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ARTICLE INFO ABSTRACT

Keywords: Cancer is the world’s second-leading cause of death, and the involvement of microbes in a range of diseases,

szncerA including cancer, is well established. The gut microbiota is known to play an important role in the host’s health

rmml?mme and physiology. The gut microbiota and its metabolites may activate immunological and cellular pathways that
acteria

kill invading pathogens and initiate a cancer-fighting immune response. Cancer is a multiplex illness, charac-
terized by the persistence of several genetic and physiological anomalies in malignant tissue, complicating
disease therapy and control. Humans have coevolved with a complex bacterial, fungal, and viral microbiome
over millions of years. Specific long-known epidemiological links between certain bacteria and cancer have
recently been grasped at the molecular level. Similarly, advances in next-generation sequencing technology have
enabled detailed research of microbiomes, such as the human gut microbiome, allowing for the finding of
taxonomic and metabolomic linkages between the microbiome and cancer. These investigations have found
causative pathways for both microorganisms within tumors and bacteria in various host habitats far from tumors
using direct and immunological procedures. Anticancer diagnostic and therapeutic solutions could be developed
using this review to tackle the threat of anti-cancer medication resistance as well through the wide-ranging
involvement of the microbiota in regulating host metabolic and immunological homeostasis. We reviewed the
significance of gut microbiota in cancer initiation as well as cancer prevention. We look at certain microor-
ganisms that may play a role in the development of cancer. Several bacteria with probiotic qualities may be
employed as bio-therapeutic agents to re-establish the microbial population and trigger a strong immune
response to remove malignancies, and further study into this should be conducted.

Therapeutic agent
Immune response

1. Introduction epithelial cells. These functions include pathogen invasion and infec-

tion, pathogen overgrowth management, host-microbiota symbiosis and

With trillions of commensal bacteria, the mammalian gut is arguably
one of the most advanced communities of commensal bacteria. Micro-
organisms found in the gut include archaea, bacteria, protists, fungi, and
viruses, with bacteria being the most abundant [1]. The microbiota can
affect human health by producing key metabolites, metabolizing nutri-
ents, and producing toxins that block pathogenic invaders, restrict their
growth, produce beneficial microbial products, and metabolize the nu-
trients and poisons of invading species [2,3]. A multitude of functions
are regulated by the interaction of the gut microbiota with stromal and
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mucosal immunological homeostasis, regulating metabolism, and acting
as a barrier [4-9].

Bacteria, fungi, and viruses can be found on epidermal surfaces [10],
the nares, the respiratory tree [11,12], the ductal system of exocrine
organs such as the breast [13], the vagina [14], and the gastrointestinal
(GI) tract [15-17]. Bacteria routinely cross the GI mucosa and are
exposed to the enterohepatic circulation [18]; and evidence suggests
that some bacteria may concentrate in tumors due to aberrant tumor
vasculature, allowing for residency and extravasation. The metabolic
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and population responses of microbiota to changes in their microenvi-
ronment are becoming better understood thanks to an avalanche of
next-generation sequencing studies that can now identify and quantify
the species present in each of these microbiotas without the bias that
traditional bacterial culture methods introduce. The focus of this review
will be on the links between the gut microbiome and cancer, but it will
also consider the microbiome of tumors. With the introduction of
high-resolution next-generation sequencing of bacterial 16S ribosomal
RNA, researchers can now identify and quantify a huge number of
species in the gut microbiome. With this knowledge, it was discovered
that the majority of species were not routinely culturable, prompting the
development of far more culture techniques over the last decade [19,
20], with a special focus on anaerobes, which make up the majority of a
typical microbiome but are only a minority of organisms routinely
cultured. With the development of high-throughput sequencing,
improved sequence assembly techniques, and far more comprehensive
databases of sequenced organisms [21,22], high-depth metagenomic
sequencing has gained traction [23], allowing for the identification and
quantification of organisms from a mixed metagenomic sample, such as
stool or a mucosal biopsy, down to individual bacteria [24,25]. These
investigations’ major findings are astonishing. The average human gut
microbiome has 1013-1014 organisms, the same number as human cells
[26], as well as a unique genome with up to 3 106 genes, significantly
more than the human genome. Most gut microbiomes studied so far have
evolved in conjunction with their hosts over millions of years (with a few
notable exceptions [27]).

The bacterial microbiome has metabolic pathways that are not found
in the host DNA. The microbiome of the host is maintained and devel-
oped by the host’s diet, which is regulated by the immune system and
epithelial interactions to suit the host’s nutritional demands. Four phyla
of bacteria dominate the human gut microbiome. Firmicutes and Bac-
teroidetes account for approximately 90% of the total, while Proteobac-
teria and Actinomycetes are less abundant [28]. Firmicutes are
Gram-positive bacteria such as anaerobic clostridia, streptococci, and
enterococci. Bacteroidetes, such as Bacteroides the taiotamicron and
Bacteroides fragilis, are Gram-negative rods that can break down complex
polysaccharides. Bifidobacteria, commonly referred to as probiotic bac-
teria, are Gram-positive bacteria with a high GC content that belong to
the Actinobacteria family. Gamma proteobacteria, Escherichia coli, and
Klebsiella species are all members of the Proteobacteria family of
Gram-negative bacteria. Researchers attempted to characterize in-
dividuals based on the major constituents of their gut microbiome in the
early 2010 s, leading to the idea that different humans have different
"enterotypes," which are influenced by diet and geography [29], but also
intrinsic to the individual in some ways, owing to founder effects of the
initial colonizing organisms and the individual immune system. Most
microbiome differences, according to further data, occur along a con-
tinuum of the ratio of two genera in the phylum Bacteroidetes, Prevotella
and Bacteriodes, with the latter being more common in those who eat a
plant-rich diet high in complex polysaccharides [30].

Despite the fact that the individual human microbiome appears to be
rather resilient, antibiotic therapy can cause serious harm [19]. It’s also
worth mentioning that the consequences of making deliberate dietary
changes have received very little consideration. Certainly, organisms
protected in crypts inside the epithelial mucous layer can repopulate a
significant portion of the microbiome [28], and interactions between
less abundant species may be important for preserving the overall
structure of the individual microbiome [31]. Researchers found a vari-
ety of results depending on the group analyzed, but one clear trend is
that bacteria associated with a plant-based diet are connected to a lower
risk of colon cancer. Short-chain fatty acids such as acetate, propionate,
and butyrate are produced by the microbiota and have been shown to be
anti-inflammatory in colonic tissues by triggering T-regulatory cells
[32].

We’re learning more about immunological interactions that occurs
across epithelial surfaces as we gain a better grasp of the microbiome’s
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components. Bacteria, bacterial phages, and fungi train both the innate
and adaptive immune systems from across the epithelial surface, via
direct antigen-presenting cell interactions and metabolite regulation of
host signaling, particularly short-chain fatty acids like butyrate [33].
Some animals may create chemicals that bind to human receptors
directly [34]. The host uses antimicrobial peptides [35], inactivated IgA
[36,371, and metabolic substrates like mucin proteoglycans to keep or
reject certain species [33,38,39].

Tumor tissue is full with microbes, including bacteria, fungus, vi-
ruses, and mycoplasmas. On the inside of cancerous and tumor-
infiltrating immune cells, researchers have found traces of microbial
residues such DNA and RNA, peptides, and cell wall components. Fatty
acids and inosine, among other microbial metabolites, can build up in-
side tumors and bind to receptors on both cancerous and immune cells.
Gram-positive bacteria create membrane vesicles derived from microbes
that include a variety of microbial proteins, nucleic acids, and pepti-
doglycan. However, it has yet to be proven that they exist within the
tumor. They all play a role in tumor development, progression, metas-
tasis, and immunological responses [40].

The role of the tumor microbe microenvironment in the tumor im-
mune microenvironment is multifaceted: either as an immune activator,
inhibitor, or bystander. The underlying mechanisms include: (I) the
presentation of microbial antigens by cancer cells and immune cells, (II)
microbial antigens mimicry shared with tumor antigens, (III) microbe-
induced immunogenic cell death, (IV) microbial adjuvanticity medi-
ated by pattern recognition receptors, (V) microbe-derived metabolites,
and (VI) microbial stimulation of inhibitory checkpoints. The tumor
microbe microenvironment modulates the tumor immune microenvi-
ronment, making it a potential target for improving immunotherapy. It
is a novel field facing major challenges and deserves further exploration
[40].

We explore the role of the bacterial microbiome in the interaction
between cancer and the immune system, as well as the therapeutic
possibility of directly modifying the commensal microbiota to improve
cancer immunotherapy efficacy. The association between the gut
microbiome and cancer is discussed in this article. Furthermore, we
discuss the potential pathways employed by the gut microbiota to in-
fluence the immune system in a bilateral manner, which could
contribute to cancer formation and could be used as prospective cancer
treatment and prevention measures.

2. Associative studies of the microbiome and cancer

Microbial-driven tumors are thought to account about 20% of all
tumors worldwide [41]. The previous epidemiological observations
have been augmented by extremely sensitive technologies for investi-
gating the microbiome more thoroughly in tissues thanks to contem-
porary sequencing approaches. Several investigations employing
metagenomic approaches discovered novel pathogens that were
enriched in a variety of cancer forms when compared to either juxta-
tumoural tissue or healthy patient tissues. Microbial DNA signatures
were found in tumors that arose in places that were previously thought
to be sterile. The definition of a tumor-specific colonic [42] and laryn-
geal [43] microbiome has progressed. Many of these associative in-
vestigations left unanswered the question of whether the organisms
discovered a hospitable tumor niche as a bystander, or whether the
bacteria contributed to the tumor’s pathogenesis or persistence. Certain
studies of the metagenome and bacteria associated with malignancies
have caused dispute due to the technological complexity of the in-
vestigations. Different representations of the gut microbiome in feces vs
biopsy samples, problems correctly assigning genes in metagenome
studies, and challenges recognizing the source of microbial genes in
sequencing material from paraffin blocks are just a few instances [44].

Furthermore, due to the low bacterial biomass in tumor samples,
utilizing DNA extraction kits to separate signal from background
contamination may be problematic. Because numerous laboratories



Md.M. Rahman et al.

sequence samples using a range of methodologies for sample extraction,
processing, and data analysis, the experimental details that are chosen
can affect the results [45]. In one study, the 'kitome’ from different lots
of DNA extraction kits was found to account for the majority of the
variance in a collection of samples analyzed using metagenomics
sequencing [46]. The need of repeating results across different research
and laboratories is crucial for developing trust in these findings, and
efforts to standardize and confirm optimal sequencing processes across
the field will almost certainly continue. Despite the field’s infancy, it
appears clear that a variety of organisms can be found in both metastatic
and primary cancer sites, possibly as a result of haematogenous [47] and
local spread from a variety of sources, including the oral plaque
microbiome [48] and that these organisms may contribute to tumour
inflammation.
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3. Modulation of cancer behaviour by microbiome transfer and
removal

Microbial manipulation as a strong immunotherapeutic method has
been sparked by the correlations between certain gastrointestinal bac-
teria and the activity of systemic lymphoid tissues. Preliminary studies
[49,50] show that if intratumoral microbiota are found to be abundant
and immunologically active in most patients, such therapies must take
into account the microbial niches and their cross-talk (Fig. 1). Because it
contains the greatest number of microorganisms in the mammalian
body, the colon has long been the primary site for researching carci-
nogenesis in experimental mice. In a Cdx2-inducible adenomatous pol-
yposis coli (APC) null mouse model of colon cancer, in which mice
develop cancer in the distal colon similar to the human condition caused
by loss of APC, as well as showing an inflammatory interleukin (IL)—
23/1L-17 signature, the mouse gut microbiome had a major influence on
tumorigenesis via inflammation modulation [51].

Antibiotics reduced tumor burden just as much as removing the IL-23
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Fig. 1. Factors to consider when modifying the internal cancer microbiota. Gut and tumor microbiomes can be altered by a variety of factors, including diet,
medicine, and prebiotics, postbiotics, probiotics, and antibiotics. One way or the other, these microbiomes and cancer treatments may have an impact on one another
(chemotherapy and immunotherapy). As a result of chemotherapy, gut microbiome composition alterations may boost treatment efficacy [57]; in other situations,
bacteria may destroy medication [58]. It may be helpful for one treatment technique, but detrimental for another, to alter the microbiome of the gut or tumor. In the

literature, dotted arrows indicate areas where there are gaps [59].
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receptor. To activate the innate immune system, TLR 2 and MYD88
signals were employed. Zackular et al. [52] used an azoxymethane
(AOM)/dextran sulphate sodium (DSS) tumor model to show that the
microbiota of tumor-bearing mice increased the incidence and severity
of colorectal malignancies when transmitted to germ-free recipients
more than the microbiota of non-tumor-bearing AOM/DSS mice. The
microbiome’s causative potential in increasing colorectal tumor growth
by causing inflammation was further highlighted. Some malignancies
appear to be critically reliant on their resident microbiota to survive and
evade the immune system when patients are given antibiotics, while
some cancers appear to be critically reliant on their microbiota to sur-
vive and evade the immune system when patients are given antibiotics.
The most well-known example is the treatment of Helicobacter pylori
induced stomach mucosa-associated lymphoid tissue (MALT) lymphoma
with lansoprazole 30 mg, amoxicillin 1 g, and clarithromycin 500 mg
(PREVPAC) [53]. In 39 of 44 individuals with ocular adnexal lymphoma,
Chlamydophilapsittaci infection was revealed to be the etiology [41,42].
Doxycycline treatment resulted in six full remissions and 16 partial re-
missions in 34 patients [54,55]. As expected, chlamydia reduction and
eradication levels were linked to tumor regression. In a small research
with pseudomyxomaperitonei, PREVPAC combined with standard
hyperthermicmitomycin C intraperitoneal chemotherapy with tumor
debulking improved treatment outcomes [56].

4. Metagenomic human studies identifying microbiota
associated with cancer tissues

Many bacteria are significant human symbiotes. They establish
distinct microbiota communities, participate in a variety of biological
processes in their hosts, and hence have a significant impact on human
health [60]. Metagenomic sequencing has become popular in human
microbiota research due to its ability to examine all genetic elements in
an environment as a whole without the necessity for microorganism
isolation or cultivation. Human metagenomic research identifies
microbiome linked to cancer tissues (Table 1) [61]. Several long
recognized epidemiological associations between particular bacteria
and cancer are now understood at the molecular level. At the same time,
the arrival of next-generation sequencing technology has permitted a
thorough exploration of microbiomes such as that of the human gut,
enabling observation of taxonomic and metabolomic relationships be-
tween the microbiome and cancer [38]. Meanwhile, interest in the
possible relationships between microorganisms and the different stages
of cancer development has been rising and numerous mechanisms by
which bacteria and yeast may initiate or promote carcinogenesis are
currently under investigation. In particular, a persuasive body of

Table 1
Metagenomic human studies identifying microbiota associated with cancer
tissues.

Type of tissue Between-species distinction References
Breast cancer Streptococcus, Prevotella, and Veillonella species [62,63]
were found in higher numbers in cancer tissues.
Oesophageal Species of Streptococcus, Prevotella, and [64-66]
cancer Veillonella were found in higher numbers in

cancer tissues.

The amount of Fusobacterium, Prevotella, and [43]
Gemella species in cancer tissues rose.Cancer
tissues had decreased levels of Streptococcus and
Rothia species.

Propionobacterium acnes was found at higher
numbers in cancer tissues.

Head and neck
cancer

Prostate cancer [67-69]

Pancreatic Enterobacteriaceae, Pseudomonadaceae, [58]
cancer Moraxellaceae, and Enterococcaceae were found in
abundance in pancreatic cancer tissues.
Colorectal Colorectal cancer is a type of cancer that affects [70-72]
cancer the colon. In cancer tissues, the number of

Fusobacterium, Selenomonas, and Leptotrichia
species increased.
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evidence suggests a possible etiological role involving the metabolism
and production of carcinogenic products, such as acetaldehyde. Other
suggested mechanisms include the induction of chronic inflammation
and direct interference with eukaryotic cell cycle and signaling path-
ways [61].

Table 2
Types of cancer development and carcinogenesis processes mediated by various
microbiota.

Mechanisms of Reference

carcinogenesis

Cancer Bacteria that cause cancer

Gallbladder
cancer

Salmonella typhi cytolethal [73-75]
distending toxin B
(CdtB); biliary
deoxycholate;
cholic acid
derivatives; p53
gene mutations;
protein kinase
activation;
cytolethal
distending toxin B
(CdtB); biliary
deoxycholate;
Upregulation of the
PI3K pathway; 5-
alpha,6-alpha-
epoxide cholesterol
Increased secretion
of cytokines, IL-8,
IL-10, and TNF;
overexpression of
miRNA-328;
activation of lung-
resident T cells;
synthesis of Myd88-
dependent IL-1b
and IL-23;
production of
reactive oxygen
species; increased
secretion of
cytokines, IL-8, IL-
10, and TNF
Bacteroidesfragilis
toxin secretion;
activation ofNF-B;
expression of IL-
17A and TNF-
;-catenin;
stimulation of IL-
17R, NF-B, and
Stat3 signals;
induction of
colibactin (clbB)
and
Bacteroidesfragilis
toxin (BFT) gene
expression; colonic
epithelial DNA
damage

The microbiota
secretes bioactive
metabolites such as
estrogens, short-
chain fatty acids,
amino acid
metabolites, or
secondary bile
acids; dysbiosis
DNA methylation;
N-nitrosamine
synthesis; reactive
chemical species

Lung cancer  Chlamydia pneumoniae [76-78]

Colorectal
cancer

Streptococcus bovis, [79-81]
Helicobacterpylori,
Bacteroidesfragilis,
Enterococcusfaecalis,
Clostridiumsepticum,
Fusobacterium spp., and
Escherichia coli

Breast Methylobacteriumradiotolerans, [82-84]

cancer Sphingomonasyanoikuyae

Bladder
cancer

Staphylococcus albushemolytic,
Staphylococcusaureus,
Klebsiellaspp., Proteus mirabilis,
and E. coli

[85,86]
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5. Mechanisms of carcinogenic microbes

There are some microbes that induce cancer (Table 2). Some
microbiota includes Salmonella typhi, Chlamydia pneumoniae, trepto-
coccusbovis, Helicobacterpylori, Bacteroidesfragilis, Enterococcusfaecalis,
Clostridiumsepticum, Fusobacterium spp., and Escherichia coli, Methyl-
obacterium radiotolerans, Sphingomona syanoikuyae, taphylococcu-
salbushemolytic, Staphylococcusaureus, Klebsiellaspp., Proteus mirabilis,
and E. Coli are causes of cancer.

6. Mechanistic studies of key carcinogenic organisms

Several components of human virology, such as the human papillo-
mavirus (HPV) and the hepatitis B virus, are prominent carcinogenic
pathogens that will not be treated here. The bacteria H. pylori and
Fusobacterium nucleatum are the most commonly associated to cancer
[87]. Increased host cell turnover, genotoxic chemical production,
protumourigenic inflammation and nuclear factor-B (NF-B) activation,
as well as downregulation of natural killer (NK) and T-cell-mediated
immune surveillance [88].

6.1. Genotoxic and non-genotoxic bacterial toxins

Certain bacteria have been found to create genotoxic compounds and
other cancer-causing poisons. Enterotoxic Escherichia coli strains con-
taining the pks gene cluster produce calobactin, a polyketide that pro-
motes double-strand breaks in mammalian cell DNA [89]. When E. coli
with the pks gene is administered to IL-10 mutant mice, the number of
tumors increases. Other inflammatory bacteria, such as Enterococcus
faecalis or E. coli without pks, cause inflammation but not cancer. As a
result, the effects of inflammation were separated from those of an E.
coli-borne genotoxin in this animal. In the metagenome of
mucosa-associated colon tissue specimens, the toxigeneicpks gene
cluster was found in 14 of 21 CRC patients and only five of 24 healthy
controls, implying that this microbial gene cluster and CRC are inti-
mately related [90]. Enterotoxin-containing B. fragilis, on the other
hand, promoted cancer in the APCmin/+ mice via an
inflammation-dependent mechanism. Stat3 activation was required to
activate Th17 phenotypes. As a result, bacteria may enhance inflam-
mation, giving certain genotoxins to speed up the process or raising the
overall risk of carcinogenesis [91].

6.2. Fusobacterium causes inflammation, proliferation, and loss of
immune surveillance

Multiple laboratories have found increases in Fusobacterium species
in CRC samples compared to healthy or precancerous inflamed colon
tissues [42,71,92]. The findings are trustworthy since they originate
from a wide range of geographic regions, age groups, sequencing cores,
and computational approaches, all of which point to the same conclu-
sion. Using culture and metagenomic sequencing, Fusobacterium 48 was
discovered in colorectal liver metastases, demonstrating that colorectal
tumor cells provide a unique environment for Fusobacterium. Fuso-
bacterium was investigated as a probable cause of CRC based on these
findings, which were primarily associative [70].

F. nucleatum isolates increased carcinogenesis in the APCmin/
+ CRC model when administered orally, but not in inflammation-only
models such as IL-10 deletion mice or Tbet/Rag2 deletion mice. This
reveals that generating inflammation by Fusobacterium increased
carcinogenesis in a tumor-prone animal, but that as inflammation
worsened, tumorigenesis accelerated [71].

In the microenvironment of Fusobacterium-induced cancers, there
are more myeloid-derived suppressor cells (MDSCs). MDSCs have been
demonstrated to change patient prognosis and promote tumor growth
[93], at least in part by impeding immune surveillance. According to in
vitro mechanistic studies [94]. TIGIT can also be linked by
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Fusobacterium’s Fap2 adhesin protein. TIGIT, a tumor-killing activating
checkpoint protein on natural killer cells (NK cells), is being investigated
as a possible immunotherapy target [95]. The functional suppression of
this anti-tumour NK activity by Fusobacterium binding to TIGIT suggests
a viable approach for tumors to avoid immune destruction [94]. Fuso-
bacterium has a unique ability to become an invasive infection that can
live inside cells, allowing it to avoid immune detection even further. The
Fusobacterium FadA surface protein binds to E-cadherin on epithelial
cells, allowing for cellular absorption and invasion of the host cell. In
vitro, the inflammatory cytokines IL-6, IL-8, and IL-18 are released by
the epithelial cancer cell line HCT116 as a result of this interaction.
Because clathrin inhibitors blocked FadA-mediated absorption of Fuso-
bacterium and non-invasive Fusobacterium lacking FadA did not pro-
duce cytokines, the inflammatory effects were predominantly due to
Fusobacterium invasion into the host epithelium [96].

Fusobacterium may play a function in carcinogenesis even if the
immune system isn’t involved. Binding to E-cadherin promotes prolif-
erative -catenin signaling, which may lead to cancer. The intracellular
habitat of Fusobacterium is also expanded [96].

In a separate investigation, Fusobacterium culture-positive tumors
and quantitative polymerase chain reaction Fusobacterium-negative
human malignancies were used to construct patient-derived xenograft
models (both primary and hepatic metastases). Only Fusobacterium-
positive tumors were able to engraft, according to the researchers. Tu-
mours passed down four generations had kept their qualities. The mi-
crobial species survived four generations in malignancies. The When
these tumors were treated with metronidazole in vivo, the amount of
Fusobacterium in them was drastically reduced, as were tumor prolif-
eration rates. According to these findings, Fusobacterium may have a
function in tumor growth that is immune-independent [70]. When you
consider that Fusobacterium moves to metastatic areas with tumor cells,
you can see why a symbiotic interaction between the organism and
Fusobacterium-associated cancer is necessary [97,98].

Fusobacterium carriage in tumor tissue has been linked to greater
levels of NF-B transcripts [71,96], lower CD3-positive T-cell loads, and a
worse prognosis, suggesting that this microorganism is associated with
malignancies that lack antitumor immune cell activity. Bacteroides,
Selenomonas, and Leptotrichia appear to live in similar environments to
Fusobacterium [70,72].

6.3. Propionobacterium and tumourigenesis in the prostate

Bacterial tumorigenesis appears to be ubiquitous, not just in the gut.
Using culture techniques, fluorescence microscopy, and nucleic acid
detection, Propionobacterium acnes has been found as a component of
prostate cancer in various studies [68,69]. Surprisingly, the surface
features of these P. acnes strains differed significantly from those of
P. acnes strains isolated from skin samples. These tumor-associated
bacteria were also capable of infecting and penetrating host cells, as
well as triggering COX-2 signaling, which aided cell growth in vitro.
P. acnes from prostate cancer patients was administered to mice’s
prostates in vivo, causing enhanced inflammation and cell proliferation
[99].

6.4. Distal oncogenic effects of bacteria

The gut microbiota shows that to influence tumorigenesis in addition
to the GI and mucosal membranes. The liver and the intestines are linked
physiologically through the portal circulation and alter in the GI
microbiota that frequently affect the liver [100].

In mice subjected to a single dose of diethyl nitrosamine and
repeated doses of the hepatotoxin carbon tetrachloride, carcinogenesis
was reduced by partially ablation of the gut microbiota with antibiotics
in an inflammatory and fibrotic model of hepatocellular carcinoma
(HCQ). Late in the sickness model’s course, when fibrosis had already
established, antibiotic therapy was still effective, suggesting that liver
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fibrosis and inflammation did not produce HCC on their own. Mice with
entire TLR4 knockouts or liver-specific knockouts exhibited fewer tu-
mors and smaller tumors in the model, indicating that TLR4 activation in
resident liver cells is essential for oncogenesis. Lipopolysaccharide,
which is produced by bacteria, is TLR4’s major ligand (LPS). The
oncogenic effect of the microbiota in a TLR4 knockout host was not
restored by TLR4 wild-type bone marrow, showing that the microbiota’s
oncogenic effect is mediated by resident cells in the liver. When taken
together, our findings imply that LPS produced by the microbiota, which
is the primary ligand for TLR4 activation, promotes carcinogenesis
[100].

