain 
probiotic that contains eight different species (Lactobacil-
lus plantarum, Lactobacillus delbrueckii, Lactobacillus casei, 
Lactobacillus acidophilus, Bifidobacterium breve, Bifidobac-
terium longum, Bifidobacterium infantis and Streptococcus 
thermophilus), and is the most studied therapy in animals 
and humans. In mouse-based studies, its effects have in-
cluded the modulation of NF-κB and TNF, and antifibrotic 
effects through TGF-β modification.75,77

Despite these promising results, it is important to bear 
in mind that animal models have their limitations. The mice 
used have been germ-free and even though their intestinal 
microbiota resembles that of the human, they are not the 
same. Nonetheless, the findings point to the potential ben-
efits of pharmacologic intervention with probiotics.76

In terms of clinical studies, few have been conducted to 
explore the role of probiotics as a treatment therapy for any 
of the MAFLD stages, mostly due to the novelty of these 
discoveries.78 Among the currently available studies, the 
results have been measured by biochemical parameters or 
through hepatic histology.

Human studies have shown, through double-blind trials, 
that the administration of some Lactobacillus species, like 
rhamnosus and acidophilus, in 20 obese children and 30 
adults with diagnosed MAFLD, respectively, influence the 
reduction of hypertransaminasemia.78–83 Other studies, us-
ing administration of other species of Lactobacillus (bulgari-
cus, plantarum), also found improvement in aspartate ami-
notransferase, as well as the reduction of total cholesterol 
and low density lipoprotein cholesterol.84,85

Other randomized trials have identified better effects on 
the disease through the administration of combined probi-
otics. Administration to adolescents of a capsule containing 
Lactobacillus acidophilus, Bifidobacterium lactis, Bifidobac-
terium bifidum and Lactobacillus rhamnosus showed a re-
duction in alanine aminotransferase, lipid profile and hepatic 
fat content compared to a placebo group after 12 weeks.79 
A meta-analysis conducted by Ma et al.85 highlighted the 
beneficial impacts of probiotic therapy with Lactobacillus, 
Bifidobacterium, and Streptococcus, by reducing hepatic fat 
content, cholesterol, and alanine aminotransferase levels. 
The widely studied multi-strain probiotic VSL#3 has also 
been demonstrated to protect the intestine in humans by 
enhancing the barrier integrity, dampening endotoxemia 
and reducing oxidative stress, thereby leading to an im-
provement in chronic liver diseases.66,86 A 24-week trial 
conducted by Bakhshimoghaddam et al.13,87 studied 102 
MAFLD patients divided into the following three groups: 
one control, and two intervention groups with intake of ei-
ther 300 g of symbiotic yogurt or conventional yogurt. The 
authors concluded, after ultrasonography, that the MAFLD 
scores in those that consumed the symbiotic had decreased 
aspartate aminotransferase, alanine aminotransferase, and 
steatosis compared to the other groups. Some other studies 
have found a decrease in fibrosis levels after treatment with 
probiotics, apart from the results already mentioned.88,89

Unfortunately, and despite their effectiveness in other 
stages of MAFLD, studies on the effect of probiotics on cir-
rhosis have been controversial. Few studies have analyzed 
the use of probiotics as therapy for HCC; nonetheless, the 
ones available have presented encouraging data through 
positive effects. It has been observed that they favor liver 
function recovery and reduce complications in patients who 
undergo hepatic resection.90 Drugs like norfloxacin and ri-
faximin, the latter being capable of inducing overgrowth 
of beneficial bacteria such as Bifidobacterium, Faecalibac-
terium, and Lactobacillus, have favored an increase in the 
survival of patients with cirrhosis and HCC, as well as pre-
vented associated complications, like hepatic encephalopa-
thy, portal hypertension, and spontaneous bacterial perito-

nitis.63

A meta-analysis conducted by Pan et al.60 compared the 
mechanisms of action of a wide variety of probiotics used 
in MAFLD treatment and found that the most predominant 
was the reduction of inflammatory factors (C-reactive pro-
tein and TNF-α). Other less determinant findings were the 
regulation of NF-κB and a reduction of serum liver enzymes 
(alanine aminotransferase, gamma-glutamyltranspepti-
dase, and aspartate aminotransferase) and fibrotic factors 
(TGF-β).

