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Abstract: Numerous factors are involved in the pathogenesis of nonalcoholic fatty liver
disease (NAFLD), which are responsible for its development and progression as an in-
dependent entity, but also thanks to their simultaneous action. This is explained by the
hypothesis of multiple parallel hits. These factors are insulin resistance, lipid metabolism
alteration, oxidative stress, endoplasmic reticulum stress, inflammatory cytokine liberation,
gut microbiota dysbiosis or gut-liver axis activation. This is a systematic review which has
an aim to show the connection between intestinal microbiota and the role of its disbalance
in the development of NAFLD. The gut microbiota is made from a wide spectrum of
microorganisms that has a systemic impact on human health, with a well-documented
role in digestion, energy metabolism, the stimulation of the immune system, synthesis
of essential nutrients, etc. It has been shown that dysbiosis is associated with all three
stages of chronic liver disease. Thus, the modulation of the gut microbiota has attracted
research interest as a novel therapeutic approach for the management of NAFLD patients.
The modification of microbiota can be achieved by substantial diet modification and the
application of probiotics or prebiotics, while the most radical effects are observed by fecal
microbiota transplantation (FMT). Given the results of FMT in the context of metabolic
syndrome (MetS) and NAFLD in animal models and scarce pilot studies on humans, FMT
seems to be a promising treatment option that could reverse intestinal dysbiosis and thereby
influence the course of NAFLD.

Keywords: nonalcoholic fatty liver disease; gut-liver axis; gut microbiota; NAFLD
pathogenesis; fecal microbiota transplantation

1. Introduction

NAFLD (nonalcoholic fatty liver disease) represents a range of diseases from non-
alcoholic fatty liver to nonalcoholic steatohepatitis (NASH), with the possible development
of fibrosis and cirrhosis as the final stage that can lead to the development of hepatocellular
liver cancer (HCC). A certain proportion of patients with NAFLD can potentially progress
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to HCC even if they do not have liver cirrhosis. Fatty liver disease is defined by excessive
fat accumulation in the liver and can be a consequence of alcoholic and nonalcoholic
etiologies [1]. A very important fact about NAFLD is that besides the obese population, it
also affects lean people, and can lead to cryptogenic liver disease [2]. Nowadays, NAFLD
is the most common cause of chronic liver disease. Given its high prevalence among
adults, but increasingly among children, NAFLD is becoming a global health and economic
problem that can lead to life-threatening medical conditions and diseases and could become
the most common indication for liver transplantation in the next 5-10 years [3].

The global prevalence of NAFLD is approximately 30% [3,4] and is usually higher
among males (40%) than females (26%) [4]. The global prevalence of NAFLD is predicted to
keep growing by 2030 if current trends remain unchanged, which makes it a global health
problem that requires a prompt and effective solution [4].

Nowadays, effective treatments for some chronic liver diseases are available, but
treatment options for NAFLD remain inadequate. The standard of care in the case of
NASH mainly involves changes in lifestyles, such as diet and physical activity, especially
walking [5]. Taking that into account, the exploration of novel therapeutic approaches
would be extremely important.

NAFLD is closely related to metabolic syndrome (MetS) and its individual components.
Due to the increase in the prevalence of obesity, type 2 diabetes mellitus (T2DM) and
MetS, the prevalence of NAFLD is also increasing. The strongest risk factors for the
development of NAFLD and NASH are MetS and its individual components: obesity,
especially central obesity; T2DM; dyslipidemia; and hypertension. The results of one study
shows that 80% of patients with NAFLD were diagnosed with obesity and dyslipidemia,
50% with hypertension, 33% with non-insulin-dependent diabetes and 45% with a low
HDL-cholesterol concentration [6]. The association of NAFLD with obesity and MetS
implies that NAFLD will be more common in the next 10 years due to the global epidemic
of obesity and MetS. Today the pathogenesis of NAFLD is explained by the multiple parallel
hit hypothesis, according to which there are many factors involved in NAFLD development
and progressions and all of them can act together simultaneously. These factors are insulin
resistance, dyslipidemia, oxidative stress, endoplasmic reticulum stress, higher levels of
inflammatory cytokines, intestinal dysbiosis or gut-liver axis activation [5-9].

The term “gut microbiota” is used to refer to a wide spectrum of microorganisms that
have a role in digestion and the synthesis of vitamins as well as in the stimulation of the
immune system and the decreasing of pathogens by competing for nutrients [10]. Due
to this, many authors consider the gut microbiota as a “metabolic organ” or a “forgotten
organ” [5,11]. In healthy adults, the gut microbiota is mostly compromised of bacteria
that belong to the phyla Firmicutes, Actinobacteria and Bacteroidetes [12]. Gut microbiota
homeostasis can be affected by various environmental factors including drugs (primarily
antibiotics), alcohol consumption and dietary habits [13].

“Dysbiosis” is the term that describes the imbalance between protective and harmful
microbes typically associated with a pathogenic condition. A major part of intestinal
dysbiosis is linked to changes in gut microbiota homeostasis, especially a decrease in
its variety, loss of beneficial microbiota, or the overgrowth of harmful microbiota [14].
Gut dysbiosis was shown in all three stages of chronic liver disease (CLD): steatosis;
inflammation; and fibrosis. Specific changes in the gut microbiota have been reported in
CLD patients suffering from NAFLD, but also from alcoholic liver disease [15,16].

The aim of this systematic review is to show the connection between the intestinal
microbiota and the role of its disbalance in the development of NAFLD. We considered arti-
cles published in English in the last 30 years on PubMed /MEDLINE. The terms used were
“NAFLD” and “microbiota” and “FMT”, “MAFLD” and “FMT”, “NAFLD” and “probi-
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otics”, “gut-liver axis”. We investigated the possibility of modulating intestinal microbiota
in patients with NAFLD through fecal microbiota transplantation (FMT). This represents a
promising option in the treatment of NAFLD, which is regarded as an increasing global
health issue, for which currently there are very few therapeutic options.

GUT-LIVER AXIS

Many articles describe the connection between the microbiota and other organs and
organic systems through an axis that represents a series of complex relationships and
interactions based on the signals that originate from a genetic field, environment, or even
diet. Under the normal circumstances, bacteria are prevented from entering the bloodstream
and translocating to places outside the intestinal lumen thanks to the epithelial barrier, as
well as vascular and immunological actions that are taken to prevent translocation [10].
In the context of the epithelial barrier, different proteins called “tight junctions” play a
main role as they connect intestinal epithelial cells. On the other hand, there are two
more locally acting defense mechanisms against invading microorganisms: IgA secreted
by local plasma cells and vascular structures, which are important for the activation of
Kupfters cells. IgA is released by B lymphocytes and forms a complex with bacteria, the
result of which is the secretion of intestinal mucus. The function is multiple: it prevents
bacteria from adhering to the intestinal mucosa and neutralizes toxins produced by bacteria
located intraluminally. Furthermore, IgA has the ability to regulate the composition of
the microbiota [17]. In addition to the above-mentioned defense mechanisms related to
the intestines, the liver has its own defense mechanism—a bile mixture composed of bile
acid salts, IgA, antimicrobial peptides and bicarbonates. Among the key liver products
responsible for the liver—gut interaction are bile acids. The result is the induction of the
production of antimicrobial peptides, as well as regulating host immunity through the
induction of inflammatory genes, which results in the modulation of innate and adaptive
immunity [18]. Bile acids can also play a key role in the control of the composition of the
gut microbiota directly by causing the degradation of its membrane proteins [19]. Indirectly,
bile acid exerts its effect by binding to the farnesoid X receptor (FXR), whose activation has
been proven to be responsible for the prevention of bacterial overgrowth in the ileum by
maintaining the appropriate concentration of bile acids [20]. Chenodeoxycholic acid binds
to the highest extent to FXR. Its stimulation is reflected in the composition of bile acids,
but it also has the ability to prevent inflammation in the liver, lipogenesis, and fibrosis,
which are the features of NAFLD [21]. The main route through which the microbiota
acts on the liver is enterohepatic circulation [22]. It is well established that the microbiota
modulates the composition of the total bile acid pool by producing secondary bile acids. The
example of the microbiota’s impact on bile acids (BAs) is the process of the deconjugation
of tauro- and glyco-conjugated bile salts, which is catalyzed by the microbial bile salt
hydrolase (BSH). It is known that this process occurs in the small intestine supported by
all major gut microbiota phyla, including Firmicutes, Bacteroidetes, Actinobacteria and
Proteobacteria [23]. The most abundant secondary BAs in humans are lithocolic acid and
bacteria from the genus Clostridium are primarily important for its formation. According
to all the above, we can conclude that the microbiota and the liver achieve a mutually
beneficial effect through bidirectional communication via the gut-liver axis.

