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Abstract: The functions of the gut are closely related to those of many other organs in the human body.
Indeed, the gut microbiota (GM) metabolize several nutrients and compounds that, once released in
the bloodstream, can reach distant organs, thus influencing the metabolic and inflammatory tone
of the host. The main microbiota-derived metabolites responsible for the modulation of endocrine
responses are short-chain fatty acids (SCFAs), bile acids and glucagon-like peptide 1 (GLP-1). These
molecules can (i) regulate the pancreatic hormones (insulin and glucagon), (ii) increase glycogen
synthesis in the liver, and (iii) boost energy expenditure, especially in skeletal muscles and brown
adipose tissue. In other words, they are critical in maintaining glucose and lipid homeostasis. In GM
dysbiosis, the imbalance of microbiota-related products can affect the proper endocrine and metabolic
functions, including those related to the gut-liver-pancreas axis (GLPA). In addition, the dysbiosis
can contribute to the onset of some diseases such as non-alcoholic steatohepatitis (NASH)/non-
alcoholic fatty liver disease (NAFLD), hepatocellular carcinoma (HCC), and type 2 diabetes (T2D). In
this review, we explored the roles of the gut microbiota-derived metabolites and their involvement in
onset and progression of these diseases. In addition, we detailed the main microbiota-modulating
strategies that could improve the diseases” development by restoring the healthy balance of the
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1. Introduction

Humans harbor more than 10'* microorganisms in their bodies, most of which reside
in the gastrointestinal tract, while others inhabit different anatomical sites such as the respi-
ratory tract, skin, mammary gland, mucosa, and urogenital tract [1,2]. They form complex
and distinct ecosystems, adapting to the specific resident environmental of each niche, and
a symbiotic cross-talk is established between the human body and its microorganisms from
birth [3]. Although every human being has a unique microbiota, its composition can vary
throughout life depending on various factors such as age, lifestyle, eating habits, hormone
levels, and antibiotic use [3].

The gastrointestinal tract is an interface between the external environment and internal
systems, and the gut microbiota (GM) operates in symbiosis with the host, responding
to external stimuli and metabolizing various substances [4]. Bioactive metabolites are a
diverse array of chemicals produced by the GM and are generated by microbial degrada-
tion of various substrates (primarily dietary components) and host-derived compounds,
and they influence local and systemic metabolic pathways [5]. In this scenario, further
research is critical to thoroughly identifying the metabolites produced and modified by
GM and exploring their functions. Using advanced metabolomics approaches, such as
ultra-performance liquid chromatography and tandem mass spectrometry (LC/MS), re-
searchers have successfully identified a wide range of metabolites which have the potential
to trigger physiological and pathological functions in hosts and other bacteria, such as
short-chain fatty acids (SCFAs), bile acids (BAs) and gut-derived hormones (e.g., ghrelin,
glucagon-like peptide 1 (GLP-1). In this review, we explored the complexities of the GM
metabolite functions in the gut-liver—pancreas axis (GLPA) crosstalk, focusing on their
roles in the pathogenesis of some related disorders, including non-alcoholic steatohepatitis
(NASH)/non-alcoholic fatty liver disease (NAFLD), hepatocellular carcinoma (HCC), and
type 2 diabetes (T2D). Addressing NASH, NAFLD, HCC, and T2D through crosstalk of
the GLPA offers a comprehensive approach to better manage these interrelated diseases.
By intervening in shared pathways and mechanisms, such as inflammation, endocrine
signaling, and microbiota composition, treatments can achieve more effective and lasting
results, decreasing the burden of these chronic disorders.

2. Methods

We conducted a PubMed search for original articles, reviews, meta-analyses, and case
series using the following keywords, their associations, and their acronyms: gut microbiota,
gut-liver-pancreas axis, gut-liver axis, non-alcoholic steatohepatitis, non-alcoholic fatty
liver disease, hepatocellular carcinoma, type 2 diabetes, glucagon-like peptide 1, bile acids,
GM metabolites, fecal microbiota transplantation, short-chain fatty acids, and microbiota-
changing strategies. The items found from the above-mentioned sources were reviewed by
the authors, performing a narrative review. A total of 536 studies were evaluated for this
revision. Of these, 218 were discarded, making for a total of 316 references in the text.

3. Microbiota Metabolites

The interplay between the GM metabolites is a complex network which regulates
several host processes. Indeed, SCFA action in the colon can affect GLP-1 production, which
in turns acts at pancreatic levels, regulating hormone release. Dysregulated the microbial
metabolites” process can contribute to various health problems, and understanding the
complex relationships between GM metabolites and host health is a rapidly growing
field, with potential implications for the development of targeted therapies and dietary
interventions to promote health and treat diseases.

3.1. Short-Chain Fatty Acids and Glucagon-like Peptide-1

The SCFAs, such as acetic acid, propionic acid, and butyric acid, are molecules pro-
duced by some bacteria through the digestion, fermentation, and catabolism of indigestible
dietary fibers, proteins, and glycoproteins. Acetate can be generated by enteric bacteria and
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acetogens, such as Blautia hydrogenotrophica, through the acetyl-CoA and Wood-Ljungdahl
pathways, respectively. Propionate is primarily synthesized through the Firmicutes lactate
pathway and the Bacteroidetes succinate pathway [6,7]. The propionate production is
additionally associated with a limited number of bacterial genera, such as Akkermansia
municiphila, that is able to degrade mucin. Butyrate instead is generated by Firmicutes,
including Eubacterium rectale, Faecalibacterium prausnitzii, Ruminococcus bromii, and Eubac-
terium hallii, which are able to ferment resistant starch [8].

A significant SCFA amount is readily metabolized by colonocytes, while the other
portion is assimilated in the hepatic venous and portal systems and subsequently released
from the liver into the systemic circulation [9]. SCFAs play a pivotal role in several bi-
ological processes, encompassing immune, metabolic, and intestinal effects. G-protein
coupled receptors (GPCRs) and free fatty acid receptorl, free fatty acid receptor2, and
free fatty acid receptor3 (FFA1, FFA2 and FFA3) constitute the primary receptor types
activated by SCFAs. These receptors are expressed in various tissues and have a role in
regulating both energy metabolism and immune response [10]. Metabolically, SCFAs are
an abundant energy source for colonocytes, muscles, kidneys, the liver, as well as the brain
and heart. Acetate and propionate can modulate energy intake by decreasing appetite
through central mechanisms; Cani and colleagues observed that rats subjected to a high-fat
diet (HFD) enriched with fermentable carbohydrates (FCs) exhibited a reduced dietary
energy intake, adipose tissue presence, and body weight [11]. Moreover, administration
of butyrate and propionate to rodents decreased obesity and improved sensitivity to in-
sulin and energy expenditure [12,13]. These data demonstrated that SCFAs can protect
against obesity induced by diet and can control gut hormones. In addition, elevated
intake of dietary FCs contributes to normalizing appetite control and the regulation of
body weight [11]. Frost and colleagues documented that FC-derived acetate can suppress
appetite by acting directly on central hypothalamic mechanisms, including alterations in
transcellular neurotransmitter cycles [14]. Indeed, FCs are believed to stimulate the release
of anorectic gut hormones, including peptide YY (PYY) and GLP-1 [15-17]. The SCFA
mechanism to induce the release of these anorectic hormones is the activation of FFA2
in enteroendocrine cells, thus facilitating a signaling cascade involving Gq/11, inositol
phosphate, and calcium [15,18,19]. Pancreatic {3 cells express SCFA receptors even if their
role is not clearly elucidated. A regulatory relationship between SCFAs and the FFA2 in
insulin secretion was shown by reduced insulin and elevated plasma glucose levels in
FFA2 knockout (KO) embryos compared to the wild type [20]. Regarding FFA3, evidence
from transgenic mouse models suggest a potentially inhibiting impact of this receptor on
insulin release. The different effects can be explained by the different signaling pathways
downstream of SCFA receptors. Signaling through FFA3 in pancreatic {3 cells is associated
with Gi proteins that exert an inhibitory effect on insulin secretion, while FFA2 can also
activate Gq /11 signaling, leading to promotion of insulin secretion [19,21] (Figure 1).
Additionally, SCFAs protect the integrity of the gut epithelium by competitively inhibiting
the growth of pathogenic bacteria and preventing the permeability lack of the gut barrier,
thus protecting from metabolic endotoxemia associated with obesity, adipose inflammation,
and leaky gut-derived insulin resistance (IR) [22,23].

GLP-1 peptide is produced by the L-cells of the small intestine and proximal colon in
direct response to luminal molecules, such as SCFAs, and it serves as an incretin (Figure 1).
GLP-1 binds to its receptor glucagon-like peptide-1 receptor 1 (GLP-1R), which is a G-
protein coupled receptor (GPCR) present in several tissues, including the brain and pan-
creas. Its main effect is lowering gastrointestinal motility, delaying gastric emptying,
and enhancing satiety [24]. Within the brain, GLP-1 impacting in the hypothalamus and
brainstem decreases food consumption and body weight [25]. Regarding its role in the
pancreas, GLP-1 enhances insulin secretion from {3 cells in the presence of hyperglycemia
and concomitantly suppresses the release of glucagon from « cells [26] (Figure 1).
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Figure 1. Schematic representation of SCFA and GLP-1 physiological roles. SCFA-activated colonic
FFA2 triggers increased gut motility, increases or decreases insulin secretion, and stimulates the
release of anorectic hormones PYY and GLP-1 from colonic crypts. GLP-1 in turn (i) decreases appetite
by targeting the brain, (ii) enhances insulin secretion, (iii) suppresses glucagon secretion, (ii) slows
down gastric emptying. The figure was created using Biorender.com.

3.2. Bile Acids

One of the most important classes of GM metabolites are bile acids (BAs), amphipathic
molecules synthesized by hepatocytes and derived from cholesterol. BAs are stored in
the gallbladder and are released into the small intestine in response to cholecystokinin
triggered by a meal [27]. In the small intestine, they solubilize dietary lipids by forming
micelles in the small intestine and improve the absorption of lipids, sterols, and vitamins.
Subsequently, they are reabsorbed in the terminal ileum and transported back to the liver
through the portal circulation. The relationship between BAs and the GM involves bilateral
interactions, since BAs and microbiota reciprocally control their composition. Indeed, GM
can metabolize BAs by influencing the expression of some key enzymes involved in de
novo BA synthesis [28]. The transformations exerted by the GM include deconjugation,
dehydroxylation, re-conjugation, epimerization, oxidation, and other reactions [28-30].
BAs can consequently bind to their receptors, such as the farnesoid X receptor (FXR),
G-protein-coupled receptor-1 (TGR5/GPBAR1), pregnane X receptor (PXR), and vitamin
D receptor (VDR), thus modulating metabolic and immunological functions within the
host [31]. Primary BAs, such as cholic acid and chenodeoxycholic acid (CDCA), are con-
verted into secondary BAs, deoxycholic acid (DCA), lithocholic acid (LCA) and ursodeoxy-
cholic acid (UDCA), respectively, solely by GM BA-inducible operon (BAi-operon) via the
7-a-dehydroxylation process, by species such as Lactobacillus, Bacteroides, Bifidobacterium,
Clostridium, Eubacterium, Enterococcus [32-35]. Finally, the GM can also esterify BAs, making
them more hydrophobic [36]. BAs can activate FXR and TGR-5 signaling pathways, thus
suppressing gluconeogenesis and increasing glycogen synthesis in the liver. This activation
enhances glucose-stimulated insulin release in the pancreas and boosts energy expenditure,
especially in skeletal muscles and brown adipose tissue. Moreover, in the brain, the sig-
naling through TGR5 mediates satiety [37-39] (Figure 2). Additionally, BAs can influence
the GM composition directly by disrupting bacterial membrane structures and indirectly
by activating FXR, leading to the production of antimicrobial agents such as Inducible
Nitric Oxide Synthase (iNOS) and interleukin-18 (IL-18) in the small intestine, consequently
hindering bacterial growth [40,41]. Several compounds, such as plant or animal extracts,
can modulate GM, BA metabolism, and the associated signaling pathways [42,43]. For
example, grape seed proanthocyanidin and polyphenol extracts from pomegranate have
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been shown to enhance LCA production [44,45]. When an imbalance in the GM commu-
nities occurs, dysbiosis is established. Dysbiosis can induce symptoms such as digestive
problems (e.g., abdominal bloating, gas, diarrhea), changes in bowel habits, and fatigue.
This phenomenon can be caused by various factors, such as age, diet, stress, infection, and
antibiotic use [46—48]. Since the GM influences several physiological processes, such as
regulation of metabolism, its alteration can result in a whole range of undesirable effects,
including metabolic problems and the establishment of chronic diseases [49]. Because of
its implication in these different processes, recent evidence has shown that GM alterations
promote the development of several neoplasms, including lung cancer, gastrointestinal

cancer and HCC, as well as pancreatic cancer (PC) [50-53].
4
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Figure 2. Schematic representation of BA metabolism. BAs are produced by hepatocytes, stored in
the gallbladder, and secreted. Subsequently, GM can metabolize BAs in secondary BAs (DCA, LCA,
UDCA), which regulate the metabolism of adipose tissue, pancreas, and brain through FXR and
TGR-5 signaling pathways by increasing energy uptake and insulin secretion and decreasing food

intake. The figure was created using Biorender.com.

