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Abstract: Cancer cachexia is a complex multifactorial syndrome whose hallmarks are weight loss
due to the wasting of muscle tissue with or without the loss of adipose tissue, anorexia, systemic
inflammation, and multi-organ metabolic alterations, which negatively impact patients’ response
to anticancer treatments, quality of life, and overall survival. Despite its clinical relevance, cancer
cachexia often remains an underestimated complication due to the lack of rigorous diagnostic and
therapeutic pathways. A number of studies have shown alterations in gut microbiota diversity
and composition in association with cancer cachexia markers and symptoms, thus supporting
a central role for dysbiosis in the pathogenesis of this syndrome. Different tools of microbiota
manipulation, including probiotics, prebiotics, synbiotics, and fecal microbiota transplantation,
have been investigated, demonstrating encouraging improvements in cachexia outcomes. Albeit
pioneering, these studies pave the way for future research with the aim of exploring the role of gut
microbiota in cancer cachexia more deeply and setting up effective microbiota-targeting interventions
to be translated into clinical practice.
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1. Definition and Clinical Presentation of Cancer Cachexia

Cancer cachexia is a severe disorder occurring in a high percentage of cancer patients,
whose prevalence varies for different types of tumor, with the highest incidence (up to
80%) observed in patients with pancreatic or gastric cancers, followed by lung, prostate,
colon, breast cancers, and certain types of lymphomas and leukemias [1,2]. Cachexia is
a multifactorial syndrome that clinically presents with weight loss due to the wasting
of muscle tissue with or without the loss of adipose tissue, anorexia, inflammation, and
metabolic alterations, which affect a patient’s quality of life, compliance, and response to
therapies and overall survival [1,3-5]. Patients with cancer cachexia, indeed, experience
worse clinical outcomes, also because weight loss requires dose reduction or the discon-
tinuation of chemotherapy [6,7]. It is estimated that up to 20% of cancer patients die from
cachexia [1], which compromises respiratory and cardiac muscle function [8].

According to the latest international consensus, the so-called Fearon criteria, cachexia
is diagnosed when the patient presents an involuntary weight loss greater than 5% of
the pre-illness body weight in the previous 6 months; or a decrease greater than 2% with
a body mass index (BMI) less than 20, or a decrease greater than 2% in the presence of
sarcopenia [4]. Actually, it is recognized that cachexia development progresses by steps in
which cachexia, as above defined, can be preceded by a pre-cachexia stage, characterized
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by weight loss of less than 5%, anorexia, and metabolic changes, and possibly, it can be
followed by refractory cachexia, in which the patient has a low performance status, is
unresponsive to anticancer treatments, and has a life expectancy of fewer than 3 months [4].

The pathogenesis of cachexia syndrome depends on a state of chronic systemic inflam-
mation, which is fueled by both tumor and host cells, secreting pro-inflammatory cytokines
such as TNF-«, IL-6, and IL-1 [3,8]. Although the muscle tissue is the leading target of
such cytokines, cachexia can be considered a multi-organ syndrome since biochemical and
functional alterations occur in many other body districts, such as adipose tissue (in which
lipolysis occurs), the liver (with an increase in acute phase response, decrease in albumin
synthesis, and altered glucose metabolism), gastrointestinal tract (with malabsorption
and disruption of the gut barrier), blood (with anemia and increased thrombosis risk),
brain (with anorexia and depression) and heart (with atrophy and cardiac dysfunction), as
represented in Figure 1 and exhaustively reviewed elsewhere [1,5,8,9].

Figure 1. Multi-organ involvement in cancer cachexia. Apart from the wasting of muscle and adipose
tissues, cancer cachexia causes functional alterations in many other organs such as in the liver,
intestine, blood circulation, heart, and brain.

Apart from weight loss and fatigue, cachectic patients often clinically present with
high levels of C reactive protein (CRP) and low levels of albumin as a consequence of
inflammation [1], but so far, specific biomarkers that could help the early detection of
cancer cachexia are lacking [9]. Despite its clinical relevance, cancer cachexia often re-
mains a neglected medical problem for which a valid diagnostic approach and an effective
therapeutic strategy are lacking.
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2. Emerging Treatment Options of Cancer Cachexia

The body wasting that occurs in cancer cachexia has long been considered a nutri-
tional syndrome caused by anorexia and malnutrition [10]. It is now clear that the negative
protein and energy balance characterizing cachexia results from a combination of decreased
energy intake and increased energy expenditure [1,2], the latter due to a hypercatabolic
state sustained by chronic inflammation [11]. For this reason, interventions based on
nutrition support alone prove insufficient in counteracting cachexia [2,12]. A number of
other strategies for treating cancer cachexia, which can be classified into different kinds of
approaches, have been trialed or are currently under investigation. Among these, nutraceu-
tical supplements (such as the )3 eicosapentaenoic acid and (3-hydroxy-p-methylbutyrate),
appetite stimulants (including the progestin megestrol acetate and the ghrelin receptor
agonist anamorelin), anti-inflammatory drugs (such as corticosteroids, non-steroidal anti-
inflammatory drugs, and cytokine modulators), metabolism-targeting drugs with pro-
anabolic and/or anti-catabolic effects (e.g., the selective androgen receptor modulator
enobosarm or the (3-blocker espindolol), and physical exercise can be listed [9,13-15]. More
recently, clinical trials on other new investigational products have started. Among these,
Ponsegromab, a monoclonal antibody against the growth differentiation factor 15 (GDF-15),
is currently under a Phase 2 investigation (NCT05546476), whereas the melanocortin-4
receptor antagonistic peptide TCMB07 (NCT05529849), the non-steroidal anti-inflammatory
drug Ketorolac tromethamine (NCT05336266), and the JAK kinase inhibitor Ruxolitinib
(NCT04906746) are in Phase 1 studies. Many of the aforementioned options, despite being
successful at reaching some primary goals, such as increasing body weight or stimulating
appetite, failed to fully reverse the complex alterations underlying cachexia syndrome,
including increasing lean body mass, muscle function, and performance, improving quality
of life, decreasing circulating inflammatory cytokines, and extending survival time [13]. For
some approaches, adverse effects were found to outweigh beneficial ones [14]. As a result,
to date, no universally approved molecule with a therapeutic indication for cancer cachexia
exists, except for megestrol acetate, which has been approved in many countries around the
world [9], including Europe [16], although its contribution in weight gain mainly relies on
increasing adipose tissue and body fluids [17]. In light of all these observations, multimodal
approaches to cancer cachexia are expected to provide better results than monomodal ones
by targeting different aspects of the syndrome [14,18] and certainly, finding out novel and
more effective interventions still represents a challenging goal to be pursued. For this to
happen, a deeper understanding of the molecular basis of the immune-metabolic alter-
ations characterizing cancer cachexia is required, in order to set up interventions targeted
to pathogenetic mechanisms.

3. Linking Gut Microbiota to Cancer Cachexia
3.1. Putative Microbial Mechanisms Contributing to Cachexia Development

Several lines of evidence suggest a role for intestinal microbiota in sustaining the
inflammation and the metabolic alterations underlying cancer cachexia, as already demon-
strated for cancer itself, for metabolic diseases such as obesity, diabetes, or cardiovascular
diseases [19], and for other conditions that share clinical manifestations with cachexia, such
as anorexia [20] and sarcopenia [21]. Countless mechanisms could explain the contribution
of microbiota in the pathogenesis of cachexia. First, among all these, microbiota plays
a fundamental role in maintaining gut barrier function [22] and dysbiotic states and, by
increasing intestinal permeability, might put into blood circulation endotoxins and bacterial
products [23,24] while also demonstrating a possibility of causing bacterial translocation
from the intestinal lumen to the lamina propria, with the subsequent activation of host
immune inflammatory response [24]. The composition of gut microbiota can affect the nu-
trient’s availability for host tissues, with particular reference to branched-chain amino acids
(BCAA), which can be consumed by certain bacteria and, thus, are subtracted to muscle
anabolic processes [25-27]. Consistently, lower plasma levels of BCAA were described in
cachectic lung cancer patients compared to their non-cachectic counterparts [28]. Moreover,
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the microbiota composition also influences the production of certain bacterial metabolites,
such as short-chain fatty acids (SCFAs), which own anti-inflammatory properties and
have been found in a lower abundance in both cachectic mice [29] and patients [30]. In
addition, gut bacteria, through the interaction with the enteric nervous system and the
production of some metabolites with anorexigenic effects, such as SCFAs or bile acids, could
also play a role in the reduction of appetite which is a typical feature of cachexia [25,31].
Finally, an interesting study showed that gut microbiota regulates skeletal muscle mass and
function since germ-free mice displayed lower muscle mass, markers of muscle atrophy,
and altered muscle metabolic functions, which were, however, restored after germ-free
animals received microbiota transplantation [32]. Similarly, gut microbiota depletion by
means of antibiotics induced skeletal muscle atrophy in mice through an altered bile acid
metabolism [33].