Another study discovered that the microbiota’s influence on host bile
acids is a carcinogenic driver. The liver produces primary bile acids,
which are subsequently released into the small intestine, where bacteria
convert them into deconjugated, secondary, and tertiary bile acid moi-
eties, which are then reabsorbed and returned to the liver via the portal
circulation [62]. DCA, a secondary bile acid product, is highly carci-
nogenic and induces DNA damage in hepatocytes [101,102]. DCA also
causes senescence in hepatic stellate cells, which leads to an inflam-
matory response in the liver. High-fat diets promote the growth of
Clostridium XI and XIV clusters that alter bile to create more DCA.
Nonalcoholic steatohepatitis advanced to HCC when a high-fat diet was
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combined with a microbiome rich in bile acid-modifying clostridia.
Because Clostridia are vancomycin-sensitive, tumorigenesis was pre-
vented by employing a combination of antibiotics or vancomycin alone.
Even when antibiotics were present, injecting DCA resumed carcino-
genesis, proving that the carcinogen in the system is bacterially gener-
ated DCA. Inflammatory signals like IL-6 and IL-1 were also produced by
the microbiome [62]. Although oesophageal cancer is less strongly
connected to Clostridium species, it is likely caused by comparable
mechanisms [101].

So far, we’ve looked at the roles of different species and Cancer-
causing and cancer-promoting substances in the microbiome. Several
microbiome constituents, on the other hand, can interact with the im-
mune system to help the body fight cancer in specific situations.
Microbial-based immunotherapy began in the late 1800 s with anec-
dotal reports of cancer cures following serious infections, followed by
the use of Coley’s toxins in sarcomas in the late 1800 s [103] and, from
the 1970 s to the present, the use of Bacillus Calmette-Guérin (BCG) as a
topical intravesical therapy for bladder cancer [104].

In the last decade, the use of checkpoint inhibitors in immuno-
therapy has revealed a crucial role for the microbiome in modulating the
anticancer immune microenvironment.
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Fig. 2. The gut microbiome influences tumorigenesis differentially in the GI tract and at distant locations. Under a single layer of intestinal epithelial cells that
separates the lumen from commensal microbes, immune cells (4 unique colours) the lamina propria beneath it are displayed. Oncogenic (Left box) or tumor sup-
pressive effects of the bacteria might be localized (Center box) or distal (Right box) in nature, mediated through the circulation Gut microbiota may have a variety of
broad impacts on tumorigenesis, including (Left box): 1) production of putative oncometabolites, such as hydrogen sulfide; 2) impairment of barrier function, that
enhances immune cell sensitivity to bacterial endotoxins (e.g., lipopolysaccharides) and antigens; and 3) immediate impacts of bacterial metabolites and antigens on
immune cells to stimulate inflammation by shifting immune cell elements (e.g., the impact of fragmented bacterial populations on T-helper 17 [TH17] cells) (Center
box) 5) the manufacturing of putative tumor-suppressive metabolites, such as butyrate, which function through multiple mechanisms; 6) barrier function; 7) im-
mediate impacts on immune cells to protect inflammatory responses by shifting immune cell subsets (e.g., butyrate’s ability to stimulate regulatory T-cells) and
dampening the immune cell sensitivity through the use of immunoregulatory cytokines (e.g., IL-10); and 8) competitive exclusion of pathogenic bacteria, similar to
the prevention Right-hand box: Gut microbiota may have oncogenic or tumor-suppressive effects at distant locations in the body via the circulation of microbiota,

microbial metabolites, activated or suppressed immune cells, and cytokines [105].
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7. Microbial mechanisms of oncogenesis and tumor suppression

Bacteria in our bodies influence the development of cancer by
influencing our immune systems and causing inflammation. So, it is not
unusual that the gastrointestinal system gets a lot of attention. Most
commensal bacteria are located in the gastrointestinal system, which is
also the major area of digestion and nutrient absorption. Other mucosal
and lymphoid tissues do not contain as many immune cells as the
gastrointestinal system. A number of microbially mediated mechanisms,
as seen in Figs. 2 and 3 and described in the next subsections, can aid or
hinder tumorigenesis.

7.1. Immune system and inflammation

Inflammation and cancer have a close connection in CRC. Aspirin
and other nonsteroidal anti-inflammatory medicines (NSAIDs) have a
greater protective effect against colon cancer than other cancers
[106-108]. A preclinical investigation on mouse models found a rela-
tionship between inflammation and colorectal cancer (CRC) in the gut
microbiota. Colitis develops in the IL-10 mutant mice when they receive
fecal microbiota from pathogen-free animals, even when they are
maintained in a germ-free environment [109]. IL-10 is an immunosup-
pressive cytokine, according to this study, and it lowers immune re-
sponses in response to common gut bacteria. In contrast to wild-type
mice, IL-10 mutant mice with conventional microbiota have an in-
flammatory phenotype that promotes colonic tumor penetrance and
multiplicity in response to AOM treatment [110]. To test this hypothesis,
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we used an IL-10-mutant mouse that had been infected with a strain of
Bacteroides vulgatus that was moderately colitogenic. NF-B, a mecha-
nism essential for controlling the innate immune response, is associated
with inflammation generated by the microbiota and colorectal cancer.
Endotoxins (e.g., lipopolysaccharides, flagellin) are also recognized by
TLRs, which activate an inflammatory response through the MyD88
adaptor and the NF-B transcription factors. The MyD88 knockout pre-
vents colonic cancers in AOM-treated, IL-10 knockout mice housed in a
pathogen-free environment with microbiota [110].

We must distinguish between tumor-suppressing local immune re-
sponses that are specific to the tumor microenvironment and long-term
inflammation that may be associated with tumor growth. Th17 cells are
dependent on microbiota since germ-free animals lack them and they
are triggered by particular microbiota subsets, such as segmented fila-
mentous bacteria, in the gastrointestinal tract [111]. Some tumors can
be infiltrated and eradicated by TH17 cells, but data suggests that they
may also be associated with a poorer prognosis in other cancer patients
[112]. Enterotoxigenic Bacteroides fragilis (ETBF) encodes a pathogenic
toxin that can trigger TH;j;-mediated colitis, with concurrent
colon-specific signal transducer and activator of transcription 3 (STAT3)
activation and tumor induction in susceptible ApcMi" (adenomatous
polyposis coli [Apc] multiple intestinal neoplasia) mice, which is
reversed by IL-17 antibody blockade [91].

Microbe-produced butyrate has been demonstrated to transform
naive T and dendritic cells into TReg cells [32,113,114]. Although
butyrate-mediated HDAC inhibition is capable of activating FOXP3
epigenetically, activation via G protein-coupled receptors (GPRs) such
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Fig. 3. Oncogenesis and tumor suppression mediated by microorganisms. Each of the biological processes indicated at the end of each line is a way that microbiota
can promote oncogenesis or tumor suppression. A symmetrical arrangement of the processes is used to illustrate the fact that many of them are in direct opposition to
one another. It’s possible to see a variety of microorganism gene products, metabolites and immune modulators along the arrows of the diagrams. Further details are
provided in the text. To indicate systems that have yet to be fully explained, the question marks are used. E. coli, Enterobacteriaceae, Fusobacterium adhesion A
(FadA), HDAC, Interleukin (IL), and lipopolysaccharides (LPS) are all examples of bacteria that can cause disease (LPS) [105].
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as GPR43 and 109a can lead to an increase in the number of TRegulatory
cells. In cancer, the role of TReg cells is not clear cut. If TReg cells are
infiltrated into the tumor microenvironment, they may hinder
anti-cancer responses [115].

Immune cell responses are influenced indirectly by changes in gut
barrier function due to the influence of intestinal microbiota on gut
barrier function. Bacteria in the lumen are separated from intraepithelial
lymphocytes and innate and adaptive immune system cells by an
epithelial layer of just one cell. A 100 um-thick mucus layer produced by
goblet cells shields the colonic epithelium, preventing most germs from
coming into direct contact with and passing through this protective
barrier. Unlike other T cells, intraepithelial lymphocytes produce
proinflammatory cytokines in response to antigens without the need for
priming. A mouse model’s mucus and barrier function can be main-
tained by diet and gut microbiota [116]. There was a drop in
fiber-fermenting bacteria, particularly butyrate-producing bacteria, and
an increase in two mucus-degrading bacteria in the gut of those who ate
a fiberless diet (Akkermansia muciniphilia and Bacteroides caccae). CRC
risk factor Citrobacter rodentium, a mucosal infection that produces
"leaky gut," became more sensitive to mucus breakdown as mucus
decomposition increased. Boosting barrier function through increasing
claudins and occludins, the proteins that form tight junctions between
epithelial cells, is likely to be crucial, as we’ll see in the next section.
Barrier function is improved and permeability is reduced when Lacto-
bacillus and Bifidobacterium are present, among other beneficial bacteria
[117-120].

7.2. Diet and microbial metabolites

Anti-cancer metabolites and potential oncometabolites can be pro-
duced by bacteria in the GI tract from a variety of dietary and digestive
components [121]. CRC and other cancers are linked to red meat con-
sumption in a variety of ways, some of which are dependent on the
bacteria in the gut. Increased protein levels in the colon can cause DNA
alkylation and mutations in the host because many bacteria, particularly
some Firmicutes and Bacteroides sp., ferment amino acids into N-nitroso
compounds [122]. In this process, nitroreductases and nitrate re-
ductases, which are produced by the bacteria Proteobacteria, are
involved and have been linked to inflammation. Carcinogenic hetero-
cyclic amines, which are digested by intestinal bacteria and produce
electrophilic chemicals that may cause DNA damage, are particularly
dangerous in charred beef [123,124].

The liver produces bile acids, which are then conjugated to taurine or
glycine and released into the gastrointestinal tract in order to break-
down red meat’s saturated fat. Only around 5% of these primary bile
acids make it into the colon, where they are converted into secondary
bile acids by the colonic bacteria. Taurine or glycine moieties are
deconjugated, and a two-phase dehydration or dehydroxylation process
takes place. Deoxycholic acid, for example, can be converted from pri-
mary cholic acid by Clostridium scindens (DCA). When DCA breaks down
cell membranes, it releases arachidonic acid, which is transformed into
prostaglandins and reactive oxygen species (ROS) via cyclooxygenase-2
and lipooxygenase, which causes inflammation and DNA damage.
Additionally, Taurine can promote the growth of some inflammatory
bacteria like Bilophilia wadsworthia by promoting the generation of
genotoxic hydrogen sulfide [125]. In reaction to consuming red meat,
F. nucleatum (which is abundant in human CRC) generates hydrogen
sulfide [126,127].

GI bacteria transform other food components into tumor-suppressing
compounds. For example, dietary fibers are fermented to produce short-
chain fatty acids by Clostridium clusters IV and XIVa. A short-chain fatty
acid called butyrate is the principal energy source for colonocytes and
has been linked to CRC prevention in human metagenomic sequencing
studies and gnotobiotic mice models, as has been discussed earlier. It is
theorized that butyrate, a pleiotropic chemical, can reduce cancers in a
variety of ways. Epigenetically, butyrate influences cell growth and
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death genes [128]. GPRs associated with tumor suppression are ligands
for butyrate [129]. In order to activate TReg cells, butyrate must be able
to activate both of these routes. Last but not least, butyrate aids in
barrier function of the epithelium, which is critical in preventing
inflammation. This can also have a variety of causes. Butyrate oxidation
causes a hypoxia-inducible factor 1-based pathway to maintain barrier
function, and HDAC inhibition has been shown to promote the expres-
sion of tight junction genes including claudins and zonula occludens
[130,131]. As a result, daidzein in soy-based products, glucosinolate in
cruciferous vegetables such as broccoli (and other isothiocyanates), as
well as ellagic acid in certain fruits, are converted to ellagic acid. These
are all antioxidants. Most commensal bacteria are neither "good" nor
"bad," but rather our diets influence whether our microbiota produces
substances that speed or slow tumor formation. Closely related to the
group that produces butyrate in response to fiber is Clostridium cluster
XIVa member Clostridium scinden, which, when stimulated by fat in the
diet, makes secondary bile acids (ClsB) [132,133].

7.3. Cell signaling pathways

Compared to any other gene in CRC, the APC tumor-suppressor gene
undergoes the most mutations [134,135]. Numerous cancers of the
reproductive tract are caused by loss-of-function homozygous APC
mutations, which can lead to nuclear -catenin buildup, aberrant signals
from the wnt signaling pathway, and altered expression of downstream
target genes such c-MYC. Several animal models of CRC, including those
produced by AOM, disrupt the Wnt pathway. Epigenetic suppression of
APC (such as DNA hypermethylation of the APC promoter) or oppor-
tunistic infection can also affect Wnt signaling. When FadA, an adhesin
from F. nucleatum, is bound to host epithelial cells, it enhances signaling
from -catenin [96]. Exogenous zinc-dependent metalloproteases
secreted by ETBF break and destroy the domains of E-extracellular
cadherins, enabling for the release of the inhibitory -catenin that would
otherwise be inactivated by binding to internal E-cadherins to enter the
cell unhindered. c-MYC (avian myelocytomatosis virus oncogene ho-
molog) is a downstream target gene of -catenin nuclear translocation,
which promotes proliferation [136]. Bacteria that generate AvrA, which
increases -catenin, are linked to hepatobiliary malignancies [103,137].

CRC and other malignancies have an overactive Janus kinase/signal
transducer and activator of transcription, which is an important
signaling pathway (JAK-STAT). In colorectal cancers, ETBF enhances
STAT3 phosphorylation and nuclear translocation [91]. Cellular
signaling pathways can also affect the virulence factors of bacteria. In
Helicobacter pylori, Src and Abl kinases phosphorylate the virulence
component cagA (cytotoxin-associated gene A). Many of the cellular
signaling proteins that regulate cell proliferation interact with CagA in
distinct ways when it is unphosphorylated [138].

7.4. DNA damage

Carcinogenesis is aided by DNA damage. In the absence of normal
DNA repair processes, genotoxins can cause point mutations, insertions
and deletions, or chromosomal rearrangements such inversions and
translocations if the DNA is damaged by adducts or double-stranded
breaks. The DNA of the host cell can be damaged directly by microbial
genotoxins. Many Enterobacteriaceae, including E. coli, produce col-
ibactin, which induces double-strand breaks in the DNA of their hosts
[89,139,140]. Some Proteobacteria produce cytolethal distending toxin
(CDT), which causes comparable DNA damage [141].

Free radicals and changes in reactive oxygen species concentrations
caused by bacterial metabolites have the potential to be genotoxic in an
indirect manner (ROS). Enterococcus faecalis, for example, produces a lot
of extracellular superoxide (O2) on the luminal side of the intestinal
mucosa [142]. The formation of DNA-protein crosslinks, DNA breaks,
and point mutations in eukaryotic cellular DNA can cause significant
damage from H202 created by rapid O2 breakdown. Bacterial
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polyamine catabolism pathways are upregulated by ETBF B. fragilis
toxin, which results in ROS that damage host DNA and cause colon
cancer [143].

Those who eat a diet high in fat produce more bile than those who do
not. A variety of studies have showed that bile acids rapidly produce
reactive oxygen and nitrogen species, which have been shown to dam-
age the DNA of the host cell (reviewed by Bernstein et al. [144]). In-
flammatory bowel disease has been connected to B. wadsworthia, a
sulfite-reducing bacteria that thrives in high-fat diets [145].

In contrast to the damaging effects of ROS, repairing damaged in-
testinal mucosa requires redox signaling. Peptides produced and
excreted by microorganisms activate formyl peptide receptors on
colonic epithelial cells, resulting in localized ROS formation and acti-
vation of redox signaling pathways and migration-associated proteins,
which aids in the healing of mucosal wounds in the colon [146]. nico-
tinamide adenine dinucleotide dinucleotide phosphate oxidase 1 in
Lactobacilli promotes epithelial cell proliferation [147].

7.5. Distant sites

Cancer in other regions of the body may be affected by gut bacteria,
metabolites, and immune cells traveling through the blood (Fig. 1,
Right). The enterohepatic circulation and the hepatic portal vein must
be traversed before they can enter the systemic circulatory system and
begin their journey there. Hepatic enzymes detoxify potentially toxic
endobiotics and xenophores before excreting them [148]. This is
important since the liver is the major site for this detoxification. Phase 1
cytochrome P450s functionalize hormones, bile acids, and cholesterol
metabolites, which are subsequently conjugated with glucuronic acid or
sulfate by phase 2 uridine diphosphate-glucuronosyltransferases or
sulfotransferases to form glucuronic acid or sulfate conjugates. Although
the kidneys filter many detoxified compounds, others are eliminated
into the GI tract via the bile duct, where they become substrates for
various microbiological enzyme systems that transform them back into
chemicals capable of being reabsorbed or circulated throughout the
body to have an impact on distant sites before being sent back to the
liver for further processing or eviction. Both human and microbial routes
are involved in enterohepatic recirculation, which is crucial in both
normal physiology and disease states of the digestive and extraintestinal
tracts.

According to a metabolomics study, the microbiota influences the
amount of 10% of the chemicals in serum from germ-free and normal
mice by 50% [149]. Tumor formation in various parts of the body is
influenced by several of these metabolites. If you’re concerned about
your liver health, you may want to consider supplementing your diet
with DCA, which has been shown to increase the risk of fatty liver dis-
ease in mice [102]. Cancer prevention molecule Equol from the gut
microbiota has been found in several tissues and bodily fluids (including
blood, urine, and prostatic fluid) [132]. Endogenous estrogens are
broken down in the gut by gut bacteria and have been associated to
breast cancer [134,135]. Gut bacteria. For example, studies have shown
that inflammatory reactions to Helicobacter hepaticus can lead to the
development of breast cancer, and that this can be attributed to a tumor
necrosis factor-dependent pathway [150,151]. Bacteria from the envi-
ronment trigger TLR5 and NF-B in K-ras/p53 mutant mice, which leads
to systemic inflammation and tumor formation at many locations [152].
There is a single nucleotide polymorphism in TLR5 that affects the im-
mune response to flagellin and has been linked to long-term survival of
ovarian cancer patients. These findings are consistent with this poly-
morphism [152].

All of the following mechanisms are more likely to work in concert
than act separately. E. coli’s pks pathogenicity island, for example,
causes DNA damage but is assisted by chronic inflammation, which is
seen in tumor development differences between pks+ and Apks+ strains
on wild-type genetic backgrounds. In other words, in IL-10 mutant an-
imals, chronic inflammation seems to enhance pks oncogenesis.
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Oncogenesis can be improved by using combinatorial strategies after an
initiating event that would otherwise be insufficient to promote trans-
formation [140].

8. Dietary changes can affect the growth of microorganisms and
cancer cells

After 10,000 years of agrarian (farmers and pastoralists) life and the
Industrial Revolution, a genotype better suited to processing complex
carbohydrates from plant-based foods was developed [153]. Plant fiber
was broken down by gut microbes in our ancestors’ intestines, which
allowed them to eat and live. Fermentation, hydrolysis, denitrification,
sulfate reduction, and aromatic fission are just a few of the actions that
the gut microbiota’s enzymes can perform on substances that aren’t
digested by human enzymes and end up in the GI tract. Because of the
abundance of simple and complex carbohydrates, as well as a wide range
of other foods, our bodies can now digest them without the assistance of
microorganisms. Increasing sugar consumption is one way in which this
apparent mismatch in evolution appears to contribute to cancer risk
[154].

8.1. Vegetables, fruits, and grains

Fruits, grains, and vegetables provide a wide range of nutrients,
including sugars, carbohydrates, dietary fiber, and polyphenolic chem-
icals. Regular consumption of these plant-based meals has been associ-
ated to cancer prevention [155]. The gut microbiota’s ability to turn
indigestible plant elements into bioactive compounds such as
short-chain fatty acids and bioactive phytochemicals has been related to
many of the plant components linked to increased health.

Complex carbohydrate and dietary fiber fermentation and hydrolysis
produce short-chain fatty acids (acetate, propionate, butyrate) that
reach the gut microbiota [156]. For example, butyrate is a critical fuel
source for enterocytes in the intestine while propionate regulates
glucose and lipid metabolism in the liver [157]. Cell apoptosis, differ-
entiation and hyperacetylation of histones can also be induced by
butyrate Butyrate’s effects appear to be impacted by the host genotype
as well as SCFA concentrations, even though these benefits are intended
to prevent cancer from developing and advancing. In a mouse model of
colorectal cancer, butyrate was made to concentrate in the nucleus,
where it increased histone acetylation and apoptosis, thereby reducing
cancer cell proliferation [128]. Butyrate from the microbiome increased
tumor cell growth in mice with Msh2 gene alterations, which are crucial
for mismatch repair [158]. Excess production of acetate in the gut has
been linked to altered insulin regulation and obesity [157,159,160].

Polyphenols, flavonoids, and glucosinolates in plants have all been
linked to a lower cancer risk [161-164]. Anticancer isothiocyanates can
be made from glucosinolates in cruciferous vegetables by certain bac-
teria. Eggerthella spp., Alistipes putredinis, Eubacterium hallii, and Phasco-
larctobacterium faecium are microorganisms that digest starch and
dietary fibers. Eggerthella and Alistipes degrade starch and dietary fi-
bers [165,166]. Consuming foods low in fiber and hence lacking in
polyphenols has been shown in animal models to increase microbial
pathogenicity and decrease barrier function [116], however the link
between this and an increased risk of cancer remains unclear. Cancer
incidence may be reduced by flavonoids including quercetine and api-
genin, according to a recent meta-analysis. Toxic and protective path-
ways associated with isoflavones in soy have been linked to the gut
microbiota’s ability to access downstream metabolites and nutrients
[161,167,168].

8.2. Protein- and fat-containing foods
Organic acids such as phenols, indoles, amines, sulfur compounds,

ammonia, and amines can be synthesized from amino acids and proteins
[169]. Hydrolysis, deamination, decarboxylation, fermentation, and
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elimination are just a few of the processes that result in these
by-products. Digestive microorganisms can also break down fatty acids
and other lipids, primarily for the purpose of making bile acids. 155,
156] These conversions have been linked to cancer, and they affect the
microbiome of the gut as well as liver signaling [170-172].

Carcinogenic fatty acids, such as N-nitroso compounds, have been
demonstrated to rise in the presence of high protein and high fat diets
[173,174]. An increase in the number of plant
polysaccharide-metabolizing microorganisms in animal diets is a result
of an increase in secondary bile acid production [175]. Butyrate syn-
thesis and beneficial Roseburia/Eubacterium rectale levels in the stools
are decreased when low carbohydrate diets are combined with high
protein diets [174]. Consuming more fiber does not reduce the risk of
colon cancer as much as cutting down on animal products [176]. Ac-
cording to these findings, a diet high in carbs and low in protein may
help lower cancer risk.

9. Cancer can be boosted by microbes in a variety of ways

The majority of mouth cancer cases have been connected to tobacco
smoking and heavy alcohol consumption. However, in many parts of the
world, the incidence of oral cavity cancer appears to be increasing in
ways that identified risk factors alone cannot explain. Meanwhile, there
has been a surge in interest in the potential links between microorgan-
isms and various phases of cancer formation, and multiple techniques
for bacteria and yeast to initiate or accelerate carcinogenesis are
currently being researched. According to an increasing body of research,
the metabolism and synthesis of carcinogenic chemicals like acetalde-
hyde may have an etiological role [61].

In developed countries, colorectal cancer (CRC) is one of the most
common health issues. CRC risk can be increased by increasing protein
and fat intake, for example. CRC is influenced by a variety of factors,
including diet. They control the composition and function of the gut
microbiota, which produces SCFAs such as propionate, acetate, and
butyrate while also having a high metabolic capacity. Butyrate is a major
source of energy for colonic epithelial cells and is required for the sta-
bility of the gut microbiota and the integrity of the intestinal epithelium.
Only a few studies have looked at the anti-CRC capabilities of butyrate
[177].

The second most frequent cancer in men and the third most prevalent
cancer in women is CRC [178]. Colorectal cancer (CRC) accounts for
around 10% of all new cancer cases worldwide. The gut microbiota is a
vast bacterial colony that interacts with host cells to regulate a number
of physiological functions including energy collection, metabolism, and
immune response. It’s close to the mucosa epithelium of the colorectal
mucosa. In CRC patients, microbial compositional and ecological
changes have been documented, and functional investigations in animal
models have revealed the importance of a variety of bacteria, including
Fusobacterium nucleatum, various E. coli strains, and Bacteroidesfragilis,
in colorectal carcinogenesis. Findings from gut microbiota research have
opened up new therapeutic avenues, such as employing gut microbiota
tests as biomarkers for screening, prognostication, or forecasting, or
altering microorganisms to lower cancer risk, improve medication, or
enhance treatment side effects. This research aims to give a complete
overview and discussion of the gut microbiota in colorectal neoplasia,
including basic mechanisms in microbiota-related carcinogenesis,
microbiota as biomarkers for CRC, and the prospect of changing the gut
microbiota for CRC prevention or treatment [179].

9.1. Microbes can damage cell DNA, initiating cancer

In recent years, the number of studies looking at the function of the
gut microbiome in colorectal cancer (CRC) has exploded. As a result, we
now know that particular bacteria (and microbial communities) are
found in the stool and mucosa of CRC patients more frequently than in
healthy people, including in primary tumors and distant metastases.
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Although these bacteria are known to cause cancer in animals, little is
known about how they interact with colon epithelial cells (CECs) and
how these interactions can result in genetic and epigenetic changes that
allow tumors to grow and spread. Despite the fact that CRC is becoming
increasingly prevalent among younger people, it is still the second
leading cause of cancer-related death worldwide. As a result, greater
research into the role of gut bacteria in CRC is required. In this paper, we
discuss recent improvements in our understanding of the impact of gut
bacteria on the genome and epigenome of CECs in connection to CRC
[180].