4. Microbiota Metabolites and Gut-Liver Axis

The interaction between microbiota metabolites and the GLPA is gaining increasing
attention due to the profound impact of these metabolites on physiological functions and
their role in the development of various diseases. Understanding the complex crosstalk
between microbiota metabolites and the GLPA is essential for unraveling the mechanisms
of various diseases, including obesity, diabetes, NAFLD, pancreatic disorders, and, not
least, cancer.

T2D, obesity, and NAFLD are associated with dysbiosis and changes in SCFAs, and
the pool size of BAs is able to trigger an imbalance between the physiologic and pathologic
condition [54,55]. Indeed, a healthy GM maintains a symbiotic relationship with the host,
but when quantitative and qualitative modifications occur, the development of a chronic
disease could be promoted. The intestine and the liver are strictly connected through the
portal vein and the biliary tract. GM alterations can induce tight-junction disassembling
and increase intestinal permeability, allowing the harmful microbiota metabolites to reach
the liver by portal circulation [56]. As a consequence, the microbiota endotoxins penetrate
the portal vein and decrease the release of a fasting-induced adipose factor (FIAF) by
increasing lipoprotein lipase (LPL) activity, promoting de novo fatty acid synthesis and
triglyceride production and activating inflammatory TLRs in hepatocytes [57]. In turn, TLRs
on the hepatocyte surface interact with gut hormones and metabolites, promoting steatosis,


Biorender.com

Biomedicines 2024, 12, 1398

6 of 42

inflammation fibrosis, and IR. In detail, TLR4 is expressed on the plasma membrane
of hepatocytes and Kupffer cells, and TLR4-mediated signals are thought to activate
signaling molecules such as nuclear factor kappa B (NFkB), which induces the production
of inflammatory cytokines (IL-1$ and IL-18) and liver injury [58]. The persistent exposure
of TLRs to gut derived metabolites alters hepatic immunotolerance and establishes a
local low-grade inflammation that concurs to NAFLD/NASH progression [59]. The fat
accumulation in the liver, a condition known as simple steatosis, is usually considered the
first “hit” in this pathological progression. Over time, continued lipid synthesis and uptake
in the liver contribute to increased oxidative stress and inflammation. Indeed, NASH is
the result of multiple factors acting simultaneously, including genetic variants, abnormal
lipid metabolism, oxidative stress, altered immune response, and GM imbalances [60]. This
persistent damage triggers fibrosis, a process characterized by the accumulation of scar
tissue in the liver that, finally, can lead to liver damage and dysfunction [61,62]. Sometimes
NASH can progress to liver cirrhosis and HCC. Moreover, the NAFLD severity and its
progression to NASH has been associated with GM dysbiosis and loss of commensal
bacterial metabolic functions [63]. In NAFLD, changed GM composition has been observed
at various taxonomic levels. Specifically, there is a reported decrease in the abundance of
Bacteroidetes at the phylum level, while Firmicutes and Proteobacteria show increased
levels [64—66]. At the family level, Enterobacteriaceae has been found to be increased, whereas
Rikenellaceae and Ruminococcaceae are decreased [63,67]. Therefore, many GM metabolites,
mainly SCFAs, BAs and gut hormones as glucose-dependent insulinotropic peptide (GIP)
and incretin GLP-1, have been associated with liver diseases [68].

4.1. SCFA Roles in NAFLD/NASH

As mentioned above, dietary soluble fibers are fermented by gut bacteria into SCFA,
which are generally considered to be health promoting. Although butyrate is predominantly
used by the gut epithelium and propionate is primarily metabolized in the liver, the acetate
attains the highest concentrations in plasma among the SCFAs [69]. Following absorption,
acetate exhibits the highest abundance in the liver and achieves the highest peripheral
concentrations (ranging from 19 to 160 uM) compared to propionate (1-13 uM) and butyrate
(1-12 uM), as documented through human studies [70-72]. Acetate preferentially activates
its receptor FFAR?2 in vitro; propionate displays a similar agonist on FFAR2 and FFARS3;
and butyrate preferentially activates FFAR3 [10,73]. On the other hand, FFAR2 activation
inhibits adipocyte differentiation and increases hepatic lipogenesis, thereby promoting the
NAFLD development [74]. In turn, butyrate is capable of upregulating GLP-1R expression
to improve NAFLD [75].

The peroxisome proliferator-activated receptors (PPARs) are members of the nuclear
receptor superfamily, and they are known for their crucial roles in maintaining metabolic
homeostasis. Three isoforms of PPARs have been identified: PPAR«, PPARB /6, and PPARYy.
These receptors function as sensors for fatty acids and play pivotal roles in regulating the
various pathways involved in lipid and glucose metabolism as well as energy homeosta-
sis [76]. PPARs have been extensively studied for their involvement in liver injury and have
been identified as effective targets for the treatment of metabolic syndrome, including dys-
lipidemia, diabetes mellitus, and, notably, NAFLD [77,78]. The SCFA-producing bacteria
may play a critical role in NAFLD [79], as documented in numerous studies, highlighting
their therapeutic potential in managing metabolic disorders and even modulating PPARs
signaling pathways. Indeed, in situations where there is a reduced presence of butyrate
in the gut lumen, PPARY activity tends to decrease. This decrease in PPARY activity is
linked to elevated levels of glycolysis and reduced oxygen consumption, leading to altered
metabolic states. Conversely, butyrate binding to PPARy can inhibit the expression of iNOS,
resulting in decreased production of nitric oxide (NO) and, subsequently, nitrate [80]. This
interplay highlights the relevant role of butyrate in modulating metabolic pathways and its
potential impact on metabolic dysfunction in pathological conditions. In addition, SCFAs
can activate PPARx expression and thus prevent lipid accumulation in the liver via the
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AMPK pathway [81,82]. There is also the stimulation of gut hormones, as GLP1, GIP, and
food intake inhibition by SCFAs may represent a novel mechanism by which GM regulates
the pathological progression of NAFLD to NASH [12]. Multiple studies have suggested a
potential link between high SCFA levels and obesity as well as excessive fat deposition [83].
Accordingly, the oral administration of propionate and butyrate significantly reduces the
severity of weight gain and IR induced by an HFD [12,84]. Moreover, oral supplemen-
tation of butyrate has been shown to ameliorate hepatic inflammation by inhibiting the
TLR4 signaling pathway and the production of inflammatory cytokines such as IL-6 and
tumor necrosis factor alpha (TNF-«) [85,86]. The direct effects of acetate, propionate, bu-
tyrate, and sodium acetate (NaA) on alleviating NASH phenotype was confirmed also in a
mouse model of NASH. In detail, NaA was seen as being capable of decreasing hepato-
cyte fat deposition and suppressing macrophage pro-inflammatory responses [87]. The
inhibitory effects of butyrate on multiple pro-inflammatory signaling pathways through
both HDAC-dependent and -independent manners were also well characterized [88]. These
findings underscore the potential SCFA role in mitigating factors contributing to NASH
development. The alleviation SCFA effects on NAFLD are well established in both human
investigations and animal studies. In summary, SCFAs are able to decrease liver steatosis
and the progression to NAFLD/NASH, not only directly interacting with the liver but also
decreasing fat accumulation in the adipose tissue, increasing the intestinal barrier function,
and inhibiting gut motility, thereby enhancing nutrient absorption.

4.2. GLP-1 Effects on NAFLD/NASH

It is currently understood that the intestine functions as an endocrine organ capable
of secreting hormones that play crucial roles in regulating whole-body metabolism in
response to food intake, as well as controlling appetite and gastric emptying. Among these
hormones, the most extensively studied are incretin hormones such as GLP-1 and GIP,
which are primarily secreted by the intestine following a meal. Considering the low GLP-1R
expression in the liver, the potential action mechanism of GLP-1R agonists (GLP-1RA) in
NASH might be associated with their indirect positive effects on body weight, IR, and the
mitigation of metabolic dysfunction, as well as their ability to counteract lipotoxic effects
and inflammation [89]. Indeed, there is substantial debate regarding the potential GLP-1
effects on adipose tissue, muscle tissue, and the liver, compounded by uncertainty regarding
the expression of the GLP-1R in these tissues. While some studies have yielded negative
results regarding GLP-1R expression [90], others have provided ambiguous findings [91].
Furthermore, there may be inter-species differences, with evidence suggesting that mice
may exhibit GLP-1R expression in the liver [91]. Nevertheless, the incretin hormone
GLP-1 and its analogs have garnered interest in the NASH context due to their potential
therapeutic effects on metabolic dysfunction and liver pathology. Indeed, obesity and T2D
represent two of the major risk factors for NASH [92] and IR in the liver, and adipose
tissue is a crucial driver of NASH morbidity and mortality [93]. The mechanisms through
which gut hormones regulate hepatic lipid metabolism are still unclear. However, in vitro
studies have demonstrated that GLP-1-treated hepatocytes manifested a significant increase
in cAMP production and a reduction in mRNA expression of stearoyl-CoA desaturase
1 and genes associated with fatty acid synthesis, such as acetyl-CoA carboxylase and
fatty acid synthase [94,95]. Moreover, the release of GLP-1 in vitro and in vivo is due to
SCFA derived GM metabolites, and GLP-1 can stimulate dependently of the FFAR 2 the
progression of steatosis to NASH, as already mentioned [15]. Thereafter, in the HFD-fed
mouse model, hepatic GLP-1 levels were decreased, and sodium butyrate was reported to
increase the expression of GLP-1R [96]. Although the Food and Drug Administration (FDA)
did not approve GLP-1RA for the treatment of NAFLD and NASH, diseases whose rates are
increasing worldwide, even more data underline their hepatic therapeutic effects. Indeed,
in the liver, incretins primarily regulate glucose homeostasis by influencing insulin and
glucagon secretion. Indeed, GLP-1RAs have demonstrated beneficial effects in preclinical
models and clinical studies of NASH through the promotion of weight loss and the decrease
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in liver fat [97]. The impact of GLP-1RAs on hepatic steatosis has been observed in
various mouse models, including leptin-deficient ob/ob mice, leptin receptor-deficient
db/db mice, and mice fed an HFD. Treatment with exenatide or liraglutide, incretin
mimetics drugs, has been shown to result in a reduction in hepatic steatosis in these
models [94,98]. Generally, GLP-1RAs have been associated with a decrease in hepatic
triglyceride (TG) and with an improvement in liver enzymes, particularly noticeable
in patients with elevated levels of alanine aminotransferase (ALT) at the beginning of
treatment [99]. The LEAN (Liraglutide Efficacy and Action in NASH) trial stands as the
largest study to date assessing the effectiveness of liraglutide, a GLP-1RA, in individuals
with biopsy-proven NASH. In this trial, fifty-two patients were randomly assigned in a
1:1 ratio to receive either subcutaneous injection of liraglutide or a placebo. The results
indicated that liraglutide led to the NASH resolution in 39% of patients compared to
9% in the placebo group [100]. In this study, fewer patients in the liraglutide group
(2/23) showed progression in fibrosis compared to the placebo group (8/22), and a greater
proportion of liraglutide-treated patients had improved steatosis and hepatocyte ballooning;
the improvement was associated with weight loss and a marked reduction in aspartate
transaminase (AST) and ALT levels.