3.2. Cachexia-Related Microbiota Profiles in Animal Models

A number of animal studies have demonstrated how shifts in microbiota compositions
occur in different models of cancer cachexia. Bindels et al. set up a model of acute leukemia
by injecting BCR-ABL transfected Ba/F3 lymphocytes in mice, which developed typical
signs of cachexia, such as anorexia, inflammation, muscle wasting, and fat loss. These
manifestations were accompanied by changes in gut microbiota with respect to the control
mice. Indeed, although the number of total bacteria in the caecal content was comparable
between the two animal groups, an overall decrease in Lactobacillus species was observed
in leukemic mice, with a specific reduction in L. reuteri and L. johnsonii/gasseri, which were
found to negatively correlate with the expression of atrophy markers in the muscle [34].
In a later study by the same authors, a deeper characterization of caecal microbiota was
obtained through next-generation sequencing either in Ba/F3 leukemic or in C26 colorectal
cancer mice models of cachexia [35]. In both cachexia models, species richness and diver-
sity were significantly decreased with respect to the control mice. Moreover, as a concern
composition, a number of taxa were found differentially represented between cachectic and
non-cachectic mice, with a decrease in Clostridia/ Clostridiales, Lactobacillaceae / Lactobacillus
and an increase in Bacteroidetes, Parabacteroides, Enterobacteriales / Enterobacteriaceae which
were shared by the two cachexia models [35]. In order to further investigate the changes
in microbiota composition observed in cachectic mice, the authors found out that, in C26
colorectal cancer mice, the Enterobacteriaceae overgrowth took place above all at the expense
of the butyrate-producing families of Ruminococcaceae and Lachnospiraceae and that the
major contribution to Enterobacteriaceae bloom was provided by Klebsiella oxytoca [36]. This
bacterial species, when exogenously administered in drinking water, was shown to act as
a pathobiont contributing to gut barrier dysfunction only in cachectic but not in healthy
mice and not affecting other features of cancer cachexia (such as body weight or muscle
loss) [36]. Consistently with the decrease in Ruminococcaceae and Lachnospiraceae [36], when
SCFAs were measured in the caecal content of C26 mice, a drop in butyrate (together
with acetate) was observed, which potentially contributed to the impaired intestinal bar-
rier [29]. A subsequent study on C26 cachectic mice confirmed the significant decrease in
Lachnospiraceae and also described an enrichment in Eubacteriaceae compared to the control
mice [37]. This study also revealed an altered bile acid (BA) metabolism in cachectic mice,
with an increase in hepatic BAs conjugation and a decrease in the intestinal microbial
production of secondary BAs. Interestingly, the levels of intestinal BAs were found to
strongly correlate with Enterobacteriaceae but also with several species belonging to Lach-
nospiraceae, thus suggesting a marked contribution of microbiota to BAs dysregulation
in cachexia [37]. An altered BA metabolism was also described in a murine model of
human neuroblastoma developing cachexia symptoms, in which the microbial-produced
secondary BAs lithocholic acid and deoxycholic acid were decreased in the stool samples.
No significant change in microbiota composition, however, was recorded in this study,
apart from a downtrend in Firmicutes abundance when obtained in cachectic mice [38]. The
fecal microbiota was also investigated in a Lewis lung carcinoma mouse model [39], which
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is a recognized model of cancer cachexia [40,41]. Unlike what was previously reported [35],
when compared to that of the healthy controls, the microbiota richness of cachectic lung
cancer mice has significantly increased at all taxonomic levels from the order to species [39].
In addition, a LEfSe analysis of microbiota composition revealed several differences in
bacterial abundance between the two groups. An overall increase in taxa belonging to
Firmicutes, including the classes of Bacilli and Clostridia and their relative families of Staphy-
lococcaceae, Turicibacteraceae, Rumicococcaceae, and Lachnospiraceae was observed in cachectic
mice with respect to the controls. Similarly, members of Cyanobacteria, Tenericutes, and
TM?7 were more abundant in cachexia. On the contrary, among Bacteroidetes, the families of
Prevotellaceae and Bacteroidaceae and the species Bacteroides acidifaciens were decreased in
cachectic compared to healthy mice. Among Proteobacteria, instead, an expansion of Betapro-
teobacteria and Deltaproteobacteria alongside a general decrease in Gammaproteobacteria, with
the exception of Enterobacteriaceae and specifically Escherichia coli, was observed in cachectic
mice compared to the controls [39]. Overall, several changes were found in lung cancer
cachectic mice (e.g., the increase in Lachnospiraceae and Ruminococcaceae and the increase
in microbial richness) with a few exceptions (e.g., the expansion in Enterobacteriaceae) [39],
which were conflicting with previous observations in leukemic and colon cancer cachexia
models [35-37]. As the authors suggest, differences in the mouse strains employed as well
as in the source sample of microbiota (stool versus caecal content), might have contributed
to such discrepancies [39].

In addition to bacterial dysbiosis, alterations in the intestinal mycobiota, namely the
fungal community inhabiting the gut, have also been described in Lewis lung carcinoma-
induced cachexia [42]. Despite no difference in alpha diversity, the stool samples from
cachectic and the control mice showed enough differences in mycobiota composition to
be discriminated for beta diversity. As emerged from LEfSe analysis, the Mucoromycota
phylum was under-represented in cachectic versus control animals. The phyla of Ascomycota
and Basidiomycota were overall unchanged, although a certain number of lower taxa were
differentially represented between the two groups, with members belonging to Ascomycota
enriched in cachectic mice [42].

