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Abstract

The gut epithelium is a habitat of a variety of microorganisms, including bacteria, fungi, viruses
and Archaea. With the advent of sophisticated molecular techniques and bioinformatics tools, more
information on the composition and thus function of gut microbiota was revealed. The gut microbiota
as an integral part of the intestinal barrier has been shown to be involved in shaping the mucosal in-
nate and adaptive immune response and to provide protection against pathogens. Consequently, a set
of biochemical signals exchanged within microbes and communication between the microbiota and the
host have opened a new way of thinking about cancer biology. Probiotics are living organisms which
administered in adequate amounts may bring health benefits and have the potential to be an integral
part of the prevention/treatment strategies in clinical approaches. Here we provide a comprehensive
review of data linking gut microbiota to cancer pathogenesis and its clinical course. We focus on gas-
trointestinal cancers, such as gastric, colorectal, pancreatic and liver cancer.
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Introduction

A complex of intestinal microorganisms, referred to as
gut microbiota, has recently been acknowledged as one of
the pivotal players of human health [1]. Multiple studies
have elegantly demonstrated that gnotobiotic models pres-
ent skewed biochemical traits, at least partly restored via
recolonization and/or administration of microbiota metab-
olites [2, 3]. Indeed, fecal transplantation has been shown
to induce long-term immunity-related effects positively
associated with carcinogenesis secondary to infection [4].
Overall, the involvement of altered gut microbiota in tu-
morigenesis of both local and distal tissues is considered
to be predominantly a result of disrupted immune-related
pathways [5]. In particular, microbiota can induce tumor
promoting inflammation, as well as the ability to evoke
immunosuppression that helps cancer cells to avoid im-
mune destruction [6]. Additionally, microbial metabolites
can deregulate host genome stability preceding cancer
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development [6]. The most common mechanism in which
microbiota alterations may be involved in cancer patho-
physiology is presented in Figure 1. Below, we review
both mechanisms in the context of gastrointestinal cancers.

Beyond the participation in carcinogenesis, indigenous
microbiota can play a pivotal role in anti-cancer treatment.
The very first study proving the immunomodulatory effect
of gut microbiota on oncogenesis provided evidence that
total body irradiation elevated the passage of lipopolysac-
charide by tumor-specific T cells from the gut lumen to
lymphoid organs. Additionally, dendritic cells were found
to be more intensively activated and the systemic concen-
tration of proinflammatory biomarkers was found to be ele-
vated [7]. It was shown that the administration of microbial
ligand-containing serum or ultrapure lipopolysaccharide
(LPS) from irradiated mice to nonirradiated counterparts
(antibody-lymphodepleted) enhanced CD8* T cell activa-
tion and improved regression of tumor. Moreover, the ad-
ministration of ultrapure LPS to irradiated mice increased
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Fig. 1. Selected microbiota-dependent mechanisms involved in carcinogenesis

the number and function of the adoptively transferred cells
and as a consequence led to long-term cure of mice with
large B16F10 tumors. The evidence was followed by a se-
ries of studies confirming that cancer treatment is less ef-
fective when administered to germ-free animals or rodents
treated with antibiotics [8]. Microbial alterations are linked
to these associations, being responsible for elevated intes-
tinal permeability and thus lower gut barrier integrity. For
instance, it was shown that cyclophosphamide induced dys-
biosis and initiated the translocation of Enterococcus hirae
into the spleen or Barnesiella intestinihominis into the co-
lon, thus mediating immunological processes of anti-tumor
response. This led to an increased intratumoral CD8/Treg
ratio and promotion of infiltration of IFN-y-producing y6T
cells in cancer lesions, respectively [9].

Interestingly, recent data support the hypothesis that
certain gut microbiota composition may influence the an-
ti-cancer treatment efficacy [10]. Using different “-omic”
approaches, scientists could stratify patients as responders
and non-responders. This is what has recently been done
by means of metagenomic fingerprints in persons treat-
ed with anti-PD-1 antibodies [11-14]. Overall, the higher
abundance of commensal microbes, such as Clostridiales,
Ruminococcaceae, Faecalibacterium spp., Akkermansia
muciniphila, Bacteroides fragilis, Bifidobacteria, Entero-
cocci, Collinsella, and Alistipes may elevate the probabil-
ity of higher treatment success [15]. If so, studies suggest
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that certain probiotics administered to restore homeostasis
within gut microbiota may modify the risk of carcinogen-
esis. Furthermore, microbiota-based therapy has the poten-
tial to enhance the anti-cancer treatment and diminish the
prevalence of adverse effects [16-18]. Lastly, gut bacteria
were reported to be involved in deactivating drugs that tar-
get cancer cells.