Because only a small fraction of women with known risk factors
develop cancer, the changing frequency of breast cancer remains a
fascinating topic. According to a new study, both local and distant mi-
croorganisms play a role in the genesis, progression, and overall prog-
nosis of breast cancer. A dysbiotic microbiota predisposes the body to
cancer by producing genetic instability, starting DNA damage, and
perpetuating the damaged progeny by eliciting a positive immune
response, metabolic dysregulation, and altered therapeutic responsive-
ness. Microbiota differences were discovered in healthy people’s nipple
aspirate fluid and breast survivors’. Secondary metabolites produced by
these bacteria may act as signaling mediators in the progression of breast
cancer. CRC patients have a 5-year survival rate of around 60%, with
30-40% of patients experiencing recurrence following initial treatment
[181].

9.2. Microbes can increase cancer cell proliferation

Despite recent therapeutic breakthroughs, colorectal cancer (CRC) is
still the third most common cancer in the United States, with about half
of patients acquiring recurring tumors that are resistant to standard
chemotherapy. This finding emphasizes the necessity of discovering new
chemo-resistance strategies for cancer cells that cause aggressive colon
cancers [182]. Patients with CRC have a 5-year survival rate of
approximately 60%, with 30-40% experiencing recurrence following
initial treatment [183-185].

Both secondary bile acids (SBAs) and short-chained fatty acids
(SCFAs), which are both found in the colon, have opposing effects on
colonic inflammation when persistently high in physiological levels.
Host-microbe interactions need primary BAs, as do cholesterol meta-
bolism and digestion. Biotransformation of primary and secondary BAS
occurs in the colon even if they are reabsorbed via enterohepatic cir-
culation. Colonic inflammation and cancer risk factors such deoxycholic
acid (DCA) and lithochoholic acid (LCA) are higher in high-fat diets.
Fiber consumption is associated to anti-inflammatory and cancer-
preventative qualities. The SCFAs acetate, propionate, and butyrate,
which are generated in the colon during dietary fiber fermentation, may
be to blame for these side effects. The anticancer potential of dietary
fiber in the setting of colon cancer caused by a high-fat diet will be better
understood if researchers can figure out how secondary BAs and SCFAs
influence colonic cell proliferation and inflammation at the molecular
level [186].

9.3. Microbes and cancer cells can exchange growth factors

Our bodies allow cells to flourish and evolve in the same manner that
ecosystems allow them to do so. Natural selection operates in every
ecosystem in the following way: those who survive and reproduce best
become a larger proportion of the population’s next generation. Cancer
develops when cells in the body grow rapidly, monopolize resources,
and bypass molecular processes that allow it to function normally [187].
Germs overproliferate, monopolize metabolic resources, and create
virulence factors that disturb normal organismal function, just as
dangerous bacteria-caused illnesses do [188].

Cancer cells can survive in both the body’s ecology and the tumor’s
microenvironment [189,190]. In the tumor-promoting environment,
formation factors, angiogenic signals (signals of blood vessel growth that
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feed tumors), and fibroblast "support" cells all play a part [190]. The
tumor’s microenvironment can aid its development while potentially
suffocating it. The microenvironment may aid in cancer suppression if
tissue homeostasis is retained and the immune system is not yet dysre-
gulated [191-193].

9.4. Cancer cells and microbes may help each other defend against the
immune system

When it comes to our health, bacteria play a crucial role. For
example, they play a role in our risk of developing cancer, as both germs
and cancer cells depend on incoming nutrients to thrive and multiply.
This demonstrates that our food has an effect on cancer cell and mi-
crobial cell proliferation, particularly when we consume excessive
amounts of energy and minerals. Chemicals produced by cancer cells
and microorganisms can influence their growth and survival. These
findings underscore the importance of cancer cell-microbial cell in-
teractions in the initiation and progression of cancer [194].

The human stomach is home to fungi, bacteria, viruses, and archaea,
including bacteria from the phylum Bacteria. There are many Firmi-
cutes, Bacteroidetes, Proteobacteria, and Actinobacteria in the envi-
ronment [195]. By helping to keep the intestinal epithelium intact,
microbes can help keep harmful organisms from entering the body and
causing disease or injury [196]. Overall, the immune system plays a
significant role in cancer. The body’s immune system is constantly
scanning the tissues for viruses and cancer cells and eliminating any that
pose a threat. Human interior organs are protected from potentially
harmful cells by immune predation. As prey evolves to evade predators,
cancer cells and viruses can evolve to avoid detection by the immune
system[197].

9.5. Microbes can raise cancer risk by transforming the intestinal barrier
and biofilms that surround It

Inflammatory bowel disease (IBD) is a multifaceted disorder in
which genetic, environmental, barrier, and microbial variables interact
in the colon, resulting in persistent inflammation. Colorectal cancer
(CRQ), which contains a subgroup known as colitis-associated malig-
nancies, is more common in IBD patients. Innate immune receptor
polymorphism has long been thought to be associated to IBD, and
changes in these receptors have recently been found in CRC. Epithelial
hyperpermeability, a large number of mucosa-associated bacteria, and a
shift in microbial makeup all pointed to a malfunctioning gut barrier
(called microbiota) [198].

CRC is a worldwide public health issue with serious human and
financial consequences for patients, healthcare institutions, and society.
CRC has been linked to oncogenic bacteria such Fusobacterium nucle-
atum, E. coli, and enterotoxigenic Bacteroidesfragilis. According to recent
studies, before these microorganisms may develop CRC, they must first
build biofilms. Gut microbial biofilms are microbial biofilms that form in
the mucus layer of the intestine. Biofilm disrupts the intestinal barrier,
increases gut permeability, and causes E-cadherin displacement in
colonic epithelial cells, all of which contribute to intestinal dysbiosis
[199].

Colorectal cancer has been connected to the gut microbiota’s onset
and progression (CRC). The onset of CRC is driven by local mucosal
colonization with certain microbes, according to one common bacterial
tumorigenesis explanation (drivers). Changes in the peritumoral envi-
ronment encourage the colonization of opportunistic (passenger) bac-
teria, which aids disease progression. Screening for the bacteria that
cause CRC’s ’driver-passenger’ disease could speed up diagnosis and
treatment for patients. The revelation that organizing bacterial colonies
into higher-order structures called as biofilms is necessary for CRC
initiation and growth is changing these efforts [200].
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9.6. Proliferation of host cells by microbes can expand their ecological
niche

Bacteria populations that create supragingival plaque, subgingival
plaque, and tongue coating thrive in the complex ecology of the oral
cavity. The properties of the environment dictate which bacteria can
dwell there, and the metabolic activities of these microbial communities
influence the parameters of the environment. In supragingival locations,
saccharolytic bacteria break down carbs into lactic acid, resulting in a
brief acidic environment. GCF-produced nitrogenous compounds are
metabolized by asaccharolytic bacteria in the subgingival region,
resulting in a neutral pH and an anaerobic environment rich in short-
chain fatty acids and ammonia. Sulfur compounds, which are the prin-
cipal components of oral malodor, are produced by asaccharolytic ac-
tivity against cysteine and methionine in the tongue covering. Changes
in environmental parameters may cause individual bacteria to develop
adaptive responses to changing environments, potentially allowing
more dangerous germs to penetrate the microbial population [201].

Microbes taken from a variety of hosts have been tested to improve
the host’s survival. The pathogenicity of these bacteria stems from a
complicated host-microbe connection in which the immune system is
unable to limit microbial multiplication. Candida albicans, Pneumo-
cystis spp., and dermatophytes are some of the human eukaryotic in-
fections that have found a host. These bacteria create infections when
the host-microbe relationship is interrupted, such as by medicines,
immunosuppression, or changes in their niche, resulting in a greater
fungal load. In contrast, a large inoculum can induce disease in healthy
people, as proven by a well-known self-experimentation case in which a
doctor consumed a Candida albicans solution and got candidemia and
candiduria [202].

9.7. Microbes can inspire cells to become more metastatic

As a result, we have a startling dearth of understanding of how
metastasis begins. To the best of my knowledge, the century-old notion
of cancer cells fusing with tumor-associated leukocytes such as macro-
phages is the only complete explanation for metastasis that can explain
most, if not all, parts of the process, including how it begins. Metastasis,
in this view, is a secondary disease that affects the initial tumor cell. The
original cell’s cell cycle is disrupted, yet it has no desire to leave its
source. According to the fusion theory, a healthy migratory leukocyte
merges with a primary tumor cell, resulting in the acquisition of a
metastatic phenotype. The resulting hybrid, like the original cancer cell,
has the ability to travel across the body of a white blood cell while
dividing uncontrollably [203].

Pathology analyses of hundreds of human malignant melanoma pa-
thology specimens revealed that autophagy is a common trait, expressed
by 85% or more of melanomas, and dermatopathologists refer to it as
"coarse melanin" (autophagosomes containing melanosomes and other
cytoplasmic material) [204,205]. Finally, think about how fusion might
be used therapeutically. New treatment paradigms, such as fusion pre-
vention or death of fused cells based on distinct molecular fingerprints,
will surely emerge if fusion is shown to be the cause of metastasis, or at
least a component of it [203].

9.8. Microbes produce quantum sensing molecules that may aid in
metastasis

Bacteria produce QSMs, which become more prevalent in high-stress
circumstances. In contrast to quorum sensing peptides (QSP) and fur-
anosyl borates, which are both produced by Gram-positive bacteria, the
majority of N-acyl homoserine lactones (AHL) are produced by Gram-
negative bacteria (AI-2 [autoinducer-2], produced by Gram-positive as
well as by Gram-negative bacteria). Researchers have discovered that
some quorum-sensing molecules are capable of crossing the intestinal
barrier and transmitting putative bacterial-host communication signals
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[206-209]. The human microbiome’s function in cancer progression is
still a mystery. Peptides produced by bacteria that are commensal or
pathogenic can affect breast cancer cell invasion and, consequently, its
prognosis [207].

Quorum sensing (QS) is widely known for its role in microbial
pathogenicity and antibiotic resistance. QS regulates motility, swarm-
ing, and biofilm growth by using signal molecules such as acylatedho-
moserine lactones (AHLs) produced by bacteria at a specific population
density. Inhibiting QS may reduce pathogenicity, antibiotic resistance,
and biofilm development in both systemic and local illnesses. In many
bacteria, homoserine lactones and other transmitters increase antibiotic
resistance and pathogenicity; thus, inhibiting QS signals reduces resis-
tance and virulence [210].

A high mortality rate owing to metastases makes colorectal cancer
one of the most common malignancies in the world. As according
metagenome-wide comparisons of healthy persons with cancer suf-
ferers, the human intestinal microbiota may be involved. As a result,
however little known about the chemicals produced by microorganisms
that are engaged in communication between them. Quorum sensing
peptides have yet to be studied in this microbiome-host interaction;
neither their presence in vivo nor any in vivo host effect has been re-
ported [211].

9.9. Microbes modify cancer cells using epigenetics to boost the
proliferation of cancer cells

The microbiota has an impact on many diseases, and it plays a role in
their progression and suppression. In order to sustain a healthy human
physiology, the connection between the host and the microbiota must be
balanced. An unbalanced microbiome puts the human body at greater
risk of immunodeficiency and cancer than a balanced microbiome does.
Many bacteria have been linked to cancer, but little is understood about
how microbial interactions effect gene and epigenome modifications, as
well as how tumor growth is sparked or sustained. Several studies have
found that microbes in the stomach can change DNA methylation, DNA
repair, and DNA damage in some way or another. Cancer-related genes
and pathways, particularly those involved in cell development and
signaling, are affected by the bacteria in the gut. These studies look at
various chemopreventive agents in cancer prevention and treatment
along with promising microbiome molecular targets which promote
carcinogenesis, epigenetic changes of various potential targets caused by
altered microbiota and current research on dysbiosis and the colon,
lung, ovarian and breast cancers and their treatment [212].

Researchers and doctors have recently paid more attention to dietary
therapy for colon cancer prevention. Probiotics are gaining popularity as
potential medicinal agents as well as nutritional and healthful food
supplements. The probiotic metabolome may influence a variety of
cellular and molecular processes, including colon cancer initiation and
progression. Probiotic metabolites affect cellular signaling and meta-
bolic processes in a variety of ways. In the gut, microbial metabolites
interact with a wide range of metabolic targets that regulate cell pro-
liferation, differentiation, death, inflammation, angiogenesis, and
metastasis (organic acids, bacteriocins, peptides, and so on). Progress in
this field predicts that, in the not-too-distant future, epigenetic modifi-
cations will be used to treat colon cancer on a daily basis. The current
research focuses on the molecular underpinnings of individual probiotic
metabolites’ therapeutic and chemopreventive actions, as well as the
links between probiotic metabolites and the molecular signaling cas-
cades hypothesized to be epigenetic targets in probiotics [213].

10. Key carcinogenic organisms’ mechanistic studies

For example, the human papillomavirus and the hepatitis B virus will
not be discussed here. The germs Helicobacter pylori and Fusobacterium
nucleatum are the most commonly associated to cancer. In many of the
cancer-causing groupings described by Hanahan and Weinberg, detailed
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examinations of the actions of these species, among others, continue to
uncover new pathogenetic pathways [87].

Over millions of years, humans have developed alongside a complex
bacterial, fungal, and viral microbiome. Some well-known epidemio-
logical correlations between certain bacteria and cancer have been
discovered at the cellular level. Research on microbiomes like the
human gut microbiome has been greatly aided by advances in next-
generation sequencing technologies, which have allowed taxonomic
and metabolic links between microbiome and cancer to be discovered.
Using direct and immunological techniques, these research have
discovered causal pathways for both microorganisms within tumors and
bacteria in diverse host habitats far from tumors [38].

Hundreds of microorganisms interact with the eukaryotic host, both
resident and transient, affecting critical physiological pathways. New
research shows that host-microbe interactions play a role in tissue ho-
meostasis, cell fate decisions, and regeneration potential in epithelial
barrier organs like the skin, lungs, and gut. In humans and animals,
malignant tumors of various organs have been reported to have a
different microbiome. Changed metabolic characteristics and released
chemicals have been linked to epithelium carcinogenesis and tumor
growth in mechanistic studies. According to recent research, connected
microbial communities have a considerable impact on the response to
chemotherapy and immune-checkpoint inhibitors during cancer treat-
ment, suggesting that microbiota manipulation could be an effective
method in personalized oncology [214].

10.1. Genotoxic and non-genotoxic bacterial toxin

Chemicals are an inescapable aspect of contemporary life, and some
of them can be harmful to people’s health. Many countries are con-
cerned about chemical carcinogens, and international organizations like
the World Health Organization have lobbied for legislation. Carcinogens
are currently classified as genotoxic or non-genotoxic, with each group
having its own set of rules. The genotoxic chemicals that cause cell
mutations cause cancer. No safe exposure threshold or dose has been
established due to their ability to interact with DNA. They are prohibited
because even low amounts of genotoxic ants can cause cancer in
humans. Non-genotoxic carcinogens are assumed to have a safe expo-
sure threshold or dose since cancer is produced by causes other than
mutations, such as hormonal influences, cytotoxicity, cell proliferation,
or epigenetic alterations. As a result, its use in society is accepted as long
as the amount of exposure or consumption does not exceed the
permissible limit. Genotoxicity tests aid in the differentiation of the two
categories of carcinogens [215].

A total of 62 compounds were chosen from three categories of test
chemicals. The Green Screen HC assay was used to screen these com-
pounds, and the results are included in this report. Multiple operators
reproduced all of the experiments, including those with and without S9.
Group 1 chemicals should pass in vitro mammalian cell genotoxicity
testing: GreenScreen HC dependably positive 18/20 (90%) of the sam-
ples. In vitro tests for genotoxicity on Group 2 compounds should come
up negative: GreenScreen HC consistently produced negative results in
22 of 23 cases (96%). Groups 1 and 2 have a total concordance of 93%.
Despite the fact that Group 3 compounds should show no chromosomal
abnormalities or Tk mutations in mammalian cells in in vitro genotox-
icity experiments, they have been observed to cause them in mouse
lymphoma cells, frequently at high doses or cytotoxicity levels: Green
Screen HC consistently produced poor results 13/17 (76%) of the time
[216].

The use of Bacillus thuringiensis toxins as biopesticides in biological
insect control and transgenic plants has enhanced their environmental
availability. All -endotoxins from B. thuringiensis, cry 1Aa, cry 1Ab, cry
1Ac, and cry 2 A, were examined in zebrafish Danio rerio to see if they
had any negative effects on their genome or embryos [217]. Hemato-
poietic stem cell transplantation may help patients with hemoglobin-
opathies, congenital immunodeficiencies, and other disorders including
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AIDS (HSCT). Despite the fact that employing genetically corrected cells
in autologous HSCT reduces the risk of graft-versus-host disease
(GVHD), conditioned genotoxicity is still a big problem. We created an
internalizing immunotoxin that effectively trains immunocompetent
mice by targeting the CD45 receptor, which is only found on hemato-
poietic cells [218].

10.2. Toxic inflammation, rapid cell growth, and a weakened immune
system are all caused by fusobacterium

CRC is the third most common cancer worldwide, and its etiology has
gained a lot of attention in recent decades. Microorganisms found in the
gastrointestinal system have recently been identified as possible etio-
logical agents. Fusobacterium and CRC, in particular, have been found
to have a direct proportional relationship. Since then, a variety of animal
models have been employed to examine Fusobacterium’s functional role
in CRC formation. Despite the fact that several epidemiological research
have failed to show a direct link between Fusobacterium and CRC,
multiple pathogenic pathways have been established that cause the
disease. Due to its high adhesive and invasive capabilities, Fusobacte-
rium can stimulate the E-cadherin/-catenin It’s been linked to epigenetic
abnormalities such microsatellite instability (MSI) and hyper-
methylation, which can lead to epithelial cell malignancy. Fusobacte-
rium can change the tumor microenvironment (TME) by recruiting and
suppressing myeloid-derived suppressor cells (MDSCs), tumor associ-
ated macrophages (TAMs), and tumor associated neutrophils (TANs)
(TANSs). This article delves into the connection between Fusobacterium
and colorectal cancer. Potential therapeutic and prevention options for
colorectal cancer associated to Fusobacterium are also considered in
light of the introduction of microbiome-based medications. CRC is the
third most common cancer in the world, and its etiology has gotten a lot
of attention in recent decades. Microorganisms found in the gastroin-
testinal system have recently been identified as possible etiological
agents. Fusobacterium and CRC, in particular, have been found to have a
direct proportional relationship [219].

Inflammation is the body’s natural response when tissue homeostasis
is disrupted. At all stages of tumor development and treatment, chronic
inflammatory processes have an impact. The major cellular and mo-
lecular mechanisms that coordinate inflammation’s tumor-promoting
and tumor-antagonizing effects are outlined in this Review, which in-
vestigates the relationship between cancer growth and inflammatory
processes. We also investigate the recently postulated role of commensal
bacteria in inflammation-induced cancer, arguing that a better under-
standing of this microbial influence is essential for modern cancer
treatment targeted therapy [220].

A dysbiotic bacteria causes periodontitis, which is a serious bacterial
illness. New information on the genesis and stability of dysbiotic oral
microbial communities that can induce inflammatory disease in both
local and remote places has recently been discovered, according to new
research. The strategies of microbial immune subversion that tip the
balance from homeostasis to sickness in oral and extra-oral locales are
discussed in this work [221].

10.3. Both lymphoma and gastric epithelial disease are linked to H. Pylori

Human stomach cancer and gastric mucosa-associated lymphoid
tissue lymphoma were the first diseases linked to Helicobacter pylori.
H. pylori cagA-positive strains appear to be important in mammalian cell
neoplastic transformation, according to accumulating evidence [222].
Bacteria produce the CagA protein, which binds to and activates the
pro-oncogenic phosphatase SHP2 in an improper manner. CagA-SHP2
interaction requires the Glu-Pro-Ile-Tyr-Ala (EPIYA) motif on tyrosine.
Japan, China, and Korea have some of the highest incidences of stomach
cancer in the world. The majority of Helicobacter pylori strains in East
Asia produce an East Asian CagA variant (EPIYA-D) that lacks the
SHP2-binding EPIYA motif found in CagA from other parts of the world.

13

Biomedicine & Pharmacotherapy 149 (2022) 112898

EPIYA-D has a twofold greater interaction with SHP2 than EPIYA-C
[223].

Helicobacter pylori infection has been associated to gastric mucosal
lymphoma and distal gastric cancer in humans. Because of the use of a
combination of medicines to remove H. pylori, most cases of gastric
lymphoma are cured, and the growth of stomach adenocarcinoma is
halted. H. pylori causes a long-lasting inflammatory response in the
stomach, which promotes gastric neoplasia. This chronic inflammatory
state causes persistent oxidative stress and adaptive changes in the
pathobiology of stomach epithelial and immunological cells in a small
percentage of infected patients, eventually leading to outright neoplastic
transformation [224].

11. The cancer curing potential of the microbiome and its
components

The human gut microbiome has an impact on many host systems,
including metabolism, inflammation, and immune and cellular re-
sponses. The microbiome is rapidly becoming recognized as a factor in
the onset of cancer. Altering the gut microbiota increases the host
response to cancer treatment in preclinical models; the gut microbiome
has been shown to be altered in a range of illnesses, including cancer.
Using microbial organisms or their products to treat cancer offers the
added benefit of shrinking tumors. By stimulating bacteria to create
potentially cancer-causing toxins and metabolites, the microbiome, on
the other hand, may have a negative impact on cancer prognosis. As a
result, future anticancer medicines may combine microbiome manage-
ment and its products with immunotherapeutics and other more tradi-
tional techniques that target malignant cells directly [225,226].

Next-generation sequencing has given us unprecedented access to
the genomes of tumors, hosts, and the many microbes that live inside
living things thanks to this new technology. These bacteria may give
sensitivity to specific malignancies and may potentially modify therapy
response, according to growing findings. The fact that gut bacteria in-
fluence therapeutic responses in preclinical models and patient cohorts
exemplifies this. On the other hand, these microorganisms may have an
impact on treatment responses as well as treatment-related harm. As a
result of these circumstances, microorganisms are increasingly being
used to treat cancer and other disorders [227].

Microbiota play a role in cancer susceptibility because they reside in
high numbers in the human body and have a dramatic impact on im-
mune cell activity. In 15-20% of cancer instances, microbial infections
are the cause. According to microbiome studies utilizing metagenomic
sequencing, a changed composition of commensal microbiota is linked
to an increased occurrence of malignancies (dysbiosis). A preclinical
study employing gnotobiotic mice models that are colonized with one or
more particular bacteria reveals a causal role for alterations in the
microbiota in cancer. Inflammation, DNA damage, and the production of
chemicals linked to oncogenesis and tumor suppression have all been
linked to the microbiota’s influence on cancer susceptibility and pro-
gression, according to these findings [105].

11.1. Specific bacterial products in cancer therapy

The use of live microbes in cancer treatment has a lot of potential. In
recent years, the number of genetically engineered bacteria with ther-
apeutic and diagnostic applications has risen. Purified bacterial prod-
ucts, on the other hand, are gaining traction as novel bioactive product
classes for treating and preventing cancer spread and growth. Using
immunotoxins, proteins, and peptides as a focal point, the first section of
the essay examines the most recent studies on using live bacteria as well
as their products as anti-cancer medications. Using azurin or a peptide
derived from those as anticancer treatments will be the focus of this
discussion. The second half of the paper discusses the difficulties of using
metagenomic techniques to find new anti-cancer drugs derived from
bacterial sources [228].
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Nanomedicines [229] derived from biologically produced vesicles
can be used to target specific cells, thanks to advances in genetic engi-
neering technology. Cancer cells can be targeted and killed with siRNA
that is delivered via bioengineered bacterial outer membrane vesicles
(OMVs) with low immunogenicity (KSP). In order to create OMVs that
are more specific to human cells, a mutant strain of Escherichia coli was
used that had a lower toxicity to human cells. In a mouse model,
siRNA-packaged OMVs injected systemically resulted in targeted gene
silencing and significant tumor growth regression. There were no
negative consequences to the new OMVs, which were also
well-tolerated. For cancer treatment, we believe bioengineered OMVs
offer a great deal of potential [230].

Cancer, which is the biggest cause of death in the twenty-first cen-
tury, is one of humanity’s most feared diseases. New cancer therapies
are desperately needed due to the pharmacological adverse effects of
standard chemotherapy, radiation, and surgery. Other strategies, such as
cancer vaccinations and biological therapies, have been shown to be
very helpful in the treatment of cancer, in addition to regular drugs. The
low toxicity of these new cancer drugs, as well as their ability to target
and destroy cancer cells, may account for their effectiveness. For more
than a century, bacteria have been utilized to cure cancer. Live, atten-
uated, or genetically modified anaerobic bacterial species can infiltrate
and flourish inside tumors, halting tumor development. In target specific
therapy, bacteria and their spores are used to deliver prodrugs and other
proteins to tumors [231,232].

11.2. The microbiome as a modulator of chemotherapy

In recent decades, cancer treatment has evolved from surgery,
chemotherapy, and radiation treatment to include targeted medications
and immunotherapies. In spite of the discovery of innovative medicines
targeting certain cancer-related genetic factors, and also more recent
time immune system-modulating biologics, focused therapies continue
to benefit only individuals with particular cancer subtypes, and there is
still opportunity for better survival outcomes. There have been
numerous biomarker studies undertaken as a result of the high rate of
treatment failure in clinical practice to identify the features that
contribute to disease relapse and therapeutic interventions failure.
There is an urgent need for more research into the gut microbiome’s role
in cancer prevention and treatment because it has long been proven that
microbiota fundamentally alter mammalian immunity [233].

Thousands of years have passed since humans and their commensal
microorganisms co-evolved. The microbiome influences human health
and has been linked to a variety of illnesses, including cancer. Thanks to
advancements in next-generation sequencing technologies, our under-
standing of the microbiome’s function in cancer and cancer therapies
has vastly improved. The microbiome and the pharmacological effects of
chemotherapy and immunotherapy have been revealed in a new study.
As a result of chemotherapy, the immune system is suppressed and the
variety of the microbiome in the body is reduced. The human micro-
biome, particularly the gut microbiota, regulates the efficiency of
chemo-drugs by metabolic and enzymatic breakdown, ecological
changes, and immunomodulation [234].