3.3. Cachexia-Related Microbiota Profiles in Humans

The studies reviewed above provided some interesting insights into the relationship
between gut microbiota and cancer cachexia in preclinical models. To the best of our
knowledge, however, only three studies so far [28,30,43] have addressed the question of
whether gut microbiota may be involved somehow in the pathogenesis of cancer cachexia
in human patients. Ubachs and colleagues collected 107 patients with pancreatic (n = 27),
breast (n = 52), lung (n = 24), or ovarian (n = 4) cancer and divided them into cachectic
(n = 33) and non-cachectic (n = 74). The occurrence of cachexia was different, according
to cancer type, with the highest in pancreatic (66.7%), followed by ovarian (25%), lung
(20.8%), and breast (17.3%) cancer. Moreover, 76 healthy controls were included in the
study [30]. Although no significant difference in richness and diversity metrics emerged
when cachectic patients were compared to non-cachectic or to healthy controls, several
differences in composition were observed. At the phylum level, Proteobacteria were signifi-
cantly enriched in cachectic patients compared to the two other groups [30]. At the genus
level, an unknown genus belonging to Enterobacteriaceae and Veillonella were significantly
more abundant in cachectic subjects compared to non-cachectic and healthy people. On the
contrary, Megamonas and Peptococcus were less represented among the cachectic patients
than in non-cachectic and healthy controls [30]. Interestingly, when the correlation anal-
yses of these microbial taxa with patients’ clinical variables were performed, Veillonella
and the unknown genus of Enterobacteriaceae were shown to strongly correlate with body
weight loss and, together with Peptococcus, were also positively associated with the fecal
levels of calprotectin. Moreover, the unknown genus of Enterobacteriaceae and Peptococcus
were also inversely correlated with the fecal levels of acetic acid, which were significantly
decreased in cachectic versus non-cachectic subjects. These findings support the role of
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the above-mentioned bacteria in some typical manifestations of cachexia, such as weight
loss and intestinal inflammation [30]. Despite being a very informative and attractive
study, the heterogeneity of the patient cohort that was enrolled might represent a limitation.
Indeed, since the prevalence of cachexia varies with the type of cancer, the highest contri-
bution to the cachexia group was given by pancreatic cancer, whereas the non-cachexia
group was mainly composed of breast cancer patients, so the cancer type itself should
have impacted the observed results. On the other side, the studies by Ni et al. [28] and
Hakozaki et al. [43] focused on lung cancer-induced cachexia. The former study recruited
12 cachectic and 19 non-cachectic lung cancer patients whose gut microbiota underwent
shotgun metagenomics sequencing. Microbial richness and alpha-diversity indices were
unchanged, whereas a beta-diversity analysis revealed a significantly different microbial
composition between the two groups. In spite of no difference observed at the phylum level,
a number of species were instead differentially represented, with the majority of the species
enriched in non-cachectic patients. Interestingly, Klebsiella oxytoca, which was previously
found to be overabundant in cachectic C26 colorectal cancer mice [36], was confirmed to
be enriched in cachectic lung cancer patients [28]. Among the species under-represented
in the cachexia group, instead, worth of note were Faecalibacterium prausnitzii, Prevotella
copri, Lactobacillus gasseri, and other Lactobacillus species (i.e., L. rhamnosus, L. plantarum, L.
ruminis). The changes in these microbial species seem to be correlated with the cachexia
phenotype, since F. prausnitzii is known to be anti-inflammatory and to enhance intestinal
barrier function; P. copri was found to be directly associated with plasma levels of isoleucine
and L. gasseri with plasma levels of 3-oxocholic acid, while two metabolites decreased in
cachectic patients [28]. Consistently, P. copri had been previously identified as the species
that contribute the most to the biosynthesis of BCAA [44]. In addition, to uncover the
taxonomic composition, the use of a shotgun metagenomic approach also allowed for the
performance of functional characterization of gut microbiota, which revealed alterations
in a number of pathways involved in cachexia manifestations. Among other alterations
worthy of note are: (i) a decrease in the biosynthetic pathways of several amino acids, which
was in agreement with the decreased plasma levels of the majority of amino acids found in
cachectic lung cancer patients [28]; (ii) an increase in purine metabolism, which had been
previously described in skeletal muscle atrophy [45,46]; (iii) an increase in the metabolic
pathways of methane, which is reported to reduce appetite by stimulating the secretion
of the anorexigenic hormone glucagon-like peptide-1 (GLP-1) [47]; (iv) an increase in the
biosynthesis of lipopolysaccharide, a pro-inflammatory bacterial constituent impairing
the gut barrier function [48]. The latter study on lung cancer-related cachexia confirmed
previous findings that no significant difference existed in alpha-diversity metrics between
cachectic and non-cachectic patients, whereas a significant clustering of the two groups was
observed concerning beta-diversity. As regards composition, a number of taxa resulted in
differential abundance between the two groups according to LefSe analysis. Among these,
the genus Escherichia-Shigella (belonging to Proteobacteria) was enriched in cachectic patients,
together with the Christensellaceae R-7 group, Ruminococcaceae UBA1819, Lactobacillus, Hun-
gatella, Enterococcus, Butyricimonas, Sellimonas, Eisenbergiella, Cellulosilyticum, Clostridium
innocuum group, Anaerotruncus, Pyramidobacter, Ruminiclostridium, Lachnospiraceae UCG-009,
and Paludicola. On the contrary, in non-cachectic patients, beneficial microbes such as
Blautia, Roseburia, Eubacterium hallii group, Eubacterium ventriosum group, and Butyricicoccus
were enriched, together with Agathobacter, Anaerostipes, Collinsella, Fusicatenibacter, Dorea,
Megasphera, Monoglobus, Lachnospiraceae UCG-004, and Tyzzerella [43].

Altogether, the findings described above strongly support that gut microbiota may play
a role in the pathogenesis and clinical manifestations of cancer cachexia, which deserves
further investigation.

4. Targeting Gut Microbiota to Manage Cancer Cachexia

The studies reviewed herein, by showing associations between intestinal microbiota
and the development of cachexia, suggest that manipulating gut microbiota with the aim
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of correcting cachexia-related dysbiosis could lead to the development of novel integrative
approaches for the better management of this debilitating syndrome (Figure 2).

Figure 2. Emerging strategies of gut microbiota manipulation for the supportive treatment of cancer
cachexia. Since a certain number of studies showed associations between gut microbiota and cachexia,
strategies of microbiota manipulation through the administration of probiotics, prebiotics, synbiotics,
or through fecal microbiota transplantation (FMT) from healthy donors are emerging to correct
dysbiosis and likely improve cachexia outcome.

Few studies have already addressed this topic, showing that microbiota manipula-
tion can positively influence the course of this multifactorial syndrome [32,34,35,42,49-53].
Among the available strategies for gut microbiota reshaping, live microorganisms, known
as probiotics, hold a fundamental position in terms of their benefit to the human body [54].
The most important beneficial effect of probiotics is the ability to maintain the microbiota
in a condition of eubiosis, to prevent infections from pathogens, to stabilize and preserve
the functionality of the intestinal barrier, and to promote the production of anticancer and
bioactive compounds such as various vitamins and SCFAs [55,56]. The therapeutic efficacy
of probiotics depends on the fact that they can reach the intestine alive while maintaining a
certain concentration (at least 107 CFU per gram or mL), considering that their survival
rate could decrease after oral administration due to acidic gastric pH, enzymes, bile salts,
etc. [57,58]. To be defined as such, probiotics must also be able to proliferate and/or adhere
to the site of action, be resistant to stress factors induced by the host organism, and be
safe in use [59]. Prebiotics are also among the available intervention strategies for intesti-
nal microbiota modulation. These non-digestible organic substances act on the selective
stimulation of the growth and activity of intestinal bacteria that are beneficial for the host
and his health [60,61]. Probiotics and prebiotics can work together to promote the growth
of beneficial bacteria and the inhibition of pathogenic ones. This kind of intervention is
named “synbiotics” and can be classified into two types: synergistic synbiotics, in which
the prebiotic fibers are meant to fuel the growth of probiotic bacteria within the formulation,
and complementary synbiotics, in which the two components work independently, with
prebiotics aimed at promoting the growth of resident intestinal bacteria [62]. Finally, an
emerging approach in the field of microbiota manipulation is fecal microbiota transplan-
tation (FMT), which is currently proposed as a strategy to promote the restoration of a
normal microbial community through the donation of a “healthy” microbiota in a dysbiotic



Int. J. Mol. Sci. 2023, 24, 1849

8 of 14

recipient [63]. However, it must be considered that the intestinal microbiota can change
its “healthy” composition in relation to the lifestyle that the individual leads and also on
the basis of intestinal microbial differences that are present in different populations [64].
Furthermore, another fundamental aspect of the FMT application is the consideration of
any risks that the donor incurs; for this reason, it is always necessary to carefully select
donors in order to avoid the transmission of pathogens and infectious agents and expose the
recipient to further risks for his health [65,66]. One of the risks for FMT recipients could be
represented by the development of allergic reactions against allergens found in the donor’s
fecal matter. For instance, it was observed that germ-free mice receiving FMT from children
intolerant to cow milk became sensitized to milk in their turn [67]. Some authors suggest
that particular attention should be paid when performing FMT in immunocompromised
patients since they might be at an increased risk of developing infections compared to im-
munocompetent subjects [68]. On the other hand, immunocompromised patients are more
prone to develop Clostridioides difficile infection (CDI) [69,70], which is the major indication
for FMT intervention, and different studies until now have shown that FMT procedure
in such immunocompromised patients is efficacy and generally safe [69-71]. Anyway, in
order to improve both the efficacy and safety of FMT, further efforts are needed to reach a
standardization of this medical intervention, as exhaustively discussed elsewhere [72,73].

4.1. Probiotics

In recent years, numerous studies have emerged in the scientific literature concerning
the use of probiotics in the treatment of cancer cachexia. The most studied probiotic
microorganisms were Lactobacilli. In particular, for the first time in this field, Bindels
and colleagues reported the potential use of the genus Lactobacillus as a new therapeutic
approach in the treatment of some aspects of cancer cachexia [34]. In this study, since in a
leukemic mouse model of cachexia levels of L. reuteri and L. johnsonii /gasseri were decreased,
a mix of L. reuteri 100-23 and L. gasseri 311476 was orally administered to restore their level
in the intestinal tract. This intervention resulted in a reduced expression of muscular
atrophy markers (Atrogin-1, MuRF1, LC3, Cathepsin L) and the production of systemic
inflammatory cytokines (i.e., IL-4, Mcp-1, G-CSF, IL-6). However, it was assumed that the
positive effects obtained could be species-specific since, in the same study, these effects
were not demonstrated for Lactobacillus acidophilus [34]. Similarly, Varian and colleagues
orally administered L. reuteri to a cachectic mouse model of colorectal cancer (C57BL/6
ApcMIN/ * mice; CD-1 mice) and confirmed an increase in muscle mass and a reduction in
muscle atrophy compared to mice that did not receive this probiotic. They also showed
an increase in lifespan, an increase in the size of the thymus., and a reduction in the
expression of the FoxIN1 gene associated with systemic inflammation and the production
of T lymphocytes [53]. Bindels et al. also tried to counteract alterations in gut barrier
function and dysbiosis observed in cachectic C26 colorectal cancer mice by administering F.
prausnitzii [74], which was previously shown to have anti-inflammatory [75] and gut barrier-
enhancing properties in colitis mice [76]. Unfortunately, this approach failed to ameliorate
cachexia-related gut permeability [74]. Also, as mentioned above, the intestinal fungal
population might have a role in the development of cancer cachexia [42]. Since a reduction
in Mucoromycota was observed in cachectic Lewis lung cancer mice, the authors suggest
that Rhyzopus oryzae (belonging to Mucoromycota) could be supportive in the treatment
of cancer cachexia, provided that it has been recognized as safe by the Food and Drug
Administration [42].

