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Abstract
Purpose  Human microbiota comprises of a variety of organisms ranging from bacterial species to viruses, fungi, and protozoa 
which are present on the epidermal and mucosal barriers of the body. It plays a key role in health and survival of the host by 
regulation of the systemic functions. Its apparent functions in modulation of the host immune system, inducing carcinogenesis 
and regulation of the response to the cancer therapy through a variety of mechanisms such as bacterial dysbiosis, production 
of genotoxins, pathobionts, and disruption of the host metabolism are increasingly becoming evident.
Methods  Different electronic databases such as PubMed, Google Scholar, and Web of Science were searched for relevant 
literature which has been reviewed in this article.
Results  Characterization of the microbiome particularly gut microbiota, understanding of the host–microbiota interactions, 
and its potential for therapeutic exploitation are necessary for the development of novel anticancer therapeutic strategies 
with better efficacy and lowered off-target side effects.
Conclusion  In this review, the role of microbiota is explained in carcinogenesis, mechanisms of microbiota-mediated car-
cinogenesis, and role of gut microbiota in modulation of cancer therapy.
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Introduction

The human microbiota comprises of several types of over 
one hundred trillion organisms including bacteria, viruses, 
fungi, and protozoans that are primarily inhabited on the 
epithelial surface of human body. Human gut is the major 

contributor to the human microbiome. It has largest num-
ber of bacteria and is very diverse with respect to the other 
areas of human body. It provides nutrient rich and protective 
conditions to resident microbiota. Whilst, the gut microbiota 
benefits human body by playing a key role in the produc-
tion of short chain fatty acids (SCFAs) from dietary fiber, 
synthesis of vitamin B and vitamin K, metabolism of several 
compounds such as sterols and xenobiotics, and regulation 
of immune functions (Clarke et al. 2014; Quigley 2013; 
Shen and Wong 2016). However, its role in several diseases 
such as cancer, liver disease, obesity, and neuropsychiat-
ric disorders has also been reported (Boulangé et al. 2016; 
Minemura and Shimizu 2015; Wang and Kasper 2014; Zit-
vogel et al. 2015). Host immune system tolerates the human 
microbiota while safeguarding against the invading patho-
genic microbes (Zitvogel et al. 2015). Particularly, it plays a 
key role in cancer initiation, development, and its response 
to cancer therapy (Fig. 1; Tables 1, 2).

Living organisms which are raised in controlled environ-
ment that prevents the growth of microbiota in them; also 
known as germ free organisms, have several poorly devel-
oped physiological conditions such as innate immunity 
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which makes them prone to pathogen-mediated infections 
(Roy and Trinchieri 2017). However, germ free organisms 
fed with nutritious components that are normally supplied by 

gut microbiota live significantly longer than the conventional 
ones (Roy and Trinchieri 2017). The underlying mechanism 
through which commensal microbiota regulates systemic 

Fig. 1   Microbiota and Carcinogenesis. Microbiota plays a key role in 
maintenance of host physiological functions as well as disease devel-
opment through interference with the immune system. When dis-
rupted, i.e., dysbiosis in microbiota, can lead to cancer development. 

Furthermore, several factors such as intake of antibiotics, defined 
transplant of microbiome, as well as lifestyle of the host modulates 
carcinogenesis and the response to cancer therapy

Table 1   Bacteria associated with carcinogenesis

Bacterium specie Type of cancer Type of association Mechanism in Carcinogenesis References

Fusobacterium nucleatum CRC​ Enriched Instigation of NF-κβ signaling 
cascade for stimulation of Wnt 
signaling pathway

Mima et al. (2015)

Escherichia coli NC101 CRC​ Causative Production of genotoxins Taieb et al. (2016)
Streptococcus gallolyticus CRC​ Causative Promotion of inflammatory 

responses via IL-1, IL-8, and 
COX-2

Abdulamir et al. (2010)

Bacteroides fragilis CRC​ Causative Production of toxins, promotion 
of breakdown of E-cadherin

Boleij et al. (2014)

Helicobacter pylori CRC​ Enriched Production of Vacuolating 
cytotoxin A (VacA)

Epplein et al. (2013)

Salmonella typhi Gall bladder cancer Causative Chronic typhoid carriage Nath et al. (1997)
Helicobacter pylori Gall bladder cancer Causative Aggravation of mucosal lesions De Martel et al. (2009)
Chlamydia pneumonia MALT Causative Advanced stage infection Chanudet et al. (2007)
Chlamydia psittaci MALT Causative Advanced stage infection Chanudet et al. (2007)
Chlamydia psittaci Ocular Adnexa MALT cancer Causative Advanced stage infection Chanudet et al. (2007)
Mycoplasma sp. Ovarian carcinoma Causative Controversial Chan et al. (1996)
Chlamydia pneumonia Ovarian carcinoma Enriched Advanced stage infection Shanmughapriya et al. (2012)
Prevotella sp. Oral cancer Enriched Controversial Hooper et al. (2007)
Bacillus sp. Lung carcinoma Enriched Production of toxins Apostolou et al. (2011)
Mycoplasma sp. Lung carcinoma Causative Production of ROS leading to 

DNA damage
Apostolou et al. (2011)

Staphylococcus epidermis Lung carcinoma Enriched Stimulation of cellular prolifera-
tion in lung cancer tumors by 
lipoteichoic acids

Apostolou et al. (2011)
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functions is less understood as compared to those of local-
ized functions (Belkaid and Naik 2013).