In a state of dysbiosis, due to changes in the composition of the intestinal microbiota,
such as in NAFLD, but also in other diseases that affect the liver, the microbiota and
its metabolites travel via the portal vein, causing an inflammatory reaction of the liver,
which can ultimately, in some cases, result in necrosis. A predisposing factor for the
translocation of the bacteria or with microbial products or cell components such as bacterial
DNA or lipopolysaccharide (LPS) from Gram-negative bacteria into the bloodstream is the
increased permeability of the intestinal wall, probably caused by the pathological change in
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the composition of the gut microbiota [24]. It is considered that liver inflammation can be
induced by some of the translocated microbial products that bind to the specific pathogen
recognition receptors in the guts (e.g., toll-like receptors, TLRs), thereby promoting the
progression of chronic liver disease. It is presumed that the intestinal microbiota has a
leading role in maintaining gut-liver axis homeostasis and in the pathogenesis of liver
diseases [25]. A more detailed role of the microbiota in the development of NAFLD is
explained in the next section of this article, but we can conclude that the modulation of the
gut microbiota (i.e., the gut-liver axis) has attracted research interest, paving the way for
novel therapeutic approaches for the management of patients with NAFLD.

2. Gut Microbiota Role in Metabolic Syndrome Pathogenesis

As mentioned earlier, NAFLD is closely related to MetS; thus we will first discuss the
role of the gut microbiota in the context of MetS. MetS is a cluster of disorders, defined by
insulin resistance (IR), arterial hypertension, dyslipidemia, increased abdominal girth and
T2DM [26]. The central phenomena underlining MetS are insulin resistance and abdominal
adiposity. In the case of insulin resistance, the anabolic function of insulin is disabled
and the process of the inhibition of lipolysis and hepatic gluconeogenesis is disturbed.
The result is an increase in circulating free fatty acids and this consequently leads to
dyslipidemia related to insulin resistance [27]. Furthermore, insulin has a vasodilating effect
and contributes to the regulation of blood pressure, but in the state of insulin resistance, this
important regulatory function is lost and hypertension develops along with the synergistic
vasoconstriction effect of the increased concentration of free fatty acid [28]. Another
contributing factor to the development of metabolic syndrome is a chronic proinflammatory
state characterized by an elevated concentration of tumor necrosis factor-oc and IL-6 [29].
As adipose tissue is a major source of reactive oxygen species production resulting in
oxidative stress and mitochondrial DNA damage, it consequently leads to the production
of proinflammatory cytokines [30].

Numerous data connect the inflammatory state in MetS with gut barrier dysfunc-
tion [31]. The dysfunction of the gut barrier integrity means that the gut tissue integrity is
compromised and facilitates the leakage of microbial components and/or microbes into the
systemic circulation [32]. An impaired gut barrier function can occur as a malfunction of
any of the gut barrier components and may lead to microbial translocation. In the context
of MetS, the lymphatic system and the portal vein are the main routes for endotoxins
and bacteria transportation [33]. This condition is considered as metabolic endotoxemia
and can be triggered by the presence of bacterial LPS in circulation [34]. According to
the earlier data, the systemic presence of microbial components can lead to the condition
where inflammatory pathways are chronically activated [35]. Both local and systemic
low-grade inflammation and IR are characterized by a macrophage influx activated by
bacterial components that migrate to target organs. Considering that dysbiosis is the main
prerequisite for the development of endotoxemia, the change in the composition of the
intestinal microbiota in people with metabolic syndrome enables the chronic inflammatory
process in the body to subside [35]. The composition of the microbiota in people with
MetS is significantly altered compared to the healthy population (Table 1). Tomas et al.
reported that a high-fat diet in mice resulted in a significantly increased abundance of
the phyla Firmicutes, Proteobacteria, as well as a lower abundance of Verrucomicrobia
and Bacteroidetes [36]. Some microbiota products like propionate are strongly connected
to the reduction of inflammation and oxidative stress and serve as a satiety-enhancing
factor [37], which would mean that in obese people, the concentration of bacterial species
that dominantly produce propionate is lower. On the other hand, a study by Dalby et al.
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reported that metabolic endotoxemia does not link a high-fat diet to obesity [38]. Thus,
further investigations are needed.

People with T2D have specific profiles of the gut microbiota, as well as in other con-
ditions within MetS (Table 1). The number of bacteria that produce butyrate is reduced,
and the number of opportunistic bacteria that disrupt the intestinal barrier, such as Bac-
teroides caccae, Clostridium hathewayi, Clostridium symbiosum and Eggerthella Escherichia coli,
is increased [39]. Some bacterial species could be considered as a biomarker of TD2, as it
was proven that Lactobacillus is positively correlated with fasting blood glucose (FBG) and
glycosylated hemoglobin (HbAlc). On the other hand, Clostridium is negatively associated
with HbAlc, C peptide and insulin [40].

While it has been widely recognized that the gut microbiota can contribute to the
development of IR, proof has been recently generated showing that the microbiota of predis-
posed individuals can produce an insulin antagonist—imidazol propionate. Starting from
amino acid histidine, several intestinal bacteria can produce imidazole propionate, and this
microbial metabolite could indirectly activate the mechanistic target of rapamycin complex
1 (mTORC1). Interestingly, it has been shown that T2DM patients have an increased level
of serum imidazole propionate and activated mTORC1 in the liver [41]. Another important
mechanism when it comes to insulin sensitivity and obesity is mediated through nuclear
peroxisome proliferator-activated receptors (PPARs). PPAR gamma is widely expressed in
muscle, liver and adipose tissue. It is considered that through the regulation of metabolic
genes’ activation of PPARg, hyperlipidemia is attenuated. Furthermore, it has been found
that macrophages highly express PPARg [42]. In the context of MetS, it seems that IR and
inflammation are closely connected. In addition, the accumulation of lipids in the vessel
walls and chronic low-grade inflammation are proven to be intertwined. This is the reason
why atherosclerosis, chronic low-grade inflammation and lipid accumulation are the main
features of MetS [42].