Gastric cancer

Nowadays, gastric cancer is the fourth most common
type of cancer worldwide [17]. The stomach is also a site
of the most common marginal zone lymphoma of the di-
gestive tract — gastric mucosa-associated lymphoid tissue
(MALT) lymphoma [19]. One of the preventable risk fac-
tors of both gastric cancer and gastric MALT lymphoma
is Helicobacter pylori infection [20]. This Gram-negative
bacterium possesses several mechanisms to survive in the
acid gastric lumen and to induce chronic gastritis [19].
While gastric adenocarcinoma is associated with infection
with certain H. pylori strains (possessing a cag pathogenic-
ity island in their genomes), gastric MALT lymphoma can
be a result of any H. pylori infection [19]. The eradication
of H. pylori is recommended as a prevention and part of
treatment in the abovementioned cancers [20].

Gastric microbiota mainly consists of Proteobacteria,
Firmicutes, Bacteroidetes, Fusobacteria and Actinobacte-
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ria [21]. However, the composition of gastric microbiota
varies individually. Gastric microbiota may be associated
with gastric cancer development. Wang et al. observed
that Lactobacillus, Escherichia-Shigella, Nitrospirae,
Burkholderia fungorum and Lachnospiraceae were en-
riched in gastric mucosal biopsy specimens from patients
with non-cardia gastric cancer [21]. Thus increased abun-
dance of lactic acid bacteria (Lactococcus and Lactobacil-
lus genera) may be linked to the carcinogenesis process.
Yu et al. have reported that Lactobacillus sp. is commonly
known as a genus beneficial to the host, but elevated levels
of lactic acid being its common metabolite can be detri-
mental in the context of cancer development [22]. Lactate
was shown to promote inflammation and stimulate tumor
angiogenesis. Additionally, it can be a source of energy
for tumor cells, because it induces glycolytic enzymes.
Moreover, enrichment in short-chain fatty acids (SCFAs)
(predominantly butyrate, propionate, acetate) production
has also been reported. Furthermore, increased levels of
bacterial SCFAs were demonstrated to induce hyperpro-
liferation of colonic cells and oesophageal trans-differen-
tiation in Barrett’s esophagus [22, 25]. However, the ma-
jor carcinogenic pathogen of the stomach is Helicobacter
pylori. It initiates mucosal inflammation, leads to mucosal
atrophy, and as a consequence, causes development of gas-
tric cancer [22, 25].

Administration of probiotic bacteria which belong to
Lactobacillus and Bifidobacterium genera was demonstrat-
ed to potentially decrease side effects of antibiotic therapy,
which is a part of eradication therapy. It also improves
efficiency of eradication and supports intestinal microbio-
ta balance, referred to as eubiosis [23]. The meta-analysis
of Tong et al., which included 14 randomized clinical tri-
als, showed that using probiotics during antibiotic thera-
py increased the rate of Helicobacter pylori eradication.
The authors found that such microbial treatment elevated
the eradication success by almost 80% and diminished the
incidence of diarrhea, being the most prevalent adverse ef-
fect of the eradication process, by almost half [16]. What is
more interesting, a recent meta-analysis showed that probi-
otics alone may eradicate H. pylori in 14% of patients [24].
Even though this is an unsatisfactory rate from a clinical
point of view, the results confirmed probiotics’ direct an-
tibacterial action against H. pylori [24]. The viable gastric
microbiome is associated with H. pylori serological status
and it is altered in gastric carcinogenesis [25]. The chang-
es in the gastric microbiome are not only associated with
abundance of H. pylori, but also with enriched amounts of
other bacterial species. Patients with gastric cancer were
demonstrated to be enriched in Lactococcus, Veillonella
and Fusobacteriaceae (Fusobacterium and Leptotrichia)
in comparison to control subjects (functional dyspepsia
patients) [25].

Moreover, probiotics can be used to prevent side ef-
fects of perioperative nutritional support in patients with