4.2. Prebiotics

In the treatment of mouse cancer cachexia, the targeted supplement of prebiotics has
provided remarkable results. For example, in cachectic BaF leukemic mice, the integration
of 5% polyoligosaccharides (POS) within a two-week diet led to several changes in gut
microbiota composition, including a decrease in Firmicutes and a concomitant increase in
Bacteroidetes, specifically in the families of Prevotellaceae and Bacteroidaceae; on the other
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hand, the families of Ruminococcaceae and 524-7 were under-represented. At the genus
level, POS induced a strong increase in Bacteroides (mainly due to the species B. dorei)
in Bifidobacterium spp. (including B. animalis) and in Roseburia spp. POS administration
also altered the SCFAs profile, inducing an increase in the caecal content of acetate and a
decrease in isovalerate and branched-chain SCFAs. As a concern, metabolic manifestations
and POS administration decreased anorexia and fat mass loss induced by cachexia [50]. In
the same study, the effects of inulin (INU) on the cancer cachexia-related phenotype were
also investigated. Regarding microbiota, a decrease in Alistipes spp. was observed. POS
and also INU administration lowered the caecal levels of isovalerate and branched-chain
SCFAs; moreover, an increase in propionate and butyrate in the portal blood was observed.
A minor effect on food intake but no difference in the fat mass loss was also recorded.
Finally, INU limited tumor cell invasion in the liver [50]. To modulate the development
of cachexia in an ApcM!N/* mouse model of colorectal cancer, Huang et al. evaluated the
effect of the oral administration of ginsenoside-Rb3 and ginsenoside-Rd (two triterpene
saponins) on microbiota, on the intestinal epithelium and on the production of inflam-
matory markers [51]. These two prebiotics, isolated from Gynostemma pentaphyllum, were
chosen because they were previously shown to decrease tumor growth, reduce intestinal
inflammation and affect gut microbiota composition in the same animal model [77]. The
administration of both compounds reduced the number and size of polyps, improved the
gut barrier by restoring the dysregulated expression of two transmembrane adhesion gly-
coproteins (E-cadherin and N-cadherin), and decreased the expression of pro-inflammatory
while increasing that of anti-inflammatory cytokines. These effects were mediated by a
decrement in Proteobacteria and in cachexia-associated microbes such as Dysgonomonas spp.
and Helicobacter spp. and a concomitant increment in beneficial bacteria including Lacto-
bacillus spp., Bifidobacterium spp., Bacteroides acidifaciens, and Bacteroides xylanisolvens [51].
More recently, the effects of supplementing cachectic mice affected by neuroblastoma with
OMNIi-LOGIC® FIBRE (a prebiotic formula consisting mainly of dextrin and partially hy-
drolyzed guar gum) were investigated [78]. Compared to non-treated neuroblastoma mice,
animals supplemented with prebiotics showed enrichment in the Clostridium family XIII-
AD3011 group and Bilophila and a reduction in Muribaculum. No significant improvement
in cachexia-related gut permeability was, however, seen [78]. Partially hydrolyzed guar
gum was administered, in another study, to C26 cachectic mice [52], in which it counter-
acted the body weight loss, lowered the muscular expression of atrophy (i.e., Atrogin-1,
MuRF1) and autophagy markers (Lc3a, Lc3b, and FoxO1), thickened the intestinal mucus
layer, and decreased the circulating levels of IL-6. Moreover, this prebiotic also induced
changes in mice gut microbiota, reducing alpha-diversity, promoting Firmicutes growth at
the expense of Bacteroidetes, and decreasing Proteobacteria and Oscillospira while increasing
Bifidobacterium and Akkermansia [52].

4.3. Synbiotics

As described above, since a decrease in Lactobacillus spp. was observed in cachectic
C26 and Ba/F3 mice compared to the controls, Bindels et al. set up a synbiotic formulation
containing L. reuteri 100-23 and inulin-type fructans which were administered to leukemic
mice. This approach, though not affecting the animals’ energy intake, significantly coun-
teracted muscle mass atrophy, increased caecal mass and content, and affected the gut
microbiota composition by restoring many of the taxa associated with cachexia, such as
decreasing Escherichia and Anaerotruncus and enriching Lactobacillus, Bifidobacterium, Barne-
siella, and Parasutterella. These microbial alterations were associated with improvements in
the intestinal barrier and immunological functions [35]. Another study investigated, in C26
mice, the cachexia-preventive action of kimchi: a Korean fermented product containing
mixed vegetables and the probiotic strains Leuconostoc mesenteroides C] LM119 and Lacto-
bacillus plantarum CJ LP133 [49]. Animals receiving kimchi showed a significant reduction
in body weight loss, remarkable preservation of muscle mass, and decreased expression of
atrophy markers, despite no change in food intake and tumor size. Moreover, a reduction
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in both muscular and serum levels of IL-6, together with significant inhibition of the IL-6
downstream inflammatory pathway, compared to non-treated counterparts was observed.
Finally, a lipolysis-preventive effect was also obtained [49].

4.4. Fecal Microbiota Transplantation

Nowadays, the only approved clinical indication for FMT is represented by CD], for
which new formulations (i.e., orally administrable) are being launched with promising
results [79]. On the contrary, FMT application for the treatment of other diseases is still in
an exploratory phase. To the best of our knowledge, only two reports of FMT as a corrective
approach for cancer cachexia exist. In the first study, the employment of germ-free mice
compared to conventional ones demonstrated the importance of intestinal microbiota
in regulating skeletal muscle mass and function. When gut microbiota was restored in
germ-free mice through FMT from conventional animals, muscle mass was recovered,
muscle atrophy markers were lowered, muscular energy and protein metabolism were
re-established, and locomotor activity and neuromuscular junctions returned to normal [32].
The study by de Clercq et al. represents the only report of microbiota manipulation on
human cachectic patients. In detail, autologous or allogenic FMT from obese donors
was performed on 24 cachectic patients with metastatic gastroesophageal cancer. The
engraftment of the FMT was confirmed by analyzing gut microbiota before and after the
transplantation in both groups since, although not showing differences in alpha-diversity
metrics, the taxonomic composition of patients after receiving allogenic FMT was different
from the baseline and similar to that of the donors. This shift did not occur in patients
receiving autologous FMT. Improvements in the disease control rate, overall survival, and
progression-free survival were observed in patients receiving allogenic FMT; nevertheless,
no significant positive effect on cachexia outcome was recorded, as demonstrated by
unaffected appetite and caloric intake [80].

5. Conclusions

Cancer cachexia is a serious but still neglected medical issue for which no effective and
resolutive treatment has been so far identified, so patients” quality of life, clinical outcome,
and overall survival remain negatively compromised. As reviewed in this study, several
lines of evidence show a potential link between gut microbiota with their metabolites, and
cancer cachexia symptoms and markers, thus suggesting that manipulation of microbiota
could help in restoring eubiosis and relieving the clinical manifestations of this syndrome.
Among the strategies for reshaping gut microbiota, the administration of probiotics, prebi-
otics, and synbiotics provided some encouraging, albeit preliminary, results. In addition,
the FMT is arising as a way to re-establish a health-associated microbiota in a number of
disease conditions, including cancer cachexia which, however, is still in its infancy.

Due to the novelty of these microbiota manipulation approaches, the efficacy and
safety of long-term effects remain unexplored. Moreover, almost all the evidence gathered
so far associates microbiota strategies of manipulations and cancer cachexia come with
preclinical models, whereas human studies are still lacking. For these reasons, further
investigations are needed to fully exploit the potential of microbiota-targeted interventions
in the clinical management of cancer cachexia.