There are some human studies that have suggested that microbiota translocation to
the bloodstream and target organs [42], such as the blood vessel wall in atherosclerosis [43],
the liver in NAFLD [44] and the mesenteric adipose tissue in inflammatory bowel dis-
ease [45], is very likely. Finally, the presence and activity of specific gut microbes could
be associated with the development of MetS. For example, malevolent microbes such
as Prevotella copri and Bacteroides vulgatus potentially contribute to IR, while Akkermansia
municiphila and Faecalibacterium prausnitzii are beneficial species associated with increased
insulin sensitivity [42,46,47]. A Gram-negative, mucin-degrading bacterium, A. muciniphila,
positively correlates with a healthier metabolic status in overweight and diabetic mice and
humans [48,49]. The safety of A. muciniphila consumption has been shown in a proof-of-
concept study on humans in which supplementation with 1010 A. muciniphila pasteurized
cells was more effective than the treatment with live cells and led to the significant improve-
ment in insulin sensitivity, a reduction in insulinemia and a reduction in the total plasma
cholesterol and the level of liver inflammation markers [50]. The role of individual species
and strains in the pathogenesis of individual components of the metabolic syndrome re-
mains to be clarified, as there are still conflicting views based on different research results
regarding the possible influence on the modification of the composition of the microbiota
and the extraction of potential benefits from it.
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Table 1. Gut microbiota profile in metabolic syndrome feature.

Gut Microbiota Profile (Abundance)

Metabolic Syndrome Features

T {
Firmicutes/Bacteroidetes [51] Akkermansia [50]
. Lactobacillus reuteri [52] Bifidobacteria [53]
Obesity Lactobacillus paracasei [54]
Lactobacillus gasseri [52]
Ruminococcus [55] Bacteroides [56]
Fusobacterium [57] Faecalibacterium [58]
Type 2 diabetes Blautia [59] Bifidobacterium
Akkermansia [60]
Roseburia [55]
E. coli [61] Akkermansia [62]
Dvslividemia Enterobacter [61] Bacteroides
ysip Roseburia
Faecalibacterium

3. Gut Microbiota Role in NAFLD Pathogenesis

As was previously mentioned, NAFLD is very often connected to one or more condi-
tions within metabolic syndrome. Due to circumstances that change the composition of
the microbiota, the ability of symbiotic bacteria to maintain their function of preserving
metabolic homeostasis through the secretion of important metabolites is lost. One of the
most obvious direct links between the change in the microbiota composition in patients
with NAFLD and the promotion of lipogenesis, as well as the deposition of lipids in the
liver, is the reduced production of SCFA [63] (Figure 1). Some other known mechanisms
for NAFLD development due to microbiome changes are the decreased bioavailability of
choline and, on the other hand, the increased level of trimethylamine [63].

Liver tissue damage

Free fatty acids oxidation
Fat accumulation
Suppressed lipolysis
Insulin resistance
Ethanol production Imidazole propionate synthesis

GUT MICROBIOTA
DYSBIOSIS

Decrease in SCFAs synthesis Secondary bile acids synthesis
Impaired gut permeability FXR mediated fat accumulation

Increased LPS load in portal vein

Pro-inflammatory cytokines

Liver tissue damage

Figure 1. Graphical representation of the major metabolic routes by which gut microbiota dysbiosis
contributes to the development of chronic liver diseases.
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IR induced by the gut microbiota is an important mechanism by which microbiota
contributes to the development of metabolic disorders, including NAFLD.

Free fatty acids (FFAs) originate from two sources: the first is the lipolysis of adipose
tissue, and the second is lipogenesis from glucose and fructose. In the liver, FFAs are
transformed into triglycerides that are later secreted into the blood in very-low-density
lipoprotein (VLDL) particles or stored in hepatocytes. When the liver’s capacity to store and
transform FFAs is exceeded, and this can occur in patients with IR (insulin is responsible
for suppressing lipolysis), the excessive FFAs are transformed into lipotoxic substances,
responsible for oxidative stress, the injury of the endoplasmic reticulum and the activation
of inflammasomes and apoptotic mechanisms. All the aforementioned processes associated
with excessive FFAs in the liver lead to the development of chronic inflammatory processes
in the liver [46,48]. An excess of FFAs accumulated in the liver leads to more oxidative
stress, thus enhancing the process described above [64-68].

Mediated by the nuclear receptor farnesoid X receptor (FXR), bile acids (BAs) are
another class of molecules important in microbiota—host communication that could have an
impact on MetS development [47,49,69]. BA binds with several receptors, such as Takeda-
G- protein receptor-5 (TGR5), FXR, constitutive androstane receptor (CAR), pregnane-X receptor
(PXR), muscarine receptors and sphingosine 1-phosphate receptor 2 (S1PR2) [70,71]. The
activation of FXR stimulates the production of insulin and lowers the plasma concentration
of cholesterol, triglycerides, and FFAs. It has been shown that the microbiota plays an
essential role in high-fat-diet-induced obesity and hepatic steatosis and that this is mediated
through FXR. When fed on a high-fat diet, no weight gain is observed in germfree mice.
However, in mice deprived of FXR, the gut microbiota can contribute only to the increased
glucose levels and impaired oral glucose tolerance, but does not affect weight gain [72].

TGRS activation leads to greater energy consumption in brown adipose tissue, which
can stop the development of IR and obesity. TRGS takes part in the regulation of glucose
and lipid metabolism and influences the immunological system [73,74]. The activation of
TGRS5 in endocrine cells stimulates the secretion of glucagon-like peptide-1 (GLP-1), which
in turn stimulates the secretion of insulin and lowers one’s appetite, thus preventing
further food intake. The activation of TGR5 in liver macrophages contributes to the
anti-inflammatory effect by inhibiting the production of cytokines and nuclear factor kB
(NF-kB) activity [70,74-76]. It has been shown that the production of specific secondary
BAs, (tauro)lithocholic acid, which is produced by the gut microbiota upon FXR-regulated
microbial activity, can stimulate TGR5 and the subsequent metabolic cascade, leading to
metabolic improvement [77].

In contrast to this beneficial effect of a group of secondary BAs, secondary BAs
can increase the intestinal permeability and may contribute to DNA damage and an
increase in the production of interleukin 13 (I-1p), thus leading to hepatocellular cancer
progression [76].

The increased permeability of the intestinal barrier leads to oxidative stress and
bacterial translocation, together with the penetration of the intestinal wall by bacterial
endotoxins, which in turn stimulates the attraction of immunological cells to adipose tissue
and the development of its chronic inflammatory process. The most important endotoxin
is lipopolysaccharide, a Gram-negative bacteria cell wall component. LPS stimulates the
production and release of many proinflammatory cytokines, such as tumor necrosis factor «
(TNFw), 11-1B, 1I-6 and 11-8, which activate the signaling pathways of membrane-bound toll-
like receptors (TLRs) and cytosol NOD-like receptors (NLRs). NLRs bind to inflammasomes,
as well as fragments of intestinal microorganisms: LPS, lipoproteins, peptidoglycans,
bacterial polysaccharides, viral RNA and bacterial wall proteins. Inflammasomes react to
cell injury by activating caspase 1 and stimulating the release of proinflammatory cytokines.
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The activity of proinflammatory cytokines is noticeably higher in patients with NAFLD
and obesity. Proinflammatory factors lead to IR, a higher plasma concentration of FFAs,
the decreased production of adiponectin, increased production of leptin, hyperfagia and
hyperlipidemia [76-81].

After binding to TLRs, LPS also activates macrophages and hepatic stellate cells
(HSCs). The activation of macrophages further enhances the inflammatory process and
triggers HSCs transformation into myofibroblasts that produce smooth muscle actin and
collagen fibers. LPS makes macrophages and HSCs more susceptible to leptin, which has
an important influence on the faster progression to fibrosis [80,81].