4.3. BAs and their Role in NASH

It has been shown that, in NAFLD, the abundance of bacteria that convert primary BAs
into secondary BAs is decreased [101]. In the NAFLD pathogenesis, the signaling pathways
activated by BAs, which mainly involve FXR and TGRS, are under-stimulated as DCA is
decreased [102]. Therefore, FXR and TGR5 regulate multiple signaling pathways, main-
taining glucose homeostasis, reducing hepatic steatosis, and promoting anti-inflammatory
responses [103]. Accordingly, KO FXR mice showed elevated serum BAs, increased serum
and hepatic cholesterol and TGs, and a pro-atherogenic serum lipoprotein profile [104],
correlating with the NAFLD development [105]. Analogously, in a mouse model of hy-
percholesterolemia, FXR deficiency promotes the pathological progression to NASH [106].
On the other hand, FXR activation may reduce NAFLD inhibiting lipogenesis, hepatic
inflammation, and fibrosis in rats, maintaining intestinal barrier integrity and thus protect-
ing the liver from bacteria-derived inflammatory signals [40,107]. Hepatic FXR activation
in NASH exerts systemic effects that include the upregulation of fatty acid oxidation, in-
hibition of de novo lipogenesis and fatty acid synthesis via SHP-mediated suppression
of SREBP-1c, and decreased gluconeogenesis, thereby mitigating IR. Additionally, FXR
activation suppresses inflammation by inhibiting NF-«B, nucleotide-binding domains,
leucine-rich—containing families, pyrin domain—containing-3 (NLRP3), and chemokines
C—C motif chemokine ligand 2 (CCL-2), and it decreases fibrosis by inhibiting transforming
growth factor 31 (TGF-31) secretion and extracellular matrix deposition by hepatic stellate
cells (HSCs). Furthermore, FXR activation enhances the production of fibroblast growth
factor 21 (FGF21), resulting in decreased cholesterol and TG synthesis, lower glucose
levels, increased adiponectin expression, induction of adipocyte browning, and further
attenuation of liver inflammation and fibrosis [108-111]. On the other hand, TGR5 ag-
onists have been shown to decrease liver steatosis and associated hepatocyte damage,
as evidenced by reductions in plasma liver enzymes LDH, ASAT, and ALAT in an HFD
mouse model [112]. This improvement is accompanied by decreased levels of plasma TG
and non-esterified fatty acids. Consistently, male TGR5 KO (TGR5—/—) fed an HFD for
8 weeks exhibited pronounced hepatosteatosis [113]. These findings suggest that TGR5
activation may have an anti-NAFLD protective effect. However, the right mechanisms
by which TGR5 exerts this effect have yet to be fully elucidated. Although TGR5 ex-
pression is not detected in hepatocytes, it is present in various liver cell types, directly
or indirectly influencing liver function and triglyceride metabolism. Notably, TGRS is
enriched in Kupffer cells, resident liver macrophages, which can secrete pro-inflammatory
cytokines and contribute to NAFLD progression. Additionally, TGR5 has been implicated
in modulating microcirculation and fluid secretion in endothelial and biliary epithelial cells
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within the liver [114,115]. Although FXR is the master regulator of BAs, PPARs can also
modulate their metabolism. In hepatocyte, PPAR« is a target gene of FXR [116]. During
liver inflammation, the activation of the NF-«kB pathway leads to the inhibition of hepatic
FXR. This inhibition suppresses BA detoxification by reducing the expression of PPARx
and downstream enzymes, such as cytochrome P450 enzymes (CYPs), sulfotransferases
(SULTs), and UDP-glucuronosyltransferases (UGTs). These enzymes are responsible for the
Ba detoxification. This dysregulation of BA detoxification contributes to the pathogenesis
of liver inflammation and associated disorders [117].

Overall, understanding the complex interactions between BAs and the GM is crucial
for unraveling the mechanisms underlying NASH pathogenesis and developing novel
therapeutic interventions for this increasingly prevalent liver disease.

5. GM Derived Metabolites and Gut-Pancreas Axis

Considering the anatomical proximity of the pancreas to the gastrointestinal tract, there
is a potential mechanism where the microbiota from the esophagus, stomach, duodenum,
or biliary tract may enter the pancreatic parenchyma through the pancreatic duct. Another
potential method of bacterial introduction into the pancreas could involve translocation
from the gut. This explanation is anatomically plausible, as mesenteric venous drainage
passes near the pancreas on its way to the liver. T2D patients showed an increase in
multiple pathogenic bacteria, such as Clostridium hathewayi, Clostridium symbiosum
and Escherichia coli. Conversely, healthy controls (HC) exhibited a higher abundance of
bacteria known for producing butyrate [118]. Metabolites as BAs, SCFAs, trimethylamine
(TMA), and incretins produced by GM have the potential to impact the T2D progression
influencing various physiological mechanisms, including 3 cell dysfunction, chronic low-
grade inflammation, oxidative stress, and dysregulation of lipid and glucose metabolisms.

5.1. SCFA Involvement in T2D

For instance, SCFAs have been shown to decrease the expression of pro-inflammatory
cytokines by inhibiting NF-kB activation and the inhibiting of nuclear factor kappa B
(IkBx) degradation. This, in turn, can enhance glucose regulation and attenuate the T2D
development. Acetate, one of the most abundant SCFAs, acts by binding to the G-protein
coupled receptors (GPR), GPR43 (FFAR2), and GPR41 (FFAR3) that have been shown to
be expressed at the mRNA level in various insulin sensitive tissues, such as the adipose
tissue [73], liver [119] and pancreatic 3 cells [21,120]. Indeed, both murine and human 3
cells express GPRs (FFA2, FFA3), through which acetate has been reported to modulate
insulin secretion [21]. Supporting this, mice deficient in FFAR2 show glucose intolerance as
well as decreased 3 cell mass and function [121]. In addition, acetate at physiological con-
centrations (70-170 umol/L) [9] only increased in vitro insulin secretion in a murine 3 cell
line and not in human pancreatic islets, suggesting a species-specific differences [21]. Nev-
ertheless, acetate may potentially modulate circulating levels of insulin, affecting insulin
secretion directly via G protein-mediated signaling or indirectly via vagal /parasympathetic
activation [122]. SCFA receptors FFA2 and FFA3 have been viewed as potentially attrac-
tive drug targets for the regulation of metabolic and related disorders [19] thanks to their
relationship to the endocrine, metabolic, and inflammatory systems. Specifically, the SCFA-
FFAZ2 axis seems to regulate insulin secretion, as evidenced by the reduced insulin levels
and elevated plasma glucose levels observed in FFA2 knockout embryos compared to
wild-type embryos [20]. Regarding FFA3, findings from transgenic mouse models suggest a
negative impact of this receptor on insulin release. Similarly, in an in vivo glucose tolerance
test, FFA3 KO mice showed lower glucose levels than the wild type, whereas the opposite
was observed in FFA3-overexpressing mice [123,124]. A study using the homeostatic model
of IR assessment (HOMA-IR) observed an adverse correlation between blood insulin levels
and total SCFAs, including acetate and propionate [125], while in vivo studies showed
that diabetic rodents exhibited lower levels of acetate, propionate, and butyrate compared
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with controls [126]. For these reasons, there is interest about the beneficial effects of SCFAs
in T2D.

In vitro and in vivo studies have shown that propionate can increase insulin release,
support the presence of 3 cells by decreasing trans-differentiation in ocells, hinder apop-
tosis, and promote proliferation [127]. In T2D, propionate is also involved in the down-
regulation of chemokines and inflammatory cytokines, such as CC chemokine ligand-5
(CCL-5) and TNF-«. Similarly, butyrate has the ability to improve insulin sensitivity [128].
In a model of prediabetic mice, butyrate treatment suppressed obesity and IR [129]. In
agreement, in a cohort of 100 subjects, Li. et al. observed that the risk of developing T2D
was significantly lower in subjects with butyric acid levels > 585.031 ug/g [130].

5.2. GLP-1 Incretin and T2D

The intestine is also responsible for the secretion of GLP-1 and GIP upon nutrient stim-
ulation, which go through the liver, reach circulation, and target the pancreas to regulate
insulin and glucagon secretion. Pancreatic GLP-1 stimulates glucose-dependent insulin
secretion by 3 cells and downregulates secretion of glucagon by o cells [131], conferring
glucose sensitivity to glucose-resistant 3 cells; it also stimulates {3 cell proliferation and neo-
genesis and inhibits 3 cell apoptosis. As already mentioned, the GM is involved in obesity,
NAFLD, IR, and chronic inflammation, which are related to the T2D development [132,133],
and GLP-1RA have been shown to reduce hyperlipidaemia, hypertension, and fatty liver
in diabetic patients [134]. Interestingly, TGR5 activation by microbiota metabolites in
enteroendocrine L-cells increases the secretion of GLP-1. Then, the GLP1/GLP-1R bind-
ing in pancreatic f3 cells increases insulin secretion and reduces glucagon synthesis, and
this is why GLP-1RA have been proposed as antidiabetic drugs. Notably, evidence has
demonstrated the efficacy and safety of GLP-1RA for the treatment of T2D. GLP-1-GIP dual
agonists (tirzepatide), GLP-glucagon receptor dual agonists (cotadutide), or triple agonists
against GLP-1-GIP-glucagon receptors have gained much attention as novel hypoglycemic
agents capable of better controlling blood glucose levels and body weight, improving
hepatic lipid metabolism and systemic insulin sensitivity [135]. Importantly, in May 2022,
the US FDA approved tirzepatide as the first dual GLP-1 and GIP receptor agonists for the
T2D treatment [136]. Due to their numerous effects, dual incretin receptor agonists could
also represent a potential treatment for patients with MAFLD [136].

Finally, recent items discuss the potential use of metformin in T2D patients. Metformin
administration, through a mechanism of action that involves incretins (mainly GLP-1 [137]),
induces the reduction in hepatic glucose production, primarily by decreasing gluconeo-
genesis. Indeed, metformin increases GLP-1 levels, and it may also impact the expression
of GLP-1R in pancreatic (3 cells. These effects on incretin signaling pathways are both
independent/dependent on PPARo [138].

5.3. BAs Roles in T2D

As previously mentioned, the GM can also influence the activity of FXR and TGR5
through altering the composition of the BA pool [41]. It has been found that GM dys-
biosis can result in reduced production of secondary BAs and diminished activation of
BA receptors. This disruption in BA signaling further contributes to dysregulated glu-
cose metabolism and the development of T2D, mainly regulating carbohydrates, lipids,
and energy metabolism [139,140]. While levels of peripheral blood BAs do not serve as
predictors for the transition from impaired fasting glucose (IFG) to new-onset diabetes
(NOD) [141] in preclinical animal models of diabetes, a non-absorbable polymeric BA
chelator (SAR442357) has been reported to improve hyperglycemia [142]. Moreover, BAs
regulate the GM composition by activating TGR5/FXR receptors, which maintains the
stability of intestinal environment and, in turn, improves T2D [143]. The activation of the
FXR enhance lipid metabolism and improve insulin sensitivity in obese Zucke (fa/fa) rats,
ob/ob mice, and db/db diabetic mice [144,145]. Furthermore, Bingting Chen et al. have
recently found that glycoursodeoxycholic acid (GUDCA), a glycine-conjugated form of the
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secondary BA UDCA, positively regulates the GM by altering BA metabolism and effec-
tively improves oxidative stress damage, reducing IR in a in db/db mice after continuous
administration [146]. Many clinical reports demonstrate that high circulating levels of BAs
had beneficial effects on glucose metabolism, improved insulin sensitivity, and induced
better postprandial glycemic control [147,148]; therefore, BAs regulate glucose homeostasis
through activation of TGR5 [149]. In agreement, in vitro studies demonstrated that TGR5
induces GLP-1 secretion in cultured mouse enteroendocrine STC-1 cells [150] and that the
semisynthetic BA, 6-ethyl-23(S) methylcholic acid (6EMCA or INT-777), which is a specific
TGRS agonist, induces GLP-1 secretion in both STC-1 cells as well as in human intestinal
NCI-H716 cells, also showing that it contributes to glucose homeostasis. On the other hand,
the knock down of TGR5 in STC-1 cells prevented the secretion of GLP-1. Regarding FXR
agonists, the semisynthetic compound INT-747 (6-ethyl-CDCA or obeticolic acid) exerts a
hepatoprotective effect in fibrosis [151], and protects against IR and hepatic steatosis [145].
In addition, INT-747 treatment was shown to result in small (1-2%), but significant, weight
loss and improved insulin sensitivity in patients with NAFLD [152].

These clinical reports suggest that GM and its metabolites may be significantly associ-
ated with T2D progression [153], and GLP-1R and FXR agonists have been proposed as a
viable pharmaceutical strategy for treating diet-induced T2D.

6. Gut-Liver-Pancreas Axis: A Critical Metabolic Crosstalk

Microbiota metabolites have a central role in the interaction between the gut, liver and
pancreas in terms of control of metabolism and inflammation in obesity, dyslipidemia, and
NAFLD. The concept of the gut-liver-pancreas axis has become increasingly significant,
particularly with evidence suggesting that its dysregulation can contribute to the develop-
ment of NAFLD and potentially predispose individuals to NASH. Furthermore, various
therapeutic interventions aimed at modulating the GPLA, such as incretin-based therapies,
have demonstrated encouraging outcomes in the treatment of NASH. Furthermore, GM
composition and dietary habits are associated with an increased likelihood of obesity. The
excessive FFAs released from both microbiota and adipose tissue induce a pro-inflammatory
state characterized by an excessive reactive oxygen species (ROS) and pro-inflammatory
cytokines released into the bloodstream. The surplus FFAs and dietary lipids infiltrate
non-adipose organs like the liver and pancreas, resulting in ectopic fat deposition and
lipotoxicity, causing a prolonged low-grade systemic inflammation. These conditions ad-
ditionally interfere with insulin action in the insulin signaling pathway, perturb glucose
homeostasis, and foster systemic dysregulation.