The gut microbiome, urogenital microbiome, and skin microbiome
have all gotten a lot of press recently. The microbiota of healthy breast
tissue and breast illnesses, on the other hand, is poorly understood. Each
patient’s breast tissue, nipple aspirate, and gut bacteria have their
unique microbiome, according to the research, with some species pre-
dominating in breast tissue. The breast microbiome and related micro-
biomes may also influence therapy response and could be employed as
biomarkers for early breast cancer identification and staging [235].

11.3. Microbial modulation of immunotherapy efficacy

For patients with metastatic disease, immune checkpoint inhibitors,
which have been discovered in recent years, have revolutionized cancer
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therapy. And from the other hand, immunotherapy comes with a wide
spectrum of adverse effects, the majority of which are temporary. Worse,
a significant percentage of cancer patients are resistant to such treat-
ment. It’s taken a long time to find precise biomarkers that can predict
clinical responses to immunotherapy. Unfortunately, such instruments
do not exist, and our understanding of the mechanisms behind their
efficacy and safety is limited. Human health and illness outcomes are
increasingly influenced by the microbiome, which is becoming more
well recognized. Microbes interact with host cells and cytokines in a
variety of ways to create an inflammatory environment that is either
pro- or anti-inflammatory. Microbes appear to influence the efficacy and
toxicity of immunotherapy by changing the host’s local and systemic
immune responses, according to recent research [236].

Several diseases, including cancer, have been related to the activities
of the commensal microbiota, which has a significant impact on human
health. There are many ways in which the microbiome influences host
physiology and immunological responses in gnotobiotic animal models.
According to a recent study, the microbiome can have a more targeted
impact on cancer treatment outcomes. In animal trials, therapeutic in-
terventions that improve microbiome composition to promote immu-
notherapy responses have showed promise. Early-stage clinical trials are
increasingly using these preclinical discoveries [237].

12. Possibilities and obstacles in cancer treatment due to
microbiome interactions

We’ve learnt about a spate of negative interactions between the
microbiota and medical interventions like drugs, radiation, and surgery
over the last decade of microbiome study. What if we could manipulate
our microbiomes to prevent such occurrences? This review discusses
methods for reducing negative microbiome effects as well as applica-
tions from the emerging field of microbiome research. We look at cir-
cumstances when the microbiome has a direct impact on a treatment,
such as changes in pharmaceutical metabolism, as well as cases where
the microbiota is directly modified by a treatment, such as radiation
therapy. \ Understanding and minimizing microbiome-related adverse
events is a complex task that will necessitate a data-driven approach that
incorporates causal statistics, multiomics approaches, and a tailored
approach to minimize negative consequences. We discuss many research
considerations for successful microbiome adverse event avoidance, as
well as the various challenges and opportunities that lie ahead [238].

Immunotherapy has been used to treat cancer for a long time.
However, the vast majority of cancer patients do not benefit from these
treatments at the moment. The majority of solid tumors have circulatory
abnormalities that help them elude detection by the immune system.
High levels of proangiogenic agents like VEGF and angiopoietin 2 are to
blame for these problems (ANG2). Because rectifying the abnormal
tumor vasculature can boost immune effector cell infiltration and
convert the fundamentally immunosuppressive VEGF, using drugs that
target these molecules with caution can improve therapeutic response.
Immunotherapy requires the recruitment and activation of immune
effector cells in the TME, and immunological responses and vascular
normalization appear to be linked. Antiangiogenic medicines used with
immunotherapies may improve immunotherapy efficacy while lowering
the likelihood of immune-related side effects [239].

12.1. Can we boost the immune system in order to disrupt microbe-cancer
cell collaboration?

Fungi, bacteria, viruses, and archaea live in the human gut, which is
a complex ecosystem that includes bacteria from the phylum Bacteria
[195]. The bulk of bacteria are Firmicutes, Bacteroidetes, Proteobac-
teria, and Actinobacteria. It is possible that microorganisms can help to
preserve intestinal barrier integrity and prevent potentially harmful
organisms from invading the epithelium and triggering illness or injury
[196]. Changes in the DNA of human somatic cells, alterations in cell
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cycle regulation and the promotion of cell proliferation by microbes all
have the likely to improve cancer risk. Ten to twenty percent of all
microorganisms are estimated to be responsible for human malignancies
[41]. The International Agency for Cancer Research has designated ten
bacteria as carcinogenic, with Helicobacter pylori being one of them
[41].

Our bodies function as ecosystems that allow cells to thrive and
evolve. Natural selection operates in every ecosystem in the following
way: the players that survive and reproduce the best become a larger
percentage of the population’s next generation. Cancer is generated by
the body’s cells quickly replicating, monopolizing resources, and
bypassing molecular systems that allow it to function normally [187].
Microbial disturbances and serious bacterial illnesses are caused by
overproliferation of microbes, which monopolize metabolic resources
and generate virulence factors that disrupt normal organismal function
(dysbiosis) [188].

12.2. Isitpossible to treat cancer by using certain microbes to regulate the
population of cancer cells?

The importance of the microbiome in cancer initiation and devel-
opment is becoming recognized. Antibiotics and probiotics have been
demonstrated to boost cancer therapy efficacy in some circumstances,
but worries about collateral damage to the microbiome and consistency
have encouraged study towards emerging microbiome-cancer interfa-
cility systems. In light of nanotechnology’s success in revolutionizing
cancer diagnostics and treatment, nanotechnologies having the capa-
bility of controlling interactions that take place throughout all micro-
scopic and molecular parameters in the microbiome and tumor
microenvironment could provide novel cancer treatment strategies. As a
result, the nexus of nanotechnology, microbiota, and cancer has a lot of
promise. We identify important areas where nanotechnologies can be
utilized to regulate the microbiome for cancer treatment in this Review,
present an outline of basic research, and discuss potential challenges and
our prognosis on this rapidly growing issue [240].

Leukemia, lymphoma, and other cancers affect around 15,000
American children and adolescents mostly under age of 19. Chemo-
therapy will be given to all children and adolescents with acute leukemia
as part of their treatment. Fortunately, throughout the last three de-
cades, most pediatric cancer survival rates have improved considerably,
with an overall survival rate of above 90%. The survival rate differed
significantly depending on age group (94% for those aged 1-9.99 years,
82% for those aged 10 years, and 76% for those aged above 15 years).
Almost three out of four occurrences of juvenile leukemia are caused by
ALL. Preventive or therapeutic use of antibiotics in combination with
chemotherapy may have long-term effects on the gut microbiota. Un-
fortunately, little is known about how treatment affects the microbiota
of children and adolescents who have been diagnosed with leukemia.
Prior to and following chemotherapy treatment, we compare the gut
microbiota of patients with acute leukemia to that of their healthy sib-
lings, using 16S rRNA marker gene sequences [241].

12.3. Can commensal microbes enhance the effectiveness of therapy?

Gut bacteria influence the therapeutic response and toxicity of can-
cer treatments such as cytotoxic chemotherapy, radiation therapy, ki-
nase inhibitors, and immunotherapy therapies. The gut microbiota
produces short-chain fatty acids that are critical regulators of histone
post-translational modifications that alter gene expression, thus linking
the microbiome to cellular metabolism and transcriptional regulation.
Cancer and its treatments affect the microbiota, resulting in dysbiosis.
This can make it harder for a patient to respond to treatment and
enhance the drug’s systemic negative effects. In addition to the gut
microbiota, microbes have been found in tumors that can impact
chemotherapeutic treatment response and result in immune suppression
[242].
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Antibiotic resistance genes (ARGs), such as those encoding -lacta-
mase enzymes (BLA), which break down routinely used antibiotics like
ampicillin, can be found in the complex bacterial communities that
make up the gut microbiota. Antibiotic use has risen in both human and
cow populations in recent years, increasing the prevalence of such genes
in commensal bacteria [243].

13. Future directions and challenges

Dysbiosis and cancer have been linked because of the presence of
microbes in the digestive tract and tumor tissue. As cancer progresses,
major microbiota differences among normal and cancerous tissue can
aid in the identification of dysbiosis indicators (grade, stage, and
metastasis). Understanding dysbiosis may also aid in answering why
some persons with similar clinical characteristics have varied disease
progression and treatment responses. Several bacteria have been iden-
tified as possible tumor cell modulators, either directly or indirectly
through toxins produced. Many of the microbiota’s "alpha bugs" were
found to be dominant, allowing potentially harmful bacteria to enter as
"passenger." Finding out what causes these diseases and developing
better ways to diagnose and treat them are the apparent next steps. The
goal is to push dysbiosis toward eubiosis by changing the microbiota by
dietary modifications, prebiotics, probiotics, symbiotics, and post-
biotics. Some of the emerging efforts to boost therapy responses in
cancer patients include FMT, a lab-grown microbiome consortium, and
modified microbes. Microbiome research, while interesting, comes with
its own set of problems. Because the composition of the microbiota can
fluctuate with geography, age, eating patterns, BMI, prescription med-
icines, antibiotics, and pet ownership, the study cohorts must be care-
fully designed and all relevant variables must be included in statistical
analyses. Preservation of the original microbiota and prevention of
contamination during sample collection and analysis are two other
important considerations for microbiome research.

Several research [244-249] have investigated the impact of sample
storage conditions on microbiota, such as preservatives and tempera-
ture, and showed that changes owing to storage conditions are small
when compared to individual participant variances. It is critical, how-
ever, to select storage settings that limit changes to the original micro-
biota and to adhere to these for all study samples. Contamination of
samples by laboratory chemicals’ DNA is another issue, particularly for
samples with low microbial quantities. As a result of the discovery of
"kitomes" (or contamination genomes) in DNA extraction kits, [45,250]
it is strongly recommended that microbiome samples be processed using
the same batch of extraction kits or to consider "different kits" as a
variable. Positive and negative controls, as well as well-vetted positive
controls, are used during sequencing in order to evaluate the contami-
nated background. If a study has a limited number of participants or a
complex research issue, it is necessary to conduct validation cohorts to
ensure that the findings from discovery cohorts can be substantiated.
Microbiome research standards and recommendations are now being
created [251]. The European Commission’s META genomics of the
Human Intestinal Tract (MetaHIT) project and the National Institutes of
Health’s Human Microbiome Project, which included 15 institutes from
eight countries, created and published good clinical practice criteria for
microbiome research [252,253]. Microbiome Quality Control is a
collaborative effort that evaluates experimental designs in order to help
the microbiome sector develop best practices [254]. Human microbiome
research is paving the way for cancer risk assessment and the creation of
novel preventative and treatment options, thanks to major technological
advancements and the adoption of universal standards.

Ethical approval

Not Applicable.



Md.M. Rahman et al.

Funding

No funding was received for this study.

Credit author statement

Authors have written their respective part in the paper therefore, all
the authors have equally contributed to this paper under the supervision
of Prof. Dr. Abdur Rauf.

Consent to participate

Not Applicable.

Consent to publish

Not Applicable.

Competing of interest statement

The author declares no conflicts of interest.

Data Availability

Not Applicable.

References

[1

—

[2

—

[3

=

[4]

[5]

(6]

71

8

—

[9

—_

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Changting Meng, Chunmei Bai, Thomas D Brown, Leroy E Hood, Qiang Tian,
Human gut microbiota and gastrointestinal cancer, Genom. Proteom. Bioinforma.
16 (2018), https://doi.org/10.1016/J.GPB.2017.06.002.

S.R. Chilakapati, J. Ricciuti, E. Zsiros, Microbiome and cancer immunotherapy,
Curr. Opin. Biotechnol. 65 (2020) 114-117, https://doi.org/10.1016/J.
COPBIO.2020.02.007.

Laurence Zitvogel, Romain Daillere, Maria Paula Roberti, Bertrand Routy,
Guido Kroemer, Anticancer effects of the microbiome and its products, Nat. Rev.
Microbiol. 15 (2017), https://doi.org/10.1038/NRMICRO.2017.44.

F. Sommer, F. Bickhed, The gut microbiota engages different signaling pathways
to induce Duox2 expression in the ileum and colon epithelium, Mucosal Immunol.
8 (2015) 372-379, https://doi.org/10.1038/MI1.2014.74.

W.S.F. Chung, A.W. Walker, P. Louis, J. Parkhill, J. Vermeiren, D. Bosscher, S.
H. Duncan, H.J. Flint, Modulation of the human gut microbiota by dietary fibres
occurs at the species level, BMC Biol. 14 (2016), https://doi.org/10.1186/
$12915-015-0224-3.

S. Vaishnava, C.L. Behrendt, A.S. Ismail, L. Eckmann, L.V. Hooper, Paneth cells
directly sense gut commensals and maintain homeostasis at the intestinal host-
microbial interface, Proc. Natl. Acad. Sci. U. S. A. 105 (2008) 20858-20863,
https://doi.org/10.1073/PNAS.0808723105.

L.W. Peterson, D. Artis, Intestinal epithelial cells: regulators of barrier function
and immune homeostasis, Nat. Rev. Immunol. 14 (2014) 141-153, https://doi.
org/10.1038/NRI3608.

S. De Santis, E. Cavalcanti, M. Mastronardi, E. Jirillo, M. Chieppa, Nutritional
keys for intestinal barrier modulation, Front. Immunol. 6 (2015), https://doi.org/
10.3389/FIMMU.2015.00612.

N. Akbar, N.A. Khan, J.S. Muhammad, R. Siddiqui, The role of gut microbiome in
cancer genesis and cancer prevention, Heal. Sci. Rev. 2 (2022), 100010, https://
doi.org/10.1016/J.HSR.2021.100010.

E.A. Grice, J.A. Segre, The skin microbiome, Nat. Rev. Microbiol. 9 (2011)
244-253, https://doi.org/10.1038/NRMICRO2537.

J.M. Beck, V.B. Young, G.B. Huffnagle, The microbiome of the lung, Transl. Res.
160 (2012) 258-266, https://doi.org/10.1016/J.TRSL.2012.02.005.

M.G. Surette, The cystic fibrosis lung microbiome, Ann. Am. Thorac. Soc. 11
(Suppl 1) (2014), https://doi.org/10.1513/ANNALSATS.201306-159MG.

C. Urbaniak, J. Cummins, M. Brackstone, J.M. Macklaim, G.B. Gloor, C.K. Baban,
L. Scott, D.M. O’'Hanlon, J.P. Burton, K.P. Francis, M. Tangney, G. Reida,
Microbiota of human breast tissue, Appl. Environ. Microbiol. 80 (2014)
3007-3014, https://doi.org/10.1128/AEM.00242-14.

B. Ma, L.J. Forney, J. Ravel, Vaginal microbiome: rethinking health and disease,
Annu. Rev. Microbiol. 66 (2012) 371-389, https://doi.org/10.1146/ANNUREV-
MICRO-092611-150157.

P.B. Eckburg, E.M. Bik, C.N. Bernstein, E. Purdom, L. Dethlefsen, M. Sargent, S.
R. Gill, K.E. Nelson, D.A. Relman, Diversity of the human intestinal microbial
flora, Science 308 (2005) 1635-1638, https://doi.org/10.1126/
SCIENCE.1110591.

M.M. Rahman, M.S. Rahaman, M.R. Islam, M.E. Hossain, F.M. Mithi, M. Ahmed,
M. Saldias, E.K. Akkol, E. Sobarzo-Sanchez, Multifunctional therapeutic potential

16

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Biomedicine & Pharmacotherapy 149 (2022) 112898

of phytocomplexes and natural extracts for antimicrobial properties, Antibiot 10
(2021) 1076, https://doi.org/10.3390/ANTIBIOTICS10091076.

I.A. Cardos, D.C. Zaha, R.K. Sindhu, S. Cavalu, Revisiting therapeutic strategies
for H. pylori treatment in the context of antibiotic resistance: focus on alternative
and complementary therapies, Molecules 26 (2021), https://doi.org/10.3390/
MOLECULES26196078.

T. Clavel, J.C. Gomes-Neto, I. Lagkouvardos, A.E. Ramer-Tait, Deciphering
interactions between the gut microbiota and the immune system via microbial
cultivation and minimal microbiomes, Immunol. Rev. 279 (2017) 8-22, https://
doi.org/10.1111/IMR.12578.

F. Raymond, A.A. Ouameur, M. Déraspe, N. Igbal, H. Gingras, B. Dridi,

P. Leprohon, P.L. Plante, R. Giroux, E. Bérubé, J. Frenette, D.K. Boudreau, J.

L. Simard, I. Chabot, M.C. Domingo, S. Trottier, M. Boissinot, A. Huletsky, P.
H. Roy, M. Ouellette, M.G. Bergeron, J. Corbeil, The initial state of the human gut
microbiome determines its reshaping by antibiotics, ISME J. 10 (2016) 707-720,
https://doi.org/10.1038/ISMEJ.2015.148.

A. Rauf, T. Abu-Izneid, A.A. Khalil, M. Imran, Z.A. Shah, T. Bin Emran, S. Mitra,
Z. Khan, F.A. Alhumaydhi, A.S.M. Aljohani, I. Khan, M.M. Rahman, P. Jeandet, T.
A. Gondal, Berberine as a potential anticancer agent: a comprehensive review,
Mol 26 (2021) 7368, https://doi.org/10.3390/MOLECULES26237368.

T.N. Petersen, O. Lukjancenko, M.C.F. Thomsen, M.M. Sperotto, O. Lund, F.

M. Aarestrup, T. Sicheritz-Ponten, MGmapper: reference based mapping and
taxonomy annotation of metagenomics sequence reads, PLoS One 12 (2017),
https://doi.org/10.1371/JOURNAL.PONE.0176469.

D.E. Wood, S.L. Salzberg, Kraken: ultrafast metagenomic sequence classification
using exact alignments, Genome Biol. 15 (2014), https://doi.org/10.1186/GB-
2014-15-3-R46.

J.C. Wooley, Y. Ye, Metagenomics: facts and artifacts, and computational
challenges, J. Comput. Sci. Technol. 25 (2009) 71-81, https://doi.org/10.1007/
S11390-010-9306-4.

S. Minot, R. Sinha, J. Chen, H. Li, S.A. Keilbaugh, G.D. Wu, J.D. Lewis, F.

D. Bushman, The human gut virome: inter-individual variation and dynamic
response to diet, Genome Res. 21 (2011) 1616-1625, https://doi.org/10.1101/
GR.122705.111.

E. Scarpellini, G. Ianiro, F. Attili, C. Bassanelli, A. De Santis, A. Gasbarrini, The
human gut microbiota and virome: potential therapeutic implications, Dig. Liver
Dis. 47 (2015) 1007-1012, https://doi.org/10.1016/J.DLD.2015.07.008.

O. Pabst, Correlation, consequence, and functionality in microbiome-immune
interplay, Immunol. Rev. 279 (2017) 4-7, https://doi.org/10.1111/IMR.12584.
M. Shelomi, E.G.J. Danchin, D. Heckel, B. Wipfler, S. Bradler, X. Zhou,

Y. Pauchet, Horizontal gene transfer of pectinases from bacteria preceded the
diversification of stick and leaf insects, Sci. Rep. 6 (2016), https://doi.org/
10.1038/SREP26388.

S. Kim, A. Covington, E.G. Pamer, The intestinal microbiota: antibiotics,
colonization resistance, and enteric pathogens, Immunol. Rev. 279 (2017)
90-105, https://doi.org/10.1111/IMR.12563.

M. Arumugam, J. Raes, E. Pelletier, D. Le Paslier, T. Yamada, D.R. Mende, G.
R. Fernandes, J. Tap, T. Bruls, J.M. Batto, M. Bertalan, N. Borruel, F. Casellas,
L. Fernandez, L. Gautier, T. Hansen, M. Hattori, T. Hayashi, M. Kleerebezem,

K. Kurokawa, M. Leclerc, F. Levenez, C. Manichanh, H.B. Nielsen, T. Nielsen,
N. Pons, J. Poulain, J. Qin, T. Sicheritz-Ponten, S. Tims, D. Torrents, E. Ugarte, E.
G. Zoetendal, J. Wang, F. Guarner, O. Pedersen, W.M. de Vos, S. Brunak, J. Doré,
J. Weissenbach, S.D. Ehrlich, P. Bork, M. Antolin, F. Artiguenave, H.M. Blottiere,
M. Almeida, C. Brechot, C. Cara, C. Chervaux, A. Cultrone, C. Delorme,

G. Denariaz, R. Dervyn, K.U. Foerstner, C. Friss, M. van de Guchte, E. Guedon,
F. Haimet, W. Huber, J. van Hylckama-Vlieg, A. Jamet, C. Juste, G. Kaci, J. Knol,
K. Kristiansen, O. Lakhdari, S. Layec, K. Le Roux, E. Maguin, A. Mérieux, R.

M. Minardi, C. M’rini, J. Muller, R. Oozeer, J. Parkhill, P. Renault, M. Rescigno,
N. Sanchez, S. Sunagawa, A. Torrejon, K. Turner, G. Vandemeulebrouck,

E. Varela, Y. Winogradsky, G. Zeller, Enterotypes of the human gut microbiome,
Nature 473 (2011) 174-180, https://doi.org/10.1038/NATURE09944.

A. Gorvitovskaia, S.P. Holmes, S.M. Huse, Interpreting prevotella and bacteroides
as biomarkers of diet and lifestyle, Microbiome 4 (2016), https://doi.org/
10.1186/540168-016-0160-7.

J.C. Claussen, J. Skieceviciené, J. Wang, P. Rausch, T.H. Karlsen, W. Lieb, J.

F. Baines, A. Franke, M.T. Hiitt, Boolean analysis reveals systematic interactions
among low-abundance species in the human gut microbiome, PLoS Comput. Biol.
13 (2017), https://doi.org/10.1371/JOURNAL.PCBI.1005361.

P.M. Smith, M.R. Howitt, N. Panikov, M. Michaud, C.A. Gallini, M. Bohlooly-Y, J.
N. Glickman, W.S. Garrett, The microbial metabolites, short-chain fatty acids,
regulate colonic Treg cell homeostasis, Science 341 (2013) 569-573, https://doi.
org/10.1126/SCIENCE.1241165.

O.N. Ilinskaya, V.V. Ulyanova, D.R. Yarullina, I.G. Gataullin, Secretome of
intestinal bacilli: a natural guard against pathologies, Front. Microbiol. 8 (2017),
https://doi.org/10.3389/FMICB.2017.01666.

L.J. Cohen, D. Esterhazy, S.H. Kim, C. Lemetre, R.R. Aguilar, E.A. Gordon, A.

J. Pickard, J.R. Cross, A.B. Emiliano, S.M. Han, J. Chu, X. Vila-Farres, J. Kaplitt,
A. Rogoz, P.Y. Calle, C. Hunter, J.K. Bitok, S.F. Brady, Commensal bacteria make
GPCR ligands that mimic human signalling molecules, Nature 549 (2017) 48-53,
https://doi.org/10.1038/NATURE23874.

L. Britanova, A. Diefenbach, Interplay of innate lymphoid cells and the
microbiota, Immunol. Rev. 279 (2017) 36-51, https://doi.org/10.1111/
IMR.12580.

J.L. Kubinak, J.L. Round, Do antibodies select a healthy microbiota? Nat. Rev.
Immunol. 16 (2016) 767-774, https://doi.org/10.1038/NR1.2016.114.


https://doi.org/10.1016/J.GPB.2017.06.002
https://doi.org/10.1016/J.COPBIO.2020.02.007
https://doi.org/10.1016/J.COPBIO.2020.02.007
https://doi.org/10.1038/NRMICRO.2017.44
https://doi.org/10.1038/MI.2014.74
https://doi.org/10.1186/S12915-015-0224-3
https://doi.org/10.1186/S12915-015-0224-3
https://doi.org/10.1073/PNAS.0808723105
https://doi.org/10.1038/NRI3608
https://doi.org/10.1038/NRI3608
https://doi.org/10.3389/FIMMU.2015.00612
https://doi.org/10.3389/FIMMU.2015.00612
https://doi.org/10.1016/J.HSR.2021.100010
https://doi.org/10.1016/J.HSR.2021.100010
https://doi.org/10.1038/NRMICRO2537
https://doi.org/10.1016/J.TRSL.2012.02.005
https://doi.org/10.1513/ANNALSATS.201306-159MG
https://doi.org/10.1128/AEM.00242-14
https://doi.org/10.1146/ANNUREV-MICRO-092611-150157
https://doi.org/10.1146/ANNUREV-MICRO-092611-150157
https://doi.org/10.1126/SCIENCE.1110591
https://doi.org/10.1126/SCIENCE.1110591
https://doi.org/10.3390/ANTIBIOTICS10091076
https://doi.org/10.3390/MOLECULES26196078
https://doi.org/10.3390/MOLECULES26196078
https://doi.org/10.1111/IMR.12578
https://doi.org/10.1111/IMR.12578
https://doi.org/10.1038/ISMEJ.2015.148
https://doi.org/10.3390/MOLECULES26237368
https://doi.org/10.1371/JOURNAL.PONE.0176469
https://doi.org/10.1186/GB-2014-15-3-R46
https://doi.org/10.1186/GB-2014-15-3-R46
https://doi.org/10.1007/S11390-010-9306-4
https://doi.org/10.1007/S11390-010-9306-4
https://doi.org/10.1101/GR.122705.111
https://doi.org/10.1101/GR.122705.111
https://doi.org/10.1016/J.DLD.2015.07.008
https://doi.org/10.1111/IMR.12584
https://doi.org/10.1038/SREP26388
https://doi.org/10.1038/SREP26388
https://doi.org/10.1111/IMR.12563
https://doi.org/10.1038/NATURE09944
https://doi.org/10.1186/S40168-016-0160-7
https://doi.org/10.1186/S40168-016-0160-7
https://doi.org/10.1371/JOURNAL.PCBI.1005361
https://doi.org/10.1126/SCIENCE.1241165
https://doi.org/10.1126/SCIENCE.1241165
https://doi.org/10.3389/FMICB.2017.01666
https://doi.org/10.1038/NATURE23874
https://doi.org/10.1111/IMR.12580
https://doi.org/10.1111/IMR.12580
https://doi.org/10.1038/NRI.2016.114

Md.M.