Author Contributions: Conceptualization, V.P.; methodology, C.P., A.V,; formal analysis, C.P., V.P;
investigation, C.P., A.V,, EE, A.P; data curation, V.P, EP, C.E, A.P; writing—original draft, all
authors. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by “Associazione Italiana Ricerca sul Cancro (AIRC) under IG
2019—ID. 23006 project—to P.I. Pazienza Valerio” and by the Italian Ministry of Health through
Ricerca Corrente Program 2022-2024.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Int. ]. Mol. Sci. 2023, 24, 1849 11 0f 14

Data Availability Statement: Not applicable.
Acknowledgments: We thank Elena Binda and Gilberto Salvatore Pazienza for their support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Argiles, ].M.; Busquets, S.; Stemmler, B.; Lopez-Soriano, EJ. Cancer cachexia: Understanding the molecular basis. Nat. Rev. Cancer
2014, 14, 754-762. [CrossRef]

2. Ni, J; Zhang, L. Cancer Cachexia: Definition, Staging, and Emerging Treatments. Cancer Manag. Res. 2020, 12, 5597-5605.
[CrossRef]

3. Braha, A.; Albai, A,; Timar, B.; Negru, S.; Sorin, S.; Roman, D.; Popovici, D. Nutritional Interventions to Improve Cachexia
Outcomes in Cancer-A Systematic Review. Medicina 2022, 58, 966. [CrossRef] [PubMed]

4. Fearon, K; Strasser, F.; Anker, S.D.; Bosaeus, I; Bruera, E.; Fainsinger, R.L.; Jatoi, A.; Loprinzi, C.; MacDonald, N.; Mantovani, G.;
et al. Definition and classification of cancer cachexia: An international consensus. Lancet Oncol. 2011, 12, 489-495. [CrossRef]
[PubMed]

5. Schmidt, S.F.; Rohm, M.; Herzig, S.; Berriel Diaz, M. Cancer Cachexia: More Than Skeletal Muscle Wasting. Trends Cancer 2018, 4,
849-860. [CrossRef]

6. Garcia, ].M.; Dunne, RE; Santiago, K.; Martin, L.; Birnbaum, M.J.; Crawford, J.; Hendifar, A.E.; Kochanczyk, M.; Moravek,
C.; Piccinin, D.; et al. Addressing unmet needs for people with cancer cachexia: Recommendations from a multistakeholder
workshop. J. Cachexia Sarcopenia Muscle 2022, 13, 1418-1425. [CrossRef]

7. Mitsunaga, S.; Kasamatsu, E.; Machii, K. Incidence and frequency of cancer cachexia during chemotherapy for advanced
pancreatic ductal adenocarcinoma. Support. Care Cancer 2020, 28, 5271-5279. [CrossRef] [PubMed]

8.  Porporato, P.E. Understanding cachexia as a cancer metabolism syndrome. Oncogenesis 2016, 5, e200. [CrossRef] [PubMed]

9. Argiles, ].M.; Lopez-Soriano, EJ.; Stemmler, B.; Busquets, S. Novel targeted therapies for cancer cachexia. Biochem. ]. 2017, 474,
2663-2678. [CrossRef] [PubMed]

10. McGovern, J.; Dolan, R.D.; Skipworth, R.J.; Laird, B.J.; McMillan, D.C. Cancer cachexia: A nutritional or a systemic inflammatory
syndrome? Br. J. Cancer 2022, 127, 379-382. [CrossRef]

11. Rohm, M.; Zeigerer, A.; Machado, ].; Herzig, S. Energy metabolism in cachexia. EMBO Rep. 2019, 20, e47258. [CrossRef] [PubMed]

12.  Thomas, D.R. Distinguishing starvation from cachexia. Clin. Geriatr. Med. 2002, 18, 883-891. [CrossRef] [PubMed]

13. Cao, Z; Scott, AM.; Hoogenraad, N.J.; Osellame, L.D. Mediators and clinical treatment for cancer cachexia: A systematic review.
JCSM Rapid Commun. 2021, 4, 166-186. [CrossRef]

14. Naito, T. Emerging Treatment Options For Cancer-Associated Cachexia: A Literature Review. Ther. Clin. Risk Manag. 2019, 15,
1253-1266. [CrossRef] [PubMed]

15. Wang, Y.F; An, Z.Y,; Lin, D.H.; Jin, W.L. Targeting cancer cachexia: Molecular mechanisms and clinical study. MedComm 2022,
3, el164. [CrossRef] [PubMed]

16. Madeddu, C.; Maccio, A.; Mantovani, G. Multitargeted treatment of cancer cachexia. Crit. Rev. Oncog. 2012, 17, 305-314.
[CrossRef]

17.  Loprinzi, C.L.; Michalak, J.C.; Schaid, D.J.; Mailliard, J.A.; Athmann, L.M.; Goldberg, R M.; Tschetter, L.K.; Hatfield, A.K.; Morton,
R.F. Phase III evaluation of four doses of megestrol acetate as therapy for patients with cancer anorexia and/or cachexia. J. Clin.
Oncol. 1993, 11, 762-767. [CrossRef]

18. Ferrara, M.; Samaden, M.; Ruggieri, E.; Venereau, E. Cancer cachexia as a multiorgan failure: Reconstruction of the crime scene.
Front. Cell Dev. Biol. 2022, 10, 960341. [CrossRef]

19. Herremans, K.M.; Riner, A.N.; Cameron, M.E.; Trevino, J.G. The Microbiota and Cancer Cachexia. Int. ]. Mol. Sci. 2019, 20, 6267.
[CrossRef]

20. Ruusunen, A.; Rocks, T.; Jacka, F,; Loughman, A. The gut microbiome in anorexia nervosa: Relevance for nutritional rehabilitation.
Psychopharmacology 2019, 236, 1545-1558. [CrossRef]

21. Kang, L, Li, P; Wang, D.; Wang, T.; Hao, D.; Qu, X. Alterations in intestinal microbiota diversity, composition, and function in
patients with sarcopenia. Sci. Rep. 2021, 11, 4628. [CrossRef]

22.  Ghosh, S.; Whitley, C.S.; Haribabu, B.; Jala, V.R. Regulation of Intestinal Barrier Function by Microbial Metabolites. Cell. Mol.
Gastroenterol. Hepatol. 2021, 11, 1463-1482. [CrossRef] [PubMed]

23.  Giron, M,; Thomas, M.; Dardevet, D.; Chassard, C.; Savary-Auzeloux, I. Gut microbes and muscle function: Can probiotics make
our muscles stronger? J. Cachexia Sarcopenia Muscle 2022, 13, 1460-1476. [CrossRef] [PubMed]

24. Przewlocka, K.; Folwarski, M.; Kazmierczak-Siedlecka, K.; Skonieczna-Zydecka, K.; Kaczor, ].J. Gut-Muscle AxisExists and May
Affect Skeletal Muscle Adaptation to Training. Nutrients 2020, 12, 1451. [CrossRef]

25.  Genton, L.; Mareschal, J.; Charretier, Y.; Lazarevic, V.; Bindels, L.B.; Schrenzel, J. Targeting the Gut Microbiota to Treat Cachexia.
Front. Cell. Infect. Microbiol. 2019, 9, 305. [CrossRef]

26. Lin, R.; Liu, W.; Piao, M.; Zhu, H. A review of the relationship between the gut microbiota and amino acid metabolism. Amino