Although the GM metabolites are commonly recognized as “fuel” or energy sources
in metabolic pathways, they also serve as intracellular signaling molecules, resembling
neurotransmitters and hormones, that regulate enzyme activity [154]. Furthermore, many
metabolites can inhibit enzymes in classical feedback loops of metabolic pathways or
act as signaling molecules by binding to nuclear hormone receptors, such as PPARs and
FXR [155]. The interaction between microbiota metabolites and the GLPA plays a crucial
role in maintaining metabolic homeostasis in both states of health and disease. The main
actors of the metabolic imbalance characterizing liver and pancreas diseases, as NAFLD,
NASH, T2D and obesity are incretins. The European Association for the Study of the Liver’s
(EASL) congress in Vienna recently announced that NAFLD disease will now be called
metabolic dysfunction-associated steatotic liver disease (MASLD). The main reason is to
better underline the multifactorial nature and the association of liver disease with obesity,
T2D, chronic low inflammation, and the sustaining of gut dysbiosis and cardiometabolic
risk factors [156]. Indeed, the main cause of MAFLD development is a prolonged imbalance
of glucose, lipid, and cholesterol metabolism [157]. A growing number of in vitro, in vivo,
and clinical studies suggest that MAFLD and MASH are strongly associated with the
development of such metabolic diseases as obesity, T2D, dyslipidemias, and metabolic
syndrome (SM) [158], and, reciprocally, patients with significant fibrosis in the context of
MAFLD have been proven to be at risk of developing both T2D and arterial hypertension.
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Plasma BA concentrations were increased in MASH patients with severe IR [159] as well as
obesity and T2D, where alterations in BA metabolism already occur. In the same way, other
metabolites, as SCFAs, help to maintain an energy balance by regulating gut hormones such
as gut trypsin peptide, GLP-1 and PYY, thereby preventing the development of metabolic
diseases such as obesity, abnormal glucose and lipid metabolism, hypertension and NAFLD
disease [160]. Overall, the interaction between incretins, the liver-pancreas axis, and the
GM is complex and multifaceted. Certainly, responses to therapies utilizing SCFAs, BAs,
and incretins can exhibit considerable variability among individuals. The treatments’
efficacy is contingent upon various factors, including the particular condition of the organ
involved, the duration of therapy, and, most importantly, the unique characteristics of the
patient. Thus, understanding how these components interact in health and disease may
provide insights into the pathophysiology of metabolic disorders (Figure 3).
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Figure 3. Interplay of gut, liver and pancreas in metabolic NASH and T2D disease. Dysbiosis is a
condition due to GM alterations that plays a crucial role in liver and pancreas disease. The increase
in imbalance between primary/secondary BA production induces the activation of intestinal TGR5,
which contributes to increasing serum GLP-1 pool, and of hepatic TGR5 and FXR involved in liver
inflammation and fibrosis, necessary features to inducing NAFLD/NASH progression. SCFA, as
butyrate, acetate and propionate, are involved in the regulation of GLP-1 secretion by enteroendocrine
L-cells. Butyrate is also an important microbiota metabolite that regulates insulin secretion from
pancreatic § cells and modulates PPARY signaling in the liver. The major component of incretin
hormones family is GLP-1, which has a critical role in modulating hypoglycemia, insulin secretion,
and reducing glucagon synthesis in pancreatic 3 cells; GLP-1 stimulates hepatic TLRs, promoting
steatosis, inflammation fibrosis and IR. The figure was created using Biorender.com.

7. Microbiota-Derived Metabolites” Involvement in Hepatic and Pancreatic
Carcinomas Progression

Microbiota metabolites play significant roles in carcinogenesis, impacting a host’s risk
in three main ways: (i) by modulating the equilibrium between host cell proliferation and
death, (ii) shaping the functionality of the immune system, and (iii) affecting the metabolism
of factors produced by the host. GM dysbiosis has been demonstrated to be crucial in
the tumorigenesis of liver and pancreatic cancers. Indeed, the GM can influence cancer
progression and could be considered a prognostic and predictive factor in the development
of cancers, mainly HCC [161].
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7.1. Microbiota and HCC

HCC is an aggressive malignancy and almost exclusively develops in patients with
chronic liver disease and cirrhosis. As described above, the liver does not contain a mi-
crobiome, but it is closely connected to the gut via the portal venous system, constituting
the gut-microbiota-liver axis [162]. Over the past decade, both experimental and clinical
studies have elucidated the significant GM role in various stages of liver diseases, including
the progression to liver cirrhosis and HCC. The majority of HCC cases arise in patients with
pre-existing liver cirrhosis [163]. Pathological alterations occurring in liver cirrhosis, such as
portal hypertension and reduced gastric acid secretion, directly compromise the intestinal
barrier integrity and indirectly influence the GM composition. This disruption eases the
translocation of pathogenic bacteria, contributing to the degeneration of liver diseases
in HCC. The GM mechanisms favoring the hepatocarcinogenesis encompass factors like
increased intestinal permeability (leaky gut), dysbiosis, activation of lipopolysaccharide
(LPS)-TLR4 signaling, and alterations in bacterial metabolites [164]. In the liver, bacterial
products stimulate TLRs, notably TLR-4, initiating the NF-kB pathway. This activation
leads to a sustained initiation of mitogenic signaling and inhibition of programmed cell
death. Prolonged exposure to various TLR ligands and other bacterial components due to
chronic damage exposes the liver to inflammatory mediators, raising the progression of
chronic liver disease and setting the stage for the eventual emergence of HCC [165]. Hepa-
tocarcinogenesis in chronically injured livers is mainly dependent upon the GM and TLR4
activation in resident liver macrophages, although the promotion of early TLR4-dependent
HCC is mainly mediated by the secretion of TLR4-dependent growth factors by HSCs [166].
As previously discussed, soluble fibers present in the diet undergo GM fermentation, re-
sulting in the production of SCFAs, which are typically associated with health benefits.
However, incorporating soluble fibers like inulin, as opposed to insoluble fibers, into a diet
with a defined composition has been observed to induce HCC. Notably, this effect appears
to be dependent on the GM composition, as evidenced by observations in multiple strains
of dysbiotic mice. In fact, this phenomenon was not observed in germ-free mice or in mice
treated with antibiotics, underscoring the crucial GM role in mediating the HCC develop-
ment in response to dietary soluble fibers. Therefore, SCFAs and fermentable fibers did
reduce adiposity and improve glycemic control, namely induction of cholestasis and HCC.
Sodium butyrate (NaBu) was the first substance identified as enhancing histone acetylation.
Numerous in vitro studies have indicated that NaBu possesses chemo preventive proper-
ties against various types of human cancer cells, including those of HCC [167]. Coradini
et al. demonstrated that treatment of HCC-derived cells, specifically HepG2 and Hep3B,
with butyrate for six days in vitro resulted in a substantial inhibition of proliferation. Ac-
cordingly, the authors observed that butyrate treatment effectively prevented the formation
of liver metastasis in mice. This protective effect was linked to a preferential accumulation
of butyrate in the liver and to its ability to induce histone acetylation [168,169]. The SCFA
mechanism used to reduce cell proliferation by inhibiting histone deacetylases is now well
established [170]. Nevertheless, NaBu is a histone deacetylase inhibitor (HDACi) with
anti-cancer activity against HCC that is able to trigger cell cycle arrest, inhibits cell growth,
and favors apoptosis [171]. NaBu may also reverse the malignant phenotype and prevent
HCC cell migration and metastasis [172]. It was also shown that butyrate stimulated GLP-1
expression in human HCC cell line HepG2 [75]. In addition to butyrate, it has been verified
that the other two SCFAs, acetate and propionate, also have a protective role against HCC.
Via the gut-liver axis, acetate secreted by Bifidobacterium pseudolongum (B. pseudolongum)
activates hepatic GPR43, which suppresses the oncogenic IL-6/JAK1/STAT3 signaling path-
way and prevents disease progression [173]. In vitro, propionate and cisplatin co-treatment
significantly induces apoptosis of HepG2 cells by increasing the autocrine expression of
TNE-o via GPR41 signaling. From a clinical and translational perspective, a combination of
propionate and cisplatin may have better therapeutic effects on HCC than conventional
treatment, so the selective GPR41 agonist may be a candidate as an adjuvant therapeutic
agent for HCC [174]. During the development of HCC, the accumulation of hydrophobic
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BAs, including CDCA, DCA and LCA, induce a variety of signals that improve hepatocyte
death [175]. DCA results increased in the serum of patients with NASH and in animals with
experimentally induced HCC. In vitro studies showed that DCA treatment induced cellu-
lar senescence in an HSC cell line (LX2) via induction of senescence-associated secretory
phenotype (SASP) factors, reducing proliferation with cell cycle arrest at the G0/1 phase.
In addition, treatment of the HCC cell line with the conditioned media of DCA-treated
LX2 cells attenuated typical features of the tumor phenotype, such as cell migration and
invasion [176]. Similarly, it has been demonstrated that UDCA /TGR5 binding can also
suppress the progression of HCC [177].

Whole-body FXR-deficiency in mice promotes spontaneous hepatocarcinogenesis [178].
In FXR-null mice, intestinal selective reactivation of the FXR/FGF15 pathway restores BA
homeostasis and inhibits spontaneous HCC development [179]. In instances of GM dys-
biosis and inflammation, the intestinal FXR is downregulated, causing disruption in the
enterohepatic circulation of BAs. Elevated levels of BAs within enterocytes can exacer-
bate intestinal inflammation. Additionally, hepatic inflammation triggers the activation of
hepatic NF-«B signaling, which further suppresses FXR expression in the liver. Therefore,
hepatic cholestasis and inflammation are aggravated, which might promote hepatocarcino-
genesis [116]. TGR5, another important receptor for BAs mentioned above, is thought to
play a role as well. The methylation of the TGR5 promoter is significantly frequent in HCC,
and the hyper-methylated TGR5 serum cell-free DNA promoter may serve as a biomarker
for HCC surveillance [180].

As previously mentioned, NAFLD can progress to HCC. In an HFD mouse model, Ex-4,
an antidiabetic drug that targets GLP-1R, is protective against NAFLD. In this context, Ex-4
significantly improves obesity-induced hyperglycemia and hyperlipidemia and reduces
HCC progression via suppression of proliferation and induction of apoptosis. Notably,
Ex-4 stimulates protective functions through cAMP-PKA-EGFR-STATS3 signaling, resulting
in suppression of genes, including c-Myc, cyclin D1, Bcl-2, and Bcl-xl. The same effects are
also seen in vitro and in the HCC xenograft mouse model [181].

7.2. Microbiota and Pancreatic Cancers

Interestingly, a large number of epidemiological investigations confirmed that the
occurrence of endometrial cancer, hepatobiliary cancer, pancreatic cancer, breast cancer,
prostate cancer, and colorectal cancer are positively correlated with T2D [180,182].

In detail, the pancreatic ductal adenocarcinoma (PDAC) is the most prevalent neo-
plastic disease of the pancreas, accounting for more than 90% of all pancreatic malignan-
cies [183]. Projections suggest a substantial increase in the incidence of PDAC in the future.
One significant contributing factor to the projected increase in PDAC is the association
with obesity and T2D. In recent studies, the evidence of bacterial and fungal populations
in normal pancreatic tissue and PDAC samples were shown, and it was reported that the
PDAC microbiome are different from healthy samples [184,185]. Ren et al. found that, in
PDAC, there is a decrease in GM diversity. They observed changes in microbial profiling,
particularly in abundant levels of Prevotella, Veillonella, Klebsiella, Selenomonas, Hallella, En-
terobacter, Cronobacter and others, despite an increase in certain potential pathogens and
bacteria-producing LPS [186]. Several studies have depicted that the microbiota diversity
and alterations can be associated with PDAC development [187]. Inflammation can also
contribute to PDAC development through its oncogenic effect. Chronic inflammation in
pancreatic tissue can trigger a Kirsten rat sarcoma virus (KRAS) oncogenic mutation in
insulin-positive endocrine cells and induce the differentiation of epithelial cells, resulting
in PDAC [188]. The activated KRAS can further advance carcinogenesis by activating the
NEF-kB pathway [189]. Regarding the SCFA role, acetate and butyrate in particular can
mitigate pancreatitis, offering protection against PDAC [190], which is associated with dys-
biosis and characterized by a decrease in butyrate-producing bacteria [186]. Additionally,
butyrate was found to have an anti-proliferative effect on cultured PDAC cells [191], and
butyric acid can reduce the growth of cultured PDAC cells and activate differentiation [191].
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Analogously, several in vitro studies have highlighted the potential therapeutic effects
of butyrate and its analogs on PDAC cell lines. These studies have demonstrated that
butyrate and its analogs exhibit pro-differentiating, anti-proliferative, pro-apoptotic, and
anti-invasive effects. Additionally, butyrate acts as a histone deacetylases (HDACi), con-
tributing to its anti-cancer properties, anti-inflammatory properties, and its anti-fibrogenic
action [192,193]. On the other hand, acetic acid has a role in improving the invasiveness of
PDAC cells by stimulating the epigenetic reprogramming of mesenchymal cells to cancer-
related fibroblasts [191]. The dysregulation of SCFAs is strongly associated with PDAC
and primarily involves the KRAS genes and the downstream pathways. In summary,
butyrate influences the activation of NF-«kB, which in turn downregulates p53 expression,
influencing apoptosis and, therefore, PDAC progression [194]. SCFAs can activate FFA2
and FFA3 in intestinal epithelial cells, triggering the transmission of mitogen-activated
protein kinase signaling, which in turn leads to the rapid secretion of chemokines and
cytokines [195]. Additionally, GPR87, an LPA receptor, has been found to enhance PC
aggressiveness by activating the NF-«kB signaling pathway [196]. A recent mouse study
documented a strong association between chronic pancreatitis and the GM [197]. This
suggests that the interaction between the GM and BAs can significantly influence pancreatic
tissue pathology and warrants further investigation. Therefore, research investigation into
PC has demonstrated alternated BAs levels in patients [198,199]. Rees et al. compared
the common bile duct BA composition in a PDAC and control group. The study reported
that patients with PDAC tended to have elevated unconjugated BA levels [198], one of
the main ways by which BAs induce PDAC progression is the upregulation of FXR [200].
Likewise, Lee JY et al. reported FXR to be highly expressed in five PC cell lines and PDAC
specimens, suggesting its role in PC progression. The authors also reported a positive
correlation of FXR expression with lymph node metastasis, cell proliferation, migration,
and invasion [201]. Finally, the GM can modulate BA receptors through secondary BAs;
for example, in PDAC cells, DCA induced STAT3 and epithelial growth factor receptor
(EGEFR) signaling by binding to TGR5 [202,203]. Therefore, targeting the BA receptors can
be a potential intervention strategy.