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Rahman et al.

K.D. McCoy, F. Ronchi, M.B. Geuking, Host-microbiota interactions and adaptive
immunity, Immunol. Rev. 279 (2017) 63-69, https://doi.org/10.1111/
IMR.12575.

B. Goodman, H. Gardner, The microbiome and cancer 244 (2018) 667-676,
https://doi.org/10.1002/PATH.5047.

J.M. Pickard, M.Y. Zeng, R. Caruso, G. Niinez, Gut microbiota: role in pathogen
colonization, immune responses, and inflammatory disease, Immunol. Rev. 279
(2017) 70-89, https://doi.org/10.1111/IMR.12567.

J. Ma, L. Huang, D. Hu, S. Zeng, Y. Han, H. Shen, The role of the tumor microbe
microenvironment in the tumor immune microenvironment: bystander, activator,
or inhibitor? J. Exp. Clin. Cancer Res. 401 (40) (2021) 1-17, https://doi.org/
10.1186/S13046-021-02128-W.

C. De Martel, J. Ferlay, S. Franceschi, J. Vignat, F. Bray, D. Forman, M. Plummer,
Global burden of cancers attributable to infections in 2008: a review and
synthetic analysis, Lancet Oncol. 13 (2012) 607-615, https://doi.org/10.1016/
S$1470-2045(12)70137-7.

J.R. Marchesi, B.E. Dutilh, N. Hall, W.H.M. Peters, R. Roelofs, A. Boleij,

H. Tjalsma, Towards the human colorectal cancer microbiome, PLoS One 6
(2011), https://doi.org/10.1371/JOURNAL.PONE.0020447.

H.L. Gong, Y. Shi, L. Zhou, C.P. Wy, P.Y. Cao, L. Tao, C. Xu, D.S. Hou, Y.Z. Wang,
The composition of microbiome in larynx and the throat biodiversity between
laryngeal squamous cell carcinoma patients and control population, PLoS One 8
(2013), https://doi.org/10.1371/JOURNAL.PONE.0066476.

1. Jobling, M. Taylor, C. Young, H. Wood, P. Quirke, Investigating the faecal
microbiome in formalin fixed paraffin embedded (FFPE) material, J. Pathol. 237
(2015) S1-S52, https://doi.org/10.1002/PATH.4631.

S.J. Salter, M.J. Cox, E.M. Turek, S.T. Calus, W.O. Cookson, M.F. Moffatt,

P. Turner, J. Parkhill, N.J. Loman, A.W. Walker, Reagent and laboratory
contamination can critically impact sequence-based microbiome analyses, BMC
Biol. 12 (2014), https://doi.org/10.1186/512915-014-0087-Z.

R. Sinha, G. Abu-Ali, E. Vogtmann, A.A. Fodor, B. Ren, A. Amir, E. Schwager,
J. Crabtree, S. Ma, C.C. Abnet, R. Knight, O. White, C. Huttenhower, Assessment
of variation in microbial community amplicon sequencing by the Microbiome
Quality Control (MBQC) project consortium, Nat. Biotechnol. 35 (2017)
1077-1086, https://doi.org/10.1038/NBT.3981.

J. Abed, J.E.M. Emgérd, G. Zamir, M. Faroja, G. Almogy, A. Grenov, A. Sol,

R. Naor, E. Pikarsky, K.A. Atlan, A. Mellul, S. Chaushu, A.L. Manson, A.M. Earl,
N. Ou, C.A. Brennan, W.S. Garrett, G. Bachrach, Fap2 mediates fusobacterium
nucleatum colorectal adenocarcinoma enrichment by binding to tumor-expressed
Gal-GalNAc, Cell Host Microbe 20 (2016) 215-225, https://doi.org/10.1016/J.
CHOM.2016.07.006.

N.B. Parahitiyawa, L.J. Jin, W.K. Leung, W.C. Yam, L.P. Samaranayake,
Microbiology of odontogenic bacteremia: beyond endocarditis, Clin. Microbiol.
Rev. 22 (2009) 46-64, https://doi.org/10.1128/CMR.00028-08.

G.D. Poore, E. Kopylova, Q. Zhu, C. Carpenter, S. Fraraccio, S. Wandro,

T. Kosciolek, S. Janssen, J. Metcalf, S.J. Song, J. Kanbar, S. Miller-Montgomery,
R. Heaton, R. Mckay, S.P. Patel, A.D. Swafford, R. Knight, Microbiome analyses of
blood and tissues suggest cancer diagnostic approach, Nature 579 (2020)
567-574, https://doi.org/10.1038/541586-020-2095-1.

D. Nejman, I. Livyatan, G. Fuks, N. Gavert, Y. Zwang, L.T. Geller, A. Rotter-
Maskowitz, R. Weiser, G. Mallel, E. Gigi, A. Meltser, G.M. Douglas, I. Kamer,

V. Gopalakrishnan, T. Dadosh, S. Levin-Zaidman, S. Avnet, T. Atlan, Z.A. Cooper,
R. Arora, A.P. Cogdill, M.A.W. Khan, G. Ologun, Y. Bussi, A. Weinberger,

M. Lotan-Pompan, O. Golani, G. Perry, M. Rokah, K. Bahar-Shany, E.A. Rozeman,
C.U. Blank, A. Ronai, R. Shaoul, A. Amit, T. Dorfman, R. Kremer, Z.R. Cohen,
S. Harnof, T. Siegal, E. Yehuda-Shnaidman, E.N. Gal-Yam, H. Shapira, N. Baldini,
M.G.I Langille, A. Ben-Nun, B. Kaufman, A. Nissan, T. Golan, M. Dadiani,

K. Levanon, J. Bar, S.K. Yust, I. Barshack, D.S. Peeper, D.J. Raz, E. Segal, J.

A. Wargo, J. Sandbank, N. Shental, R. Straussman, The human tumor microbiome
is composed of tumor type-specific intracellular bacteria, Science 368 (2020)
973-980, https://doi.org/10.1126/SCIENCE.AAY9189.

S.I. Grivennikov, K. Wang, D. Mucida, C.A. Stewart, B. Schnabl, D. Jauch,

K. Taniguchi, G.Y. Yu, C.H. Osterreicher, K.E. Hung, C. Datz, Y. Feng, E.R. Fearon,
M. Oukka, L. Tessarollo, V. Coppola, F. Yarovinsky, H. Cheroutre, L. Eckmann,
G. Trinchieri, M. Karin, Adenoma-linked barrier defects and microbial products
drive IL-23/IL-17-mediated tumour growth, Nature 491 (2012) 254-258, https://
doi.org/10.1038/NATURE11465.

J.P. Zackular, N.T. Baxter, K.D. Iverson, W.D. Sadler, J.F. Petrosino, G.Y. Chen, P.
D. Schloss, The gut microbiome modulates colon tumorigenesis, MBio 4 (2013),
https://doi.org/10.1128/MBI0.00692-13.

M. Stolte, E. Bayerdorffer, A. Morgner, B. Alpen, T. Wiindisch, C. Thiede,

A. Neubauer, Helicobacter and gastric MALT lymphoma, Gut 50 (Suppl 3) (2002),
https://doi.org/10.1136/GUT.50.SUPPL _3.III19.

A.J.M. Ferreri, M. Ponzoni, M. Guidoboni, C. De Conciliis, A.G. Resti, B. Mazzi, A.
A. Lettini, J. Demeter, S. Dell’Oro, C. Doglioni, E. Villa, M. Boiocchi, R. Dolcetti,
Regression of ocular adnexal lymphoma after Chlamydia psittaci-eradicating
antibiotic therapy, J. Clin. Oncol. 23 (2005) 5067-5073, https://doi.org/
10.1200/JC0O.2005.07.083.

A.J.M. Ferreri, S. Govi, E. Pasini, S. Mappa, F. Bertoni, F. Zaja, C. Montalbdn,
C. Stelitano, M.E. Cabrera, A.G. Resti, L.S. Politi, C. Doglioni, F. Cavalli, E. Zucca,
M. Ponzoni, R. Dolcetti, Chlamydophila psittaci eradication with doxycycline as
first-line targeted therapy for ocular adnexae lymphoma: final results of an
international phase II trial, J. Clin. Oncol. 30 (2012) 2988-2994, https://doi.org/
10.1200/JC0O.2011.41.4466.

J.J. Gilbreath, C. Semino-Mora, C.J. Friedline, H. Liu, K.L. Bodi, T.J. McAvoy,
J. Francis, C. Nieroda, A. Sardi, A. Dubois, D.W. Lazinski, A. Camilli, T.

17

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

Biomedicine & Pharmacotherapy 149 (2022) 112898

L. Testerman, D.S. Merrell, A core microbiome associated with the peritoneal
tumors of pseudomyxoma peritonei, Orphanet J. Rare Dis. 8 (2013), https://doi.
org/10.1186/1750-1172-8-105.

M.P. Roberti, S. Yonekura, C.P.M. Duong, M. Picard, G. Ferrere, M. Tidjani Alou,
C. Rauber, V. Iebba, C.H.K. Lehmann, L. Amon, D. Dudziak, L. Derosa, B. Routy,
C. Flament, C. Richard, R. Daillere, A. Fluckiger, 1. Van Seuningen,

M. Chamaillard, A. Vincent, S. Kourula, P. Opolon, P. Ly, E. Pizzato, S. Becharef,
J. Paillet, C. Klein, F. Marliot, F. Pietrantonio, S. Benoist, J.Y. Scoazec,

P. Dartigues, A. Hollebecque, D. Malka, F. Pages, J. Galon, I. Gomperts Boneca,
P. Lepage, B. Ryffel, D. Raoult, A. Eggermont, T. Vanden Berghe, F. Ghiringhelli,
P. Vandenabeele, G. Kroemer, L. Zitvogel, Chemotherapy-induced ileal crypt
apoptosis and the ileal microbiome shape immunosurveillance and prognosis of
proximal colon cancer, Nat. Med. 26 (2020) 919-931, https://doi.org/10.1038/
S41591-020-0882-8.

L.T. Geller, M. Barzily-Rokni, T. Danino, O.H. Jonas, N. Shental, D. Nejman,

N. Gavert, Y. Zwang, Z.A. Cooper, K. Shee, C.A. Thaiss, A. Reuben, J. Livny,

R. Avraham, D.T. Frederick, M. Ligorio, K. Chatman, S.E. Johnston, C.M. Mosher,
A. Brandis, G. Fuks, C. Gurbatri, V. Gopalakrishnan, M. Kim, M.W. Hurd, M. Katz,
J. Fleming, A. Maitra, D.A. Smith, M. Skalak, J. Bu, M. Michaud, S.A. Trauger,
1. Barshack, T. Golan, J. Sandbank, K.T. Flaherty, A. Mandinova, W.S. Garrett, S.
P. Thayer, C.R. Ferrone, C. Huttenhower, S.N. Bhatia, D. Gevers, J.A. Wargo, T.
R. Golub, R. Straussman, Potential role of intratumor bacteria in mediating tumor
resistance to the chemotherapeutic drug gemcitabine, Science 357 (2017)
1156-1160, https://doi.org/10.1126/SCIENCE.AAH5043.

G.D. Sepich-Poore, L. Zitvogel, R. Straussman, J. Hasty, J.A. Wargo, R. Knight,
The microbiome and human cancer, Science 371 (80) (2021), https://doi.org/
10.1126/SCIENCE.ABC4552/ASSET/E11A53EE-B18A-47A5-
A15D-97F750083DEO/ASSETS/GRAPHIC/371_ABC4552 _F6.JPEG.

D. Vergara, P. Simeone, M. Damato, M. Maffia, P. Lanuti, M. Trerotola, The
cancer microbiota: EMT and inflammation as shared molecular mechanisms
associated with plasticity and progression, J. Oncol. (2019) (2019), https://doi.
org/10.1155/2019/1253727.

S.J. Hooper, M.J. Wilson, S.J. Crean, Exploring the link between microorganisms
and oral cancer: a systematic review of the literature, Head. Neck 31 (2009)
1228-1239, https://doi.org/10.1002/HED.21140.

C. Xuan, J.M. Shamonki, A. Chung, M.L. DiNome, M. Chung, P.A. Sieling, D.

J. Lee, Microbial dysbiosis is associated with human breast cancer, PLoS One 9
(2014), https://doi.org/10.1371/JOURNAL.PONE.0083744.

A.A. Chan, M. Bashir, M.N. Rivas, K. Duvall, P.A. Sieling, T.R. Pieber, P.

A. Vaishampayan, S.M. Love, D.J. Lee, Characterization of the microbiome of
nipple aspirate fluid of breast cancer survivors, Sci. Rep. 6 (2016), https://doi.
org/10.1038/SREP28061.

L. Yang, X. Lu, C.W. Nossa, F. Francois, R.M. Peek, Z. Pei, Inflammation and
intestinal metaplasia of the distal esophagus are associated with alterations in the
microbiome, Gastroenterology 137 (2009) 588-597, https://doi.org/10.1053/J.
GASTRO.2009.04.046.

Z. Pei, E.J. Bini, L. Yang, M. Zhou, F. Francois, M.J. Blaser, Bacterial biota in the
human distal esophagus, Proc. Natl. Acad. Sci. U. S. A. 101 (2004) 4250-4255,
https://doi.org/10.1073/PNAS.0306398101.

L.A. Fischbach, D.Y. Graham, J.R. Kramer, M. Rugge, G. Verstovsek, P. Parente,
A. Alsarraj, S. Fitzgerald, Y. Shaib, N.S. Abraham, A. Kolpachi, S. Gupta, M.

F. Vela, M. Velez, R. Cole, B. Anand, H.B.El Serag, Association between
Helicobacter pylori and Barrett’s esophagus: a case-control study, Am. J.
Gastroenterol. 109 (2014) 357-368, https://doi.org/10.1038/AJG.2013.443.
K.S. Sfanos, J. Sauvageot, H.L. Fedor, J.D. Dick, A.M. De Marzo, W.B. Isaacs,

A molecular analysis of prokaryotic and viral DNA sequences in prostate tissue
from patients with prostate cancer indicates the presence of multiple and diverse
microorganisms, Prostate 68 (2008) 306-320, https://doi.org/10.1002/
PROS.20680.

L. Fassi Fehri, T.N. Mak, B. Laube, V. Brinkmann, L.A. Ogilvie, H. Mollenkopf,
M. Lein, T. Schmidt, T.F. Meyer, H. Briiggemann, Prevalence of
Propionibacterium acnes in diseased prostates and its inflammatory and
transforming activity on prostate epithelial cells, Int. J. Med. Microbiol. 301
(2011) 69-78, https://doi.org/10.1016/J.1JMM.2010.08.014.

R.J. Cohen, B.A. Shannon, J.E. McNeal, T. Shannon, K.L. Garrett,
Propionibacterium acnes associated with inflammation in radical prostatectomy
specimens: a possible link to cancer evolution? J. Urol. 173 (2005) 1969-1974,
https://doi.org/10.1097,/01.JU.0000158161.15277.78.

S. Bullman, C.S. Pedamallu, E. Sicinska, T.E. Clancy, X. Zhang, D. Cai,

D. Neuberg, K. Huang, F. Guevara, T. Nelson, O. Chipashvili, T. Hagan,

M. Walker, A. Ramachandran, B. Diosdado, G. Serna, N. Mulet, S. Landolfi,

S. Ramon, R. Fasani, A.J. Aguirre, K. Ng, E. Elez, S. Ogino, J. Tabernero, C.

S. Fuchs, W.C. Hahn, P. Nuciforo, M. Meyerson, Analysis of fusobacterium
persistence and antibiotic response in colorectal cancer, Science 358 (2017)
1443-1448, https://doi.org/10.1126/SCIENCE.AAL5240.

A.D. Kostic, E. Chun, L. Robertson, J.N. Glickman, C.A. Gallini, M. Michaud, T.
E. Clancy, D.C. Chung, P. Lochhead, G.L. Hold, E.M. El-Omar, D. Brenner, C.

S. Fuchs, M. Meyerson, W.S. Garrett, Fusobacterium nucleatum potentiates
intestinal tumorigenesis and modulates the tumor-immune microenvironment,
Cell Host Microbe. 14 (2013) 207-215, https://doi.org/10.1016/J.
CHOM.2013.07.007.

R.L. Warren, D.J. Freeman, S. Pleasance, P. Watson, R.A. Moore, K. Cochrane,
E. Allen-Vercoe, R.A. Holt, Co-occurrence of anaerobic bacteria in colorectal
carcinomas, Microbiome 1 (2013), https://doi.org/10.1186/2049-2618-1-16.
J.C.J. Tsay, B.G. Wu, M.H. Badri, J.C. Clemente, N. Shen, P. Meyn, Y. Li, T.A. Yie,
T. Lhakhang, E. Olsen, V. Murthy, G. Michaud, I. Sulaiman, A. Tsirigos, A. Heguy,


https://doi.org/10.1111/IMR.12575
https://doi.org/10.1111/IMR.12575
https://doi.org/10.1002/PATH.5047
https://doi.org/10.1111/IMR.12567
https://doi.org/10.1186/S13046-021-02128-W
https://doi.org/10.1186/S13046-021-02128-W
https://doi.org/10.1016/S1470-2045(12)70137-7
https://doi.org/10.1016/S1470-2045(12)70137-7
https://doi.org/10.1371/JOURNAL.PONE.0020447
https://doi.org/10.1371/JOURNAL.PONE.0066476
https://doi.org/10.1002/PATH.4631
https://doi.org/10.1186/S12915-014-0087-Z
https://doi.org/10.1038/NBT.3981
https://doi.org/10.1016/J.CHOM.2016.07.006
https://doi.org/10.1016/J.CHOM.2016.07.006
https://doi.org/10.1128/CMR.00028-08
https://doi.org/10.1038/S41586-020-2095-1
https://doi.org/10.1126/SCIENCE.AAY9189
https://doi.org/10.1038/NATURE11465
https://doi.org/10.1038/NATURE11465
https://doi.org/10.1128/MBIO.00692-13
https://doi.org/10.1136/GUT.50.SUPPL_3.III19
https://doi.org/10.1200/JCO.2005.07.083
https://doi.org/10.1200/JCO.2005.07.083
https://doi.org/10.1200/JCO.2011.41.4466
https://doi.org/10.1200/JCO.2011.41.4466
https://doi.org/10.1186/1750-1172-8-105
https://doi.org/10.1186/1750-1172-8-105
https://doi.org/10.1038/S41591-020-0882-8
https://doi.org/10.1038/S41591-020-0882-8
https://doi.org/10.1126/SCIENCE.AAH5043
https://doi.org/10.1126/SCIENCE.ABC4552/ASSET/E11A53EE-B18A&ndash;47A5-A15D&ndash;97F750083DE0/ASSETS/GRAPHIC/371_ABC4552_F6.JPEG
https://doi.org/10.1126/SCIENCE.ABC4552/ASSET/E11A53EE-B18A&ndash;47A5-A15D&ndash;97F750083DE0/ASSETS/GRAPHIC/371_ABC4552_F6.JPEG
https://doi.org/10.1126/SCIENCE.ABC4552/ASSET/E11A53EE-B18A&ndash;47A5-A15D&ndash;97F750083DE0/ASSETS/GRAPHIC/371_ABC4552_F6.JPEG
https://doi.org/10.1155/2019/1253727
https://doi.org/10.1155/2019/1253727
https://doi.org/10.1002/HED.21140
https://doi.org/10.1371/JOURNAL.PONE.0083744
https://doi.org/10.1038/SREP28061
https://doi.org/10.1038/SREP28061
https://doi.org/10.1053/J.GASTRO.2009.04.046
https://doi.org/10.1053/J.GASTRO.2009.04.046
https://doi.org/10.1073/PNAS.0306398101
https://doi.org/10.1038/AJG.2013.443
https://doi.org/10.1002/PROS.20680
https://doi.org/10.1002/PROS.20680
https://doi.org/10.1016/J.IJMM.2010.08.014
https://doi.org/10.1097/01.JU.0000158161.15277.78
https://doi.org/10.1126/SCIENCE.AAL5240
https://doi.org/10.1016/J.CHOM.2013.07.007
https://doi.org/10.1016/J.CHOM.2013.07.007
https://doi.org/10.1186/2049-2618-1-16

Md.M.

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

Rahman et al.

H. Pass, M.D. Weiden, W.N. Rom, D.H. Sterman, R. Bonneau, M.J. Blaser, L.

N. Segal, Airway microbiota is associated with upregulation of the pi3k pathway
in lung cancer, Am. J. Respir. Crit. Care Med. 198 (2018) 1188-1198, https://doi.
org/10.1164/RCCM.201710-21180C.

Q. Shi, G.R. Haenen, L. Maas, V.M. Arlt, D. Spina, Y.R. Vasquez, E. Moonen,

C. Veith, F.J. Van Schooten, R.W.L. Godschalk, Inflammation-associated
extracellular f-glucuronidase alters cellular responses to the chemical carcinogen
benzo[a]pyrene, Arch. Toxicol. 90 (2016) 2261-2273, https://doi.org/10.1007/
S00204-015-1593-7.

T. Scanu, R.M. Spaapen, J.M. Bakker, C.B. Pratap, L. En Wu, I. Hofland, A. Broeks,
V.K. Shukla, M. Kumar, H. Janssen, J.Y. Song, E.A. Neefjes-Borst, H. te Riele, D.
W. Holden, G. Nath, J. Neefjes, Salmonella manipulation of host signaling
pathways provokes cellular transformation associated with gallbladder
carcinoma, Cell Host Microbe 17 (2015) 763-774, https://doi.org/10.1016/J.
CHOM.2015.05.002.

R.K. Singh, M. Gutman, R. Radinsky, C.D. Bucana, I.J. Fidler, Expression of
interleukin 8 correlates with the metastatic potential of human melanoma cells in
nude mice, Cancer Res 54 (1994).

M. Shen, L. Cai, K. Jiang, W. Xu, Y. Chen, Z. Xu, The therapeutic role of inhibition
of miR-328 on pulmonary carcinoma induced by chlamydia pneumoniae through
targeting histone H2AX, Cancer Biomark. (2018) 1-8, https://doi.org/10.3233/
CBM-181999.

S. Khan, A. Imran, A.A. Khan, M.A. Kalam, A. Alshamsan, Systems biology
approaches for the prediction of possible role of chlamydia pneumoniae proteins
in the etiology of lung cancer, PLoS One 11 (2016), https://doi.org/10.1371/
JOURNAL.PONE.0148530.

C.M. Dejea, P. Fathi, J.M. Craig, A. Boleij, R. Taddese, A.L. Geis, X. Wu, C.

E. DeStefano Shields, E.M. Hechenbleikner, D.L. Huso, R.A. Anders, F.

M. Giardiello, E.C. Wick, H. Wang, S. Wu, D.M. Pardoll, F. Housseau, C.L. Sears,
Patients with familial adenomatous polyposis harbor colonic biofilms containing
tumorigenic bacteria, Science 359 (2018) 592-597, https://doi.org/10.1126/
SCIENCE.AAH3648.

S. Hwang, M. Jo, J.E. Hong, C.O. Park, C.G. Lee, M. Yun, K.J. Rhee, Zerumbone
suppresses enterotoxigenic bacteroides fragilis infection-induced colonic
inflammation through inhibition of NF-kB, Int. J. Mol. Sci. 20 (2019) https://doi.
org/10.3390/1JMS20184560.

J. Gagniere, J. Raisch, J. Veziant, N. Barnich, R. Bonnet, E. Buc, M.A. Bringer,
D. Pezet, M. Bonnet, Gut microbiota imbalance and colorectal cancer, World J.
Gastroenterol. 22 (2016) 501-518, https://doi.org/10.3748/WJG.V22.12.501.
A. Bleyer, H.G. Welch, Effect of three decades of screening mammography on
breast-cancer incidence, New Engl. J. Med. 367 (2012) 1998-2005, https://doi.
org/10.1056/NEJMOA1206809.

E. Miké, T. Kovécs, E. Sebd, J. Téth, T. Csonka, G. Ujlaki, A. Sipos, J. Szabd,

G. Méhes, P. Bai, Microbiome-microbial metabolome-cancer cell interactions in
breast cancer-familiar, but unexplored, Cells 8 (2019) 293, https://doi.org/
10.3390/CELLS8040293.

T. Rossi, D. Vergara, F. Fanini, M. Maffia, S. Bravaccini, F. Pirini, Microbiota-
derived metabolites in tumor progression and metastasis, Int. J. Mol. Sci. 21
(2020) 1-16, https://doi.org/10.3390/1JMS21165786.

S.H. KROFT, R. OYASU, Urinary bladder cancer: mechanisms of development and
progression, Lab. Investig. 71 (1994) 158-174.

R.M. Hicks, M.M. Ismail, C.L. Walters, P.T. Beecham, M.F. Rabie, M.A.El Alamy,
Association of bacteriuria and urinary nitrosamine formation with Schistosoma
haematobium infection in the Qalyub area of Egypt, Trans. R. Soc. Trop. Med.
Hyg. 76 (1982) 519-527, https://doi.org/10.1016/0035-9203(82)90153-5.

D. Hanahan, R.A. Weinberg, Hallmarks of cancer: the next generation, Cell 144
(2011) 646-674, https://doi.org/10.1016/J.CELL.2011.02.013.

L. Zitvogel, M. Ayyoub, B. Routy, G. Kroemer, Microbiome and Anticancer
Immunosurveillance, Cell 165 (2016) 276-287, https://doi.org/10.1016/J.
CELL.2016.03.001.

J.P. Nougayrede, S. Homburg, F. Taieb, M. Boury, E. Brzuszkiewicz,

G. Gottschalk, C. Buchrieser, J. Hacker, U. Dobrindt, E. Oswald, Escherichia coli
induces DNA double-strand breaks in eukaryotic cells, Science 313 (2006)
848-851, https://doi.org/10.1126/SCIENCE.1127059.