478

gastric cancer. Malnutrition is common in upper gastroin-
testinal cancer, contributing to complications of major ab-
dominal surgery and worse overall survival [26]. However,
enteral nutrition is associated with the occurrence of com-
plications such as nausea, vomiting, flatulence, stomach
ache and diarrhea [26]. Zhao et al. assessed the influence
of fiber and probiotics administration on diarrheal symp-
toms associated with enteral nutrition in patients with gas-
tric cancer. This trial included 120 patients who received
an enteral diet for 7 days after surgery. They were divided
into 3 groups: fiber-free nutrition formula (n = 40), fi-
ber-enriched nutrition formula (n = 40), fiber- and probiot-
ic-enriched nutrition formula (n = 40). It was observed that
the frequency of diarrhea was higher in patients receiving
the fiber-free nutrition formula compared to the fiber-en-
riched nutrition formula (p = 0.007). Moreover, patients
who consumed the fiber- and probiotic-enriched formu-
la suffered less frequently from diarrhea compared to the
fiber-enriched nutrition formula (p = 0.003). There were
no significant differences between study groups regarding
laboratory parameters (prealbumin, albumin, transferrin,
total lymphocyte count) on the seventh day of dietary
treatment. Overall, probiotics in combination with fiber
reduced the incidence of diarrhea, which is one of the most
common complications of enteral nutrition [17]. In anoth-
er study conducted by Xie et al. [18], the authors found
that enteral nutrition accompanied by probiotics adminis-
tered for 8 days to patients with gastric cancer not only re-
duced the incidence of diarrhea in the postoperative period
(p =0.002), but also enhanced the immune response. It was
elegantly demonstrated that the levels of IgG, IgM, IgA
increased, while the concentrations of proinflammatory
cytokines such as IL-6, IL-8, TNF-a decreased. However,
these results did not reach statistical power, probably due
to the short period of the experimental phase (7-8 days).
Small intestinal bacterial overgrowth (SIBO) is di-
agnosed when there are 10 or more colony forming units
(CFU) per ml in the proximal part of the small intestine.
Its prevalence was estimated to vary between 2.5 and 22%
in healthy adults (depending on e.g. body mass index) and
4-70% in patients with irritable bowel syndrome [27].
Small intestinal bacterial overgrowth may be associated
with the presence of gastric and colorectal cancer. Probi-
otic therapy may counteract SIBO or diminish its severity.
These hypotheses were proven by Liang et al., who ana-
lyzed 112 patients with gastric cancer and 88 diagnosed
with colorectal cancer (CRC) [28]. In order to confirm
SIBO, the glucose-H2-breath test was performed. The gas-
trointestinal symptoms were assessed by a questionnaire,
which included abdominal pain, bloating, constipation,
appetite, diarrhea and fever. Patients in whom SIBO was
confirmed (63%) received the Bifidobacterium triple via-
ble (Bifico) mixture containing different probiotic strains
belonging to Enterococcus, Bifidobacteria and Lactobacil-
lus genera or placebo. After the treatment 19% of patients
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receiving probiotic therapy were SIBO-positive where-
as in the placebo group SIBO was confirmed in 74.6%
(p <0.01). These results confirmed that Bifidobacterium
triple viable capsule therapy may be effective in combating
SIBO. Moreover, the authors concluded that the presence
of SIBO in cancer patients was associated with proton
pump inhibitor usage and the administration of probiotic
formula reduced gastrointestinal symptoms, so probably it
may be useful in SIBO treatment [28].

Colorectal cancer

Currently, CRC is the third most common cancer
worldwide. It was reported that the abundance of Entero-
coccus faecalis, Fusobacterium nucleatum, Streptococcus
bovis/gallolyticus, Escherichia coli, Peptostreptococcus
anaerobius, Bacteroides fragilis and Helicobacter hepati-
cus has an impact on colorectal carcinogenesis [20, 29-32].
Patients with CRC were shown to have higher counts of
Enterococcus faecalis in comparison to healthy subjects
[33]. Fusobacterium nucleatum was demonstrated to mod-
ulate the E-cadherin signaling pathway, cause the activation
of T-cell factor, B-catenin, NF-kB, c-myc and cyclin D1.
These may enhance proliferation of colon cancer cells [34].
In Streptococcus bovis-infected tissues, higher expression
levels of pro-inflammatory mediators, such as IL-183, IL-8
and COX-2, were found [35]. Helicobacter hepaticus
causes the secretion of pro-inflammatory mediators, such
as IL-1B, IL-6, IL-8, TNF-a, IFN-y, so it also contributes
to the development of inflammation-induced cancer. Due
to the fact that Escherichia coli persists in immune cells
and controls secretion of pro-tumoral mediators, it also has
an impact on CRC progression [36]. Peptostreptococcus
anaerobius abundance was found to be associated with the
incidence of CRC in the mechanism encompassing inter-
action with TLR2 and TLR3, activation of SREBP-2 and
AMPK signaling and inducing oxidative stress [29]. Bac-
teroides fragilis endotoxin was reported to elevate IL.-11
production in colon cancer patients, whilst another toxin,
fragilysin, was shown to play a role in E-cadherin cleav-
age, inducing the Th-17 response and activation of STAT3
and B-catenin signaling [30, 31]. Cytolethal distending
toxin of Helicobacter hepaticus was found to increase the
expression of p21 and promote senescence and endorep-
lication, thus initiating giant polyploid cells in mice [32].

Porphyromonas gingivalis is a periopathogen involved
in chronic periodontitis, which through interference with
innate immunity promotes dysbiosis [37]. As stated above,
this pathogen is associated with pancreatic cancer occur-
rence, but also it can promote the development of colorec-
tal cancer. Porphyromonas spp. (primarily P. asaccharo-
lytica) are among the most consistently enriched taxa in
patients with colorectal cancers [38]. According to Wang
et al., P. gingivalis regulates the NLRP3 inflammasome
that results in the generation of a pro-inflammatory micro-
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environment which plays an important role in the progres-
sion of colorectal neoplasia [39]. On the other hand, the
most recent study has shown that higher amounts of Fuso-
bacterium nucleatum and Streptococcus gallolyticus, but
not Porphyromonas gingivalis, are observed in the saliva
of patients suffering from CRC in comparison to healthy
subjects, p = 0.837 [40].