Several risk factors including pathogen associated infec-
tions have been linked with human cancers (Perez-Chanona 
and Trinchieri 2016). Chronic infections lead to various 
types of cancers; with about 18% of the human cancers 
directly caused by infectious agents through well-understood 
molecular mechanisms. Amongst several microbes including 
oncogenic viruses, infection with only one bacterium Heli-
cobacter pylori leads to increased risk of development of 
stomach cancer (Perez-Chanona and Trinchieri 2016). How-
ever, recent studies have shown that pathogens as well as 
the commensal microbiota also influences several diseases; 
thereby acting as causative agents. When the surrounding 
environment of human gut microbiota is disturbed, several 
species of the commensal microbiota such as Clostridium 
difficile and vancomycin resistant Enterococci (VRE) 
become pathogenic (Roy and Trinchieri 2017). Human 
microbiota that accompanies gut and epithelial surface of 
human body influences cancer initiation and progression, 
and the effect of cancer treatment on tumor cells by inter-
fering with the systemic metabolism, immune system, and 
inflammation. Several factors including genetics of the host 
and environmental conditions such as diet affect the diver-
sity of microbiota, ultimately modulating carcinogenesis 
and cancer therapy (Raza et al. 2017; Roy and Trinchieri 
2017). In this review, we target the mechanisms of micro-
biota induced carcinogenesis and the regulation of cancer 
therapy by microbiota.

Microbiota and carcinogenesis

Microbiota and host, i.e., humans have coevolved resulting 
in a mutualistic relationship that benefits both microbiota 
and the host. Disruption of the host pathways that regulate 

the homeostasis inside the host may lead to increase in risk 
of development of certain diseases (Consortium 2012). As 
gastrointestinal microbiota is the major constituent of the 
human microbiome, it has strong influence on the health 
of host and has been well studied for the understanding of 
host–microbiota relationship and development of disease. 
Skin and vagina are other organs of human body with dis-
tinct microbiota (Consortium 2012). Variation in the diver-
sity and relationship of the microbiome and organs suggest 
that the modulation of inflammation, cancer initiation and 
development, and its response to cancer therapy are differ-
ent with respect to each organ. The number of microbes 
and their diversity in microbiome show discrepancy in vari-
ous sites within an organ. Moreover, the host microbiome 
also varies from individual to individual being indicated 
as a potent factor for the development of specific diseases 
including cancer (Consortium 2012). Several studies have 
indicated that despite lacking microbiome, several organs 
of human body are prone to carcinogenesis due to exposure 
to microorganism associated molecular patterns (MAMPS) 
and various metabolic products released by bacteria (Dap-
ito et al. 2012; Schwabe and Jobin 2013a; Yoshimoto et al. 
2013b). These metabolites reach to the specific organs from 
gut via anatomical connections.

Numerous bacterial species have been provenly linked 
with carcinogenesis directly or indirectly. Based on quan-
titative polymerase chain reaction (PCR) technique, 16 s 
rDNA sequencing, and analysis of fluorescence in  situ 
hybridization (FISH), elevated levels of Fusobacterium 
spp. Especially F. nucleatum have been detected in colorec-
tal adenomas and cancer (Castellarin 2012 #207). Its DNA 
is prevalently found in tumor cells and is correlated with 
lymph node metastasis. It promotes carcinogenesis by stimu-
lating the Wnt signaling cascade in colorectal carcinoma 
(Mima 2015 #208). Probiotic bacterium species especially 
Lactobacillus and Bifidobacterium genera exert beneficial 

Table 2   Bacterial genotoxins and metabolites associated with cancer

Toxin/Metabolite Mode of action Bacterial specie References

FadA Adhesin which is located on the surface of bacterial 
specie activates β-catenin and promotes inflammatory 
responses

Fusobacterium nucleatum Garrett (2015)

CagA Increases cellular proliferation by activating β-catenin Helicobacter pylori Garrett (2015)
Trimethylamine-N-oxide (TMAO) Utilization of l-carnitine for production of TMAO Clostridium sp. Faith et al. (2013)
Cytolethal distending toxin (Cdt) Promotes genomic instability Epsilonproteobacteria sp. Gagnière et al. (2016)
Btf Induces oxidative DNA damage by increasing ROS 

levels
Bacteroides fragilis Boleij et al. (2014)