Finally, another important mechanism by which microbiota can contribute to the
development of NAFLD and its progression to fibrosis and cirrhosis is the production of
alcohol. The serum level of alcohol is significantly elevated in NASH patients compared
to obese or lean controls [82]. Interestingly, increased endogenous ethanol is observed
even in children suffering from NAFLD [83]. Higher ethanol production by the microbiota
is typically associated with elevated levels of Enterobacteriaceae. In a Chinese cohort of
NAFLD patients, 60% of patients had elevated levels of high-ethanol-producing Klebsiella
pneumonia. The transfer of the microbiota containing this bacterium from a NASH patient
to germ-free mice induced NAFLD in the animals [84].

4. Gut Dysbiosis and NAFLD

Dysbiosis is a condition in which the gut microbiota has changed from that of a healthy
individual and is impaired or imbalanced. This change is not clearly described for any
medical condition, but when comparing groups of patients and controls, dysbiosis appears
as an overgrowth or reduction of certain microorganisms [11]. The increased prevalence of
small intestine bacterial overgrowth (SIBO) in NAFLD patients was the first connection
noticed in studies linking NAFLD and dysbiosis [85]. It has been shown that dysbiosis in
NAFLD is connected to different stages of the disease. This means that dysbiosis in NASH
patients differs from that with HCC development or with simple steatosis [86]. According
to some studies, there are specific bacteria with potential implications in the protection
against NAFLD development and obesity. Obese individuals have a less diverse microbiota,
a phenomenon known as a low gene count (LGC). Their microbiota is characterized by a
higher ratio of Gram-negative bacteria to Gram-positive bacteria. Although the literature
data often discuss the decrease in the number of Bacteroidetes on account of the rise in the
number of Firmicutes, which was demonstrated in one of the earliest studies addressing
microbiota in obesity [48], recent data have shown that the Firmicutes to Bacteroidetes ratio
is not a reliable marker of obesity-related dysbiosis [50]. It has already been mentioned
that the extent and level of dysbiosis depends on numerous factors, which was highlighted
in one study where patients were divided into two groups depending on their BMI and
FMT was performed [87]. As the results showed a significantly better result in lean pa-
tients after FMT, the question arises whether microbiota disruption is more significant in
the pathogenesis of NAFLD in lean patients compared to obese patients. The hypothesis
that there are considerable changes in lean patients, in the form of a reduced number of
bacteria that could have a good effect on the metabolism of glucose and lipids as well
as inflammation in the intestines, had already been suggested in studies that preceded
the one mentioned above. Microbiota shifts have to be addressed at a lower taxonomic
resolution, and what appears to be relevant is that the microbiota of obese individuals is
characterized by an increased abundance of Ruminococcus gnavus, a bacterium responsible
for the degradation of mucus that is linked to the enhanced permeability of the intestinal
barrier, and by the decreased abundance of the mucin degrader Akkermansia muciniphila,
which is associated with the production of propionate and the stimulated production of
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mucus [50,64,65]. A reduced abundance of the anti-inflammatory butyrate-producing
bacterium Faecalibacterium prausnitzii is associated with increased intestinal permeabil-
ity [64-66]. The major carbohydrate metabolism products by A. muciniphila—propionate and
by F. prausnitzii-butyrate are, together with acetate, jointly termed “short chain fatty acids”
(SCFAs). SCFAs are associated with numerous beneficial health effects and it is known that
they can stimulate the production of peptide YY—a hormone that inhibits the passage of
food through the intestinal system by slowing down its motoric and thus enhances the
absorption of nutrients [64-66]. In the liver, SCFAs are converted to triglycerides [67,68].
SCFAs are particularly relevant for energy metabolism as both propionate and butyrate play
an important role in the intestinal gluconeogenesis. While butyrate activates glycogenesis
on the gene expression level, propionate serves also as a signal molecule in a gut-brain
neural circuit involving the fatty acid receptor FFAR3. By this mechanism, SCFAs have
beneficial effects on glucose and energy homeostasis [69].

Diabetic patients were observed to have less butyrate-producing bacteria (Clostridiales
sp. SS3/4, Eubacterium recitale, F. prausnitzii and Roseburia intestinalis) and more opportunistic
pathogens [73,74]. The increased abundance of Escherichia coli and Bacteriodes vulgatus was
found to be associated with the risk of advanced fibrosis in patients with NAFLD [70].

A study performed by Boursier et al. also searched for the correlation between gut
microbiota dysbiosis and NAFLD and showed that gut microbiota dysbiosis can be used as
a predictor of NAFLD severity and progression. By using the data of 57 NAFLD patients
and multivariate analysis, the authors concluded that the Bacteroides is independently
associated with NASH and Ruminococcus with fibrosis [88].

In the last few years, numerous works have been carried out in which intestinal dys-
biosis is the common basis for the emergence of inflammatory bowel disease (IBD) and
NAFLD, as well as the state of chronic inflammation. However, despite the obtained results,
it is still not possible to accurately define common risk factors and pathogenesis. The type
of IBD, the therapy applied to the patient, possible surgical treatment, the activity of the
disease and its duration and the diet of the patient with IBD all play a major role in the oc-
currence of liver steatosis in patients with IBD. During times of high IBD activity, increased
intestinal permeability contributes to the development of NAFLD through an increased
IBD likelihood of the translocation of bacteria and their metabolites. [89]. The resection of
the small intestine is also associated with the development of liver steatosis because after
the removal of the part of the intestine that is affected by extensive inflammatory changes,
an increase in body weight and an increase in the total mass of adipose tissue occurred in
mice [90]. Furthermore, in cases where it is necessary, patients receive parenteral nutrition,
the known side effect of which is a fatty liver [91]. A recently published study found a
decrease in the presence of Subdoligranulum, Parabacteroides and Fusicatenibacter in patients
with IBD compared to patients who also suffer from NAFLD in addition to IBD. Alistipes,
Odoribacter, Sutterella and Lachnospira were more prevalent in the comparison of patients
with NAFLD and those with NAFLD and IBD [92].

As evident from the presentation of selected studies, there is still no consensus regard-
ing dysbiosis in NAFLD. Many technical factors contribute to this, including the NAFLD
diagnosis criteria, the method of microbiota analysis, age and the geographic origin of
patients. Despite the considerable heterogeneity of the results, NAFLD is associated with
microbiota dysbiosis and given that there are already identified metabolic pathways by
which the microbiota contributes to the NAFLD pathology, it is certain that the modulation
of the microbiota is one of the most promising targets in the search for novel therapeutic
options for NAFLD and associated CLD.
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5. Modulation of Gut Microbiota in NAFLD