J.C. Arthur, R.Z. Gharaibeh, M. Miihlbauer, E. Perez-Chanona, J.M. Uronis,

J. McCafferty, A.A. Fodor, C. Jobin, Microbial genomic analysis reveals the
essential role of inflammation in bacteria-induced colorectal cancer, Nat.
Commun. 5 (2014), https://doi.org/10.1038/NCOMMS5724.

S. Wu, K.J. Rhee, E. Albesiano, S. Rabizadeh, X. Wu, H.R. Yen, D.L. Huso, F.

L. Brancati, E. Wick, F. McAllister, F. Housseau, D.M. Pardoll, C.L. Sears, A human
colonic commensal promotes colon tumorigenesis via activation of T helper type
17 T cell responses, Nat. Med. 15 (2009) 1016-1022, https://doi.org/10.1038/
NM.2015.

M. Castellarin, R.L. Warren, J.D. Freeman, L. Dreolini, M. Krzywinski, J. Strauss,
R. Barnes, P. Watson, E. Allen-Vercoe, R.A. Moore, R.A. Holt, Fusobacterium
nucleatum infection is prevalent in human colorectal carcinoma, Genome Res. 22
(2012) 299-306, https://doi.org/10.1101/GR.126516.111.

K. Gonda, M. Shibata, 1. Nakamura, A. Kenjo, T. Ohtake, M. Yasuda, S. Suzuki,
H. Suzuki, T. Watanabe, K. Fujimori, M. Gotoh, S. Takenoshita, Myeloid-derived
suppressor cells in cancer patients: a clinical perspective, J. Inmunother. 35
(2012) 1797-1799, https://doi.org/10.1097/CJ1.0BO13E318242169F.

C. Gur, Y. Ibrahim, B. Isaacson, R. Yamin, J. Abed, M. Gamliel, J. Enk, Y. Bar-On,
N. Stanietsky-Kaynan, S. Coppenhagen-Glazer, N. Shussman, G. Almogy,

A. Cuapio, E. Hofer, D. Mevorach, A. Tabib, R. Ortenberg, G. Markel, K. Mikli¢,
S. Jonjic, C.A. Brennan, W.S. Garrett, G. Bachrach, O. Mandelboim, Binding of the
Fap2 protein of Fusobacterium nucleatum to human inhibitory receptor TIGIT

18

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

Biomedicine & Pharmacotherapy 149 (2022) 112898

protects tumors from immune cell attack, Immunity 42 (2015) 344-355, https://
doi.org/10.1016/J.IMMUNI.2015.01.010.

S.J. Blake, W.C. Dougall, J.J. Miles, M.W.L. Teng, M.J. Smyth, Molecular
pathways: targeting CD96 and TIGIT for cancer immunotherapy, Clin. Cancer
Res. 22 (2016) 5183-5188, https://doi.org/10.1158/1078-0432.CCR-16-0933.
M.R. Rubinstein, X. Wang, W. Liu, Y. Hao, G. Cai, Y.W. Han, Fusobacterium
nucleatum promotes colorectal carcinogenesis by modulating E-cadherin/
pB-catenin signaling via its FadA adhesin, Cell Host Microbe 14 (2013) 195-206,
https://doi.org/10.1016/J.CHOM.2013.07.012.

K. Mima, Y. Sukawa, R. Nishihara, Z.R. Qian, M. Yamauchi, K. Inamura, S.A. Kim,
A. Masuda, J.A. Nowak, K. Nosho, A.D. Kostic, M. Giannakis, H. Watanabe,

S. Bullman, D.A. Milner, C.C. Harris, E. Giovannucci, L.A. Garraway, G.

J. Freeman, G. Dranoff, A.T. Chan, W.S. Garrett, C. Huttenhower, C.S. Fuchs,

S. Ogino, Fusobacterium nucleatum and T cells in colorectal carcinoma, JAMA
Oncol. 1 (2015) 653-661, https://doi.org/10.1001/JAMAONCOL.2015.1377.

K. Mima, Y. Cao, A.T. Chan, Z.R. Qian, J.A. Nowak, Y. Masugi, Y. Shi, M. Song,
A. Da Silva, M. Gu, W. Li, T. Hamada, K. Kosumi, A. Hanyuda, L. Liu, A.D. Kostic,
M. Giannakis, S. Bullman, C.A. Brennan, D.A. Milner, H. Baba, L.A. Garraway, J.
A. Meyerhardt, W.S. Garrett, C. Huttenhower, M. Meyerson, E.L. Giovannucci, C.
S. Fuchs, R. Nishihara, S. Ogino, Fusobacterium nucleatum in colorectal
carcinoma tissue according to tumor location, Clin. Transl. Gastroenterol. 7
(2016), https://doi.org/10.1038/CTG.2016.53.

D.B. Shinohara, A.M. Vaghasia, S.H. Yu, T.N. Mak, H. Briiggemann, W.G. Nelson,
A.M. De Marzo, S. Yegnasubramanian, K.S. Sfanos, A mouse model of chronic
prostatic inflammation using a human prostate cancer-derived isolate of
Propionibacterium acnes, Prostate 73 (2013) 1007-1015, https://doi.org/
10.1002/PR0OS.22648.

D.H. Dapito, A. Mencin, G.Y. Gwak, J.P. Pradere, M.K. Jang, I. Mederacke, J.
M. Caviglia, H. Khiabanian, A. Adeyemi, R. Bataller, J.H. Lefkowitch, M. Bower,
R. Friedman, R.B. Sartor, R. Rabadan, R.F. Schwabe, Promotion of hepatocellular
carcinoma by the intestinal microbiota and TLR4, Cancer Cell 21 (2012) 504-516,
https://doi.org/10.1016/j.ccr.2012.02.007.

M. Quante, G. Bhagat, J.A. Abrams, F. Marache, P. Good, M.D. Lee, Y. Lee,

R. Friedman, S. Asfaha, Z. Dubeykovskaya, U. Mahmood, J.L. Figueiredo,

J. Kitajewski, C. Shawber, C.J. Lightdale, A.K. Rustgi, T.C. Wang, Bile acid and
inflammation activate gastric cardia stem cells in a mouse model of Barrett-like
metaplasia, Cancer Cell 21 (2012) 36-51, https://doi.org/10.1016/J.
CCR.2011.12.004.

S. Yoshimoto, T.M. Loo, K. Atarashi, H. Kanda, S. Sato, S. Oyadomari, Y. Iwakura,
K. Oshima, H. Morita, M. Hattori, K. Honda, Y. Ishikawa, E. Hara, N. Ohtani,
Obesity-induced gut microbial metabolite promotes liver cancer through
senescence secretome, Nature 499 (2013) 97-101, https://doi.org/10.1038/
NATURE12347.

W.S. Garrett, Cancer and the microbiota, Science 348 (2015) 80-86, https://doi.
org/10.1126/SCIENCE.AAA4972.

G. Redelman-Sidi, M.S. Glickman, B.H. Bochner, The mechanism of action of BCG
therapy for bladder cancer-a current perspective, Nat. Rev. Urol. 11 (2014)
153-162, https://doi.org/10.1038/NRUROL.2014.15.

A.P. Bhatt, M.R. Redinbo, S.J. Bultman, role Micro Cancer Dev. Ther. 67 (2017)
326-344, https://doi.org/10.3322/CAAC.21398.

S.H. Itzkowitz, N. Harpaz, Diagnosis and management of dysplasia in patients
with inflammatory bowel diseases, Gastroenterology 126 (2004) 1634-1648,
https://doi.org/10.1053/J.GASTRO.2004.03.025.

J. Cuzick, F. Otto, J.A. Baron, P.H. Brown, J. Burn, P. Greenwald, J. Jankowski,
C. La Vecchia, F. Meyskens, H.J. Senn, M. Thun, Aspirin and non-steroidal anti-
inflammatory drugs for cancer prevention: an international consensus statement,
Lancet Oncol. 10 (2009) 501-507, https://doi.org/10.1016/51470-2045(09)
70035-X.

B.F. Cole, R.F. Logan, S. Halabi, R. Benamouzig, R.S. Sandler, M.J. Grainge,

S. Chaussade, J.A. Baron, Aspirin for the chemoprevention of colorectal
adenomas: meta-analysis of the randomized trials, J. Natl. Cancer Inst. 101 (2009)
256-266, https://doi.org/10.1093/JNCI/DJN485.

R.K. Sellon, S. Tonkonogy, M. Schultz, L.A. Dieleman, W. Grenther, E. Balish, D.
M. Rennick, R.B. Sartor, Resident enteric bacteria are necessary for development
of spontaneous colitis and immune system activation in interleukin-10-deficient
mice, Infect. Inmun. 66 (1998) 5224-5231, https://doi.org/10.1128/
TAL.66.11.5224-5231.1998.

J.M. Uronis, M. Miihlbauer, H.H. Herfarth, T.C. Rubinas, G.S. Jones, C. Jobin,
Modulation of the intestinal microbiota alters colitis-associated colorectal cancer
susceptibility, PLoS One 4 (2009), https://doi.org/10.1371/JOURNAL.
PONE.0006026.

LI Ivanov, K. Atarashi, N. Manel, E.L. Brodie, T. Shima, U. Karaoz, D. Wei, K.
C. Goldfarb, C.A. Santee, S.V. Lynch, T. Tanoue, A. Imaoka, K. Itoh, K. Takeda,
Y. Umesaki, K. Honda, D.R. Littman, Induction of intestinal Th17 cells by
segmented filamentous bacteria, Cell 139 (2009) 485-498, https://doi.org/
10.1016/J.CELL.2009.09.033.

S.R. Bailey, M.H. Nelson, R.A. Himes, Z. Li, S. Mehrotra, C.M. Paulos, Th17 cells
in cancer: the ultimate identity crisis, Front. Immunol. 5 (2014), https://doi.org/
10.3389/FIMMU.2014.00276.

Y. Furusawa, Y. Obata, S. Fukuda, T.A. Endo, G. Nakato, D. Takahashi,

Y. Nakanishi, C. Uetake, K. Kato, T. Kato, M. Takahashi, N.N. Fukuda,

S. Murakami, E. Miyauchi, S. Hino, K. Atarashi, S. Onawa, Y. Fujimura, T. Lockett,
J.M. Clarke, D.L. Topping, M. Tomita, S. Hori, O. Ohara, T. Morita, H. Koseki,
J. Kikuchi, K. Honda, K. Hase, H. Ohno, Commensal Microbe-Deriv. butyrate
induces Differ. Colon. Regul. T Cells 504 (2013) 446-450.


https://doi.org/10.1164/RCCM.201710-2118OC
https://doi.org/10.1164/RCCM.201710-2118OC
https://doi.org/10.1007/S00204-015-1593-7
https://doi.org/10.1007/S00204-015-1593-7
https://doi.org/10.1016/J.CHOM.2015.05.002
https://doi.org/10.1016/J.CHOM.2015.05.002
http://refhub.elsevier.com/S0753-3322(22)00287-6/sbref76
http://refhub.elsevier.com/S0753-3322(22)00287-6/sbref76
http://refhub.elsevier.com/S0753-3322(22)00287-6/sbref76
https://doi.org/10.3233/CBM-181999
https://doi.org/10.3233/CBM-181999
https://doi.org/10.1371/JOURNAL.PONE.0148530
https://doi.org/10.1371/JOURNAL.PONE.0148530
https://doi.org/10.1126/SCIENCE.AAH3648
https://doi.org/10.1126/SCIENCE.AAH3648
https://doi.org/10.3390/IJMS20184560
https://doi.org/10.3390/IJMS20184560
https://doi.org/10.3748/WJG.V22.I2.501
https://doi.org/10.1056/NEJMOA1206809
https://doi.org/10.1056/NEJMOA1206809
https://doi.org/10.3390/CELLS8040293
https://doi.org/10.3390/CELLS8040293
https://doi.org/10.3390/IJMS21165786
http://refhub.elsevier.com/S0753-3322(22)00287-6/sbref85
http://refhub.elsevier.com/S0753-3322(22)00287-6/sbref85
https://doi.org/10.1016/0035-9203(82)90153-5
https://doi.org/10.1016/J.CELL.2011.02.013
https://doi.org/10.1016/J.CELL.2016.03.001
https://doi.org/10.1016/J.CELL.2016.03.001
https://doi.org/10.1126/SCIENCE.1127059
https://doi.org/10.1038/NCOMMS5724
https://doi.org/10.1038/NM.2015
https://doi.org/10.1038/NM.2015
https://doi.org/10.1101/GR.126516.111
https://doi.org/10.1097/CJI.0B013E318242169F
https://doi.org/10.1016/J.IMMUNI.2015.01.010
https://doi.org/10.1016/J.IMMUNI.2015.01.010
https://doi.org/10.1158/1078-0432.CCR-16-0933
https://doi.org/10.1016/J.CHOM.2013.07.012
https://doi.org/10.1001/JAMAONCOL.2015.1377
https://doi.org/10.1038/CTG.2016.53
https://doi.org/10.1002/PROS.22648
https://doi.org/10.1002/PROS.22648
https://doi.org/10.1016/j.ccr.2012.02.007
https://doi.org/10.1016/J.CCR.2011.12.004
https://doi.org/10.1016/J.CCR.2011.12.004
https://doi.org/10.1038/NATURE12347
https://doi.org/10.1038/NATURE12347
https://doi.org/10.1126/SCIENCE.AAA4972
https://doi.org/10.1126/SCIENCE.AAA4972
https://doi.org/10.1038/NRUROL.2014.15
https://doi.org/10.3322/CAAC.21398
https://doi.org/10.1053/J.GASTRO.2004.03.025
https://doi.org/10.1016/S1470-2045(09)70035-X
https://doi.org/10.1016/S1470-2045(09)70035-X
https://doi.org/10.1093/JNCI/DJN485
https://doi.org/10.1128/IAI.66.11.5224-5231.1998
https://doi.org/10.1128/IAI.66.11.5224-5231.1998
https://doi.org/10.1371/JOURNAL.PONE.0006026
https://doi.org/10.1371/JOURNAL.PONE.0006026
https://doi.org/10.1016/J.CELL.2009.09.033
https://doi.org/10.1016/J.CELL.2009.09.033
https://doi.org/10.3389/FIMMU.2014.00276
https://doi.org/10.3389/FIMMU.2014.00276
http://refhub.elsevier.com/S0753-3322(22)00287-6/sbref113
http://refhub.elsevier.com/S0753-3322(22)00287-6/sbref113
http://refhub.elsevier.com/S0753-3322(22)00287-6/sbref113
http://refhub.elsevier.com/S0753-3322(22)00287-6/sbref113
http://refhub.elsevier.com/S0753-3322(22)00287-6/sbref113
http://refhub.elsevier.com/S0753-3322(22)00287-6/sbref113

Md.M.

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

Rahman et al.

N. Arpaia, C. Campbell, X. Fan, S. Dikiy, J. Van Der Veeken, P. Deroos, H. Liu, J.
R. Cross, K. Pfeffer, P.J. Coffer, A.Y. Rudensky, Metabolites produced by
commensal bacteria promote peripheral regulatory T-cell generation, Nature 504
(2013) 451-455, https://doi.org/10.1038/NATURE12726.

D. Wolf, S. Sopper, A. Pircher, G. Gastl, A.M. Wolf, Treg(s) in cancer: friends or
foe? J. Cell. Physiol. 230 (2015) 2598-2605, https://doi.org/10.1002/
JCP.25016.

M.S. Desai, A.M. Seekatz, N.M. Koropatkin, N. Kamada, C.A. Hickey, M. Wolter,
N.A. Pudlo, S. Kitamoto, N. Terrapon, A. Muller, V.B. Young, B. Henrissat,

P. Wilmes, T.S. Stappenbeck, G. Nuniez, E.C. Martens, A dietary fiber-deprived gut
microbiota degrades the colonic mucus barrier and enhances pathogen
susceptibility, Cell 167 (2016) 1339-1353, https://doi.org/10.1016/J.
CELL.2016.10.043.

J.R. Kelly, P.J. Kennedy, J.F. Cryan, T.G. Dinan, G. Clarke, N.P. Hyland, Breaking
down the barriers: the gut microbiome, intestinal permeability and stress-related
psychiatric disorders, Front. Cell. Neurosci. 9 (2015), https://doi.org/10.3389/
FNCEL.2015.00392.

M.M. Rahman, F. Islam, A. Parvez, M.A.K. Azad, G.M. Ashraf, M.F. Ullah,

M. Ahmed, Citrus limon L. (lemon) seed extract shows neuro-modulatory activity
in an in vivo thiopental-sodium sleep model by reducing the sleep onset and
enhancing the sleep duration, J. Integr. Neurosci. 21 (2022) 42-null, https://doi.
org/10.31083/J.JIN2101042/1757-448X-21-1-042/FIG1.JPG.

M.M. Rahman, M.R. Islam, M.T. Islam, M. Harun-Or-rashid, M. Islam,

S. Abdullah, M.B. Uddin, S. Das, M.S. Rahaman, M. Ahmed, F.A. Alhumaydhi,
T. Bin Emran, A.A.R. Mohamed, M.R.I. Faruque, M.U. Khandaker, G. Mostafa-
Hedeab, Stem cell transplantation therapy and neurological disorders: current
status and future perspectives, Biol 2022 Vol. 11 (11) (2022) 147, https://doi.
org/10.3390/BIOLOGY11010147.

V. Laslo, S.C. Pinzaru, G. Zaguta, M. Kluz, S.I. Vicas, S. Cavalu, Synergic effect of
selenium nanoparticles and lactic acid bacteria in reduction cadmium toxicity,
J. Mol. Struct. 1247 (2022), 131325, https://doi.org/10.1016/J.
MOLSTRUC.2021.131325.

P. Louis, G.L. Hold, H.J. Flint, The gut microbiota, bacterial metabolites and
colorectal cancer, Nat. Rev. Microbiol. 12 (2014) 661-672, https://doi.org/
10.1038/NRMICRO3344.

C.LR. Gill, I.R. Rowland, Diet and cancer: assessing the risk, Br. J. Nutr. 88 (Suppl
1) (2002) s73-s87, https://doi.org/10.1079/BIJN2002632.

N.R. Shin, T.W. Whon, J.W. Bae, Proteobacteria: microbial signature of dysbiosis
in gut microbiota, Trends Biotechnol. 33 (2015) 496-503, https://doi.org/
10.1016/J.TIBTECH.2015.06.011.

M.M. Huycke, H.R. Gaskin, Commensal bacteria, redox stress, and colorectal
cancer: mechanisms and models, Exp. Biol. Med. 229 (2004) 586-597, https://
doi.org/10.1177/153537020422900702.

J.M. Ridlon, P.G. Wolf, H.R. Gaskins, Taurocholic acid metabolism by gut
microbes and colon cancer, Gut Microbes 7 (2016) 201-215, https://doi.org/
10.1080/19490976.2016.1150414.

H. Fukamachi, Y. Nakano, M. Yoshimura, T. Koga, Cloning and characterization
of the L-cysteine desulfhydrase gene of Fusobacterium nucleatum, FEMS
Microbiol. Lett. 215 (2002) 75-80, https://doi.org/10.1111/J.1574-6968.2002.
TB11373.X.

R. Claesson, M. -B. Edlund, S. Persson, J. Carlsson, Production of volatile sulfur
compounds by various Fusobacterium species, Oral. Microbiol. Immunol. 5
(1990) 137-142, https://doi.org/10.1111/J.1399-302X.1990.TB00411.X.

D.R. Donohoe, D. Holley, L.B. Collins, S.A. Montgomery, A.C. Whitmore,

A. Hillhouse, K.P. Curry, S.W. Renner, A. Greenwalt, E.P. Ryan, V. Godfrey, M.
T. Heise, D.S. Threadgill, A. Han, J.A. Swenberg, D.W. Threadgill, S.J. Bultman,
A gnotobiotic mouse model demonstrates that dietary fiber protects against
colorectal tumorigenesis in a microbiota- and butyrate-dependent manner, Cancer
Discov. 4 (2014) 1387-1397, https://doi.org/10.1158/2159-8290.CD-14-0501.
N. Singh, A. Gurav, S. Sivaprakasam, E. Brady, R. Padia, H. Shi, M. Thangaraju, P.
D. Prasad, S. Manicassamy, D.H. Munn, J.R. Lee, S. Offermanns, V. Ganapathy,
Activation of Gpr109a, receptor for niacin and the commensal metabolite
butyrate, suppresses colonic inflammation and carcinogenesis, Immunity 40
(2014) 128-139, https://doi.org/10.1016/J.IMMUNIL2013.12.007.

S. Ploger, F. Stumpff, G.B. Penner, J.D. Schulzke, G. Gabel, H. Martens, Z. Shen,
D. Giinzel, J.R. Aschenbach, Microbial butyrate and its role for barrier function in
the gastrointestinal tract, Ann. N. Y. Acad. Sci. 1258 (2012) 52-59, https://doi.
org/10.1111/J.1749-6632.2012.06553.X.

C.J. Kelly, L. Zheng, E.L. Campbell, B. Saeedi, C.C. Scholz, A.J. Bayless, K.

E. Wilson, L.E. Glover, D.J. Kominsky, A. Magnuson, T.L. Weir, S.F. Ehrentraut,
C. Pickel, K.A. Kuhn, J.M. Lanis, V. Nguyen, C.T. Taylor, S.P. Colgan, Crosstalk
between microbiota-derived short-chain fatty acids and intestinal epithelial hif
augments tissue barrier function, Cell Host Microbe. 17 (2015) 662-671, https://
doi.org/10.1016/J.CHOM.2015.03.005.

M.A.J. Hullar, A.N. Burnett-Hartman, J.W. Lampe, Gut microbes, diet, and
cancer, Cancer Treat. Res. 159 (2014) 377-399, https://doi.org/10.1007/978-3-
642-38007-5_22.

S.J. Bultman, The microbiome and its potential as a cancer preventive
intervention, Semin. Oncol. 43 (2016) 97-106, https://doi.org/10.1053/J.
SEMINONCOL.2015.09.001.

L.D. Wood, D.W. Parsons, S. Jones, J. Lin, T. Sjoblom, R.J. Leary, D. Shen, S.
M. Boca, T. Barber, J. Ptak, N. Silliman, S. Szabo, Z. Dezso, V. Ustyanksky,

T. Nikolskaya, Y. Nikolsky, R. Karchin, P.A. Wilson, J.S. Kaminker, Z. Zhang,

R. Croshaw, J. Willis, D. Dawson, M. Shipitsin, J.K.V. Willson, S. Sukumar,

K. Polyak, H.P. Ben, C.L. Pethiyagoda, P.V.K. Pant, D.G. Ballinger, A.B. Sparks,
J. Hartigan, D.R. Smith, E. Suh, N. Papadopoulos, P. Buckhaults, S.D. Markowitz,

19

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

Biomedicine & Pharmacotherapy 149 (2022) 112898

G. Parmigiani, K.W. Kinzler, V.E. Velculescu, B. Vogelstein, The genomic
landscapes of human breast and colorectal cancers, Science 318 (2007)
1108-1113, https://doi.org/10.1126/SCIENCE.1145720.

T. Armaghany, J.D. Wilson, Q. Chu, G. Mills, Genetic alterations in colorectal
cancer, Gastrointest. Cancer Res. 5 (2012) 19.

S. Wu, K.C. Lim, J. Huang, R.F. Saidi, C.L. Sears, Bacteroides fragilis enterotoxin
cleaves the zonula adherens protein, E-cadherin, Proc. Natl. Acad. Sci. U. S. A. 95
(1998) 14979-14984. https://doi.org/10.1073/PNAS.95.25.14979.

R. Ly, S. Wu, Y.G. Zhang, Y. Xia, X. Liu, Y. Zheng, H. Chen, K.L. Schaefer, Z. Zhou,
M. Bissonnette, L. Li, J. Sun, Enteric bacterial protein AvrA promotes colonic
tumorigenesis and activates colonic beta-catenin signaling pathway, Oncogenesis
3 (2014), https://doi.org/10.1038/0ONCSIS.2014.20.

S. Backert, N. Tegtmeyer, M. Selbach, The versatility of Helicobacter pylori CagA
effector protein functions: the master key hypothesis, Helicobacter 15 (2010)
163-176, https://doi.org/10.1111/J.1523-5378.2010.00759.X.

J. Putze, C. Hennequin, J.P. Nougayrede, W. Zhang, S. Homburg, H. Karch, M.
A. Bringer, C. Fayolle, E. Carniel, W. Rabsch, T.A. Oelschlaeger, E. Oswald,

C. Forestier, J. Hacker, U. Dobrindt, Genetic structure and distribution of the
colibactin genomic island among members of the family Enterobacteriaceae,
Infect. Immun. 77 (2009) 4696-4703, https://doi.org/10.1128/IA1.00522-09.
J.C. Arthur, E. Perez-Chanona, M. Miihlbauer, S. Tomkovich, J.M. Uronis, T.

J. Fan, B.J. Campbell, T. Abujamel, B. Dogan, A.B. Rogers, J.M. Rhodes, A. Stintzi,
K.W. Simpson, J.J. Hansen, T.O. Keku, A.A. Fodor, C. Jobin, Intestinal
inflammation targets cancer-inducing activity of the microbiota, Science 338
(2012) 120-123, https://doi.org/10.1126/SCIENCE.1224820.

M. Thelestam, T. Frisan, Cytolethal distending toxins, Rev. Physiol. Biochem.
Pharm. 152 (2004) 111-133, https://doi.org/10.1007/510254-004-0030-8.
M.M. Huycke, V. Abrams, D.R. Moore, Enterococcus faecalis produces
extracellular superoxide and hydrogen peroxide that damages colonic epithelial
cell DNA, Carcinogenesis 23 (2002) 529-536, https://doi.org/10.1093/CARCIN/
23.3.529.

A.C. Goodwin, C.E. Destefano Shields, S. Wu, D.L. Huso, X.Q. Wu, T.R. Murray-
Stewart, A. Hacker-Prietz, S. Rabizadeh, P.M. Woster, C.L. Sears, R.A. Casero,
Polyamine catabolism contributes to enterotoxigenic Bacteroides fragilis-induced
colon tumorigenesis, Proc. Natl. Acad. Sci. U. S. A. 108 (2011) 15354-15359,
https://doi.org/10.1073/PNAS.1010203108.