The Wnt-B-catenin signaling pathway impacts many
processes such as regulation, differentiation, proliferation
and cellular death. Members of the Wnt signaling pathway
and its inhibitors can be used as biomarkers for diagnosis
and cancer treatment [41]. The Wnt/B-catenin signaling
pathway was described for the first time at the turn of the
1970s and 80s. This biochemical pathway has been divided
into the canonical pathway and several noncanonical path-
ways. The canonical pathway has been linked to f3-catenin.
It regulates T cell transcription factors influencing embryo-
genesis, differentiation, survival and proliferation of cells.
Dysfunction of the Wnt/p-catenin signaling pathway is
observed in several types of cancer [41]. Anticancer drugs
have the ability to modulate the Wnt/B-catenin signaling
pathway, but the knowledge about the role of non-toxic
agents in this field is insufficient. Probiotics-derived sub-
stances may be used as adjuvants in combination with
drugs. Indeed, an in vitro study showed that Lactobacil-
lus plantarum ATCC 10241-derived supernatant inhibit-
ed the specific markers of 5-florouracil (5-FU)-resistant
CRC cells, namely CD44, 133, 166, and ALDHI1, which
are epitopes of cancer stem cells. Also, such co-therapy
enhanced the efficacy of 5-FU via elevation of cancer cell
death and apoptosis. Most importantly, the combination
therapy elevated the inhibition of activated Wnt/p3-Catenin
signaling in chemoresistant CRCs. The authors proved that
probiotic bacteria supernatant normalized the expression
of tankyrase 1 and axin-2 in chemoresistant cells to levels
typically observed in 5-FU non-resistant parenteral cells
and consequently inhibited the accumulation of B-catenin
in the nucleus. Finally, L. plantarum ATCC 10241 and
5-FU reduced the formation and size of colonospheres
[42]. However, the data on non-toxic agents which are
Whnt/B-catenin inhibitors are scarce.

In an animal study (colon cancer model) it was re-
ported that administration of Lactobacillus acidophilus
DSM 13241 and Bifidobacterium bifidum (both in a dose
of 1 x 10 CFU/g) for 5 months decreased expression of
miR-135b, miR-155 and KRAS and increased expression
of miR-26b, miR-18a, APC, PU.1 and PTEN [43]. These
results confirmed potential capabilities of Lactobacillus
plantarum and Bifidobacterium bifidum to increase the ex-
pression of the tumor suppressor miRNA and decrease the
oncogenes linked to improved colon cancer treatment [43].
Another animal model demonstrated that administration
of Clostridium butyricum reduced the counts of Th1 and
Th17 lymphocytes and proinflammatory factors (NF-xB,
IL-22), as well as supporting apoptosis of cancer cells [44].
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Walia et al. in a study conducted in rats demonstrated
that administration of probiotics suppressed the COX-2
expression, potentially providing protection against co-
lon cancer [45]. Similar results were obtained by Kaeid
Sharaf et al. The authors utilized an experimental colon
carcinogenesis model and administration of Lactobacillus
rhamnosus GG and Lactobacillus acidophilus NCDC15
in conjunction with celecoxib, an selective COX-2 inhibi-
tor, to prove that such a combination elevated the efficacy
and minimized therapy adverse effects. Rats administered
the abovementioned therapeutics showed reduced aberrant
crypt foci (ACF) count and expression of procarcinogenic
molecular markers such as B-catenin, NF-kB and COX-2.
These results — typically found in celecoxib treatment —
were however more pronounced when drugs were given
conjointly with microbial agents [46]. Potential prevention
of colon carcinogenesis by probiotics was also evaluated
by Ohara et al., who analyzed 27 healthy persons. The par-
ticipants were divided into 2 groups: consuming yogurt
containing Bifidobacterium longum (n = 14) and taking
yogurt containing B. longum and fructooligosaccharides
(n = 13) once daily for 5 weeks. This regimen was asso-
ciated with a higher Bifidobacterium detection rate com-
pared to the study group. In addition, B. longum increased
the total content of SCFAs in the feces and decreased the
detection rate of Bacteroides fragilis and growth of putre-
factive bacteria [47]. It is essential as B. fragilis is an op-
portunistic human pathogen, which may cause peritoneal
infections [48].

Probiotics may potentially prevent postoperative in-
fection and related complications in colorectal cancer.
A meta-analysis conducted by Ouyang et al. demonstrat-
ed that probiotics may decrease infection rate, incision
infection and pneumonia incidence by almost half. The
first flatus time was found to be shortened significantly
by probiotic administration [49]. Moreover, probiotics
(Lactobacillus rhamnosus GG) may reduce the frequen-
cy of severe diarrhea and abdominal discomfort related
to 5-FU based chemotherapy [50]. The administration
of probiotic preparation VSL#3 (L.casei, L. plantarum,
L. acidophilus, L. delbrueckii, Bifidobacterium longum,
B. breve, B. infantis and Streptococcus thermophilus)
may reduce the risk of diarrhea after radiotherapy [51].
Importantly, as reported by Skonieczna-Zydecka et al.,
the efficacy of probiotics in counteracting surgery related
complications has been linked to SCFAs synthesis [52].