Even though the gut microbiota is relatively stable in adults, it is still susceptible to
change. It is considered that the microbiota composition can be altered both in a positive or
negative way due to different environmental factors, such as exposure to toxic compounds,
diet or antibiotic consumption. Hence, it is possible to promote changes in the microbiota
composition to provide a healthier profile. Substances with probiotic/prebiotic actions
and, more recently, fecal microbiota transplantation (FMT) are the current strategies that
have shown a modulatory capacity over dysbiosis and gut-liver axis activation [93,94].
The results of the effect of microbiota modulation on CLD can be measured by various
means, such as hepatic histology (steatosis, lobular inflammation, balloon degeneration
and fibrosis) and biochemical parameters (liver enzyme levels). Although liver enzymes
are commonly used to assess the improvement in NASH, they are poor predictors of NASH
and its prognosis. The efficacy of probiotics as well as alternative probiotic approaches
have been explored in these clinical studies [11,49,60,95,96] and their effect on NAFLD
was recently reviewed in a meta-analysis [50]. It is considered that probiotics can improve
hepatic inflammation, histology, and function by retarding and reversing dysbiosis, as
measured by biochemical markers, as well as in liver biopsy samples. Numerous beneficial
effects of multistrain probiotics have been proven in many pathological conditions. It is
also worth mentioning here the potential in reducing the systemic inflammatory state and
resetting the composition of the microbiota to a composition similar to that of healthy
individuals [97,98]. They have positive effects on the liver function and the biochemical
lipid profile, which can be quantified through the values of liver enzymes as well as
cholesterol and triglycerides reduction. Although probiotics could be used either alone or
in conjunction with other NAFLD-targeted therapies, its potential interactions with other
agents must still be studied. This is the reason why experts still hesitate to recommend
the clinical use of probiotics for gut microbiota modification in patients with NAFLD.
While it is generally perceived that further studies are needed to elucidate the role of
probiotics [11,49,60,82,95,96], a recent meta-analysis indicates that the integrated results of
25 randomized clinical trials showed that probiotics and prebiotics significantly contribute
to BMI reduction (0.37 kg/m?, p < 0.001), a decrease in hepatic enzymes (ALT, 6.9 U/L,
AST, 4.6 U/L and ¢-GT, 79 U/L, p < 0.001), a decrease in serum cholesterol (10.1 mg/dL,
p < 0.001), LDL-c (4.5 mg/dL; p < 0.001) and TAG (10.1 mg/dL; p < 0.001), but not in
inflammation (assessed by TNF-a and CRP). Similar effects of prebiotics and probiotics on
the BMI and liver enzymes were observed in another meta-analysis, while the lipid profile
was improved only by prebiotic therapy [99].

There is a scarcity of studies that report the effect of probiotics on NAFLD beyond
biochemical markers. One study reported a significant reduction in the intrahepatic triglyc-
eride content as measured by proton-magnetic resonance spectroscopy as a result of
6 months’ mixed probiotic (Lepicol) consumption. The first report of histological im-
provement and changes in the microbial composition in response to a prebiotic compound
in NASH patients was provided by a study that evaluated the effect of oligofructose con-
sumption for 24 weeks. The significant reduction in steatosis and the NAFLD activity score
were found in the prebiotic-treated group vs. the placebo, despite the small sample size. In
addition, prebiotic administration resulted in reduced Clostridium cluster XI and increased
the relative adundance of Bifidobacteriu [100].

Fecal Microbiota Transplantation

Fecal microbiota transplantation (FMT) is defined as the transplantation of gut mi-
crobiota from healthy donors to a diseased recipient to restore the diversity of their gut
microbiome. The history of FMT is old (more than 1500 years) and has its origins in China,



Biomedicines 2025, 13, 779

11 of 27

where it was used for patients who had diarrhea or food poisoning. On the other hand, the
first report of FMT in modern medicine is from 1958, when an American doctor used fecal
enemas for the treatment of patients who had fulminant pseudomembranous enterocolitis
because of antibiotic use. The used treatment was successful and the rapid resolution of
symptoms was reported [101].

In the last decade, FMT has been analyzed as a possible therapy in many diseases.
Currently, FMT is approved treatment only for recurrent infection caused by the bacterium
Clostridium difficile [102]. To date, there is a large difference in FMT methods among centers
worldwide, mainly regarding donor selection, stool preparation as well as in terms of the
method of administration of the microbiota suspension, even though three years ago a
European consensus report on FMT was published [103]. Usually, fecal microbiota for
transplantation is obtained from volunteer donors. A donor can be a person who is known
to the recipient, or it can be somebody that donates their stool to a frozen donor bank.
Donors are carefully screened [104-106] by blood and stool tests for certain diseases such
as gastrointestinal infections (viral hepatitis, HIV, COVID-19, and Epstein-Barr), intestinal
parasites, inflammatory bowel disease, autoimmune diseases, inherited metabolic disorders,
family history of cancer, recent antibiotic treatment, or use of controlled substances. These
tests establish their eligibility as donors of stool. Any of these conditions may be a reason
for excluding that person as a stool donor since the collected stool must be free of any
infections or diseases.

Besides screening a healthy donor, it is also important that the donor is suitable [107,108]
and that they match with the recipient [109].

Recipients of FMT must fulfill certain conditions in person, e.g., if a person is taking
antibiotic treatment, it must be completed a few days before the FMT procedure [104,105].
The recipient may also be asked to fast for a few hours before the procedure and sometimes
they can receive antacids or laxatives because their intestines should be practically free
of contaminated fecal material before FMT in order to have a healthy graft. According to
certain studies, loperamide is given to recipients to ensure that transferred fecal material
stays for at least 4 h in the bowel [110,111].

The route of administration of fecal microbiota can be through either the upper gas-
trointestinal (GI) tract via a nasogastric tube [112,113] or oral capsule [114,115] or through
the lower GI tract via a colonoscopy or enema [116].

Upper Gl routes:

A nasogastric tube—a thin, flexible tube that is inserted through the patient’s nose into
their stomach. The transferred fecal microbiota is inserted into the tube with a syringe. The
nasogastric tube is usually placed before the procedure and removed after it [112,113,117].

Upper endoscopy—a slim tube (endoscope) is passed though the patient’s mouth or
nose to their stomach or small intestine [118]. A longer nasojejunal tube may be used to
deliver the sample into the small bowel [119,120]. This method is preferable for patients
who, for some reason, cannot be submitted to a colonoscopy.

Oral capsule—capsules containing freeze-dried, live fecal microbiota are ingested
through the patient’s mouth. These capsules are designed to stay intact until they reach
the patient’s colon [114,115,121-123]. The newest Foof and Drug Administration (FDA)-
approved treatment is an oral capsule containing Firmicutes-selected types of fecal source
bacteria spores (fecal microbiota spores, live-brpk, and SER-109).

Lower Gl routes:

Colonoscopy—a colonoscope is passed into the patient’s colon through their rectum
and fecal microbiota is delivered through it, usually to the beginning of the large intestine
or to the end of the small intestine. Historically, a colonoscopy has been the preferred
method of fecal microbiota delivery [117].
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Rectal enema—a tube is inserted into the patient’s rectum and transferred microbiota
is delivered through it [124,125].

Preparation of fecal material

The optimal procedure for the preparation of fecal material is yet to be determined.
It has been discussed whether it is better to use fresh or frozen fecal material. However,
there are several clinical trials that have shown that the efficacy of the frozen FMT is the
same as that of the fresh FMT for the treatment of Clostridium difficile infections [126,127].
Fresh fecal material needs to be processed within 6 h of obtaining it from the donor. It can
be stored for 6 h at room temperature until additional processing. The processing amount
should be approximately 50 g (not less than 30 g) and it should be mixed with sterile
normal sodium chloride (approximately 150 mL) using a blender. To avoid the obstruction
of the endoscope’s channel, the prepared mixture should be filtered through a filter or
gauze to eliminate large residue. In the end, the obtained filtrate is filled into the syringes
(60 mL) and administered to the patient’s GI tract. It is important that the final prepared
material is properly labeled and stored at —80 °C. On the day of application, the frozen
material is put in a 37 °C water bath where it is thawed and is then mixed with normal
saline to obtain the necessary volume. The application should be performed within 6 h
after thawing [104-106].

According to the literature, FMT is a relatively safe procedure and can be performed
even in immunocompromised patients [99], although data regarding the very long-term
risks (>5 years) are limited. Theoretically there is a possibility of potentially harmful bacte-
ria being transplanted, which has a negative effect that is not apparent for years [103]. There-
fore, further prospective studies following patients that have received FMT are needed.