The major role of GLP-1 in PC progression is decreasing blood glucose by promoting
energy storage in adipose tissue and inhibiting glucagon secretion. Indeed, it has been
demonstrated that the treatment with miRNAs released inhibiting PCSK1/3 expression,
suppressing the GLP-1 production in enteroendocrine cells, which finally leads to increased
IR [204,205]. Accordingly, hyperinsulinemia in diabetic patients seems to be the main
reason for an increased risk of cancer [206]. The high levels of insulin have been shown to
reduce the levels of the insulin growth factor (IGF-1) binding protein, which can tightly
bind to IGFs, resulting in excessive free IGF-1 in cells and tissues. In turn, the IGF-1
levels have been shown to be associated with an increased risk of cancer [207]. PDAC has
been observed to decrease insulin sensitivity in hepatic cells, resulting in reduced liver
gluconeogenesis levels [208]. This manifests as a delayed and diminished insulin response
in PDAC patients. Consequently, elevated blood glucose levels trigger increased insulin
production and release from pancreatic (3 cells, causing endogenous hyperinsulinemia.
Furthermore, due to the heightened IR, diabetic PDAC patients who rely on insulin therapy
for blood sugar management experience exacerbated glucose control issues.

Koehler and Drucker explored the impact of GLP-1 activation on the growth and
viability of human PDAC cells through both short-term in vitro studies and longer-term
in vivo experiments on mice. They demonstrated that various human PDAC cell lines,
including pancreatic ductal adenocarcinoma (CAPAN-1, CFPAC-1, and PL45) and car-
cinoma (Hs 7766T) cell lines, express GLP-1R. However, they observed distinctions in
GLP-1R-mediated activation of ERK1/2 and cAMP, suggesting potential variations in
the relative levels of GLP-1R expression on the surface of the different cell types under
investigation [209]. As the ERK1/2 and, to a lesser extent, CAMP pathways are known
to be involved in functions, including the regulation of meiosis and mitosis, and as they
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are also activated by carcinogens, the question raised is whether GLP-1RA might have
pro-oncogenic characteristics.

In addition, the liraglutide, a GLP-1 analog, was found to exhibit anti-tumor effects on
the PANC-1 pancreatic cell line, reducing cell migration and invasion [210]. Liraglutide
increased the chemosensitivity of PC cells to gemcitabine in the gemcitabine-resistant cell
line PANC both in vitro and in vivo. In particular, treatment with liraglutide inhibited the
proliferation and promoted apoptosis of cells in a dose-dependent manner and increased
the expression of the GLP-1R and PKA [211]. Furthermore, in a PC xenograft model, Ex-4
treatment suppressed cell proliferation by attenuating pancreatic stellate cell function and
suppressing extracellular matrix deposition [212]. In Figure 4, we summarize the different
described pathologic crosstalk. Moreover, Table 1 highlights the GM metabolites (and
associated bacteria) involved in NAFLD/NAH, T2DM, HCC and PDAC, which are the
main pathways involved in their regulation.
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Figure 4. Microbiota metabolites trigger HCC and PDAC progression. The GM dysbiosis is one of
the most important “hit” involves in neoplastic progression, especially in liver and pancreas. SCFA,
BAs and GLP-1 GM metabolites play an important role in HCC and PDAC progression, mainly
modulating the NF-kB and FXR hepatic and pancreatic pathways. In particular, SCFA increase
NFkB pathways, binding FFA2 and TLR4 in the pancreas and liver, respectively. The GLP-1 incretin
hormone, increased by both SCFA and indirectly by BAs, induces the activation of FXR and the
downstream AMP-c e NFkB pathways in the liver and pancreas, respectively. GM metabolites are
primarily able to increase cholestasis and inflammation in liver parenchyma, the secretion of cytokines
and chemokines from intestinal lumen, and to induce a metastatic phenotype of PDAC cells. The
figure was created using Biorender.com.
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Table 1. Summary of GM metabolites, microorganisms involved in NAFLD/NAH, T2DM, HCC and PDAC and main regulatory pathways involved.
Metabolites Microorganisms Disease Downstream Pathways
--Activation of FFA2: increased hepatic lipogenesis and inhibits adypocite
differentiation [74]
Decreased by --Activation of PPAR«: prevents lipid accumulation [81,82]
Akkemansia muciniphila, Bacteroides spp. NAFLD/NASH --Activation of FFA2: decrease in insulin secretion [20]
acetate Bifidobacterium spp., Ruminococcus spp., T2D --Downregulation of inflammatory cytokines (CCL-5 and TNFo) [128]
SCFAs butyrate Clostridium cluster IV HCC --Improvment of insuline sensitivity [128]
propionate Increased by PDAC --Inhibition of histone deacetylase activity: inhibits cell growth and induces
Firmicutes (Eubacterium, Roseburia, Faecalibacterium, apoptotic cancer cell death [170-172]
Ruminococcus and Caprococcus) --Activation of GPR43: block of IL-6/STAT3/ signaling [173]
--Inhibition of KRAS/NF-kB pathway: downregulation of P53 and stop PDAC
progression [191,194]
-FXR/TGR5 pathway:
Maintains glucose homeostasis, reducing hepatic steatosis and promoting
anti-inflammatory response [103]
--PPAR signaling pathway, via FXR:
Primary BAs BAs Deconjugation Liver inflammation [117]
L Lactobacillus, Bacteroides, Clostridiumand listeria --FXR/TGRS5 signaling: intestinal environment stability and induces GLP1 secretion
(cholic acid and S . . NAFLD/NASH -
chenodeoxycholic acid) BAs 0x1dat19n and epimeration T2D (glucose homeostasis) [143,149,150]
BAs Secondary BAs Eubacterium, Bacteroides, Escherichia, Egghertella HCC --UDCA /TGRS5 binding:
(deoxycholic acid, lithocholic BAs esterification and desulfatation PDAC Cell cycle and proliferation arrest and cell senescence [177]
acid and urso deoxl cholic acid Clostridium, Fusobacterium, peptococcus --FXR/FGF15 reactivation:
y and Pseudomonas Restores BA homeostasis and inhibited spontaneous HCC development [179]
-Upregulation of FXR:
lymph node metastasis, cell proliferation, migration, and invasion [200,201]
--DCA-TGRS5 binding:
induced STAT3 and epithelial growth factor receptor (EGFR) signaling [202,203]
—-increase in cAMP production:
reduction in mRNA expression of stearoyl-CoA desaturase 1 and acetyl-CoA
Decreased by carboxylase [94,95]
Bacteroidetes and Firmicutes NAFLD/NASH --stimulates glucose-dependent insulin secretion by {3 cells and downregulates
GLP1 glucagon-like peptide-1 Increased by T2D secretion of glucagon by o cells:
receptor 1 Bifidobacterium spp., Lactobacillus spp. or HCC signaling pathways are both independent/dependent on PPAR« [138]
A. muciniphila, Bacteroides dorei, Lachnoclostridium PDAC --Exendina-4 treatment:

sp., Mitsuokella multacida

protective functions through cAMP-PKA-EGFR-STAT3 signaling [181]
--GLP-1 analog, was found to exhibit anti-tumor effects:
increased the expression of the GLP-1R and PKA [210,211]
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8. GM manipulating Approaches

Since the relevant GM role in modulating the onset and progression of several
metabolic disorders is linked to the liver-pancreas axis, in recent years, methods for shaping
the GM composition have emerged. Among these, the fecal microbiota transplantation
(FMT) and several dietary interventions are the most studied.

8.1. Fecal Microbiota Transplantation

Fecal microbiota transplantation, firstly described in the 4th century [213], involves
transplanting fecal material from healthy donors to recipient patients, who need to re-
establish a healthy composition and function of the GM [214]. At first, fecal microbiota
was extracted from freshly collected feces and introduced directly into the gastrointestinal
tract through endoscopic or non-endoscopic means [215]. Currently, FMT can be per-
formed through various procedures, including colonoscopy, nasogastric or nasoenteric
probe, capsules, or enemas, although there are contrasting points of view. Some favor
oral administration, which is extremely simple, while others prefer to perform FMT via
colonoscopy, as the feces are administered directly at the cecal level. The procedure choice
may also be influenced by the patient, taking into account their preferences, available
methods, age, and disease severity, as well as awareness of the risks associated with the
procedure [216]. In recent years, different studies have shown that FMT is a successful
therapy for recurrent and refractory Clostridium Difficile infection (rCDI) [217], in which
the cure rate is up to 90% and correlates with an increase in overall survival and with a
reduction in CDI-associated bloodstream infections and CDI-related surgery. For these
reasons, in 2013 the U.S. Food and Drug Administration (FDA) approved the FMT for
rCDI [218]. However, the use of FMT is actually much broader. In fact, FMT is currently be-
ing investigated as a potential treatment for other conditions associated with GM dysbiosis,
such as inflammatory bowel disease (IBD) [216,219,220], neurodegenerative disorders [221],
gynecological disorders [222], as well as metabolic disorders [223].

Although FMT is among the standard practice guidelines for rCDI treatment [224], it
is not yet part of mainstream medicine. One potential explanation is the difficult process of
donor selection. Initially, the ideal donor was thought to be a close member of the patient’s
family, as it was assumed that they already shared several pathogens and some of the
commensal organisms. To date, there is no evidence of this [225]. Moreover, locating a donor
who satisfies rigorous health standards is challenging. Regarding exclusion criteria, they
are further determined by the outcomes of screening and testing for additional systemic
issues. These may encompass metabolic syndrome, diabetes, autoimmunity, irritable bowel
syndrome, food intolerances, allergies, as well as neurological and psychiatric disorders,
among others. Additionally, potential donors must not have a recent history of exposure to
antibiotics [226].

To partially solve the problem of the donor shortage, in recent years the cryopreser-
vation of fecal preparations has been implemented [227]. Due to the practice of freezing
fecal samples, the shortage problem of material from donor patients could be avoided and
safety precautions to mitigate the risk of transmitting multidrug-resistant bacteria can be
heightened (e.g., quarantining fecal matter and expanding the screening of donors) [228].
The work protocol can also increase or decrease the FMT effectiveness [229]. Currently,
there is a deficiency in uniform protocols for FMT, including stool processing methods and
administration approaches. This standardization being missing may result in divergent
treatment outcomes and impede comparisons across different studies. Typically, a stool
sample collected from screened donors undergoes a thorough process at a stool bank,
including preparation, division, and freezing into aliquots. The final fecal material is metic-
ulously managed, labeled, tracked, and stored at —80 °C. On the FMT day, the frozen fecal
suspension is thawed at +37 °C, mixed with normal saline to reach the desired volume,
and the infusion should occur within 6 h of thawing [230]. Alternatively, freshly collected
feces can be processed and used on the same day for the procedure, within 6 h of collection.
According to protocols for the administration of fresh feces, they must be homogenized



Biomedicines 2024, 12, 1398

19 of 42

and diluted for easy administration, typically in sterile saline solution, but also in other
diluents such as yogurt or milk [216].