Probiotics may also have antagonistic actions against 
specific microorganisms, reducing the number and effects, 
while others ensure the intestine has an adequate pH by re-
leasing products like butyric acid, lactic acid, and propionic 
acid. They can also enhance immunity by activating mac-
rophages, antibody effectiveness and even competitively 
against other pathogens for nutrients and growth factors 
(Fig. 2).91

As a side note, we consider it important to mention that 
probiotics have a wide variety of beneficial effects apart 
from direct gut microbiota regulation and reduction of car-
cinogenesis; for example, benefits have been found on men-
tal health, mainly related with the regulation of depression 
through the increase of serotonin production (Table 2).91

Treatment of MAFLD with prebiotics

As already defined, prebiotics are substrates that are me-
tabolized by the microbiota and promote the growth of ben-
eficial bacteria. Oligofructose is a mixture of indigestible 
fermentable dietary fiber, which has been demonstrated to 
reduce liver oxidative stress and inflammation as well as to 
improve the intestinal barrier integrity.66 Lactulose, another 
prebiotic, has shown great ability to promote the growth of 
Bifidobacteria and Lactobacillus, as well as to exert protec-
tive effects against endotoxemia by reducing Gram-nega-
tive bacteria, thereby reducing the circulating LPS levels, 
inflammation and liver damage.

Several other beneficial metabolic effects have been 
attributed to prebiotics; for example, they can reduce de 
novo lipogenesis, improve blood glucose control and con-
trol weight gain. Although prebiotic administration had been 
demonstrated as an effective therapy for restoring the nor-
mal gut microbiota, it may need to be provided in com-
bination with other interventions in order to fully improve 
MAFLD.92

Treatment of MAFLD diet and exercise therapies

As discussed earlier, the onset and severity of MAFLD, obe-
sity, insulin resistance and other chronic metabolic diseases 
are closely correlated with the lifestyle of the afflicted in-
dividual. The following paragraphs provide a summary of 
the related evidence and proposed therapies for the two 
pivotal elements of a lifestyle-focused treatment: diet and 
exercise.

Both clinical and basic research have produced robust 
evidence that physical exercise has a beneficial effect on 
MAFLD, by reducing hepatic fat content through the activa-
tion of various metabolic pathways that improve the sys-
temic sensibility to insulin and degradation of fatty acids 
and glucose. Ultimately, these processes prevent excessive 
fatty acid influx to the liver and mitochondrial and hepato-
cellular damage from cellular stress. In terms of treatment 
regimen, many have shown effects on liver fat content, but 
there is no evidence as to prioritizing one over the others; 
rather, the selection of a training method should be based 
on the preferences, capability, and likelihood of continuation 
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of each individual patient. Two regimens worth mentioning 
are aerobic exercise which, even if done at low intensity and 
volume, has a beneficial effect on the reduction of hepatic 
fat content, and resistance training, which could be an alter-
native that provides the same improvements and results for 
patients who are unable to follow the aerobic regimen. It is 
worth mentioning that reduction of the hepatic fat content 
can be achieved even without an overall weight loss.93

On the other hand are the dietary interventions. Even 
though they are very controversial in terms of the deter-
mination of the most optimal regimen, they remain as a 
key factor in the evolution and improvement of MAFLD. In 
general, the recent literature reports that diets based on 
antioxidant intake and reduction of fatty processed foods 

have a better impact on metabolic health. A famous model 
that follows these recommendations is the Mediterranean 
diet, characterized by the consumption of plant-based foods 
and fish, and reduced meat and dairy products.94 Future 
dietary approaches might include a fasting regimen (every 
other day fasting regimen) as experiments in mouse models 
have demonstrated that it selectively stimulates beige fat 
development within white adipose tissue, through modifi-
cation of the gut microbiota composition, which drastically 
ameliorates obesity, insulin resistance and hepatic steato-
sis. Although the underlying mechanisms are poorly under-
stood, the participation of microbial fermentation products, 
such as lactate and acetate, and the upregulation of the 
monocarboxylate transporter 1 expression in beige cells are 

Fig. 2.  Effects of probiotic treatment on MAFLD. Several trials have demonstrated that probiotic administration has beneficial effects on MAFLD patients; the most 
relevant are regulation of NF-κB, gut pH regulation, decrease of fibrotic factors (such as TGF-β), reduction of serum liver enzymes, and enhancement of the immune 
system.
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some of the main proposed protagonists.95