Given that FMT is currently recommended only for C. difficile-associated diarrhea,
MetS and its associated disorders are a possible future target for FMT [95].

In the pioneering study assessing FMT efficacy on MetS, the authors analyzed the
effects of infusing either autologous gut microbiota or gut microbiota from healthy lean
donors to 18 recipients with MetS on the recipients” microbiota composition and glucose
metabolism [103]. They reported that six weeks after the infusion of microbiota from
lean donors there was an amelioration of recipients’ IR along with an increase in the
levels of butyrate-producing intestinal microbiota [128]. Interestingly, five years ago,
Alang et al. [129] reported the case of a woman successfully treated with FMT because of
recurrent C. difficile infection, who developed new-onset obesity after receiving stool from a
healthy but overweight donor [130]. This case report suggests that both the various healthy
and the diseased phenotypes can be transferred by microbiota. Although human studies
regarding FMT in MetS are limited, data with animal models provide evidence for the
possible use of FMT in MetS and disorders that are related to it. Table 2 summarizes recent
human studies on FMT and intestinal dysbiosis.

Di Luccia B et al. [131] analyzed rats that were fed either a standard or high-fructose
diet. Fructose-fed rats were treated with either antibiotics or fecal samples from control rats
by oral gavage. The authors found that the fructose-rich diet induced markers of MetS as
well as markers of inflammation and oxidative stress. All these markers were significantly
reduced when the rats were treated with an antibiotic or fecal sample, which led to the
reduction in plasma LPS. This was consequently associated with a lower representation
of the Coprococcus and Ruminococcus genera in the group that was treated. More recently,
Sung et al. [132] found an improvement in glucose homeostasis and reduced fat mass in
animal models after FMT.

Ng et al. carried out a trial with obese patients who suffered from type-2 diabetes. FMT
was performed and the results showed that lean gut microbiota engraftment, especially in
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combination with lifestyle modification, led to decreased lipid values and an improvement
in liver stiffness [133].

Like MetS, there are limited data regarding the potential of FMT in NAFLD, most of
which originates from animal studies that suggest a beneficial effect of FMT in the context of
fatty liver disease. For example, the aim of the study by Chiu et al. [134] was to investigate
the gut microbiota composition that could have an impact on the NAFLD progression in
mice transplanted with feces from human NASH. Germ-free mice were inoculated with
feces that were either from NASH patients or from healthy people. Mice were then fed with
a standard diet or high-fat diet. The mice that were transplanted with feces from NASH
patients had increased liver steatosis as well as inflammatory cell infiltration in contrast to
mice transplanted with feces from healthy controls [132]. Furthermore, Zhou et al. [135]
published the first analysis of FMT in a diet-induced NASH model. They found that FMT
was associated with the increase in the concentration of fecal butyrate and the improvement
of the tight junction of the small intestine. Finally, this study revealed that FMT attenuated
steatohepatitis in mice by the modulation of the gut microbiota.

An interesting study was conducted on patients divided into lean and obese patients
diagnosed with NAFLD [87]. One group of patients received probiotics (a Bifidobacterium
viable preparation and Lactobacillus acidophilus capsules) and another was the FMT group.
The results showed significantly reduced hepatic fat attenuation evaluated by FibroScan
after FMT. Other findings such as blood lipids, liver function, and fat attenuation results
did not show statistical differences before and after FMT. This result confirms earlier
findings that the absence of a decrease in blood lipid levels or liver enzyme values does
not necessarily mean that there is no effect of therapy, in this case, the effect of FMT. Since
microbiota dysbiosis was proven in NAFLD patients, the impaired abundance of the gut
microbiota had been improved after FMT. Interestingly, FMT had a greater impact on the
microbial composition in lean NAFLD than in obese NAFLD patients, and this is supported
by the fact that there was a significant reduction in the accumulation of fat in the liver.
However, we must highlight previous findings regarding the microbiota in obese patients
who have a higher abundance of SCFA-producing bacteria, and this can be associated with
weight gain through the procurement of additional calories [136].

In one published pilot study the authors tested whether FMT from a lean, healthy
donor given to NAFLD patients with MetS would result in the improvement of several
parameters, including IR and intestinal permeability 6 weeks after FMT and the hepatic
proton density fat fraction (PDFF), evaluated by magnetic resonance elastography (MRE)
six months after FMT [135]. The study involved 21 patients and FMT was performed
during a duodenoscopy. Liver steatosis was diagnosed by ultrasound, while the fibrosis
stage was diagnosed using a transient elastography (i.e., FibroScan) in seven patients, MRE
in five patients and liver biopsy in nine patients. NAFLD patients received an allogenic
(n = 15) or autologous (n = 6) FMT and were randomly assigned. The authors did not
find significant changes in the HOMA-IR score as a measurement of IR or hepatic PDFF
in NAFLD patients who received the allogenic or autologous FMT. On the other hand,
allogenic FMT NAFLD patients with elevated small intestinal permeability at the baseline
had a significant reduction 6 weeks after FMT. One more interesting observation in this
study is that although the authors did not discern changes in specific taxa within the
fecal microbiota with allogenic FMT, they observed a trend toward an increase in the fecal
microbiota diversity in those NAFLD patients who had an improvement in their intestinal
permeability. Although this study did not find an improvement in IR, which is possibly
due to the use of the HOMA-IR score as a measurement of IR, their result regarding the
improvement in small intestinal permeability because of allogenic FMT is encouraging.
Furthermore, the authors did not find a positive effect of FMT on the MRE findings in the
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follow-up period. This could be explained by the fact that changes in the gut microbiota
associated with allogenic FMT did not persist up to the test period of 6 months. Thus, the
question is whether repeated FMT would be sufficient to prevent the reversion of the gut
microbiota to the baseline. The resilience of the microbiota could be triggered by persistent
treatment, as observed in the persistent use of probiotics, which was associated with the
improvement of hepatic proton density fat fraction PDFF at 6 months in one study [137].

Patients who are diagnosed with metabolic dysfunction-associated steatotic liver
disease (MASLD) have a steatotic liver and, in most cases, diabetes mellitus type 2, as well
as metabolic syndrome [138]. The gut microbiota features in this group of patients have
shown an increased intestinal permeability and as for the composition of the microbiota,
increased numbers of y-Proteobacteria and decreased numbers of Bacteroidetes have been
proved [139]. A group of researchers demonstrated that the amelioration of the disease
severity can be achieved after FMT. In this case, from a vegan subject. The positive effect
was demonstrated through the reduction in the necro-inflammatory histological score and
lower hepatic inflammatory gene expression [140].

Although more research is needed, the results of FMT in the context of MetS and
NAFLD in animal models are encouraging and FMT seems to be a promising treatment
option that can reverse the intestinal dysbiosis associated with NAFLD. However, there
are a few questions regarding the use of FMT in NAFLD patients. Firstly, what criteria for
donor selection should be used for this patient’s population? The second question concerns
the processing of feces (anaerobic vs. aerobic) and the method of administration: by the
upper gastrointestinal or by the lower gastrointestinal tract route? Thirdly, as reported
in the human study by Craven et al. [137], it remains to be determined whether single
or multiple fecal microbiota transfers are needed and, in the case of multiple transfers,
what should the time interval between the procedures be and for how long should they
be performed. We must keep in mind that if multiple FMT procedures are performed
using a colonoscopy, given that a colonoscopy is an invasive procedure, such action would
not be a patient-friendly method for multiple use. For sure, the further development of
noninvasive techniques such as the encapsulation of the donor gut microbiota that would
allow oral administration could be a very good alternative method to an invasive endoscopy
procedure. Nevertheless, the gut microbiota-liver axis capitalization presumably provides
targets as a new method of treatment in the future for this CLD and the application of FMT
in clinical practice requires further investigation due to the lack of data into humans. Given
the fact that we still do not have an effective treatment for NAFLD/NASH patients, and
the global importance and consequence of NAFLD, we trust there is an urgent need for
further studies into the efficacy and safety of FMT in the context of NAFLD.
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Table 2. Summarizing relevant human studies related to FMT and microbiome dysbiosis.