H. Bernstein, C. Bernstein, C.M. Payne, K. Dvorak, Bile acids as endogenous
etiologic agents in gastrointestinal cancer, World J. Gastroenterol. 15 (2009)
3329-3340, https://doi.org/10.3748/WJG.15.3329.

S. Devkota, Y. Wang, M.W. Musch, V. Leone, H. Fehlner-Peach, A. Nadimpalli, D.
A. Antonopoulos, B. Jabri, E.B. Chang, Dietary-fat-induced taurocholic acid
promotes pathobiont expansion and colitis in 1110-/- mice, Nature 487 (2012)
104-108, https://doi.org/10.1038/NATURE11225.

J. RM, M. JW, N. AS, Reactive oxygen production induced by the gut microbiota:
pharmacotherapeutic implications, Curr. Med. Chem. 19 (2012) 1519-1529,
https://doi.org/10.2174/092986712799828283.

R.M. Jones, L. Luo, C.S. Ardita, A.N. Richardson, Y.M. Kwon, J.W. Mercante,

A. Alam, C.L. Gates, H. Wu, P.A. Swanson, J. David Lambeth, P.W. Denning, A.
S. Neish, Symbiotic lactobacilli stimulate gut epithelial proliferation via Nox-
mediated generation of reactive oxygen species, EMBO J. 32 (2013) 3017-3028,
https://doi.org/10.1038/EMB0J.2013.224.

R.K. Sindhu, A. Najda, P.P. Kaur, M. Shah, H. Singh, P.P. Kaur, S. Cavalu,

M. Jaroszuk-Sierocinska, M.H. Rahman, Potential. Nanoenzymes Cancer Treat.
Other Dis.: Curr. Status Future Chall. 14 (2021) 5965, https://doi.org/10.3390/
MA14205965.

W.R. Wikoff, A.T. Anfora, J. Liu, P.G. Schultz, S.A. Lesley, E.C. Peters, G. Siuzdak,
Metabolomics analysis reveals large effects of gut microflora on mammalian
blood metabolites, Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 3698-3703, https://
doi.org/10.1073/PNAS.0812874106.

J.R. Lakritz, T. Poutahidis, S. Mirabal, B.J. Varian, T. Levkovich, Y.M. Ibrahim, J.
M. Ward, E.C. Teng, B. Fisher, N. Parry, S. Lesage, N. Alberg, S. Gourishetti, J.
G. Fox, Z. Ge, S.E. Erdman, Gut bacteria require neutrophils to promote mammary
tumorigenesis, Oncotarget 6 (2015) 9387-9396, https://doi.org/10.18632/
ONCOTARGET.3328.

J.G. Fox, Z. Ge, M.T. Whary, S.E. Erdman, B.H. Horwitz, Helicobacter hepaticus
infection in mice: models for understanding lower bowel inflammation and
cancer, Mucosal Immunol. 4 (2011) 22-30, https://doi.org/10.1038/MI1.2010.61.
M.R. Rutkowski, T.L. Stephen, N. Svoronos, M.J. Allegrezza, A.J. Tesone,

A. Perales-Puchalt, E. Brencicova, X. Escovar-Fadul, J.M. Nguyen, M.

G. Cadungog, R. Zhang, M. Salatino, J. Tchou, G.A. Rabinovich, J.R. Conejo-
Garcia, Microbially driven TLR5-dependent signaling governs distal malignant
progression through tumor-promoting inflammation, Cancer Cell 27 (2015)
27-40, https://doi.org/10.1016/J.CCELL.2014.11.009.

Z. Hochberg, An evolutionary perspective on the obesity epidemic, Trends
Endocrinol. Metab. 29 (2018) 819-826, https://doi.org/10.1016/J.
TEM.2018.09.002.

C. La Vecchia, S. Franceschi, E. Bidoli, F. Barbone, P. Dolara, Refined-sugar intake
and the risk of colorectal cancer in humans, Int. J. Cancer 55 (1993) 386-389,
https://doi.org/10.1002/1JC.2910550308.

N. Makarem, Y. Lin, E.V. Bandera, P.F. Jacques, N. Parekh, Concordance with
world cancer research fund/American institute for cancer research (WCRF/AICR)
guidelines for cancer prevention and obesity-related cancer risk in the
framingham offspring cohort (1991-2008), Cancer Causes Control 26 (2015)
277-286, https://doi.org/10.1007/510552-014-0509-9.

S.R. Gill, M. Pop, R.T. DeBoy, P.B. Eckburg, P.J. Turnbaugh, B.S. Samuel, J.

1. Gordon, D.A. Relman, C.M. Fraser-Liggett, K.E. Nelson, Metagenomic analysis


https://doi.org/10.1038/NATURE12726
https://doi.org/10.1002/JCP.25016
https://doi.org/10.1002/JCP.25016
https://doi.org/10.1016/J.CELL.2016.10.043
https://doi.org/10.1016/J.CELL.2016.10.043
https://doi.org/10.3389/FNCEL.2015.00392
https://doi.org/10.3389/FNCEL.2015.00392
https://doi.org/10.31083/J.JIN2101042/1757-448X-21-1-042/FIG1.JPG
https://doi.org/10.31083/J.JIN2101042/1757-448X-21-1-042/FIG1.JPG
https://doi.org/10.3390/BIOLOGY11010147
https://doi.org/10.3390/BIOLOGY11010147
https://doi.org/10.1016/J.MOLSTRUC.2021.131325
https://doi.org/10.1016/J.MOLSTRUC.2021.131325
https://doi.org/10.1038/NRMICRO3344
https://doi.org/10.1038/NRMICRO3344
https://doi.org/10.1079/BJN2002632
https://doi.org/10.1016/J.TIBTECH.2015.06.011
https://doi.org/10.1016/J.TIBTECH.2015.06.011
https://doi.org/10.1177/153537020422900702
https://doi.org/10.1177/153537020422900702
https://doi.org/10.1080/19490976.2016.1150414
https://doi.org/10.1080/19490976.2016.1150414
https://doi.org/10.1111/J.1574-6968.2002.TB11373.X
https://doi.org/10.1111/J.1574-6968.2002.TB11373.X
https://doi.org/10.1111/J.1399-302X.1990.TB00411.X
https://doi.org/10.1158/2159-8290.CD-14-0501
https://doi.org/10.1016/J.IMMUNI.2013.12.007
https://doi.org/10.1111/J.1749-6632.2012.06553.X
https://doi.org/10.1111/J.1749-6632.2012.06553.X
https://doi.org/10.1016/J.CHOM.2015.03.005
https://doi.org/10.1016/J.CHOM.2015.03.005
https://doi.org/10.1007/978-3-642-38007-5_22
https://doi.org/10.1007/978-3-642-38007-5_22
https://doi.org/10.1053/J.SEMINONCOL.2015.09.001
https://doi.org/10.1053/J.SEMINONCOL.2015.09.001
https://doi.org/10.1126/SCIENCE.1145720
http://refhub.elsevier.com/S0753-3322(22)00287-6/sbref135
http://refhub.elsevier.com/S0753-3322(22)00287-6/sbref135
https://doi.org/10.1038/ONCSIS.2014.20
https://doi.org/10.1111/J.1523-5378.2010.00759.X
https://doi.org/10.1128/IAI.00522-09
https://doi.org/10.1126/SCIENCE.1224820
https://doi.org/10.1007/S10254-004-0030-8
https://doi.org/10.1093/CARCIN/23.3.529
https://doi.org/10.1093/CARCIN/23.3.529
https://doi.org/10.1073/PNAS.1010203108
https://doi.org/10.3748/WJG.15.3329
https://doi.org/10.1038/NATURE11225
https://doi.org/10.2174/092986712799828283
https://doi.org/10.1038/EMBOJ.2013.224
https://doi.org/10.3390/MA14205965
https://doi.org/10.3390/MA14205965
https://doi.org/10.1073/PNAS.0812874106
https://doi.org/10.1073/PNAS.0812874106
https://doi.org/10.18632/ONCOTARGET.3328
https://doi.org/10.18632/ONCOTARGET.3328
https://doi.org/10.1038/MI.2010.61
https://doi.org/10.1016/J.CCELL.2014.11.009
https://doi.org/10.1016/J.TEM.2018.09.002
https://doi.org/10.1016/J.TEM.2018.09.002
https://doi.org/10.1002/IJC.2910550308
https://doi.org/10.1007/S10552-014-0509-9

Md.M.

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

Rahman et al.

of the human distal gut microbiome, Science 80-. (312) (2006) 1355-1359,
https://doi.org/10.1126/science.1124234.

D. Rios-Covidn, P. Ruas-Madiedo, A. Margolles, M. Gueimonde, C.G. De los Reyes-
Gavildn, N. Salazar, Intestinal short chain fatty acids and their link with diet and
human health, Front. Microbiol. 7 (2016), https://doi.org/10.3389/
FMICB.2016.00185.

A. Belcheva, T. Irrazabal, S.J. Robertson, C. Streutker, H. Maughan, S. Rubino, E.
H. Moriyama, J.K. Copeland, S. Kumar, B. Green, K. Geddes, R.C. Pezo, W.

W. Navarre, M. Milosevic, B.C. Wilson, S.E. Girardin, T.M.S. Wolever,

W. Edelmann, D.S. Guttman, D.J. Philpott, A. Martin, Gut microbial metabolism
drives transformation of MSH2-deficient colon epithelial cells, Cell 158 (2014)
288-299, https://doi.org/10.1016/J.CELL.2014.04.051.

R.J. Perry, L. Peng, N.A. Barry, G.W. Cline, D. Zhang, R.L. Cardone, K.F. Petersen,
R.G. Kibbey, A.L. Goodman, G.I. Shulman, Acetate mediates a microbiome-brain-
B-cell axis to promote metabolic syndrome, Nature 534 (2016) 213-217, https://
doi.org/10.1038/nature18309.

E.F. Murphy, P.D. Cotter, S. Healy, T.M. Marques, O. O’Sullivan, F. Fouhy, S.

F. Clarke, P.W. O’Toole, E.M. Quigley, C. Stanton, P.R. Ross, R.M. O’Doherty,
F. Shanahan, Composition and energy harvesting capacity of the gut microbiota:
relationship to diet, obesity and time in mouse models, Gut 59 (2010) 1635-1642,
https://doi.org/10.1136/GUT.2010.215665.

H. Chang, L. Lei, Y. Zhou, F. Ye, G. Zhao, Dietary flavonoids and the risk of
colorectal cancer: an updated meta-analysis of epidemiological studies, Nutrients
10 (2018), https://doi.org/10.3390/NU10070950.

D.F. Romagnolo, O.I. Selmin, Flavonoids and cancer prevention: a review of the
evidence, J. Nutr. Gerontol. Geriatr. 31 (2012) 206-238, https://doi.org/
10.1080/21551197.2012.702534.

A.F. Abdull Razis, N.Mohd Noor, Cruciferous vegetables: dietary phytochemicals
for cancer prevention, Asian Pac. J. Cancer Prev. 14 (2013) 1565-1570, https://
doi.org/10.7314/APJCP.2013.14.3.1565.

G. Watson, L. Beaver, D. Williams, R. Dashwood, E. Ho, Phytochemicals from
cruciferous vegetables, epigenetics, and prostate cancer prevention, AAPS J. 15
(2013) 951-961, https://doi.org/10.1208/512248-013-9504-4.

F. Li, M.A.J. Hullar, Y. Schwarz, J.W. Lampe, Human gut bacterial communities
are altered by addition of cruciferous vegetables to a controlled fruit- and
vegetable-free diet, J. Nutr. 139 (2009) 1685-1691, https://doi.org/10.3945/
JN.109.108191.

A. Salonen, L. Lahti, J. Salojérvi, G. Holtrop, K. Korpela, S.H. Duncan, P. Date,
F. Farquharson, A.M. Johnstone, G.E. Lobley, P. Louis, H.J. Flint, W.M.De Vos,
Impact of diet and individual variation on intestinal microbiota composition and
fermentation products in obese men, ISME J. 8 (2014) 2218-2230, https://doi.
org/10.1038/ISMEJ.2014.63.

S. Ziaei, R. Halaby, Dietary isoflavones and breast cancer risk, Medicine 4 (2017)
18, https://doi.org/10.3390/MEDICINES4020018.

LR. Rowland, H. Wiseman, T.A.B. Sanders, H. Adlercreutz, E.A. Bowey,
Interindividual variation in metabolism of soy isoflavones and lignans: influence
of habitual diet on equol production by the gut microflora, Nutr. Cancer 36
(2000) 27-32, https://doi.org/10.1207/515327914NC3601_5.

E.P. Nyangale, D.S. Mottram, G.R. Gibson, Gut microbial activity, implications for
health and disease: the potential role of metabolite analysis, J. Proteome Res. 11
(2012) 5573-5585, https://doi.org/10.1021/PR300637D.

S.A. Joyce, C.G.M. Gahan, Disease-associated changes in bile acid profiles and
links to altered gut microbiota, Dig. Dis. 35 (2017) 169-177, https://doi.org/
10.1159/000450907.

C. Bernstein, H. Holubec, A K. Bhattacharyya, H. Nguyen, C.M. Payne, B. Zaitlin,
H. Bernstein, Carcinogenicity of deoxycholate, a secondary bile acid, Arch.
Toxicol. 85 (2011) 863-871, https://doi.org/10.1007/500204-011-0648-7.

C. Bernstein, C.M. Payne, H. Bernstein, Bile acids: promoters or carcinogens in
colon cancer? J. Carcinog. Mutagen. 02 (2011) https://doi.org/10.4172/2157-
2518.1000101e.

S.J.D. O’Keefe, J.V. Li, L. Lahti, J. Ou, F. Carbonero, K. Mohammed, J.M. Posma,
J. Kinross, E. Wahl, E. Ruder, K. Vipperla, V. Naidoo, L. Mtshali, S. Tims, P.G.
B. Puylaert, J. Delany, A. Krasinskas, A.C. Benefiel, H.O. Kaseb, K. Newton, J.
K. Nicholson, W.M. De Vos, H.R. Gaskins, E.G. Zoetendal, Fat, fibre and cancer
risk in African Americans and rural Africans, Nat. Commun. 6 (2015), https://doi.
org/10.1038/NCOMMS7342.

W.R. Russell, S.W. Gratz, S.H. Duncan, G. Holtrop, J. Ince, L. Scobbie, G. Duncan,
A.M. Johnstone, G.E. Lobley, R.J. Wallace, G.G. Duthie, H.J. Flint, High-protein,
reduced-carbohydrate weight-loss diets promote metabolite profiles likely to be
detrimental to colonic health, Am. J. Clin. Nutr. 93 (2011) 1062-1072, https://
doi.org/10.3945/AJCN.110.002188.

L.A. David, C.F. Maurice, R.N. Carmody, D.B. Gootenberg, J.E. Button, B.E. Wolfe,
A.V. Ling, A.S. Devlin, Y. Varma, M.A. Fischbach, S.B. Biddinger, R.J. Dutton, P.
J. Turnbaugh, Diet rapidly and reproducibly alters the human gut microbiome,
Nature 505 (2014) 559-563, https://doi.org/10.1038/naturel2820.

0. S8J, K. M, E.-N. G, O. P, Rarity of colon cancer in Africans is associated with low
animal product consumption, not fiber, Am. J. Gastroenterol. 94 (1999)
1373-1380, https://doi.org/10.1111/J.1572-0241.1999.01089.X.

X. Wu, Y. Wu, L. He, L. Wu, X. Wang, Z. Liu, Effects of the intestinal microbial
metabolite butyrate on the development of colorectal cancer, J. Cancer 9 (2018)
2510-2517, https://doi.org/10.7150/JCA.25324.

J. Ferlay, 1. Soerjomataram, R. Dikshit, S. Eser, C. Mathers, M. Rebelo, D.

M. Parkin, D. Forman, F. Bray, Cancer incidence and mortality worldwide:
sources, methods and major patterns in GLOBOCAN 2012, Int. J. Cancer 136
(2015) E359-E386, https://doi.org/10.1002/1JC.29210.

20

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]
[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

Biomedicine & Pharmacotherapy 149 (2022) 112898

S.H. Wong, J. Yu, Gut microbiota in colorectal cancer: mechanisms of action and
clinical applications, Nat. Rev. Gastroenterol. Hepatol. 16 (2019) 690-704,
https://doi.org/10.1038/541575-019-0209-8.

J. Allen, C.L. Sears, Impact of the gut microbiome on the genome and epigenome
of colon epithelial cells: contributions to colorectal cancer development, Genome
Med 11 (2019), https://doi.org/10.1186/513073-019-0621-2.

S. Parida, D. Sharma, The power of small changes: comprehensive analyses of
microbial dysbiosis in breast cancer, Biochim. Biophys. Acta Rev. Cancer 2019
(1871) 392-405, https://doi.org/10.1016/J.BBCAN.2019.04.001.

Y. Yu, P. Nangia-Makker, L. Farhana, S.G. Rajendra, E. Levi, A.P.N. Majumdar,
miR-21 and miR-145 cooperation in regulation of colon cancer stem cells, Mol.
Cancer 14 (2015), https://doi.org/10.1186/512943-015-0372-7.

D.J. Sargent, B.A. Conley, C. Allegra, L. Collette, Clinical trial designs for
predictive marker validation in cancer treatment trials, J. Clin. Oncol. 23 (2005)
2020-2027, https://doi.org/10.1200/JC0O.2005.01.112.

M. Jeffery, B.E. Hickey, P.N. Hider, Follow-up strategies for patients treated for
non-metastatic colorectal cancer, Cochrane Database Syst. Rev. 2019 (2019),
https://doi.org/10.1002/14651858.CD002200.PUB4/MEDIA/CDSR/CD002200/
IMAGE_N/NCD002200-CMP-001-11.PNG.

L.A.M. Duineveld, K.M. van Asselt, W.A. Bemelman, A.B. Smits, P.J. Tanis, H.C.P.
M. van Weert, J. Wind, Symptomatic and asymptomatic colon cancer recurrence:
a multicenter cohort study, Ann. Fam. Med. 14 (2016) 215-220, https://doi.org/
10.1370/AFM.1919.

H. Zeng, S. Umar, B. Rust, D. Lazarova, M. Bordonaro, Secondary bile acids and
short chain fatty acids in the colon: a focus on colonic microbiome, cell
proliferation, inflammation, and cancer, Int. J. Mol. Sci. 20 (2019), https://doi.
org/10.3390/1JMS20051214.

C. Athena Aktipis, A.M. Boddy, G. Jansen, U. Hibner, M.E. Hochberg, C.C. Maley,
G.S. Wilkinson, Cancer across the tree of life: cooperation and cheating in
multicellularity, Philos. Trans. R. Soc. Lond. B. Biol. Sci. 370 (2015), https://doi.
org/10.1098/RSTB.2014.0219.

H. Wasielewski, J. Alcock, A. Aktipis, Resource conflict and cooperation between
human host and gut microbiota: implications for nutrition and health, Ann. N. Y.
Acad. Sci. 1372 (2016) 20-28, https://doi.org/10.1111/NYAS.13118.

L.M.F. Merlo, J.W. Pepper, B.J. Reid, C.C. Maley, Cancer as an evolutionary and
ecological process, Nat. Rev. Cancer 6 (2006) 924-935, https://doi.org/10.1038/
NRC2013.

K. Polyak, I. Haviv, I.G. Campbell, Co-evolution of tumor cells and their
microenvironment, Trends Genet 25 (2009) 30-38, https://doi.org/10.1016/J.
TIG.2008.10.012.

D.F. Quail, J.A. Joyce, Microenvironmental regulation of tumor progression and
metastasis, Nat. Med. 19 (2013) 1423-1437, https://doi.org/10.1038/NM.3394.
L.M. Coussens, Z. Werb, Inflammation and cancer, Nature 420 (2002) 860-867,
https://doi.org/10.1038/NATUREQ1322.

K.E. De Visser, A. Eichten, L.M. Coussens, Paradoxical roles of the immune system
during cancer development, Nat. Rev. Cancer 6 (2006) 24-37, https://doi.org/
10.1038/NRC1782.

C.M. Whisner, C. Athena Aktipis, The role of the microbiome in cancer initiation
and progression: how microbes and cancer cells utilize excess energy and promote
one another’s growth, Curr. Nutr. Rep. 8 (2019) 42-51, https://doi.org/10.1007/
S$13668-019-0257-2.

R.E. Ley, R. Knight, J.I. Gordon, The human microbiome: eliminating the
biomedical/environmental dichotomy in microbial ecology, Environ. Microbiol. 9
(2007) 34, https://doi.org/10.1111/J.1462-2920.2006.01222 _3.X.

J.M.M. Natividad, E.F. Verdu, Modulation of intestinal barrier by intestinal
microbiota: pathological and therapeutic implications, Pharmacol. Res. 69 (2013)
42-51, https://doi.org/10.1016/J.PHRS.2012.10.007.

C.A. Aktipis, R.M. Nesse, Evolutionary foundations for cancer biology, Evol. Appl.
6 (2013) 144-159, https://doi.org/10.1111/EVA.12034.

L.C.H. Yu, Microbiota dysbiosis and barrier dysfunction in inflammatory bowel
disease and colorectal cancers: exploring a common ground hypothesis,

J. Biomed. Sci. 25 (2018), https://doi.org/10.1186/512929-018-0483-8.

S.S. Chew, L.T.H. Tan, J.W.F. Law, P. Pusparajah, B.H. Goh, N.S. Ab Mutalib, L.
H. Lee, Targeting gut microbial biofilms-a key to hinder colon carcinogenesis?
Cancers (Basel) 12 (2020) 1-23, https://doi.org/10.3390/CANCERS12082272.
S. Li, S.R. Konstantinov, R. Smits, M.P. Peppelenbosch, Bacterial biofilms in
colorectal cancer initiation and progression, Trends Mol. Med. 23 (2017) 18-30,
https://doi.org/10.1016/J.MOLMED.2016.11.004.

N. Takahashi, Microbial ecosystem in the oral cavity: metabolic diversity in an
ecological niche and its relationship with oral diseases, Int. Congr. Ser. 1284
(2005) 103-112, https://doi.org/10.1016/J.1CS.2005.06.071.

W. Krause, H. Matheis, K. Wulf, Fungaemia and funguria after oral administration
of Candida albicans, Lancet 1 (1969) 598-599, https://doi.org/10.1016/50140-
6736(69)91534-7.

J.M. Pawelek, A.K. Chakraborty, Fusion of tumour cells with bone marrow-
derived cells: a unifying explanation for metastasis, Nat. Rev. Cancer 8 (2008)
377-386, https://doi.org/10.1038/NRC2371.

T. Handerson, J.M. Pawelek, p1,6-branched oligosaccharides and coarse vesicles:
a common, pervasive phenotype in melanoma and other human cancers, Cancer
Res 63 (2003) 5363-5369.

T. Handerson, A. Berger, M. Harigopol, D. Rimm, C. Nishigori, M. Ueda,

E. Miyoshi, N. Taniguchi, J. Pawelek, Melanophages reside in hypermelanotic,
aberrantly glycosylated tumor areas and predict improved outcome in primary
cutaneous malignant melanoma, J. Cutan. Pathol. 34 (2007) 679-686, https://
doi.org/10.1111/J.1600-0560.2006.00681.X.



https://doi.org/10.1126/science.1124234
https://doi.org/10.3389/FMICB.2016.00185
https://doi.org/10.3389/FMICB.2016.00185
https://doi.org/10.1016/J.CELL.2014.04.051
https://doi.org/10.1038/nature18309
https://doi.org/10.1038/nature18309
https://doi.org/10.1136/GUT.2010.215665
https://doi.org/10.3390/NU10070950
https://doi.org/10.1080/21551197.2012.702534
https://doi.org/10.1080/21551197.2012.702534
https://doi.org/10.7314/APJCP.2013.14.3.1565
https://doi.org/10.7314/APJCP.2013.14.3.1565
https://doi.org/10.1208/S12248-013-9504-4
https://doi.org/10.3945/JN.109.108191
https://doi.org/10.3945/JN.109.108191
https://doi.org/10.1038/ISMEJ.2014.63
https://doi.org/10.1038/ISMEJ.2014.63
https://doi.org/10.3390/MEDICINES4020018
https://doi.org/10.1207/S15327914NC3601_5
https://doi.org/10.1021/PR300637D
https://doi.org/10.1159/000450907
https://doi.org/10.1159/000450907
https://doi.org/10.1007/S00204-011-0648-7
https://doi.org/10.4172/2157-2518.1000101e
https://doi.org/10.4172/2157-2518.1000101e
https://doi.org/10.1038/NCOMMS7342
https://doi.org/10.1038/NCOMMS7342
https://doi.org/10.3945/AJCN.110.002188
https://doi.org/10.3945/AJCN.110.002188
https://doi.org/10.1038/nature12820
https://doi.org/10.1111/J.1572-0241.1999.01089.X
https://doi.org/10.7150/JCA.25324
https://doi.org/10.1002/IJC.29210
https://doi.org/10.1038/S41575-019-0209-8
https://doi.org/10.1186/S13073-019-0621-2
https://doi.org/10.1016/J.BBCAN.2019.04.001
https://doi.org/10.1186/S12943-015-0372-7
https://doi.org/10.1200/JCO.2005.01.112
https://doi.org/10.1002/14651858.CD002200.PUB4/MEDIA/CDSR/CD002200/IMAGE_N/NCD002200-CMP-001-11.PNG
https://doi.org/10.1002/14651858.CD002200.PUB4/MEDIA/CDSR/CD002200/IMAGE_N/NCD002200-CMP-001-11.PNG
https://doi.org/10.1370/AFM.1919
https://doi.org/10.1370/AFM.1919
https://doi.org/10.3390/IJMS20051214
https://doi.org/10.3390/IJMS20051214
https://doi.org/10.1098/RSTB.2014.0219
https://doi.org/10.1098/RSTB.2014.0219
https://doi.org/10.1111/NYAS.13118
https://doi.org/10.1038/NRC2013
https://doi.org/10.1038/NRC2013
https://doi.org/10.1016/J.TIG.2008.10.012
https://doi.org/10.1016/J.TIG.2008.10.012
https://doi.org/10.1038/NM.3394
https://doi.org/10.1038/NATURE01322
https://doi.org/10.1038/NRC1782
https://doi.org/10.1038/NRC1782
https://doi.org/10.1007/S13668-019-0257-2
https://doi.org/10.1007/S13668-019-0257-2
https://doi.org/10.1111/J.1462-2920.2006.01222_3.X
https://doi.org/10.1016/J.PHRS.2012.10.007
https://doi.org/10.1111/EVA.12034
https://doi.org/10.1186/S12929-018-0483-8
https://doi.org/10.3390/CANCERS12082272
https://doi.org/10.1016/J.MOLMED.2016.11.004
https://doi.org/10.1016/J.ICS.2005.06.071
https://doi.org/10.1016/S0140-6736(69)91534-7
https://doi.org/10.1016/S0140-6736(69)91534-7
https://doi.org/10.1038/NRC2371
http://refhub.elsevier.com/S0753-3322(22)00287-6/sbref203
http://refhub.elsevier.com/S0753-3322(22)00287-6/sbref203
http://refhub.elsevier.com/S0753-3322(22)00287-6/sbref203
https://doi.org/10.1111/J.1600-0560.2006.00681.X
https://doi.org/10.1111/J.1600-0560.2006.00681.X

Md.M.