Despite the now widely documented FMT effectiveness on different diseases, some
doubts remain. Regarding its long-term safety, in 2019 two cases of invasive infections
caused by multidrug-resistant bacteria and E. coli following FMT in immunocompromised
patients were documented by the FDA [231]. Fortunately, adverse events after FMT are
typically mild reactions such as diarrhea, abdominal pain, flatulence, and increased defeca-
tion, most of which resolve spontaneously. Due to the lack of a standardized FMT protocol,
there is considerable variability in their clinical application. This can potentially lead to
adverse reactions and ineffective treatment outcomes [232].

8.2. FMT and In Vivo Studies

The GM plays a crucial role in the gut-liver axis, and its alterations have been asso-
ciated with several liver diseases [233-237]. Currently, there is no FDA-approved drug
to treat NAFLD and NASH, the rates of which are increasing worldwide. It has been
reported that patients with NAFLD and NASH show an altered microbiota, and dysbiosis
can promote the NAFLD onset and its progression to cirrhosis and HCC [238,239].

In relation to this issue, several in vivo studies have suggested a benefit of FMT in liver
disease. In a recent study, Zhou et al. have shown that FMT is able to attenuate NAFLD
in mice fed with an HFD. In detail, they observed that HFD consumption significantly
increases the proportions of CD3+CD4+ T cells, CD3+CD8+ T cells, and M1 macrophages in
the liver, as well as the expression levels of other crucial enzymes involved in adipogenesis,
thereby promoting the development of fatty liver. The FMT via oral gavage effectively
decreased the levels of CD3+CD4+ T cells, CD3+CD8+ T cells, and M1 macrophages in the
liver, ALT and AST levels, as well as histologically attenuating hepatic steatosis and lipid
accumulations, thus improving NAFLD [240].

Another recent study showed that FMT improves NAFLD by restoring the GM. Fe-
cal samples obtained from healthy donors were administrated to HFD-fed mice for 12
weeks. The FMT led to reductions in liver fat accumulation and body weight, and notably
improved serum and liver biochemical indices in HFD-fed mice. Relative expression of
liver mRNAs encoding inflammatory cytokines (IL-13, IL-6, TNF-«, IFN-y, and IL-13)
was significantly decreased following FMT compared to untreated HFD-fed mice. In addi-
tion, FMT improved the relative protein levels of intestinal barrier components, including
claudin-1, occludin, and E-cadherin, and reduced serum LPS levels in mice. Furthermore,
FMT reversed HFD-induced gut dysbiosis and increased the abundance of beneficial bacte-
ria such as Blautia and Akkermansia [241]. Similarly, other studies highlight the positive FMT
effect on mice with NAFLD, identifying that following treatment there is an improvement
in the pathological condition in animals [242].

Mice transplanted with feces from NASH patients showed increased hepatic steatosis
and inflammatory cell infiltration compared with those transplanted with feces from healthy
human controls [243]. On the contrary, FMT has been shown to have a positive outcome. A
study published in 2017 showed that FMT from lean mice to mice with NASH improved
liver steatosis and inflammation in the recipient mice, suggesting a potential therapeutic
FMT role. In detail, 200 uL of the supernatant from the fecal sample was administrated via
gavage once daily for a duration of 8 weeks. After this time, NASH mice had a significant
decrease in intrahepatic lipid accumulation and intrahepatic pro-inflammatory cytokines
(IFN-y and IL-17), while Foxp3, IL-4 and IL-22 were increased [244]. Likewise, in 2023 Lee
et al. investigated how FMT mediates hepatic improvement in NASH. Mice fed with a
high-fat, high-cholesterol and fructose (HFHCF) diet were transplanted via oral gavage
with feces from pathogen-free mice every two days for 8 weeks. This intervention led to
the suppression of hepatic pathogenic events, characterized by a reduction in inflammatory
and fibrotic mediators. Additionally, FMT increased the expression of NF-E2-related factor
2 (NRF2), a key transcription factor that regulates antioxidant enzymes, in the livers of
treated mice [245].
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As is known, NAFLD can potentially advance to HCC. However, current treatment
options for advanced HCC are scarce, emphasizing the need to explore innovative strate-
gies. Recent animal models have further shown that the GM and its metabolites can
directly impact both intrahepatic and peripheral inflammatory and immune responses in
HCC [246,247].

The resistance to radiotherapy in HCC treatment had been suggested to be corre-
lated with the disruption of the intestinal microbiome. Intestinal dysbiosis compromises
anti-tumor immune responses by suppressing antigen presentation and inhibiting the
functions of effector T cells through the cGAS-STING-IEN-I pathway [248]. Mice fed a
high-fat, high-cholesterol (HFHC) diet for 14 months and who developed NAFLD-HCC
exhibited GM dysbiosis, with distinct microbiota compositions being observed during the
stages of disease progression. Specifically, there was a sequential increase in Mucispirillum,
Desulfovibrio, Anaerotruncus, and Desulfovibrionaceae, while Bifidobacterium and Bacteroides
were depleted in HFHC-fed mice, findings confirmed in human patients with hyperc-
holesterolemia. Additionally, intestinal bacterial metabolites were found to be altered,
including an increase in taurocholic acid and a decrease in 3-indolepropionic acid. Notably,
atorvastatin administration, a hypoglycemic drug, restored cholesterol-induced intestinal
microbiota dysbiosis and completely prevented the development of NAFLD-HCC [249].
Consequently, GM modulation is considered a potential method for preventing HCC [250].

The GM may also be involved in pancreatic diseases, both through direct bacterial
colonization or through an indirect effect of molecules and toxins derived from microbial
dysbiosis. Research suggests that alterations in the GM composition may contribute to
the T2D development and its progression. In mouse models of T2D, FMT improved IR
and inhibited apoptosis of pancreatic 3 cells [251]. In particular, T2D mice were orally
administered 0.3 mL of fecal suspension per day for 8 weeks. The fecal samples were
obtained from healthy mice and stored at —80 °C until the day of transplantation. After
FMT, fasting insulin levels in T2D mice decreased and insulin resistance improved, as well
as the insulin sensitivity index (HOMA-IS). The secretion of pro-inflammatory factors (IL-6
and TNF-«) decreased, while anti-inflammatory secretion increased in pancreatic tissues.
Furthermore, the results of the HOMA-f index indicated that the size of the islets and the
function of pancreatic 3-cells were restored after FMT treatment in T2D mice [251]. Recently,
Ding et al. also studied the FMT effect on T2D. After confirming through a prospective
study that FMT from healthy donors improves glucose metabolism and insulin sensitivity
in T2D patients [252], the authors assessed its therapeutic potential through in vivo studies.
Genetically induced T2D mice were administered a fresh fecal suspension (0.2 mL/mouse)
daily for 4 weeks, while the control T2D group received phosphate-buffered saline. The
authors found that FMT improves clinical indicators of T2D, such as fasting plasma glucose,
serum insulin, and oral glucose tolerance tests. Additionally, in T2D + PBS mice there was
a decrease in Ruminococaceae and Porphyromonadaceae and an abundance of Rikenellaceae
and Lactobacillaceae. FMT reversed this effect on the GM and improved intestinal barrier
function, reduced inflammation, and led to alterations in the number of circulating immune
cells [253].

In another study, Yang et al. induced T2D by feeding mice an HFD and administer-
ing low-dose streptozotocin injections over 4 weeks. The oral administration of a 0.3 mL
bacterial solution had a therapeutic effect on T2D, improving both hyperlipidemia and
hyperglycemia. Additionally, corticosterone, progesterone, L-urobilin, and other molecules
were identified as biomarkers following FMT. Furthermore, bioinformatic analysis sug-
gested that steroid hormone biosynthesis, arginine metabolism, proline metabolism, and
unsaturated fatty acid biosynthesis could potentially regulate the effects of FMT [254]. From
clinical evidence, it is hypothesized that GM modulating through FMT could potentially
affect the systemic inflammation, immune responses, and metabolic pathways that may
indirectly influence PDAC development and progression. Regarding this issue, it was
demonstrated that FMT from mice with PDAC fast-tracks tumor progression in germ-free
mice [184]. Riquelme et al. conducted a study of the tumor microbiome of PDAC patients
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and found that patients with long-term survival (LTS) had greater microbial diversity
than those with short-term survival (STS). They identified three bacterial taxa enriched in
patients with LTS, such as Sachharopolyspora, Pseudoxanthomonas, and Streptomyces. Further-
more, they found that FMT from LTS patients reduced tumor growth in mice compared
with FMT from STS patients or healthy controls, suggesting that the microbiome of LTS
patients may have a protective effect against tumors [255]. The study by Tintelnot et al.
investigated chemotherapy response in PDAC patients, where less than half respond (R)
while non-responders (NR) face severe consequences. They transplanted feces from R or
NR patients into germ-free mice and found smaller tumors in mice with R patient micro-
biota post-chemotherapy. Analyzing intratumoral bacteria and serum, they discovered
higher levels of the tryptophan metabolite 3-IAA in R patients and mice with R microbiota,
suggesting its positive impact on chemotherapy outcomes [256]. Because of the presence of
this solid gut—pancreas axis, these findings suggest that modulating the GM through FMT
holds potential as a novel therapeutic strategy for pancreatic cancer.

8.3. FMT in Hepatic and Pancreatic Disease: Clinical Trials

Despite the high interest in the efficacy of FMT treatment for NAFLD, no significant
clinical data have been reported to date. In a double-blind randomized controlled trial (RCT)
by Witjes et al., 21 participants with hepatic steatosis underwent allogenic or autologous
FMT via duodenal infusion three times over 24 weeks. Although there was a trend towards
improved necro-inflammation scores, no significant enhancement in liver histology or
biochemical parameters was observed post-allogenic FMT. However, significant alterations
in the expression of hepatic genes linked to inflammation and lipid metabolism were
noted in the allogenic FMT group compared to the autologous FMT group [257]. In
another study by Xue et al., an open-label 4-week RCT involving 75 NAFLD patients was
conducted. Participants were randomly assigned to receive allogenic FMT or oral probiotics,
administered via colonic infusion for three days. While there were no significant differences
in blood lipid levels or liver function tests pre- and post-treatment in either group, a notable
decrease in liver fat attenuation degrees was observed in the FMT group compared to the
non-FMT group. Microbiota analysis indicated a trend towards certain bacterial contents
resembling those of healthy individuals after FMT. Moreover, FMT had a more pronounced
impact on microbial community structure in lean NAFLD patients compared to obese
NAFLD patients [258]. In addition to these promising results, ten clinical trials are currently
underway to evaluate the effect of FMT treatment on NASH and NAFLD, and a study has
been completed (Table 2). The study number NCT02496390 on NAFLD patients found
that there were no significant changes in HOMA-IR or hepatic proton density fat fraction
(PDFF) between those who received allogeneic FMT and those who received autologous
FMT. However, those who received allogeneic FMT had a significant decrease in intestinal
permeability six weeks after the procedure. Changes in fecal microbiota composition varied
among individuals in both groups, but patients with improved intestinal permeability
tended to have increased microbiota diversity. The study only administered FMT once and
assessed efficacy after 24 weeks, making it difficult to predict long-term effects [259].

Regarding liver cirrhosis, liver transplantation remains the most effective treatment,
boasting commendable survival rates. However, access to this treatment remains difficult
for patients, often being limited to exceptional cases due to lengthy waiting lists. In this
scenario, there is an urgent need to explore solutions for liver cirrhosis treatment [216]. FMT
is increasingly emerging as a promising therapeutic approach for liver cirrhosis. Several
studies have shown that intestinal microbiota transplantation can restore the GM balance,
diminish inflammation, improve liver function, and enhance immune function [260]. The
study number NCT03152188 involving 20 cirrhotic patients found that those who received
FMT capsules from a donor enriched in Lachnospiraceae and Ruminococcaceae had improved
outcomes compared to those who received placebo capsules after 5 months of treatment.
The FMT group had reduced inflammation levels, with decreased serum IL-6 and LBP
levels, improved cognitive scores, and changes in their gut microbiota that were correlated
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with cognitive improvement and decreased inflammation [261]. Thanks to these early
results, FMT could be considered as a possible therapy for the treatment of liver cirrhosis.
According to ClinicalTrials.gov, other clinical trials evaluating the efficacy and safety of
FMT for NASH-related cirrhosis (NCT02868164 and CT02721264) and for cirrhosis are
currently underway (Table 2).