Acids 2017, 49, 2083-2090. [CrossRef]


http://doi.org/10.1038/nrc3829
http://doi.org/10.2147/CMAR.S261585
http://doi.org/10.3390/medicina58070966
http://www.ncbi.nlm.nih.gov/pubmed/35888685
http://doi.org/10.1016/S1470-2045(10)70218-7
http://www.ncbi.nlm.nih.gov/pubmed/21296615
http://doi.org/10.1016/j.trecan.2018.10.001
http://doi.org/10.1002/jcsm.12910
http://doi.org/10.1007/s00520-020-05346-8
http://www.ncbi.nlm.nih.gov/pubmed/32103356
http://doi.org/10.1038/oncsis.2016.3
http://www.ncbi.nlm.nih.gov/pubmed/26900952
http://doi.org/10.1042/BCJ20170032
http://www.ncbi.nlm.nih.gov/pubmed/28751550
http://doi.org/10.1038/s41416-022-01826-2
http://doi.org/10.15252/embr.201847258
http://www.ncbi.nlm.nih.gov/pubmed/30890538
http://doi.org/10.1016/S0749-0690(02)00032-0
http://www.ncbi.nlm.nih.gov/pubmed/12608511
http://doi.org/10.1002/rco2.30
http://doi.org/10.2147/TCRM.S196802
http://www.ncbi.nlm.nih.gov/pubmed/31754304
http://doi.org/10.1002/mco2.164
http://www.ncbi.nlm.nih.gov/pubmed/36105371
http://doi.org/10.1615/CritRevOncog.v17.i3.80
http://doi.org/10.1200/JCO.1993.11.4.762
http://doi.org/10.3389/fcell.2022.960341
http://doi.org/10.3390/ijms20246267
http://doi.org/10.1007/s00213-018-5159-2
http://doi.org/10.1038/s41598-021-84031-0
http://doi.org/10.1016/j.jcmgh.2021.02.007
http://www.ncbi.nlm.nih.gov/pubmed/33610769
http://doi.org/10.1002/jcsm.12964
http://www.ncbi.nlm.nih.gov/pubmed/35278043
http://doi.org/10.3390/nu12051451
http://doi.org/10.3389/fcimb.2019.00305
http://doi.org/10.1007/s00726-017-2493-3

Int. ]. Mol. Sci. 2023, 24, 1849 12 of 14

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Ziemons, J.; Smidt, M.L.; Damink, S.O.; Rensen, S.S. Gut microbiota and metabolic aspects of cancer cachexia. Best Pract. Res. Clin.
Endocrinol. Metab. 2021, 35, 101508. [CrossRef]

Ni, Y.; Lohinai, Z.; Heshiki, Y.; Dome, B.; Moldvay, J.; Dulka, E.; Galffy, G.; Berta, J.; Weiss, G.J.; Sommer, M.O.A_; et al. Distinct
composition and metabolic functions of human gut microbiota are associated with cachexia in lung cancer patients. ISME J. 2021,
15, 3207-3220. [CrossRef]

Potgens, S.A.; Thibaut, M.M.; Joudiou, N.; Sboarina, M.; Neyrinck, A.M.; Cani, P.D.; Claus, S.P; Delzenne, N.M.; Bindels, L.B.
Multi-compartment metabolomics and metagenomics reveal major hepatic and intestinal disturbances in cancer cachectic mice.
J. Cachexia Sarcopenia Muscle 2021, 12, 456—475. [CrossRef]

Ubachs, J.; Ziemons, J.; Soons, Z.; Aarnoutse, R.; van Dijk, D.P].; Penders, J.; van Helvoort, A.; Smidt, M.L.; Kruitwagen, R,;
Baade-Corpelijn, L.; et al. Gut microbiota and short-chain fatty acid alterations in cachectic cancer patients. J. Cachexia Sarcopenia
Muscle 2021, 12, 2007-2021. [CrossRef]

Boscaini, S.; Leigh, S.J.; Lavelle, A.; Garcia-Cabrerizo, R.; Lipuma, T.; Clarke, G.; Schellekens, H.; Cryan, J.F. Microbiota and body
weight control: Weight watchers within? Mol. Metab. 2021, 57, 101427. [CrossRef]

Lahiri, S.; Kim, H.; Garcia-Perez, I.; Reza, M.M.; Martin, K.A.; Kundu, P.; Cox, L.M.; Selkrig, ].; Posma, ].M.; Zhang, H.; et al. The
gut microbiota influences skeletal muscle mass and function in mice. Sci. Transl. Med. 2019, 11, eaan5662. [CrossRef] [PubMed]
Qiu, Y; Yu, J.; Li, Y;; Yang, F; Yu, H.; Xue, M.; Zhang, F.; Jiang, X.; Ji, X.; Bao, Z. Depletion of gut microbiota induces skeletal
muscle atrophy by FXR-FGF15/19 signalling. Ann. Med. 2021, 53, 508-522. [CrossRef]

Bindels, L.B.; Beck, R.; Schakman, O.; Martin, J.C.; De Backer, F.; Sohet, EM.; Dewulf, E.M.; Pachikian, B.D.; Neyrinck, A.M.;
Thissen, J.P.; et al. Restoring specific lactobacilli levels decreases inflammation and muscle atrophy markers in an acute leukemia
mouse model. PLoS ONE 2012, 7, €37971. [CrossRef]

Bindels, L.B.; Neyrinck, A.M.; Claus, S.P; Le Roy, C.L; Grangette, C.; Pot, B.; Martinez, I.; Walter, J.; Cani, P.D.; Delzenne, N.M.
Synbiotic approach restores intestinal homeostasis and prolongs survival in leukaemic mice with cachexia. ISME J. 2016, 10,
1456-1470. [CrossRef]

Potgens, S.A.; Brossel, H.; Sboarina, M.; Catry, E.; Cani, P.D.; Neyrinck, A.M.; Delzenne, N.M.; Bindels, L.B. Klebsiella oxytoca
expands in cancer cachexia and acts as a gut pathobiont contributing to intestinal dysfunction. Sci. Rep. 2018, 8, 12321. [CrossRef]
Feng, L.; Zhang, W.; Shen, Q.; Miao, C.; Chen, L.; Li, Y,; Gu, X,; Fan, M.; Ma, Y.; Wang, H.; et al. Bile acid metabolism dysregulation
associates with cancer cachexia: Roles of liver and gut microbiome. J. Cachexia Sarcopenia Muscle 2021, 12, 1553-1569. [CrossRef]
Castellani, C.; Singer, G.; Kaiser, M.; Kaiser, T.; Huang, J.; Sperl, D.; Kashofer, K.; Fauler, G.; Guertl-Lackner, B.; Hofler, G.; et al.
Neuroblastoma causes alterations of the intestinal microbiome, gut hormones, inflammatory cytokines, and bile acid composition.
Pediatr. Blood Cancer 2017, 64, €26425. [CrossRef]

de Maria, Y.; Aciole Barbosa, D.; Menegidio, F.B.; Santos, K.; Humberto, A.C.; Alencar, V.C.; Silva, ]J.ES.; Costa de Oliveira,
R.; Batista, M.L., Jr.; Nunes, L.R.; et al. Analysis of mouse faecal dysbiosis, during the development of cachexia, induced by
transplantation with Lewis lung carcinoma cells. Microbiology 2021, 167, 001088. [CrossRef]

Choi, E.; Carruthers, K.; Zhang, L.; Thomas, N.; Battaglino, R.A.; Morse, L.R.; Widrick, J.J. Concurrent muscle and bone
deterioration in a murine model of cancer cachexia. Physiol. Rep. 2013, 1, e00144. [CrossRef]

Deboer, M.D. Animal models of anorexia and cachexia. Expert Opin. Drug Discov. 2009, 4, 1145-1155. [CrossRef] [PubMed]
Jabes, D.L.; de Maria, Y.; Aciole Barbosa, D.; Santos, K.; Carvalho, L.M.; Humberto, A.C.; Alencar, V.C.; Costa de Oliveira, R.;
Batista, M.L., Jr.; Menegidio, E.B.; et al. Fungal Dysbiosis Correlates with the Development of Tumor-Induced Cachexia in Mice.
J. Fungi 2020, 6, 364. [CrossRef] [PubMed]

Hakozaki, T.; Nolin-Lapalme, A.; Kogawa, M.; Okuma, Y.; Nakamura, S.; Moreau-Amaru, D.; Tamura, T.; Hosomi, Y.; Takeyama,
H.; Richard, C.; et al. Cancer Cachexia among Patients with Advanced Non-Small-Cell Lung Cancer on Immunotherapy: An
Observational Study with Exploratory Gut Microbiota Analysis. Cancers 2022, 14, 5405. [CrossRef] [PubMed]

Pedersen, H K.; Gudmundsdottir, V.; Nielsen, H.B.; Hyotylainen, T.; Nielsen, T.; Jensen, B.A.; Forslund, K.; Hildebrand, F.; Prifti,
E.; Falony, G.; et al. Human gut microbes impact host serum metabolome and insulin sensitivity. Nature 2016, 535, 376-381.
[CrossRef]

Mielcarek, M.; Smolenski, R.T.; Isalan, M. Transcriptional Signature of an Altered Purine Metabolism in the Skeletal Muscle of a
Huntington’s Disease Mouse Model. Front. Physiol. 2017, 8, 127. [CrossRef] [PubMed]

Miller, S.G.; Hafen, P.S.; Brault, ].J. Increased Adenine Nucleotide Degradation in Skeletal Muscle Atrophy. Int. |. Mol. Sci. 2020,
21, 88. [CrossRef] [PubMed]