Pancreatic cancer

The most common type of pancreatic cancer is pancre-
atic ductal adenocarcinoma (PDAC). Chronic pancreatitis,
diabetes, cigarette smoking, and obesity are the risk factors
for PDAC [53, 54]. Moreover, there are studies showing
an association between oral, duodenal, intestinal dysbiosis
and the PDAC occurrence.
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The composition of gut microbiota in pancreatic cancer
(PC) patients was proved to be altered. Reduced diversity
and the higher abundance of certain pathogens and lipo-
polysaccharides-producing bacteria (such as Veillonella,
Klebsiella, Selenomonas, and Prevotella, Hallella, Entero-
bacter), as well as diminished counts of beneficial Bifi-
dobacterium, Coprococcus, Clostridium 1V, Blautia,
Flavonifractor, and Anaerostipes was a fecal microbiota
fingerprint in PC [55]. In contrast, patients with the cancer
in the head of the pancreas had similarly diverse micro-
biome in duodenal biopsy and significantly more diverse
microbiome of the tongue coat in comparison with healthy
individuals [56, 57]. In a recent study, the authors demon-
strated that bacteria from the duodenum migrated to the
pancreas by means of bacterial DNA profile comparison
between two organs [58]. Furthermore, patients with pan-
creatic cancers had lower relative abundance of Lactoba-
cillus spp. and higher relative abundance of Fusobacteri-
um sSpp. in pancreatic tissues in comparison to non-cancer
individuals [58]. Additionally, DNA of Helicobacter spp.
was repeatedly reported to be detected in pancreatic can-
cer tissues [59, 60]. Moreover, presence of Fusobacterium
spp. in PDAC tissue was independently associated with
a worse prognosis [60]. The other studies proved that not
only gut but also oral dysbiosis may also be associated
with higher risk of pancreatic cancer. It was evidenced that
increased counts of Porphyromonas gingivalis and elevat-
ed levels of blood serum antibodies against this bacterial
species dominate in pancreatic cancer patients [61]. Other
studies demonstrated that low concentrations of Neisseria
elongata, Corynebacterium spp., and Streptococcus mitis
and increased concentrations of Granulicatella adiacens
and Porphyromonas gingivalis may indicate the cancer
origin [62, 63].

Helicobacter pylori infection is also a considerable risk
factor for PDAC and is thought to be involved in chronic
and acute pancreatitis (as well as autoimmune pancreati-
tis). Pathogenic components (ammonia, LPS, inflamma-
tory cytokines) derived from H. pylori cause pancreas
damage. H. pylori infection may lead to dysregulation of
cellular processes by activating NF-xB and AP-1 (activa-
tor protein-1). The increased level of IL-8 accelerates the
inflammation and consequently leads to pancreatic car-
cinogenesis. Such infection may lead to dysregulation of
cellular processes by activating NF-kB and AP-1 (activa-
tor protein-1) [64]. In over 90% of cases of PDAC KRAS
gene mutations have been observed [65]. As the pancreas
does not contain its own microbiota, sterile inflammation
within this organ may be triggered by LPS thus mediat-
ed through TLRs. Of note, LPS from Helicobacter pylori
has the ability to hyperstimulate mutations of the KRAS
gene and initiate the process of pancreatic carcinogenesis
[66]. In fact, LPS binding to TLR4 was elegantly linked
to chronic inflammation and tumorigenesis, overall [67].
A rodent study by Ochi et al. proved that LPS triggered the
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progression of pancreatic cancer, whilst the blockade of
TLR4 slowed down the progression of the disease. On the
other hand, TLR4 adapter protein MyD88 was found to be
pro-cancerogenic via inducing pancreatic antigen-restrict-
ed Th2 cell by dendritic cells [68]. Moreover, Helicobacter
pylori infection causes persistent STAT3 activation, and
due to this reason it can promote pancreatic cancer pro-
gression by upregulating the expression of anti-apoptotic
and pro-proliferative proteins (Bcl-xL, MCL-1, survivin,
c-myc, cyclin D-1) [66, 69].

Of high importance, a drug commonly used in pancre-
atic cancer — gemcitabine — was found to be inactivated in
the presence of some bacterial genera producing cytidine
deaminase responsible for this process, as discussed lat-
er [70]. It therefore raises the question whether antibiot-
ic treatment could somehow regulate the response to the
treatment in this and other cancers, physiologically owing
no microbiota.

Nomura et al. examined the effect of use of probiotic
on frequency of postoperative infectious complications af-
ter pancreatoduodenectomy. There were 30 patients who
received probiotic (Enterococcus faecalis, Clostridium
butyricum, Bacillus mesentericus) and 34 who consumed
placebo. The probiotics were administered immediately
after admission, 3-15 days before the operation and on the
second postoperative day. Postoperative infectious compli-
cations occurred in 23% of patients receiving probiotic and
in 53% of patients consuming placebo (p = 0.02) [71]. Pro-
biotic therapy seems to be useful in reduction of postopera-
tive infectious complications in pancreatic cancer patients.