Nowadays, therapies for advanced HCC are very limited, leading to the need to de-
velop new therapies. As is known, the liver does not contain a microbiome. However, it is
closely linked to the gut through the portal venous system, constituting the gut-microbiota—
liver axis. It has been recently shown that, in HCC, there is an increase in the abundance of
Bacteroidetes, Lachnospiracea incertae sedis and Clostridium XIVa, along with a reduction in
Verrucomicrobiaceae, Bifidobacteriaceae, Akkermansia, and Bifidobacterium, as well as enhanced
intestinal inflammation. Therefore, there was a weaker anti-tumor inflammatory response
of the host liver [262,263]. Following these findings, several studies have evaluated the
potential predictive and prognostic role of GM composition in HCC [264,265]. In vivo stud-
ies have shown that the GM and its metabolites have a direct impact on both intrahepatic
and peripheral inflammatory and immune responses in HCC. This influence can lead to
changes clinical course and overall survival, mainly by affecting the functions of effector
and regulatory T cells [266]. Therefore, GM modulation can be considered as an approach to
prevent HCC. Concerning the interaction between immune response and GM, two clinical
trials aimed at evaluating FMT in patients with HCC are ongoing. In detail, the main
purpose of these studies is to test the safety and efficacy of FMT combined with standard
immunotherapy, even in patients who had not responded to previous immunotherapy for
advanced HCC (NCT05750030 and NCT05690048) (Table 2).

Based on the current literature, it is now well known that dysbiosis is a risk factor
for T2D. This association has thus opened a new perspective for potential new therapies
for T2D, and recent studies have shown that FMT improved the metabolic profiles of
T2D. Comparing FMT alone and dual treatment FMT + metformin in patients with T2D,
both treatments were found to significantly improve clinical indicators of HOMA-IR and
body mass index (BMI), fasting and postprandial blood glucose, and hemoglobin Alc
(HbAlc). FMT with or without metformin also significantly improves the IR, BMI, and GM
communities of patients with T2D through colonization of donor-derived microbiota [267].
Repeated FMT improves the level and duration of microbiota engraftment in obese T2D
patients. Combining the lifestyle intervention with FMT led to more favorable changes
in recipients” GM and improved lipid profile and liver stiffness [268]. Furthermore, the
comparison of diet and dietary treatment combined with FMT showed that both treatments
have great potential in controlling blood glucose and blood pressure levels. FMT changed
the GM more rapidly than diet: beneficial bacteria, such as Bifidobacterium, increased, and
were negatively correlated with blood glucose, blood pressure, blood lipids and BMI; in
contrast, sulfate-reducing bacteria (SRB), Bilophila and Desulfovibrio, which decreased signif-
icantly after treatment, showed a positive correlation with blood glucose indices. Therefore,
personalized diet is useful for improving blood glucose control in T2D patients and has
also shown the potential to reverse dyslipidemia and dysarteriotonia [269]. Additionally,
four studies regarding T2D associated with FMT therapy are underway (Table 2), and one
has been completed (NCT03127696). This study, conducted on 61 patients, found that FMT
combined with lifestyle intervention (LSI) resulted in the highest percentage of patients
acquiring lean donor microbiota. Additionally, repeated FMT significantly increased the es-
tablishment of lean-associated microbiota (p < 0.05). FMT, with or without LSI, augmented
butyrate-producing bacteria, while the combination of LSI and FMT led to an increase in
Bifidobacterium and Lactobacillus (p < 0.05). The combination of FMT + LSI also resulted in
reduced cholesterol levels and liver stiffness compared to baseline (p < 0.05) [268].

A specific intestinal and tumor microbiome has been observed in mouse models of
PDAC, which can be remodeled using antibiotics capable of inducing T cell activation,
improving immune surveillance and increasing sensitivity to immunotherapy. The presence
of Gammaproteobacteria, a bacterium capable of metabolizing gemcitabine in its inactive
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form, was demonstrated in PDAC, suggesting that its presence in PDAC could cause
tumor resistance to this therapy. Similarly, most chemotherapeutic and immunotherapeutic
agents, effective in other malignancies, have limited efficacy in PDAC treatment [255].
Several pieces of evidence suggest that GM modulation leads to greater efficacy of anti-
tumor therapy [256]. Accordingly, the modulation of the gut and/or tumor microbiome
could emerge as a new strategy in PDAC. Regarding this issue, one study is ongoing to
evaluate the safety, tolerability, and feasibility of FMT in resectable patients with PDAC
(NCT04975217) (Table 2). Specifically, patients will undergo FMT via a colposcopy and
receive FMT capsules orally once a week for 4 weeks in the absence of disease progression
or unacceptable toxicity. Patients will then undergo standard tumor resection and will
be followed up at 2 weeks and 30, 60, 90 and 180 days after surgery. The results seem
promising. The importance of FMT in pancreatic disorders is summarized in this interesting
review [270].

Table 2. Clinical trial reports regarding FMT treatment of liver and pancreatic diseases reported on
https:/ /clinicaltrials.gov (accessed on 20 September 2023).

Disease Number Title Status
Dietary Counseling Coupled With FMT in the
NAFLD NCT05607745 Treatment of Obesity and NAFLD—the ﬁg gg{i’j‘ﬁ? g
DIFTOB Study
Effects of Fecal Microbiota Transplantation on
NAFLD NCT04594954 Weight in Obese Patients With Non-alcoholic Fatty UNKNOWN
Liver Disease
Impact of FMT on the Phenome in Patients With
NAFLD NCT06024681 NAFLD and Fibrosis RECRUITING
NCT02496390 Transplantation of Microbes for Treatment of
NAFLD [259] Metabolic Syndrome and NAFLD COMPLETED
NAFLD NCT03648086 Intestinal Mlcroblota Trar}splanfcatlon for UNKNOWN
Non-alcoholic Fatty Liver Disease
The Effect of Consecutive Fecal Microbiota
NAFLD NCT04465032 Transplantation on Non-Alcoholic Fatty Liver UNKNOWN
Disease (NAFLD)
Fecal Microbiota Transplantation (FMT) in
NASH NCT02469272 Non-alcoholic Steatohepatitis(NASH). A pilot study UNKNOWN
Synbiotics and Fecal Microbiota Transplantation to
NASH NCT05821010 Treat Non-Alcoholic Steatohepatitis RECRUITING
NASH NCT03803540 Fecal Microbiota Transplfmtatlon for th.e.Treatment NOT YET RECRUITING
of Non-Alcoholic Steatohepatitis
Evaluate the Efficacy, Safety and Tolerability of Fecal
NASH NCT05622526 Microbiota Transfer for the Treatment of Patients NOT YET RECRUITING
With Non-alcoholic Steatohepatitis
Fecal Microbiota Therapy Versus Standard Therapy
NASH and Cirrhosis NCT02868164 in Decompensated NASH-Related Cirrhosis: A WITHDRAWN
Randomized Controlled Trial
. . Fecal Microbiota Therapy Versus Standard Therapy
NASH and Cirrhosis NCT02721264 in NASH-Related Cirrhosis. UNKNOWN
Cirrhosis NCT03796598 FMT in Cirrhosis and Hepatic Encephalopathy COMPLETED
Cirrhosis NCT03152188 Oral Fecal Transplant in Cirrhosis COMPLETED

[261]
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Disease Number Title Status
Cirrhosis NCT04932577 Fecal Microbiota Transplantation for Liver Cirrhosis RECRUITING
Cirrhosis NCT02862249 Trial of Fecal Microbiota Transplantation in Cirrhosis UNKNOWN
Cirrhosis NCT03014505 Fecal Microbiota Transplantat.lon for UNKNOWN
Decompensated Cirrhosis
Cirrhosis NCT04842539 Fecal Microbiota Transplantation in COMPLETED
Decompensated Cirrhosis
HCC NCT05750030 FMT in IT-refractory HCC—FAB-HCC Pilot Study RECRUITING
Fecal Microbiota Transfer in Liver Cancer to
HCC NCT05690048 Overcome Resistance to NOT YET RECRUITING
Atezolizumab /Bevacizumab (FLORA)
NCT03127696 Randomized Pllacebo-controlled. Study of EMT to
12D [268] Impact Body Weight and Glycemic Control in Obese COMPLETED
Subjects With T2D
Safety and Efficacy of Human Microbiota
12D NCT05253768 Transplantation for Overweight and Obese Type 2 UNKNOWN
Diabetes Mellitus
Fecal Microbiota Transplantation for Diabetes
2D NCT02346669 Mellitus Type II in Obese Patients UNKNOWN
ToD NCTO01790711 Fecal Mlcr0b10.ta Transplan.tatlon on Type 2 UNKNOWN
Diabetes Mellitus
ToD NCT06192693 Fecal Microbiota Transfel" to 'Improve Diabetes NOT YET RECRUITING
Control Post-bariatric Surgery
PC NCT04975217 Fecal Microbial Transplz.ants for the Treatment of RECRUITING
Pancreatic Cancer
PC NCT05606523 Microbiota and Pancreatic Cancer Cachexia RECRUITING

8.4. Additional Treatments to Modulate the GM in Liver and Pancreatic Disease

It has been widely demonstrated that diet has a significant impact on the composition
and stability of the GM, and different diets affect the species of microorganisms that
populate the gut differently, changing its internal balance [271]. Consequently, there is
a change in the level of metabolites derived from the microorganisms present, among
them SCFAs, incretins and BAs. In mice fed with a HFHC diet, high dietary cholesterol
was shown to lead to sequential progression of steatosis, steatoepatitis, fibrosis, and HCC
simultaneously with IR, all associated with GM dysbiosis. In particular, dietary cholesterol
induced altered intestinal bacterial metabolites, including increased taurocholic acid and
decreased 3-indolepropionic acid [249]. In a mouse model of acute necrotizing pancreatitis,
a Western diet feeding intensified the pathology by increasing bacterial spread and altering
the intestinal metabolic profile with SCFAs, whereas butyrate supplementation attenuated
disease progression [272]. Thus, while a HFD can cause different kinds of pathological
changes, a healthy diet rich in fiber (fruits, vegetables, whole grains, and legumes, which
belong to the category of prebiotics) promotes the growth of beneficial bacteria [273,274].

In addition to diet, another therapeutic option to restore the GM equilibrium is the
use of probiotics [275], live beneficial bacteria, that can perform a wide variety of functions,
including antioxidant, anti-tumor, anti-inflammatory elements and improving metabolism
and immunological function [276,277]. These properties may be relevant to liver health,
especially in conditions characterized by inflammation. Several research reports suggest
that probiotics may have a preventive role in liver diseases, including conditions that
can progress to liver cancer, such as NAFLD. Wang et al. have shown that supplementa-
tion of Bifidobacterium bifidum V (BbV) and Lactobacillus plantarum X (LpX) in mice with
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NAFLD significantly reduced hepatic levels of total cholesterol and total TGs [278]. Simi-
larly, the administration of Bacteroides thetaiotaomicron (B. theta) reduced body weight, fat
accumulation, hyperlipidemia and IR, and it also prevented hepatic steatohepatitis and
liver damage. B. theta also increased liver and intestinal folate levels, hepatic metabolites,
and the percentage of polyunsaturated fatty acids in the liver, offering a widely reported
benefit for improving NAFLD [279]. In mice with NAFLD-HCC, the supplementation of
Lactobacillus acidophilus, through the action of the metabolite valeric acid, which binds to
the hepatocyte surface GPR41/43 receptor to inhibit the Rho-GTPase pathway, inhibited
NAFLD-HCC [280]. Likewise, the acetate secreted by Bifidobacterium pseudolongum, and
reaching the liver via the portal vein, has a protective role in NAFLD-HCC progression
and can therefore be thought of as a potential new probiotic [173]. The pancreas, an organ
involved in both digestive and endocrine functions, can also be influenced by the GM
through the gut—pancreas axis. Although gut dysbiosis is increasingly recognized as a
pathophysiological component of metabolic syndrome, the role and mode of action of
specific gut microbes remain unknown. Rampanelli et al. have previously shown that
the commensal butyrogenic Anaerobutyricum soehngenii (A. soehngenii) is associated with
improved insulin sensitivity in subjects with metabolic syndrome, and in a subsequent
clinical trial they investigated its potential therapeutic effects in patients. The treatment
with A. soehngenii caused a marked increase in the postprandial excursion of GLP-1 and
an increase in plasma secondary BAs, which were positively associated with GLP-1 levels,
improving glycemic control within 24 h [281].