Laverdure, R.; Mezouari, A.; Carson, M.A.; Basiliko, N.; Gagnon, J. A role for methanogens and methane in the regulation of
GLP-1. Endocrinol. Diabetes Metab. 2018, 1, €00006. [CrossRef]

Massier, L.; Bluher, M.; Kovacs, P.; Chakaroun, R.M. Impaired Intestinal Barrier and Tissue Bacteria: Pathomechanisms for
Metabolic Diseases. Front. Endocrinol. 2021, 12, 616506. [CrossRef]

An, ]JM.; Kang, E.A; Han, YM.; Oh, J.Y;; Lee, D.Y.; Choi, S.H.; Kim, D.H.; Hahm, K.B. Dietary intake of probiotic kimchi
ameliorated IL-6-driven cancer cachexia. J. Clin. Biochem. Nutr. 2019, 65, 109-117. [CrossRef]

Bindels, L.B.; Neyrinck, A.M.; Salazar, N.; Taminiau, B.; Druart, C.; Muccioli, G.G.; Francois, E.; Blecker, C.; Richel, A.; Daube, G,;
et al. Non Digestible Oligosaccharides Modulate the Gut Microbiota to Control the Development of Leukemia and Associated
Cachexia in Mice. PLoS ONE 2015, 10, e0131009. [CrossRef]


http://doi.org/10.1016/j.beem.2021.101508
http://doi.org/10.1038/s41396-021-00998-8
http://doi.org/10.1002/jcsm.12684
http://doi.org/10.1002/jcsm.12804
http://doi.org/10.1016/j.molmet.2021.101427
http://doi.org/10.1126/scitranslmed.aan5662
http://www.ncbi.nlm.nih.gov/pubmed/31341063
http://doi.org/10.1080/07853890.2021.1900593
http://doi.org/10.1371/journal.pone.0037971
http://doi.org/10.1038/ismej.2015.209
http://doi.org/10.1038/s41598-018-30569-5
http://doi.org/10.1002/jcsm.12798
http://doi.org/10.1002/pbc.26425
http://doi.org/10.1099/mic.0.001088
http://doi.org/10.1002/phy2.144
http://doi.org/10.1517/17460440903300842
http://www.ncbi.nlm.nih.gov/pubmed/20160874
http://doi.org/10.3390/jof6040364
http://www.ncbi.nlm.nih.gov/pubmed/33322197
http://doi.org/10.3390/cancers14215405
http://www.ncbi.nlm.nih.gov/pubmed/36358821
http://doi.org/10.1038/nature18646
http://doi.org/10.3389/fphys.2017.00127
http://www.ncbi.nlm.nih.gov/pubmed/28303108
http://doi.org/10.3390/ijms21010088
http://www.ncbi.nlm.nih.gov/pubmed/31877712
http://doi.org/10.1002/edm2.6
http://doi.org/10.3389/fendo.2021.616506
http://doi.org/10.3164/jcbn.19-10
http://doi.org/10.1371/journal.pone.0131009

Int. ]. Mol. Sci. 2023, 24, 1849 13 of 14

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Huang, G.; Khan, I; Li, X.; Chen, L.; Leong, W.; Ho, L.T.; Hsiao, W.L.W. Ginsenosides Rb3 and Rd reduce polyps formation
while reinstate the dysbiotic gut microbiota and the intestinal microenvironment in Apc(Min/+) mice. Sci. Rep. 2017, 7, 12552.
[CrossRef] [PubMed]

Sakakida, T.; Ishikawa, T.; Doi, T.; Morita, R.; Endo, Y.; Matsumura, S.; Ota, T.; Yoshida, J.; Hirai, Y.; Mizushima, K.; et al.
Water-soluble dietary fiber alleviates cancer-induced muscle wasting through changes in gut microenvironment in mice. Cancer
Sci. 2022, 113, 1789-1800. [CrossRef] [PubMed]

Varian, B.J.; Gourishetti, S.; Poutahidis, T.; Lakritz, J.R.; Levkovich, T.; Kwok, C.; Teliousis, K.; Ibrahim, Y.M.; Mirabal, S.; Erdman,
S.E. Beneficial bacteria inhibit cachexia. Oncotarget 2016, 7, 11803-11816. [CrossRef] [PubMed]

Hill, C.; Guarner, E; Reid, G.; Gibson, G.R.; Merenstein, D.J.; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.J.; Salminen, S.; et al. Expert
consensus document. The International Scientific Association for Probiotics and Prebiotics consensus statement on the scope and
appropriate use of the term probiotic. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 506-514. [CrossRef] [PubMed]

LeBlanc, ].G.; Laino, J.E.; del Valle, M.].; Vannini, V.; van Sinderen, D.; Taranto, M.P.; de Valdez, G.F.; de Giori, G.S.; Sesma, F.
B-group vitamin production by lactic acid bacteria—current knowledge and potential applications. J. Appl. Microbiol. 2011, 111,
1297-1309. [CrossRef]

Rudzki, L.; Stone, T.W.; Maes, M.; Misiak, B.; Samochowiec, J.; Szulc, A. Gut microbiota-derived vitamins-underrated powers of a
multipotent ally in psychiatric health and disease. Prog. Neuropsychopharmacol. Biol. Psychiatry 2021, 107, 110240. [CrossRef]
Roobab, U.; Batool, Z.; Manzoor, M.E,; Shabbir, M.A.; Khan, M.R.; Aadil, R M. Sources, formulations, advanced delivery and
health benefits of probiotics. Curr. Opin. Food Sci. 2020, 32, 17-28. [CrossRef]

Silva, D.R.; de Cassia Orlandi Sardji, ].; de Souza Pitangui, N.; Magri Roque, S.; Barbosa da Silva, A.C.; Rosalen, P.L. Probiotics as
an alternative antimicrobial therapy: Current reality and future directions. J. Funct. Foods 2020, 73, 104080. [CrossRef]

de Melo Pereira, G.V.; de Oliveira Coelho, B.; Magalhaes Junior, A.L; Thomaz-Soccol, V.; Soccol, C.R. How to select a probiotic? A
review and update of methods and criteria. Biotechnol. Adv. 2018, 36, 2060-2076. [CrossRef]

Gibson, G.R.; Hutkins, R.; Sanders, M.E.; Prescott, S.L.; Reimer, R.A.; Salminen, S.J.; Scott, K.; Stanton, C.; Swanson, K.S.; Cani,
P.D.; et al. Expert consensus document: The International Scientific Association for Probiotics and Prebiotics (ISAPP) consensus
statement on the definition and scope of prebiotics. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 491-502. [CrossRef]

Rodrigues, EJ.; Cedran, M.F; Bicas, J.L.; Sato, H.H. Encapsulated probiotic cells: Relevant techniques, natural sources as
encapsulating materials and food applications-A narrative review. Food Res. Int. 2020, 137, 109682. [CrossRef] [PubMed]
Swanson, K.S.; Gibson, G.R.; Hutkins, R.; Reimer, R.A.; Reid, G.; Verbeke, K.; Scott, K.P.; Holscher, H.D.; Azad, M.B.; Delzenne,
N.M.; et al. The International Scientific Association for Probiotics and Prebiotics (ISAPP) consensus statement on the definition
and scope of synbiotics. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 687-701. [CrossRef] [PubMed]

Choi, H.H.; Cho, Y.S. Fecal Microbiota Transplantation: Current Applications, Effectiveness, and Future Perspectives. Clin. Endosc.
2016, 49, 257-265. [CrossRef] [PubMed]

Thilakarathna, W.P.D.W,; Langille, M.G.I.; Rupasinghe, H.P.V. Polyphenol-based prebiotics and synbiotics: Potential for cancer
chemoprevention. Curr. Opin. Food Sci. 2018, 20, 51-57. [CrossRef]

Kim, K.O.; Gluck, M. Fecal Microbiota Transplantation: An Update on Clinical Practice. Clin. Endosc. 2019, 52, 137-143. [CrossRef]
Zuo, T.; Wong, SH.; Lam, K,; Lui, R;; Cheung, K.; Tang, W.; Ching, J.Y.L.; Chan, PK.S.; Chan, M.C.W.; Wy, J.C.Y,; et al.
Bacteriophage transfer during faecal microbiota transplantation in Clostridium difficile infection is associated with treatment
outcome. Gut 2017, 67, 634-643.