Trial Identifier

Type of Study and Design

Major Findings

1.  PRJNA782181[87]

Controlled randomized clinical trial

In non-FMT group, patients received oral probiotics

In the FMT group, patients received FMT with donor stool
(heterologous) via colonoscopy, followed by three enemas
over 3 days

FMT improved intestinal microbiota dysbiosis, | accumulation of fat in liver attenuating
fatty liver disease.

Differences found in gut microbiota and clinical characteristics between lean and obese
NAFLD patients were significant.

FMT showed better impact on gut microbiota restoration in lean NAFLD than in obese
NAFLD patients.

Clinical efficacy of FMT was higher in lean NAFLD than in obese NAFLD patients.

2. NCT02496390 [137]

Randomized clinical trial

NAFLD patients were randomized in a ratio of 3:1 to either
an allogenic (n = 15) or an autologous (n = 6) FMT
delivered using an endoscope to the distal duodenum

No significant changes in HOMA-IR or hepatic PDFF in patients who received the allogenic
or autologous FMT.

FMT carried out HOMA-IR or hepatic PDFFE.

FMT had the potential to reduce small intestinal permeability in patients with NAFLD.

3. NL4189 (NTR4339) [140]

Controlled double-blind randomized proof-of-principle
study

Patients with hepatic steatosis on ultrasound were
randomized to two study arms: lean vegan donor
(allogenic nn = 10) or own (autologous n = 11) FMT

Allogenic FMT resulted in improved necro-inflammatory histology. Observed significant
changes in expression of hepatic genes involved in inflammation and lipid metabolism as
well as the change in intestinal microbial community structure.

FMT is associated with changes in plasma metabolites as well as markers of steatohepatitis.

4. NCT 02206841, (IRB No.
26-2017-48) [141]

The analysis of gut microbiome profiles of 171 Asians with
biopsy-proven NAFLD and 31 non-NAFLD controls
Subjects were classified into three subgroups according to
histological spectra of NAFLD or fibrosis severity and
analysis was performed using 165 rRNA sequencing

Significant alterations in microbiome diversity were found in non-obese, but not in obese,
subjects with regard to fibrosis severity.

T stool bile acids and propionate, particularly in non-obese subjects with significant fibrosis.
Confirmed role of the microbiome in the liver fibrosis pathogenesis, especially in non-obese
subjects.

5. NL4189-NTR4339 [142]

NAFLD patients divided into groups submitted to FMTs
from either allogenic (1 = 10) or autologous (1 = 11) donors
Hepatic DNA methylation profiles obtained from paired
liver biopsies (performed before and after FMTs for all
participants).

Multi-omics machine learning approach was applied to
identify changes in the gut microbiome, peripheral blood
metabolome and liver DNA methylome, and analyzed
cross-omics correlations

Vegan allogenic donor FMT induced specific differential changes when compared with
autologous FMT in gut microbiota profiles, plasma metabolites and hepatic DNA
methylation profiles of hepatic DNA. FMT caused modifications in gut microbiota
composition, which caused extensive changes in plasma and liver DNA methylation profiles
in individuals with NAFLD.

It suggests that FMTs could induce changes in metaorganismal pathways from the gut
bacteria to the liver.
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Table 2. Cont.

Trial Identifier

Type of Study and Design

Major Findings

6. NCT02636647 [143]

Open-label, randomized clinical trial

5-month follow-up in outpatient men with cirrhosis with
recurrent HE on standard of care (SOC) was conducted
FMT-randomized patients 1:1 received 5 days of
broad-spectrum antibiotic pretreatment, then a single FMT
enema from the same donor with the optimal microbiota
deficient in HE

FMT with antibiotic pretreatment was well tolerated.

Improved cognition improved in the FMT, but not the SOC group.

FMT reverted to baseline MELD score, which transiently worsened after antibiotic treatment.
After the antibiotic treatment: | beneficial taxa and microbial diversity reduction occurred
with Proteobacteria expansion. After FMT: 1 diversity and beneficial taxa.

FMT from a rationally selected donor in cirrhosis with recurrent HE: | hospitalizations and
dysbiosis.

T cognition.

7. NCT02636647 [120]

Open-label clinical trial

Patients with SAH-ACLF divided into two arms: standard
of care arm (SOC) and FMT (freshly prepared stool
suspension from healthy family member stool donors
through a naso-jejunal tube in a single session)

In the FMT arm, the survival rate was significantly better at 28 and 90 days (100% versus
60%, p = 0.01; 53.84% versus 25%, p = 0.02).

8. NCT04749030 [144]

Double-blinded, randomized, placebo-controlled pilot trial
Participants—type-1 diabetes adult patients with
moderate-to-severe gastrointestinal symptoms randomized
(1:1) to encapsulated FMT or placebo

FMT: Safe

- Improved clinical outcomes for patients with type-1 diabetes suffering from bowel
symptoms.

- FMT group of patients’ median Gastrointestinal Symptom Rating Scale—Irritable
Bowel Syndrome score from 58 (IQR 54-65) to 35 (32-48), while in patients receiving
placebo the score was reduced from 64 (55-70) to 56 (50-77) (p = 0.01). The Irritable
Bowel Syndrome Impact Scale score ameliorated from 108 (101-123) to 140 (124-161) in
patients who were administered FMT and 77 (53-129) to 92 (54-142) in placebo group
(p = 0.02). The Patient Assessment of Gastrointestinal Symptom Severity Index
lowered from a median of 42 (28-47) to 25 (14-31) after FMT and 47 (31-69) to 41
(36-64) after placebo (p = 0.03).

9.  NCT03127696 [133]

Randomized, double-blind, placebo-controlled trial
Obese T2DM patients randomized in three parallel groups:
FMT + lifestyle intervention (LSI), FMT alone or sham
transplantation + LSI every 4 weeks for up to week 12

Six healthy lean individuals were donors of FMT solution

Repeated FMTs: 1 the level and duration of microbiota engraftment in obese patients with
T2DM.

Merging LSI and FMT: 1 beneficial changes in microbiota of recipients as well as refinement
in lipid profile and liver stiffness.
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Table 2. Cont.