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

Rahman et al.

Y. Janssens, E. Wynendaele, F. Verbeke, N. Debunne, B. Gevaert, K. Audenaert,
C. Van DeWiele, B. De Spiegeleer, Screening of quorum sensing peptides for
biological effects in neuronal cells, Peptides 101 (2018) 150-156, https://doi.
org/10.1016/J.PEPTIDES.2018.01.013.

B. De Spiegeleer, F. Verbeke, M. D'Hondt, A. Hendrix, C. Van DeWiele,

C. Burvenich, K. Peremans, O. DeWever, M. Bracke, E. Wynendaele, The quorum
sensing peptides PhrG, CSP and EDF promote angiogenesis and invasion of breast
cancer cells in vitro, PLoS One 10 (2015), https://doi.org/10.1371/JOURNAL.
PONE.0119471.

E. Wynendaele, F. Verbeke, M. D’Hondt, A. Hendrix, C. Van De Wiele,

C. Burvenich, K. Peremans, O. De Wever, M. Bracke, B. De Spiegeleer, Crosstalk
between the microbiome and cancer cells by quorum sensing peptides, Peptides
64 (2015) 40-48, https://doi.org/10.1016/J.PEPTIDES.2014.12.009.

M.M. Kendall, V. Sperandio, What a dinner party! mechanisms and functions of
interkingdom signaling in host-pathogen associations, MBio 7 (2016), https://doi.
org/10.1128/MBIO.01748-15.

M.A. Szabé, G.Z. Varga, J. Hohmann, Z. Schelz, E. Szegedi, L. Amaral, J. Molnar,
Inhibition of quorum-sensing signals by essential oils, Phytother. Res. 24 (2010)
782-786, https://doi.org/10.1002/PTR.3010.

N. Debunne, E. Wynendaele, Y. Janssens, A. De Spiegeleer, F. Verbeke, L. Tack,
S. Van Welden, E. Goossens, D. Knappe, R. Hoffmann, C. Van De Wiele,

D. Laukens, P. Van Eenoo, F. Van Immerseel, O. De Wever, B. De Spiegeleer, The
Quorum sensing peptide EntF* promotes colorectal cancer metastasis in mice: a
new factor in the microbiome-host interaction, 2020.09.17.301044, BioRxiv
(2020), https://doi.org/10.1101,/2020.09.17.301044.

S. Haque, R. Raina, N. Afroze, A. Hussain, A. Alsulimani, V. Singh, B.N. Mishra,
S. Kaul, R.N. Kharwar, Microbial dysbiosis and epigenetics modulation in cancer
development - a chemopreventive approach, Semin. Cancer Biol. (2021), https://
doi.org/10.1016/J.SEMCANCER.2021.06.024.

M. Kumar, R. Nagpal, V. Verma, A. Kumar, N. Kaur, R. Hemalatha, S.K. Gautam,
B. Singh, Probiotic metabolites as epigenetic targets in the prevention of colon
cancer, Nutr. Rev. 71 (2013) 23-34, https://doi.org/10.1111/J.1753-
4887.2012.00542.X.

J. Von Frieling, C. Fink, J. Hamm, K. Klischies, M. Forster, T.C.G. Bosch,

T. Roeder, P. Rosenstiel, F. Sommer, Grow with the challenge - microbial effects
on epithelial proliferation, carcinogenesis, and cancer therapy, Front. Microbiol. 9
(2018), https://doi.org/10.3389/FMICB.2018.02020.

T. Nohmi, Thresholds of genotoxic and non-genotoxic carcinogens, Toxicol. Res
34 (2018) 281-290, https://doi.org/10.5487/TR.2018.34.4.281.

L. Birrell, P. Cahill, C. Hughes, M. Tate, R.M. Walmsley, GADD45a-GFP
greenscreen HC assay results for the ECVAM recommended lists of genotoxic and
non-genotoxic chemicals for assessment of new genotoxicity tests, Mutat. Res.
695 (2010) 87-95, https://doi.org/10.1016/J.MRGENTOX.2009.12.008.

C.K. Grisolia, R. Oliveira, I. Domingues, E.C. Oliveira-Filho, R.G. Monerat, A.M.V.
M. Soares, Genotoxic evaluation of different delta-endotoxins from Bacillus
thuringiensis on zebrafish adults and development in early life stages, Mutat. Res.
672 (2009) 119-123, https://doi.org/10.1016/J.MRGENTOX.2008.10.017.

R. Palchaudhuri, B. Saez, J. Hoggatt, A. Schajnovitz, D.B. Sykes, T.A. Tate,

A. Czechowicz, Y. Kfoury, F. Ruchika, D.J. Rossi, G.L. Verdine, M.K. Mansour, D.
T. Scadden, Non-genotoxic conditioning for hematopoietic stem cell
transplantation using a hematopoietic-cell-specific internalizing immunotoxin,
Nat. Biotechnol. 34 (2016) 738-745, https://doi.org/10.1038/NBT.3584.

Z. Zhou, J. Chen, H. Yao, H. Hu, Fusobacterium and Colorectal Cancer, Front.
Oncol. 8 (2018), https://doi.org/10.3389/FONC.2018.00371.

E. Elinav, R. Nowarski, C.A. Thaiss, B. Hu, C. Jin, R.A. Flavell, Inflammation-
induced cancer: crosstalk between tumours, immune cells and microorganisms,
Nat. Rev. Cancer 13 (2013) 759-771, https://doi.org/10.1038/NRC3611.

G. Hajishengallis, Periodontitis: from microbial immune subversion to systemic
inflammation, Nat. Rev. Immunol. 15 (2015) 30-44, https://doi.org/10.1038/
NRI3785.

AL Cardos, A. Maghiar, D.C. Zaha, O. Pop, L. Fritea, F. Miere (Groza), S. Cavalu,
Evolution of diagnostic methods for helicobacter pylori infections: from
traditional tests to high technology, advanced sensitivity and discrimination tools,
Diagnostics 12 (2022) 508, https://doi.org/10.3390/DIAGNOSTICS12020508.
M. Hatakeyama, Malignant helicobacter pylori-associated diseases: gastric cancer
and MALT lymphoma, Adv. Exp. Med. Biol. 1149 (2019) 135-149, https://doi.
org/10.1007/5584_2019_363.

S.S. Kim, V.E. Ruiz, J.D. Carroll, S.F. Moss, Helicobacter pylori in the
pathogenesis of gastric cancer and gastric lymphoma, Cancer Lett. 305 (2011)
228-238, https://doi.org/10.1016/J.CANLET.2010.07.014.

Z.L,D. R, R. MP, R. B, K. G, L. Zitvogel, R. Daillere, M.P. Roberti, B. Routy,

G. Kroemer, Anticancer effects of the microbiome and its products, Nat. Rev.
Microbiol. 15 (2017) 465-478, https://doi.org/10.1038/NRMICRO.2017.44.

S.I. Vicas, V. Laslo, A.V. Timar, C. Balta, H. Herman, A. Ciceu, S. Gharbia,

M. Rosu, B. Mladin, L. Fritea, S. Cavalu, C. Cotoraci, J. Prokisch, M. Puschita,
C. Pop, E. Miutescu, A. Hermenean, Functional food product based on
nanoselenium-enriched lactobacillus casei against cadmium kidney toxicity, Appl.
Sci. 2021 Vol. 11 (11) (2021) 4220, https://doi.org/10.3390/APP11094220.
B.A. Helmink, M.A.W. Khan, A. Hermann, V. Gopalakrishnan, J.A. Wargo, The
microbiome, cancer, and cancer therapy, Nat. Med. 25 (2019) 377-388, https://
doi.org/10.1038/541591-019-0377-7.

N. Bernardes, A.M. Chakrabarty, A.M. Fialho, Engineering of bacterial strains and
their products for cancer therapy, Appl. Microbiol. Biotechnol. 97 (2013)
5189-5199, https://doi.org/10.1007/500253-013-4926-6.

S.I. Vicas, V. Laslo, A.V. Timar, C. Balta, H. Herman, A. Ciceu, S. Gharbia,

M. Rosu, B. Mladin, L. Chiana, J. Prokisch, M. Puschita, E. Miutescu, S. Cavalu,

21

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

Biomedicine & Pharmacotherapy 149 (2022) 112898

C. Cotoraci, A. Hermenean, Nano selenium—enriched probiotics as functional
food products against cadmium liver toxicity, Mater 2021 Vol. 14 (14) (2021)
2257, https://doi.org/10.3390/MA14092257.

V. Gujrati, S. Kim, S.H. Kim, J.J. Min, H.E. Choy, S.C. Kim, S. Jon, Bioengineered
bacterial outer membrane vesicles as cell-specific drug-delivery vehicles for
cancer therapy, ACS Nano 8 (2014) 1525-1537, https://doi.org/10.1021/
NN405724X.

P. Sarotra, B. Medhi, Use of bacteria in cancer therapy, Recent Results Cancer Res
209 (2016) 111-121, https://doi.org/10.1007/978-3-319-42934-2 8.

C. Ratiu, M. Brocks, T. Costea, L. Moldovan, S. Cavalu, PRGF-modified collagen
membranes for guided bone regeneration: spectroscopic, microscopic and nano-
mechanical investigations, 9 (2019) 1035, Appl. Sci. Vol. 9 (2019) 1035, https://
doi.org/10.3390/APP9051035.

S.L. Chan, Microbiome and cancer treatment: Are we ready to apply in clinics?
Prog. Mol. Biol. Transl. Sci. 171 (2020) 301-308, https://doi.org/10.1016/BS.
PMBTS.2020.04.004.

M. Wirth, J. Joachim, S.A. Tooze, Autophagosome formation-the role of ULK1
and Beclin1-PI3KC3 complexes in setting the stage, Semin. Cancer Biol. 23 (2013)
301-309, https://doi.org/10.1016/J.SEMCANCER.2013.05.007.

J. Chen, J. Douglass, V. Prasath, M. Neace, S. Atrchian, M.H. Manjili, S. Shokouhi,
M. Habibi, The microbiome and breast cancer: a review, Breast Cancer Res. Treat.
178 (2019) 493-496, https://doi.org/10.1007/510549-019-05407-5.

K. Inamura, Roles of microbiota in response to cancer immunotherapy, Semin.
Cancer Biol. 65 (2020) 164-175, https://doi.org/10.1016/J.
SEMCANCER.2019.12.026.

J. Fessler, V. Matson, T.F. Gajewski, Exploring the emerging role of the
microbiome in cancer immunotherapy, J. Inmunother. Cancer 7 (2019), https://
doi.org/10.1186/540425-019-0574-4.

S. Khan, R. Hauptman, L. Kelly, Engineering the microbiome to prevent adverse
events: challenges and opportunities, Annu. Rev. Pharmacol. Toxicol. 61 (2021)
159-179, https://doi.org/10.1146/ANNUREV-PHARMTOX-031620-031509.

D. Fukumura, J. Kloepper, Z. Amoozgar, D.G. Duda, R.K. Jain, Enhancing cancer
immunotherapy using antiangiogenics: opportunities and challenges, Nat. Rev.
Clin. Oncol. 15 (2018) 325-340, https://doi.org/10.1038/NRCLINONC.2018.29.
W. Song, A.C. Anselmo, L. Huang, Nanotechnology intervention of the
microbiome for cancer therapy, Nat. Nanotechnol. 14 (2019) 1093-1103, https://
doi.org/10.1038/541565-019-0589-5.

S.V. Rajagopala, S. Yooseph, D.M. Harkins, K.J. Moncera, K.B. Zabokrtsky, M.
G. Torralba, A. Tovchigrechko, S.K. Highlander, R. Pieper, L. Sender, K.E. Nelson,
Gastrointestinal microbial populations can distinguish pediatric and adolescent
acute lymphoblastic Leukemia (ALL) at the time of disease diagnosis, BMC
Genom. 17 (2016), https://doi.org/10.1186/512864-016-2965-Y.

S. Gately, Human microbiota and personalized cancer treatments: role of
commensal microbes in treatment outcomes for cancer patients, Cancer Treat. Res
178 (2019) 253-264, https://doi.org/10.1007/978-3-030-16391-4_10.

M. Gjonbalaj, J.W. Keith, M.H. Do, T.M. Hohl, E.G. Pamer, S. Becattini, Antibiotic
degradation by commensal microbes shields pathogens, Infect. Inmun. 88
(2020), https://doi.org/10.1128/IA1.00012-20.

D.A. Byrd, R. Sinha, K.L. Hoffman, J. Chen, X. Hua, J. Shi, N. Chia, J. Petrosino,
E. Vogtmann, Comparison of methods to collect fecal samples for microbiome
studies using whole-genome shotgun metagenomic sequencing, MSphere 5
(2020), https://doi.org/10.1128/MSPHERE.00827-19.

H.H. Kong, B. Andersson, T. Clavel, J.E. Common, S.A. Jackson, N.D. Olson, J.
A. Segre, C. Traidl-Hoffmann, Performing skin microbiome research: a method to
the madness, J. Invest. Dermatol. 137 (2017) 561-568, https://doi.org/10.1016/
J.JID.2016.10.033.

R. Sinha, J. Chen, A. Amir, E. Vogtmann, J. Shi, K.S. Inman, R. Flores, J. Sampson,
R. Knight, N. Chia, Collecting fecal samples for microbiome analyses in
epidemiology studies, Cancer Epidemiol. Biomark. Prev. 25 (2016) 407-416,
https://doi.org/10.1158/1055-9965.EPI-15-0951.

E. Vogtmann, J. Chen, M.G. Kibriya, A. Amir, J. Shi, Y. Chen, T. Islam, M. Eunes,
A. Ahmed, J. Naher, A. Rahman, B. Barmon, R. Knight, N. Chia, H. Ahsan, C.

C. Abnet, R. Sinha, Comparison of oral collection methods for studies of
microbiota, Cancer Epidemiol. Biomark. Prev. 28 (2019) 137-143, https://doi.
org/10.1158/1055-9965.EPI-18-0312.

E. Vogtmann, J. Chen, A. Amir, J. Shi, C.C. Abnet, H. Nelson, R. Knight, N. Chia,
R. Sinha, Comparison of collection methods for fecal samples in microbiome
studies, Am. J. Epidemiol. 185 (2017) 115-123, https://doi.org/10.1093/AJE/
KWW177.

C. Nicco, A. Paule, P. Konturek, M. Edeas, From donor to patient: collection,
preparation and cryopreservation of fecal samples for fecal microbiota
transplantation, Diseases 8 (2020) 9, https://doi.org/10.3390/
DISEASES80200009.

A. Glassing, S.E. Dowd, S. Galandiuk, B. Davis, R.J. Chiodini, Inherent bacterial
DNA contamination of extraction and sequencing reagents may affect
interpretation of microbiota in low bacterial biomass samples, Gut Pathog. 8
(2016), https://doi.org/10.1186/513099-016-0103-7.

D. Kim, C.E. Hofstaedter, C. Zhao, L. Mattei, C. Tanes, E. Clarke, A. Lauder,

S. Sherrill-Mix, C. Chehoud, J. Kelsen, M. Conrad, R.G. Collman, R. Baldassano, F.
D. Bushman, K. Bittinger, Optimizing methods and dodging pitfalls in microbiome
research, Microbiome 5 (2017), https://doi.org/10.1186/540168-017-0267-5.
J. Qin, R. Li, J. Raes, M. Arumugam, K.S. Burgdorf, C. Manichanh, T. Nielsen,
N. Pons, F. Levenez, T. Yamada, D.R. Mende, J. Li, J. Xu, S. Li, D. Li, J. Cao,

B. Wang, H. Liang, H. Zheng, Y. Xie, J. Tap, P. Lepage, M. Bertalan, J.M. Batto,
T. Hansen, D. Le Paslier, A. Linneberg, H.B. Nielsen, E. Pelletier, P. Renault,

T. Sicheritz-Ponten, K. Turner, H. Zhu, C. Yu, S. Li, M. Jian, Y. Zhou, Y. Li,


https://doi.org/10.1016/J.PEPTIDES.2018.01.013
https://doi.org/10.1016/J.PEPTIDES.2018.01.013
https://doi.org/10.1371/JOURNAL.PONE.0119471
https://doi.org/10.1371/JOURNAL.PONE.0119471
https://doi.org/10.1016/J.PEPTIDES.2014.12.009
https://doi.org/10.1128/MBIO.01748-15
https://doi.org/10.1128/MBIO.01748-15
https://doi.org/10.1002/PTR.3010
https://doi.org/10.1101/2020.09.17.301044
https://doi.org/10.1016/J.SEMCANCER.2021.06.024
https://doi.org/10.1016/J.SEMCANCER.2021.06.024
https://doi.org/10.1111/J.1753-4887.2012.00542.X
https://doi.org/10.1111/J.1753-4887.2012.00542.X
https://doi.org/10.3389/FMICB.2018.02020
https://doi.org/10.5487/TR.2018.34.4.281
https://doi.org/10.1016/J.MRGENTOX.2009.12.008
https://doi.org/10.1016/J.MRGENTOX.2008.10.017
https://doi.org/10.1038/NBT.3584
https://doi.org/10.3389/FONC.2018.00371
https://doi.org/10.1038/NRC3611
https://doi.org/10.1038/NRI3785
https://doi.org/10.1038/NRI3785
https://doi.org/10.3390/DIAGNOSTICS12020508
https://doi.org/10.1007/5584_2019_363
https://doi.org/10.1007/5584_2019_363
https://doi.org/10.1016/J.CANLET.2010.07.014
https://doi.org/10.1038/NRMICRO.2017.44
https://doi.org/10.3390/APP11094220
https://doi.org/10.1038/S41591-019-0377-7
https://doi.org/10.1038/S41591-019-0377-7
https://doi.org/10.1007/S00253-013-4926-6
https://doi.org/10.3390/MA14092257
https://doi.org/10.1021/NN405724X
https://doi.org/10.1021/NN405724X
https://doi.org/10.1007/978-3-319-42934-2_8
https://doi.org/10.3390/APP9051035
https://doi.org/10.3390/APP9051035
https://doi.org/10.1016/BS.PMBTS.2020.04.004
https://doi.org/10.1016/BS.PMBTS.2020.04.004
https://doi.org/10.1016/J.SEMCANCER.2013.05.007
https://doi.org/10.1007/S10549-019-05407-5
https://doi.org/10.1016/J.SEMCANCER.2019.12.026
https://doi.org/10.1016/J.SEMCANCER.2019.12.026
https://doi.org/10.1186/S40425-019-0574-4
https://doi.org/10.1186/S40425-019-0574-4
https://doi.org/10.1146/ANNUREV-PHARMTOX-031620-031509
https://doi.org/10.1038/NRCLINONC.2018.29
https://doi.org/10.1038/S41565-019-0589-5
https://doi.org/10.1038/S41565-019-0589-5
https://doi.org/10.1186/S12864-016-2965-Y
https://doi.org/10.1007/978-3-030-16391-4_10
https://doi.org/10.1128/IAI.00012-20
https://doi.org/10.1128/MSPHERE.00827-19
https://doi.org/10.1016/J.JID.2016.10.033
https://doi.org/10.1016/J.JID.2016.10.033
https://doi.org/10.1158/1055-9965.EPI-15-0951
https://doi.org/10.1158/1055-9965.EPI-18-0312
https://doi.org/10.1158/1055-9965.EPI-18-0312
https://doi.org/10.1093/AJE/KWW177
https://doi.org/10.1093/AJE/KWW177
https://doi.org/10.3390/DISEASES8020009
https://doi.org/10.3390/DISEASES8020009
https://doi.org/10.1186/S13099-016-0103-7
https://doi.org/10.1186/S40168-017-0267-5

Md.M. Rahman et al.

X. Zhang, S. Li, N. Qin, H. Yang, J. Wang, S. Brunak, J. Doré, F. Guarner,

K. Kristiansen, O. Pedersen, J. Parkhill, J. Weissenbach, P. Bork, S.D. Ehrlich,
J. Wang, M. Antolin, F. Artiguenave, H. Blottiere, N. Borruel, T. Bruls, F. Casellas,
C. Chervaux, A. Cultrone, C. Delorme, G. Denariaz, R. Dervyn, M. Forte, C. Friss,
M. Van De Guchte, E. Guedon, F. Haimet, A. Jamet, C. Juste, G. Kaci,

M. Kleerebezem, J. Knol, M. Kristensen, S. Layec, K. Le Roux, M. Leclerc,

E. Maguin, R. Melo Minardi, R. Oozeer, M. Rescigno, N. Sanchez, S. Tims,

T. Torrejon, E. Varela, W. De Vos, Y. Winogradsky, E. Zoetendal, A human gut

22

[253]

[254]

Biomedicine & Pharmacotherapy 149 (2022) 112898

microbial gene catalogue established by metagenomic sequencing, Nature 464
(2010) 59-65, https://doi.org/10.1038/NATURE08821.

K. Aagaard, J. Petrosino, W. Keitel, M. Watson, J. Katancik, N. Garcia, S. Patel,
M. Cutting, T. Madden, H. Hamilton, E. Harris, D. Gevers, G. Simone, P. McInnes,
J. Versalovic, The Human Microbiome Project strategy for comprehensive
sampling of the human microbiome and why it matters, FASEB J. 27 (2013)
1012-1022, https://doi.org/10.1096/FJ.12-220806.

R. Sinha, C.C. Abnet, O. White, R. Knight, C. Huttenhower, The microbiome
quality control project: baseline study design and future directions, Genome Biol.
16 (2015), https://doi.org/10.1186/513059-015-0841-8.


https://doi.org/10.1038/NATURE08821
https://doi.org/10.1096/FJ.12-220806
https://doi.org/10.1186/S13059-015-0841-8

	Microbiome in cancer: Role in carcinogenesis and impact in therapeutic strategies
	1 Introduction
	2 Associative studies of the microbiome and cancer
	3 Modulation of cancer behaviour by microbiome transfer and removal
	4 Metagenomic human studies identifying microbiota associated with cancer tissues
	5 Mechanisms of carcinogenic microbes
	6 Mechanistic studies of key carcinogenic organisms
	6.1 Genotoxic and non-genotoxic bacterial toxins
	6.2 Fusobacterium causes inflammation, proliferation, and loss of immune surveillance
	6.3 Propionobacterium and tumourigenesis in the prostate
	6.4 Distal oncogenic effects of bacteria

	7 Microbial mechanisms of oncogenesis and tumor suppression
	7.1 Immune system and inflammation
	7.2 Diet and microbial metabolites
	7.3 Cell signaling pathways
	7.4 DNA damage
	7.5 Distant sites

	8 Dietary changes can affect the growth of microorganisms and cancer cells
	8.1 Vegetables, fruits, and grains
	8.2 Protein- and fat-containing foods

	9 Cancer can be boosted by microbes in a variety of ways
	9.1 Microbes can damage cell DNA, initiating cancer
	9.2 Microbes can increase cancer cell proliferation
	9.3 Microbes and cancer cells can exchange growth factors
	9.4 Cancer cells and microbes may help each other defend against the immune system
	9.5 Microbes can raise cancer risk by transforming the intestinal barrier and biofilms that surround It
	9.6 Proliferation of host cells by microbes can expand their ecological niche
	9.7 Microbes can inspire cells to become more metastatic
	9.8 Microbes produce quantum sensing molecules that may aid in metastasis
	9.9 Microbes modify cancer cells using epigenetics to boost the proliferation of cancer cells

	10 Key carcinogenic organisms’ mechanistic studies
	10.1 Genotoxic and non-genotoxic bacterial toxin
	10.2 Toxic inflammation, rapid cell growth, and a weakened immune system are all caused by fusobacterium
	10.3 Both lymphoma and gastric epithelial disease are linked to H. Pylori

	11 The cancer curing potential of the microbiome and its components
	11.1 Specific bacterial products in cancer therapy
	11.2 The microbiome as a modulator of chemotherapy
	11.3 Microbial modulation of immunotherapy efficacy

	12 Possibilities and obstacles in cancer treatment due to microbiome interactions
	12.1 Can we boost the immune system in order to disrupt microbe-cancer cell collaboration?
	12.2 Is it possible to treat cancer by using certain microbes to regulate the population of cancer cells?
	12.3 Can commensal microbes enhance the effectiveness of therapy?

	13 Future directions and challenges
	Ethical approval
	Funding
	Credit author statement
	Consent to participate
	Consent to publish
	Competing of interest statement
	Data Availability
	References