In recent years, several studies have shown that dysbiosis and gut inflammation are
very common in T2D patients [282]. In this context, probiotics and prebiotics, used as
dietary supplements, can help to improve these conditions by increasing the production of
hypoglycemic hormones, such as incretin, and reducing IR and blood glucose levels [283].
In several human and animal studies, it has been seen that specific gut bacteria and their
metabolites are significantly altered in T2D. A decrease in butyrate-producing microorgan-
isms and an activation of the LPS component, causing endotoxemia, have been described in
T2D patients [284]. Microbial metabolites, SCFA, and total BAs can activate hypoglycemic
signaling pathways, improve endotoxemia, and increase GLP-1 and PYY levels. Some
antidiabetic drugs, such as metformin, can improve metabolic dysfunction by activating the
GUDCA-intestinal FXR pathway through Bacteroides fragilis [285]. In db/db mouse models,
the antidiabetic effect of 14 probiotics was demonstrated through significant improvement
in blood glucose and blood lipid parameters, as well as morphological changes in the pan-
creas and liver. Probiotics increased the levels of SCFA-producing bacteria and decreased
the levels of Escherichia coli and LPS. They also enhanced insulin secretion through glucose-
triggered GLP-1 secretion and protected the pancreas from apoptosis, probably through
upregulation of the PI3K/AKT pathway [286,287]. Severe AP is a critical disease character-
ized by a severe systemic inflammatory response resulting in persistent multiorgan failure
and sepsis. Li et al. demonstrated that bifidobacteria, particularly Bifidobacterium animalis (B.
animalis) and its metabolite lactate, protect against AP by regulating pancreatic and systemic
inflammation in different mouse models. In support of these findings, AP patients showed
reduced fecal abundance of bifidobacteria, which was inversely correlated with the severity
of systemic inflammatory responses. These findings suggest that Bifidobacterium spp. and
their metabolite lactate protect against acute pancreatitis via inhibition of pancreatic and
systemic inflammatory responses [288]. As previously reported, the PC patients with PC
gut dysbiosis and gut mucosal barrier dysfunction. Recently, it was found that intestinal
care using L-glutamine-enriched oral supplements and probiotics, including Lactobacillus
casei supplement Shirota (Yakult®) and Clostridium butyricum strain MIYAIRI 588 (Miya—BM®),
could induce a strong anti-tumor immune response through induction of fully mature
tertiary lymphoid structures in some PC patients who received three cycles of preoperative
chemotherapy [289]. In addition to prebiotics and probiotics, there are symbiotics and
postbiotics. Symbiotics are given by a combination of probiotics and prebiotics, thus live mi-
croorganisms and substrates selectively used by host microorganisms. This dual approach
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aims to provide a favorable environment for the growth and maintenance of the beneficial
bacteria introduced through probiotic supplementation. Clinical studies have shown that
symbiotic supplementation improved steatosis in NAFLD patients [290] and also reduced
blood glucose levels and improved IR in patients with prediabetes and T2D [291]. In addi-
tion, in T2D patients, the symbiotic supplementation improved the gut microenvironment
and may be a potential adjunctive therapy to improve metabolism and lower HbAlc [292].
Postbiotics are compounds of inanimate microorganisms and/or their cellular components
with or without metabolites. Postbiotics have the potential to modulate gut barrier stability
and ameliorate metabolic diseases. In mouse models, simultaneous use of Lactobacillus
paracasei-derived postbiotics and HFDs was shown to slow weight gain, suppress IR, and
improve indicators of blood lipid metabolism and liver steatosis, suggesting a protective
role against NAFLD [293]. Finally, the use of two Lactobacillus brevis strains (KLDS 1.0727
and KLDS 1.0373) capable of synthesizing the postbiotic gamma-aminobutyric acid (GABA)
was seen to reduce hyperglycemia and hyperlipidemia in a mouse model of diabetes [294].

9. MicroRNA

MicroRNA (miRNA), small non-coding RNA molecules of about 21-25 nucleotides,
play a crucial role in the post-translational regulation of gene expression in various
biological contexts, such as development, differentiation, proliferation, apoptosis, and
metabolism. Consequently, the dysregulation of miRNA expression or function is associ-
ated with different diseases, including cancer and cardiovascular/neurological /metabolic
disorders [295-297]. For this reason, in last years they have emerged as potential therapeu-
tic targets and diagnostic biomarkers in various diseases [298].

Several studies suggest that GM-miRNA interactions may play a critical role in liver
dysfunction and disease. It is known that the severity of liver disease is characterized by
the expression of specific miRNAs and that the GM is a key factor in both liver disease
and miRNA expression [299]. In detail, it has been shown that miRNA-21 promoted
liver dysfunction by affecting intestinal lactobacilli in mice, whereas mice lacking miRNA-
21 had reduced liver damage and were protected from small intestinal injury and GM
dysbiosis [300]. In addition, miRNA and GM are likely to play relevant roles in liver
diseases, in the forms of NAFLD and liver fibrosis, through complex interactions and
modulations of various biological processes such as inflammation, lipid metabolism, and
cell proliferation [301]. The miR-21 role on lipid metabolism and chronic liver diseases has
been well documented [302]. On the other hand, miR-21 deficiency has been shown to have
a hepatic protective effect through GM modulation, regulating intestinal epithelial cell tight
junctions and reducing endotoxemia [300]. Moreover, increasing evidence suggests that
miRNAs, through interactions with the GM, play a key role in HCC development [303].

A study showed the close link between GM and HCC [304]. Specifically, in mice
treated with a streptozotocin-rich fat diet (STZ-HFD), it was observed that the sex-based
disparity in liver carcinogenesis was associated with the GM, BAs, and tumor-suppressing
miRNAs (miR-26a, miR-26a-1, miR-192, miR-122, miR-22, and miR-125b). In male mice,
the microbiota regulated BAs and miRNAs that promote HCC via an unclear regulatory
mechanism. On the other hand, in female mice, high levels of FXR, a nuclear receptor for
BAs, may increase the expression of tumor suppressor miRNAs such as miR-26a, miR-26a-1
and miR-122, possibly decreasing the risk of HCC developing [304]. Furthermore, butyrate
has been shown to induce cell apoptosis via upregulation of miR-22 and repression of
sirtuinl expression in HCC liver cells [305]. However, some probiotics have the ability to
negatively regulate the expression of oncogenic miRNAs in mice with HCC tumors [306].
Recent research has focused on the implication of miRNAs in crosstalk between the GM
and pancreatic function. Haniff et al. designed small molecules that can selectively block a
specific member of the miRNA-200 family implicated in the pathology of T2D. Aiming at
the pre-structuremir-200c, the small molecule can improve insulin sensitivity and blood
sugar levels by reversing the pro-apoptotic effects in 3 pancreatic cells in a mouse model.
This suggests that miR-200c plays a crucial role in T2D, making it a potential target for
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therapies for diabetes [307]. In addition, it was found that miR-155 was upregulated in
mice with severe PA, in association with an increase in tissue inflammatory factors, a
decrease in intestinal barrier proteins, and aggravated intestinal injury. Through GM
regulation and activation of the TLR4/MYD88 pathway, miR-155 lead to the release of
inflammatory mediators and regulated pancreatic damage. However, inhibiting miRNA-
155 in mice resulted in a reduction in pancreatic injury and inflammation, resulting in
improved histopathological damage [308]. Different studies suggest that miRNNAs may
play a role in the development of pancreatic tumors by affecting inflammation, immune
response, and tumor growth. MicroRNA have a significant impact on both the progression
and repression of PDAC through various signaling pathways, such as proliferation, cell
differentiation, cell apoptosis, migration, and metastasis creation [309]. Indeed, several
miRNAs have been found to be upregulated in pancreatic cancer, including miR-21, miR-
155, and miR-196a, and others have been found to be downregulated, such as miR-34a [310].
Wang et al. discovered that miRNAs and certain GM bacteria can interact with each other,
potentially contributing to the development of pancreatic cancer [311]. The combined use
of specific bacteria and miRNAs may offer a way to inhibit the progression of PDAC [311].
Accordingly, Shirazi et al. demonstrated that H. pylori and P. gingivalis have a relevant
impact on the cell cycle, DNA damage, miRNA expression, and epigenetics in pancreatic
cancer [312]. In conclusion, the GM and miRNAs can be involved in the development of
pancreatic disease, and future studies are needed to characterize these interactions and
identify potential therapeutic pathways.

10. Discussion

In the last ten years, too many types of approaches have been proposed to regulate
dysbiosis GM in order to ameliorate and prevent liver and pancreatic metabolic disorders.
The main molecules proposed in the treatment of NAFLD and T2DM are the GLP-1R
and FXR agonists because of their ability to regulate numerous metabolic activities in
both the liver and pancreas. Indeed, GLP-1RA have shown promise in ameliorating
hepatic insulin resistance and improving NAFLD by positively influencing hepatic lipid
metabolism. These agents, currently approved for managing diabetic hyperglycemia and
obesity, have been observed to provide beneficial effects on liver enzymes, promote weight
loss, and enhance hepatic metabolism. Given these properties, GLP-1RAs might serve as
effective treatments for NAFLD and NASH in both diabetic and nondiabetic individuals.
In addition, FXR agonists, including synthetic bile acids and steroidal and non-steroidal
compounds, have gained interest as potential therapeutic agents for various metabolic
disorders, including NAFLD, NASH and T2DM. By targeting FXR, these agonists aim
to modulate bile acid homeostasis and lipid metabolism, potentially offering benefits in
managing these conditions. Another therapeutic way for restoring GM eubiosis, aside
from dietary adjustments, involves probiotics administration. Indeed, probiotics and
prebiotics, used as dietary supplements, can help to improve these pathological conditions
by increasing the production of hypoglycemic hormones such as incretin, and reducing IR
and blood glucose levels.

The current literature suggests that FMT could improve metabolic states and, in
particular, insulin sensitivity, yet the impact of FMT on weight loss in obese subjects
needs further study. In addition, FMT is also being studied as a potential treatment
for other conditions associated with intestinal dysbiosis, such as inflammatory bowel
diseases, neurodegenerative disorders, gynecological disorders and metabolic disorders,
but not only. Due the importance of GM metabolites in maintaining healthy homeostasis,
intestinal dysbiosis is strongly implicated in the disease scenario. This is because GM and
its metabolites can affect inflammatory and immunity in different contexts. At the tumor
level, in both HCC and PDAC, intestinal dysbiosis affects treatment outcomes and survival,
and several studies have shown the FMT therapeutic potential in terms of both disease
progression and response to therapy [250,255].
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Overall, FMT could therefore be considered as a new therapeutic approach for liver
and pancreatic diseases, although further studies are definitely needed to assess their
effectiveness and safety in treating these conditions. Despite all this interest in FMT therapy,
there are still some key points that need to be improved, such as procedural and long-
term safety, potential pathogen transmission, and standardization of workflow [313]. In
order to improve the FMT safety and effectiveness, new protocols have recently been
introduced. Washed microbiota transplantation (WMT) and filtered fecal transplantation
(FFT) represent two new transplantation methods involving washing and filtration steps
and, consequently, a lower risk of contamination and transmission of pathogens [314]. In
addition, the concept of “bacterial consortium” has recently been coined, already emerging
as a potentially effective approach in treating CDI infection. The implementation of specific
interventions based on individual health conditions, microbial profiles and responses
to specific dietary and lifestyle changes could offer a more personalized approach and
therefore be more functional. Furthermore, not only FMT, but also a healthy diet rich in fiber
and the integration of prebiotics, probiotics, symbiotics and postbiotics promote antioxidant,
anti-inflammatory, anti-tumor behaviors, improving the response of the immune system in
different diseases of the liver and pancreas [315,316].

In this complex scenario, the interaction between miRNAs and the specific bacteria in
the GM may also contribute to regulating the GLPA; therefore, characterizing the interac-
tions between the GM and miRNAs is essential in identifying potential therapeutic targets
for liver and pancreatic diseases.

Taken as a whole, these results make us understand how the GM diversity can affect
human health. It is therefore critical to study it more in depth in order to build more and
more personalized and effective therapeutic strategies for each patient.

11. Conclusions

The gut-liver—pancreas axis (GLPA) is a complex network of organs finely regulated
by various factors and hormones. In this scenario, a critical role is played by the GM, which
produces, transforms and regulates the various molecules responsible for maintaining
the systemic metabolic host state. In particular, SCFA, BA, and GLP-1 are able to trigger
physiological and pathological functions in the host, thus affecting the GLPA.

Due to the intricate functions of the many molecules involved in regulating the GLPA
in states of health and disease, addressing these pathologies requires a comprehensive
approach. The use of innovative approaches such as FMT and other microbiota modulation
strategies that influence hormone and metabolite levels highlight the need to advance
personalized medicine. We believe that this evolution is essential to improving therapeutic
outcomes in the management of metabolic diseases.

12. Limits of the Study

Understanding the role of the microbiota in the gut-liver—pancreas axis in health and
disease is a complex challenge. This is due to the large number of specific microorganisms
and metabolites present in the GM, each of which can perform a multitude of functions
within the body. Consequently, significant time and numerous studies, both basic and
clinical, will be needed to fully understand their role in the various pathways in which
they are involved. Another complicating factor is the individuality of the GM. It is well
established that an individual’s GM differs from that of another individual and that, over
the course of a lifetime, an individual’s microbiota may also change, as it depends on
age, diet, lifestyle, and more. Therefore, the different therapeutic approaches used to
restore the proper structure of the GM must vary from individual to individual and cannot
be considered “universal”. Going forward, it is therefore important to remember that
therapies must be individualized. Although the study of GM in liver and pancreatic health
and disease is becoming increasingly important in the field of research, in order to better
understand this topic and identify potential solutions, it is absolutely necessary to develop
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innovative methods to study the individual’s microbiota over time and to better understand
the interactions it may have with the various diseases present.
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