Vitamin supplementation approaches have also been 
suggested as treatment for MAFLD, specifically the admin-
istration of vitamin D. This is not only because vitamin D, 
in particular, is a molecule with notorious anti-fibrotic, anti-
inflammatory, and insulin-sensitizing properties, but also 
because epidemiological research has found a relationship 
between hypovitaminosis D and the progress of liver fibro-
sis. Even though several pathophysiological pathways link 
MAFLD with vitamin D, the results from trials are still con-
troversial and require further work; so far, available evi-
dence supports that certain populations of MAFLD patients 
may benefit from vitamin D supplementation, such as those 
with shorter disease duration and mild to moderate liver 
damage.96

Treatment of MAFLD with fecal microbial transplan-
tation

This technique involves transferring functional microbiomes 
from the feces of healthy individuals to the gastrointesti-
nal tract of patients with MAFLD. Studies in mouse models 
treated with fecal transplant from lean or obese individuals 
have shown the consequence of induction of a microbiota 
signature similar to that of the donor; thus, obese mice that 
received microbiota of lean donors responded with a sig-
nificant reduction in the adiposity and an increased insulin 
sensitivity, and vice versa, with lean mice that received mi-
crobiota from obese donors. Other studies applying 6-week 
to 8-week fecal transplant therapies to high-fat diet-induced 
non-alcoholic steatohepatitis mouse models, conducted to 
corroborate the effects, also found that the intervention in-
creases the abundance of beneficial bacteria, alleviates en-
dotoxemia, and reduces the severity of hepatic damage.97 
This therapy is not only viable for MAFLD patients, but also 
for other metabolic diseases, as studies have demonstrat-
ed its therapeutic effects on T2DM, ulcerative colitis and 
metabolic syndrome, associated with healthy microbiota, 
improved insulin sensibility and normalized blood lipid lev-
els.95 Despite these promising findings, further clinical trials 
in humans are required to fully confirm the benefits of this 
procedure, as there are still many unanswered questions, 
like what is the best way to implant the fecal matter, what is 
the risk of infection, and what are the long-term therapeutic 
effects.97

Conclusions

The tendency towards a sedentary lifestyle is turning out 
to be severely detrimental to the population’s metabolic 
state; the growing burden of chronic diseases is not the 
only consequence, as it also affects the quality of life of 
millions of people and adds economic burdens worldwide. 
The gut microbiome is an important determinant of health 
state and tendency towards disease, and even though it is 
unique in each person, recent studies have found certain 
patterns that tend to be constant throughout life, as is seen 
in healthy people with a predominance of the Firmicutes and 
Bacteroidetes phyla.

Alterations of the normal composition of the microbiome 
(gut dysbiosis) should be treated as a priority research top-
ic, due to their close relationship with the onset or severity 
of other pathologies, such as T2DM, obesity and MAFLD, 
through mechanisms that provoke systemic inflammation, 
metabolism alteration, infiltration of lipids to non-adipose 
tissue, and promotion of fibrosis, among others. Apart from 
drug administration, probiotic supplementation may be a 
safe and low-cost approach to improve the disease state Ta
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in patients, especially with multiple-strain probiotics, which 
have shown ability to reduce inflammatory factors (C-re-
active protein and TNF-α), regulation of NF-κB, a decrease 
of serum liver enzymes (alanine aminotransferase, gamma-
glutamyltranspeptidase, and aspartate aminotransferase) 
and fibrotic factors (TGF-β).

It is important that countries implement measures to con-
trol this pandemic of metabolic diseases. In general, people 
must have a clear understanding of the consequences they 
have on health and know that specific lifestyle changes can 
make them exponentially healthier.

Future directions

There is still much research left to be done before we fully 
understand the interactions between the host and the gut 
microbiota, the mechanisms of action of some specific bac-
teria strains and, ultimately, effects on health and disease. 
For example, the identification of ethanol-producing bac-
teria responsible for the increase of this endogenous me-
tabolite would be a great step in the right direction. Another 
area of opportunity is to widen the knowledge about the 
effects of SCFAs in the pathogenesis of MAFLD. Trials that 
study the role of gut dysbiosis on diabetes represent a field 
that remains largely unexplored.

We consider it is also important to carry out epidemio-
logical studies that analyze the prevalence of gut dysbiosis 
and its correlated chronic metabolic diseases. The informa-
tion obtained is expected to help in decision-making and the 
implementation of public health measures.
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