Feehley, T.; Plunkett, C.H.; Bao, R.; Choi Hong, S.M.; Culleen, E.; Belda-Ferre, P.; Campbell, E.; Aitoro, R.; Nocerino, R.; Paparo, L.;
et al. Healthy infants harbor intestinal bacteria that protect against food allergy. Nat. Med. 2019, 25, 448-453. [CrossRef]
Wardill, H.R.; Secombe, K.R.; Bryant, R.V.; Hazenberg, M.D.; Costello, S.P. Adjunctive fecal microbiota transplantation in
supportive oncology: Emerging indications and considerations in immunocompromised patients. EBioMedicine 2019, 44, 730-740.
[CrossRef]

Kelly, C.R.; Thunnah, C.; Fischer, M.; Khoruts, A.; Surawicz, C.; Afzali, A.; Aroniadis, O.; Barto, A.; Borody, T.; Giovanelli, A.; et al.
Fecal microbiota transplant for treatment of Clostridium difficile infection in immunocompromised patients. Am. |. Gastroenterol.
2014, 109, 1065-1071. [CrossRef]

Suchman, K.; Luo, Y.; Grinspan, A. Fecal Microbiota Transplant for Clostridioides Difficile Infection Is Safe and Efficacious in an
Immunocompromised Cohort. Dig. Dis. Sci. 2022, 67, 4866—4873. [CrossRef]

Agrawal, M.; Aroniadis, O.C.; Brandt, L.].; Kelly, C.; Freeman, S.; Surawicz, C.; Broussard, E.; Stollman, N.; Giovanelli, A.; Smith,
B.; et al. The Long-term Efficacy and Safety of Fecal Microbiota Transplant for Recurrent, Severe, and Complicated Clostridium
difficile Infection in 146 Elderly Individuals. J. Clin. Gastroenterol. 2016, 50, 403—407. [CrossRef]

Nigam, M.; Panwar, A.S.; Singh, R.K. Orchestrating the fecal microbiota transplantation: Current technological advancements
and potential biomedical application. Front. Med. Technol. 2022, 4, 961569. [CrossRef] [PubMed]

Servetas, S.L.; Daschner, PJ.; Guyard, C.; Thomas, V.; Affagard, H.; Sergaki, C.; Sokol, H.; Wargo, J.A.; Wu, G.D.; Sabot, P.
Evolution of FMT-From early clinical to standardized treatments. Biologicals 2022, 76, 31-35. [CrossRef] [PubMed]

Bindels, L.B.; Neyrinck, A.M.; Loumaye, A.; Catry, E.; Walgrave, H.; Cherbuy, C.; Leclercq, S.; Van Hul, M.; Plovier, H.; Pachikian,
B.; et al. Increased gut permeability in cancer cachexia: Mechanisms and clinical relevance. Oncotarget 2018, 9, 18224-18238.
[CrossRef] [PubMed]


http://doi.org/10.1038/s41598-017-12644-5
http://www.ncbi.nlm.nih.gov/pubmed/28970547
http://doi.org/10.1111/cas.15306
http://www.ncbi.nlm.nih.gov/pubmed/35201655
http://doi.org/10.18632/oncotarget.7730
http://www.ncbi.nlm.nih.gov/pubmed/26933816
http://doi.org/10.1038/nrgastro.2014.66
http://www.ncbi.nlm.nih.gov/pubmed/24912386
http://doi.org/10.1111/j.1365-2672.2011.05157.x
http://doi.org/10.1016/j.pnpbp.2020.110240
http://doi.org/10.1016/j.cofs.2020.01.003
http://doi.org/10.1016/j.jff.2020.104080
http://doi.org/10.1016/j.biotechadv.2018.09.003
http://doi.org/10.1038/nrgastro.2017.75
http://doi.org/10.1016/j.foodres.2020.109682
http://www.ncbi.nlm.nih.gov/pubmed/33233258
http://doi.org/10.1038/s41575-020-0344-2
http://www.ncbi.nlm.nih.gov/pubmed/32826966
http://doi.org/10.5946/ce.2015.117
http://www.ncbi.nlm.nih.gov/pubmed/26956193
http://doi.org/10.1016/j.cofs.2018.02.011
http://doi.org/10.5946/ce.2019.009
http://doi.org/10.1038/s41591-018-0324-z
http://doi.org/10.1016/j.ebiom.2019.03.070
http://doi.org/10.1038/ajg.2014.133
http://doi.org/10.1007/s10620-021-07347-x
http://doi.org/10.1097/MCG.0000000000000410
http://doi.org/10.3389/fmedt.2022.961569
http://www.ncbi.nlm.nih.gov/pubmed/36212607
http://doi.org/10.1016/j.biologicals.2022.01.004
http://www.ncbi.nlm.nih.gov/pubmed/35086768
http://doi.org/10.18632/oncotarget.24804
http://www.ncbi.nlm.nih.gov/pubmed/29719601

Int. ]. Mol. Sci. 2023, 24, 1849 14 of 14

75.

76.

77.

78.

79.

80.

Martin, R.; Miquel, S.; Chain, F; Natividad, ] M.; Jury, ].; Lu, J.; Sokol, H.; Theodorou, V.; Bercik, P.; Verdu, E.F; et al. Faecalibac-
terium prausnitzii prevents physiological damages in a chronic low-grade inflammation murine model. BMC Microbiol. 2015,
15, 67. [CrossRef] [PubMed]

Carlsson, A.H.; Yakymenko, O.; Olivier, I.; Hakansson, E; Postma, E.; Keita, A.V.; Soderholm, J.D. Faecalibacterium prausnitzii
supernatant improves intestinal barrier function in mice DSS colitis. Scand. ]. Gastroenterol. 2013, 48, 1136-1144. [CrossRef]
[PubMed]

Chen, L.; Brar, M.S.; Leung, F.C.; Hsiao, W.L. Triterpenoid herbal saponins enhance beneficial bacteria, decrease sulfate-reducing
bacteria, modulate inflammatory intestinal microenvironment and exert cancer preventive effects in ApcMin/+ mice. Oncotarget
2016, 7, 31226-31242. [CrossRef]

Obermuller, B.; Singer, G.; Kienesberger, B.; Klymiuk, I.; Sperl, D.; Stadlbauer, V.; Horvath, A.; Miekisch, W.; Gierschner, P;
Grabherr, R.; et al. The Effects of Prebiotic Supplementation with OMNi-LOGiC((R)) FIBRE on Fecal Microbiome, Fecal Volatile
Organic Compounds, and Gut Permeability in Murine Neuroblastoma-Induced Tumor-Associated Cachexia. Nutrients 2020,
12,2029. [CrossRef]

Feuerstadt, P; Louie, T.J.; Lashner, B.; Wang, E.E.L.; Diao, L.; Bryant, ].A.; Sims, M.; Kraft, C.S.; Cohen, S.H.; Berenson, C.S,;
et al. SER-109, an Oral Microbiome Therapy for Recurrent Clostridioides difficile Infection. N. Engl. |. Med. 2022, 386, 220-229.
[CrossRef]

de Clercq, N.C.; van den Ende, T,; Prodan, A.; Hemke, R.; Davids, M.; Pedersen, H.K.; Nielsen, H.B.; Groen, A.K.; de Vos, WM,;
van Laarhoven, HW.M,; et al. Fecal Microbiota Transplantation from Overweight or Obese Donors in Cachectic Patients with
Advanced Gastroesophageal Cancer: A Randomized, Double-blind, Placebo-Controlled, Phase II Study. Clin. Cancer Res. 2021, 27,
3784-3792. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1186/s12866-015-0400-1
http://www.ncbi.nlm.nih.gov/pubmed/25888448
http://doi.org/10.3109/00365521.2013.828773
http://www.ncbi.nlm.nih.gov/pubmed/23971882
http://doi.org/10.18632/oncotarget.8886
http://doi.org/10.3390/nu12072029
http://doi.org/10.1056/NEJMoa2106516
http://doi.org/10.1158/1078-0432.CCR-20-4918

	Definition and Clinical Presentation of Cancer Cachexia 
	Emerging Treatment Options of Cancer Cachexia 
	Linking Gut Microbiota to Cancer Cachexia 
	Putative Microbial Mechanisms Contributing to Cachexia Development 
	Cachexia-Related Microbiota Profiles in Animal Models 
	Cachexia-Related Microbiota Profiles in Humans 

	Targeting Gut Microbiota to Manage Cancer Cachexia 
	Probiotics 
	Prebiotics 
	Synbiotics 
	Fecal Microbiota Transplantation 

	Conclusions 
	References