Liver cancer

Currently, liver cancer is the fifth most common can-
cer in men and the ninth in women [20]. The majority of
primary liver cancers are hepatocellular carcinoma (HCC).
The main factor contributing to the development of HCC
is obesity, and thus also a high-fat diet. The gut microbiota
is associated with development of HCC [72]. The most im-
portant changes in composition of the intestinal microbiota
in cirrhosis comprise enrichment of Veillonella and Strep-
tococcus spp. and lowered counts of Clostridiales [73].
Upper gastrointestinal tract bacterial overgrowth was
linked to increased LPS levels circulating in blood [74].
At the same time, bacterial translocation in the upper
gastrointestinal tract was found to be associated with the
development of liver diseases [74]. In those cases modu-
lation of microbiota by probiotics seems to be beneficial.
An animal model study showed that the probiotic mixture
Prohep (Lactobacillus rhamnosus GG, viable Escherichia
coli Nissle 1917, heat-inactivated VSL#3) significantly
slowed down the tumor growth and reduced its size [75].
As HCC is a vascularized tumor, Th17/IL-17+ cells may
play an important role in angiogenesis and progression of
this carcinoma [75]. In a rat study, Kumar et al. reported
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that probiotics reduced the tumor incidence and decreased
c-myc, bcl-2, cyclin D1, rasp-21 levels. As a conse-
quence, probiotics potentially provided protection against
AFB1-induced hepatocarcinogenesis [76]. In another an-
imal study it was proved that VLS#3 administration re-
stores gut microbiome homeostasis and ameliorates intes-
tinal and hepatic inflammation. It inhibited the progression
of cirrhosis to HCC [77].

The impact of gut microbiota on efficacy
and safety of anticancer treatment

The treatment of gastrointestinal cancers includes
surgery, chemotherapeutics, and biological drugs [78].
The choice of appropriate care is determined by scientific
guidelines, which are adjusted to clinical case and socio-
logical and economical constraints [79]. Gut microbiota
dysbiosis of a cancer patient has recently been consid-
ered as a prognostic factor of the treatment success [15].
Currently, at least a few studies on this issue have been
published. Such a link has already been proven for immu-
notherapy, f.i. therapy with PD-1/PD-L1 antibodies men-
tioned before and is in the testing phase for capecitabine in
CRC treatment [80]. Moreover, many cohort studies have
shown that patients with CRC who have a large amount
of DNA copies of Fusobacterium nucleatum (anaerobic
bacteria typical for oral microbiota) in tumor biopsies live
significantly shorter than patients with lower counts of this
genus [81-88].

Surgical treatment

Surgical treatment — tumor resection with optional
resection of surrounding tissues and lymph nodes — be-
longs to the basic anticancer therapy of gastrointestinal
cancer. After resection of a part of the digestive tract it
is necessary to reconstruct its continuity. One of the seri-
ous postoperative complications is anastomosis leakage,
which is associated not only with the possibility of devel-
oping peritonitis, but also with higher risk of local tumor
recurrence and a smaller percentage of five-year survival
after the operation. The risk of anastomotic leak depends,
among other factors, on the composition and activity of
the gastrointestinal microbiota [86]. Preliminary research
has demonstrated that patients with esophagectomy-type
anastomotic leak have increased variance in their preopera-
tive oral and gastric flora in comparison to patients without
this condition [87]. Also, in patients developing such leak,
within the intraoperative tissue, lower microbial diversity
was detected as well as increased number of mucin-de-
grading members belonging to Lachnospiraceae (especial-
ly Blautia obeum) and Bacteroidaceae families [88]. It is
believed that reduced microbial diversity predisposes to
the development of different surgery related complications
as a result of antibiotic therapy and the colonization of the
intestinal microbiome by pathogens. Studies using animal
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models proved that Enterococcus faecalis and Pseudomo-
nas aeruginosa contribute to the pathogenesis of anasto-
motic leak. Strains of these bacteria, which were isolated
from leaking tissues, were shown to elevate production of
collagenase, which breaks down collagen I and activates
local tissue matrix metalloproteinase to finally cleave col-
lagen IV and induce anastomotic damage [89, 90].

It was well established that the majority of hospital
infections originate from the patient’s own intestinal eco-
system following the deleterious therapy and thus physi-
ological stress [91]. For instance, tissue ischemia during
the surgical procedure may be partially responsible for the
elevation of virulent Escherichia coli, Enterococcus faeca-
lis and abovementioned Pseudomonas aeruginosa [91-93].
As a consequence of elevated intestinal permeability, gut
antigens easily flow through the epithelium and serum in-
flammatory mediator concentrations may elevate and fur-
ther precede bacterial translocation into mesenteric lymph
nodes as demonstrated after hepatectomy and esophagec-
tomy [94-96]. Thus probiotics, administered preoperatively
via balancing the gut microbiota composition, may lower
the risk of surgery related complications. Skonieczna-
Zydecka et al. demonstrated recently that microbial agents
ingested before the surgery increased the abundance of
beneficial microbiota, which consequently improved the
immune response secondary to elevated short chain fatty
acid synthesis [46]. Importantly, studies that entered the
meta-analysis were predominantly cancer-related [46].