Trial Identifier

Type of Study and Design

Major Findings

Multicenter, randomized, double-blind clinical trial

Steroid-free remission of U achieved in 32% participants receiving pooled donor FMT

10. ACTRN12613000236796 - UC patients randomized to either anaerobically prepared = compared with 9% receiving autologous FMT (difference, 23% [95% CI, 4-42%].
[145] pooled donor FMT (n = 38) or autologous FMT (1 = 35) via  Treatment with anaerobically prepared donor FMT compared with autologous FMT resulted
colonoscopy followed by 2 enemas over 7 days in a higher likelihood of remission at 8 weeks.
- In this study, we administered capsulized FMT to 22
patients with active UC to assess the efficiency of
11. NCTO03426683 [146] capsulized FMT and determine the specific bacteria and
metabolite factors associated with the response to clinical
remission
- Randomized, double-blind, placebo-controlled trial Ar’:;veek 8i' 1? fnl\i/[Tigflouf; >3% r? f patlenti V\;(;)(; 1nfc0rttil Cﬁf te;fgll-frele clgucai remtzsilf?nrv;lth
12.  ACTRN 12619000611123 -  UC patients after 2 weeks of amoxicillin, metronidazole §8 3?/“(9)5; (51 o Zs 608 0‘? fsg 82;*” A =0 "%E/a CeI 158 Ly L eero sronp farierence
[122] and doxycycline randomized to either oral lyophilized A ’ bo s 7000 foll l d b = 11. d’ odds ratlg Fi\/[’T ° o )d ith the inducti ¢
FMT or placebo capsules for 8 weeks nt{ 19t1c§ ollowed by orally a mlnlstgre 11 were associated with the induction o
remission in patients with active ulcerative colitis.
Both the method of preparation of microbiota from stool using the automatic system and the
delivery method of colonic transendoscopic enteral tubing were associated with a lower rate
- Two clinical trials for moderate-to-severe ulcerative colitis  of fecal microbiota transplantation-related adverse events.
13.  NCT01790061, - Both studies were pooled for analysis on the safety and In total, 74.3% (81/109) and 51.4% (56/109) of patients achieved clinical response at 1 month
NCT02560727 [147] efficacy of fecal microbiota transplantation in patients with ~and 3 months after step-up fecal microbiota transplantation, respectively.
ulcerative colitis over a 1-year follow-up Fecal microbiota transplantation should be a safe and promising therapy for ulcerative
colitis. The improved fecal microbiota preparation and colonic transendoscopic enteral
tubing might reduce the rate of adverse events in ulcerative colitis.
The Mayo score was significantly decreased compared with that of the control group
(n = 10) when reassessed at week 4 (p = 0.001) and week 8 (p = 0.019) after FMT.
} Randomized pilot study ﬁidizii?:ilyei(g/o (;)ifn Ei?i\r,zz 1i(nsthe FMT group and 50% of patients in the control group met
14.  ChiCTR2000030080 [148] - UC patients were randomized to the FMT group and the P yenap :

control group

After FMT, stool microbiota composition analysis indicated improved gut microbiota
diversity.

FMT significantly reduced the relative abundance of Escherichia and increased the relative
abundance of Prevotella at the genus level.
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Table 2. Cont.

Trial Identifier

Type of Study and Design

Major Findings

Placebo-controlled double-blind randomized clinical trial
Refractory IBS patients randomized to single-dose

FMT relieved symptoms compared with placebo (autologous transplant), although the
effects decreased over 1 year.

15. NCT02299973 [149] nasojejunal administration of donor stools or - Second FMT restored the response patients with a prior response. The response was
autologous stools associated with composition of the fecal microbiomes before FMT.
- Placebo-controlled, double-blind, randomized clinical trial
16.  NCT02154867 [150] ) Patients with moderate-to-severe [BS were randomized to FMT induced significant symptom relief in patients with IBS
' active or placebo FMT, which was administered by '
colonoscopy
- Placebo-controlled, double-blind, randomized clinical trial FMT group showed statistically significant improvement in stool frequency from during
17.  NCT02788071 [151] - Adult patients with moderate-to-severe IBS were treatment to post-treatment and 1 month follow-up.
’ randomized to treatment with FMT capsules or There were no statistically significant differences observed for abdominal pain, stool
placebo capsules frequency and stool form.
- Placebo-controlled, double-blind, randomized clinical trial ~Reduction in the IBS symptoms 3 months after FMT (response) was observed in 23.6%, 76.9%
- Patients with IBS were randomized to placebo (own feces), (p < 0.0001) and 89.1% (p < 0.00001) of the patients who received placebo, 30 g FMT and 60 g
18.  NCT03822299 [108] 30 g FMT or 60 g FMT administered with gastroscope FMT, respectively.
- FMT was obtained from one healthy well In FMT group, significant improvements in fatigue and the quality of life were observed as
characterized donor well as changes in the intestinal bacterial profiles.
: lfzgi?n;ffs dvﬁ’i?r?ét?}iﬁic svndrome were randomized to Insulin sensitivity of recipients increased (median rate of glucose disappearance changed
19.  NTR1776 [130] pants Wit . ynero! from 26.2 to 45.3 pmol/kg/min; p < 0.05) along with levels of butyrate-producing intestinal
small intestinal infusion of allogenic or autologous . L . . . . .
. . microbiota in period of 6 weeks after infusion of microbiota from lean donors.
microbiota from lean donors
- Placebo-controlled, double-blind, randomized clinical trial
- Tested the application of daily fiber supplementation as an ~ After 6 weeks:
adjunct to FMT therapy to modulate cardiometabolic - Only patients in the FMT-LF group had significant improvements in homeostatic
20. NCT03477916 [152] outcomes model assessment (HOMA2-IR).

Patients with severe obesity and metabolic syndrome were
randomized trial to receiving oral FMT-high-fermentable
(HF) and FMT-low-fermentable (LF) fiber supplements

- Patients in FMT-HF, HF or LF groups showed no significant improvement in
HOMAZ2-IR.
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Table 2. Cont.

Trial Identifier Type of Study and Design

Major Findings

- Placebo-controlled, randomized, double-masked clinical
trial
21 ﬁg;RNl%lSOOlSSlSOS - Adolescents aged 14-18 with body mass index of >30 were
randomized to FMT oral-encapsulated fecal microbiome
from 4 healthy lean donors or to saline placebo

Reductions in android-to-gynoid fat ratio in the FMT vs. placebo group were observed
at 6, 12 and 26 weeks.

Profiling of gut microbiome showed a shift in community composition among the FMT
group, maintained up to 12 weeks.

Post hoc exploratory analyses among participants with metabolic syndrome at baseline
showed that FMT led to greater resolution of this condition (18 to 4) compared with
placebo (13 to 10) by 26 weeks.

No effects were observed on insulin sensitivity, liver function, lipid profile,
inflammatory markers, blood pressure, total body fat percentage, gut health and
health-related quality of life.

FMT—Fecal Microbiota Transplantation.
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The number of studies conducted on humans is still not large enough to be able to
draw relevant results that could become part of the guidelines in the treatment of NAFLD.
In addition, whether there is a difference in the way FMT is implemented in relation to
the results and the eventual benefit achieved in the patient needs to be examined. Despite
many studies that we have included in this article, the mechanism of how dysbiosis is
related to the development of NAFLD cannot be fully clarified and, therefore, we believe
that more research is needed that should be directed towards laying the foundations for a
personalized approach to the patient.

6. Conclusions

Based on the results of profiling the composition of the microbiota of patients with
diseases and conditions that are part of the metabolic syndrome, as well as NAFLD itself,
we can conclude that there are specific differences in the composition of the microbiota.
The result is a reduced production of favorable metabolites involved in the maintenance of
metabolic homeostasis. Since the microbiota makes a significant contribution in the patho-
genesis of NAFLD and MAFLD, it represents one of possible therapeutic targets. Changes
in the microbial composition can be mitigated by transplanting fecal microbiota, but the
results of the preclinical research need to be applied to humans in order to know which
bacterial species and strains should be specifically affected in order to obtain the desired
results in the form of alleviating disease symptoms and preventing their progression. In the
case of NAFLD, this is particularly important due to the limited choice of available therapy,
all for the purpose of preventing the development of liver fibrosis and, consequently, the
possible development of hepatocellular liver cancer.
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