Chemotherapy

Chemotherapy is an adjuvant treatment especially in
the case of pancreatic and colorectal cancers. The most
commonly used chemotherapeutics include fluorouracil,
gemcitabine, capecitabine, oxaliplatin and irinotecan. Anti-
cancer activity using fluorouracil (as well as its prodrug,
capecitabine) and gemcitabine (pyrimidine antimetabo-
lites) results from the disruption of DNA synthesis, DNA
damage and ultimately induction of apoptosis in cancer
cells. It was shown that worse prognosis for patients with
high Fusobacterium nucleatum counts in the dissected co-
lon cancer tissue may be due to induction of fluorouracil
chemoresistance by this bacterium [97]. Fusobacterium
nucleatum stimulates cancer cells to autophagy, preventing
apoptosis of tumor cells [97], and increases the amount of
BIRC3 - a protein directly inhibiting apoptosis by bind-
ing caspases [84]. Another mechanism behind chemore-
sistance is linked to gemcitabine used to treat pancreatic
cancer. Some intestinal bacteria, mainly belonging to the
Gammaproteobacteria class, express a long isoform of
cytidine deaminase, which can break down gemcitabine
into an inactive metabolite (2°,2’-difluorodeoxyuridine).
It turned out that up to three-quarters of the PDAC con-
tain bacteria in their structure, and more than half of the
identified bacteria belong to Gammaproteobacteria (mainly
Enterobacteriaceae and Pseudomonadaceae families) [98].
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It has been shown that bacteria isolated from human
PDAC:S provide resistance to gemcitabine for in vitro cul-
ture of CRC cells, suggesting that anti-bacterial therapy
should be considered in the treatment of gemcitabine in
patients with PDAC [99]. The activity of gastrointestinal
microbiota may have an impact on the development of
complications in the course of chemotherapy. It has been
shown that patients with colorectal cancer, whose intestinal
microbiota produces methane, are significantly more likely
to experience constipation as a result of fluorouracil treat-
ment (OR = 2.23, 95% CI: 1.35-3.68, p = 0.002) [100].
Currently, research is underway to use the composition of
intestinal microbiota as a predictor of response to therapy,
for example capecitabine in CRC [79].

Oxaliplatin exhibits its anti-tumor activity primarily
by inhibiting DNA replication as a result of intra- and in-
ter-chain cross-links in DNA. However, its ability to induce
the formation of oxygen radicals (ROS) that damage DNA
and induce tumor cell apoptosis has also been described
[101]. Similarly to fluorouracil, Fusobacterium nucleatum
has been shown to induce chemoresistance of tumor cells
to oxaliplatin by activating autophagy in them [97]. On the
other hand, animal models have shown that the use of anti-
biotics limits the antitumor effect of oxaliplatin by inhibit-
ing tumor infiltration by ROS-producing leukocytes [102].

Immunotherapy

The composition of the intestinal microbiome is an
independent predictor of the response and efficacy of can-
cer immunotherapy. Routy et al. found that patients with
cancer treated with anti-PD-1/PD-L1 antibodies lived sig-
nificantly shorter if they took oral antibiotics during the
immunotherapy period [103]. Further studies showed that
the response to therapy correlated with the percentage of
Akkermansia muciniphila in the microbiome of patients’
feces. Importantly, both the transplantation of microbiota
from patients responding to therapy and the supplementa-
tion A. muciniphila alone restored the sensitivity to immu-
notherapy in animals insensitive to immunotherapy due to
antibiotic therapy [103]. On the other hand, it seems that
immunotherapy modifies the composition of the microbi-
ome, and the first case study indicated that fecal transplan-
tation may be an effective method for treating intestinal
inflammation caused by cancer immunotherapy [104].

Impact of gastrointestinal cancer
treatment on gut microbiota

The effect of total and partial gastrectomy on the com-
position of the intestinal microbiome in patients treated for
gastric cancer is the subject of debate in past and ongoing
clinical trials [105]. More data on the effects of different
treatment patterns in CRC and their consequences for the
composition of intestinal microbiota was evidenced. There
were significant differences in the gut microbiome of pa-
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Table 1. Meta-analyses of the efficacy of probiotics counteracting intestinal barrier disruptions secondary to cancer

treatment
Study aim Number Primary QOutcome Reference
of trials/patients  diagnosis
To evaluate the efficacy 17/1242 Colorectal Probiotics significantly affect [115]
of probiotics on the intestinal cancer L/M ratio: SMD = 3.83, p =0.001
mucosa barrier indices Bifidobacterium/Escherichia ratio (SMD = 3.91, p = 0.000)
Ocludin ratio (SMD = 4.74, p = 0.000)
Bacterial translocation (SMD = 3.12, p = 0.002)
SIgA level (SMD =2.91, p = 0.004)
CRP level (SMD =4.21, p = 0.000)
— probiotics do not influence

IL-6 level (SMD = 1.33, p =0.184)
To assess whether probiotics 7/1091 Probiotics do not prevent or reduce the overall incidence [116]
may prevent cancer of diarrhea (RR =0.81, 95% CI: 0.60-1.09, p = 0.16)
therapy-induced diarrhea
To establish a link between 7/816 Colorectal Probiotics significantly affected: [117]
probiotics and the incidence cancer bacteria in blood: OR = 0.4069 (95% CI: 0.2662-0.6222,
of cancer surgical infection p <0.0001) infectious complications: OR = 0.5388

(95% CI: 0.4058-0.7154, p < 0.0001)
To assess whether probiotics 14/1671 H. pylori Probiotic therapy significantly increases rate of H. pylori [118]
may support H. pylori infection eradication: OR = 1.84 (95% CI: 1.34-2.54)
eradication . o . . L
30/4302 H. pylori Probiotics significantly improve H. pylori eradication rates [119]
infection (APP: RR =1.122;95% CI: 1.091-1.153; p < 0.001;

ITT: RR = 1.141; 95% CI: 1.106-1.175; p < 0.001)

SMD — standardized mean difference, ITT — intention to treat, APP — as-per-protocol, L/M — lactulose/mannitol, RR — relative risk, OR — odds ratio, CI — confidence

interval, CRP — C-reactive protein, H. pylori — Helicobacter pylori

tients who underwent surgery without chemotherapy and
people treated with a set of chemotherapeutics (oxalipla-
tin and tegafur — a fluorouracil precursor). Patients treated
surgically had a smaller number of Bacteroidetes and Fir-
micutes, and thus less biodiverse microbiota, while patients
treated with chemotherapeutics were the only ones who
had Veillonella dispar and significantly higher Prevotel-
lacopri and Bacteroides plebeius counts than in the oth-
er groups [106]. Unfortunately, the authors of the studies
concerning changes in the human gut microbiome after
anti-cancer treatment have not investigated the clinical
value of the observed changes. Instead, enriched bacterial
strains or genera have been called putative biomarkers of
response to anti-cancer treatments. However, the authors
have not provided data about chemotherapy responsiveness
or clinical outcomes of patients. Hence, we did not call
them biomarkers in our manuscript. It would be valuable
to investigate the correlations between enriched bacterial
strains or genera and (1) occurrence of side-effects of che-
motherapy and (2) survival time/5-year survival rate [106].
More valuable longitudinal examination — comparing the
microbiome of the same patients before and on average
one month after surgical treatment of rectal cancer — con-
firmed the biodiversity decline of the microbiome as a re-
sult of surgery. The decrease of Bacteroidetes, Roseburia,
Alistipes, Clostridium XIVa, Fusobacterium, Parvimonas,
Peptostreptococcus and increase of Klebsiella bacteria
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were reported [107]. However, in a study in which the
composition of the microbiome was analyzed, a year af-
ter the treatment of colorectal cancer, normalization of the
microbiome was observed — regardless of the therapeutic
procedure [107]. The transient decrease in diversity of gut
microbiome can free up previously unavailable ecological
niches, and thus can promote colonization or growth of
pathogens [108], i.e. can be responsible for the increased
risk of Clostridium difficile infection in post-surgery CRC
patients. Indeed, on the one hand, a number of studies and
models have shown the association between decrease in
diversity and higher risk of C. difficile colonization [109]
or higher risk of C. difficile recurrence [110]. On the other
hand, C. difficile infection is a known complication of col-
orectal surgery that increases perioperative morbidity and
mortality; it affects up to 4.2-6.8% of post-surgery CRC
patients [111, 112]. Changes in the composition of intes-
tinal microbiome during treatment with fluorouracil and
irinotecan are probably secondary to intestinal epithelial
damage, as indicated by the observed sequence of disor-
ders in the mouse mucosal inflammatory model of fluo-
rouracil [113] and the neglected effect of fluorouracil and
irinotecan on the composition and function of intestinal
microbiota in vitro [114].

As demonstrated by a few meta-analyses, probiotics
should be taken into account during and after cancer treat-
ment. It was proved that at least some of the unpleasant
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symptoms that developed secondary to cancer treatment
may be counteracted by probiotics. Most importantly,
the markers of gut barrier integrity were shown to be at
least partially improved with such intervention [115-119].
A summary is presented in Table 1.

Conclusions

Extensive studies provided evidence on the involve-
ment of the human microbiome in regulating multiple sig-
naling pathways linked to carcinogenesis. Moreover, a bat-
tery of bacterial enzymes was shown to affect xenobiotic
metabolism and thus to potentially modulate cancer thera-
py effectiveness. The administration of probiotic bacteria
seems to be useful in supporting treatment of patients suf-
fering from cancer diseases, mainly due to their immuno-
modulatory properties and the ability to reduce side effects
of anti-cancer therapy. Future analyses are on the horizon
to elucidate whether the microbiome may serve as a basis
for diagnostic and treatment approaches in cancer medicine.

The authors declare no conflict of interest.
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