Butyrate Promotion of cellular proliferation and induction of 
apoptotic cell death

Bifidobacterium sp. Belcheva et al. (2014)

Deoxycholic acid Activation of β-catenin mediated signaling cascades Clostridium sp. Ha and Park (2010)
Fragilysin Activation of β-catenin mediated signaling cascades Bacteroides fragilis Sears et al. (1995)
Lithocholic acid Induction of tumor metastasis Bacteroides fragilis Baek et al. (2010)
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impacts on the host. Immune responses have been shown 
to be boosted against numerous types of cancers after oral 
administration of Bifidobacterium (Sivan et al. 2015 #209). 
It is also proposed to enhance the efficacy of chemotherapeu-
tic drugs. Meanwhile, lactobacillus decreases the production 
of beta-catenin and promotes expression of p53 (Gamallat 
et al. 2016 #210). Lactobacillus rhamnosus GG has been 
linked with enhancement of function of epithelial barrier in 
the intestine in TLR2/COX2 dependent method. However, 
the underlying mechanism is poorly understood (Dong et al. 
2012 #211}.

Several studies conducted on germ-free organisms have 
proved that microbiota promotes carcinogenesis in various 
organs such as lungs, skin, and breast (Dapito et al. 2012; 
Schwabe and Jobin 2013a). Likewise, risk of developing 
cancer decreases in mice that have intestinal microbiota 
depleted by antibiotics (Chen et al. 2008; Klimesova et al. 
2013; Yu et al. 2010). Besides the tumor-inducing effects 
of microbiota, anticancer effects have also been reported 
(Schwabe and Jobin 2013a). For instance, toll-like recep-
tor (TRL) agonists promote antitumor effects of microbi-
ota, as the innate immune system may lead to activation 
of anticancer responses (Garaude et al. 2012; Pradere et al. 
2014). Nevertheless, besides TLR- and NOD-like receptors 
(NLR)-based treatments, the immune responses triggered by 
microbiota are insufficient for inducing anticancer activity. 
Conversely, it usually promotes disease-inducing immune 
responses (Pradere et al. 2014). To conclude, increasing 
evidences from studies conducted on animal models and 
patients indicate the pro-cancer properties of microbiota 
that affect several organs of the host, particularly those 
which have diverse microbiota or are exposed to MAMPs. 
However, the molecular and cellular mechanisms of micro-
biota-induced carcinogenesis differ significantly in different 
organs. The various mechanisms through which microbiota 
is involved in carcinogenesis and response to cancer therapy 
as described in this section (Fig. 2).

Microbiota dysbiosis and carcinogenesis

Disruption of human microbiota is referred to as dysbiosis. It 
is characterized by lowered diversity of microbes in the gut 
and is linked with mutations in the host genes which affect 
the immune system by interfering with the innate immunity 
in the host (Hold et al. 2014; Sartor and Mazmanian 2012). 
Significant variation occurs in diversity of microbiota in 
different organs of human body. Microbiota as well as the 
metagenome is affected by diet change, antibiotics, xenobi-
otics, host immune system, and infectious diseases (Arthur 
et al. 2012; Holmes et al. 2012; Schwabe and Jobin 2013a).

The association of intra-abdominal infections with 
increased risk of development of colorectal cancer (CRC) 
accentuate the clinical significance of dysbiosis of human 

microbiome and carcinogenesis. Alterations in the compo-
sition of microbiota directly modulates the risk of develop-
ment of CRC in animal models with genetic and mutagen 
induced carcinogenesis (Arthur et al. 2012; Bonnet et al. 
2014; Zhan et al. 2013). Furthermore, intestinal epithelial 
cells (IECs) are targeted by metabolites of intestinal micro-
biota which either induces tumorigenesis; as in case of Bac-
teroides fragilis, or inhibits it; for instance, SCFAs (Louis 
et al. 2014a).

Manipulation of the gut microbiome of experimental 
mice models including germ-free, cohoused, mice with 
microbiota depleted after treatment with antibiotics, and 
gnotobiotic models has revealed its involvement in CRC 
and hepatocellular carcinoma (HCC) (Consortium 2012; 
Dapito et al. 2012; Grivennikov et al. 2012; Yoshimoto et al. 
2013a; Zhang et al. 2012). Meanwhile, studies on Nod2−/−, 
NIrp6−/−, and Asc−/− experimental mice models indicate 
that dysbiosis promotes carcinogenesis (Couturier-Maillard 
et al. 2013; Hu et al. 2013). On the other hand, obesity that 
leads to dysbiosis is also a risk factor for carcinogenesis 
and is linked with dysmetabolism in humans (Cotillard 
et al. 2013; Le Chatelier et al. 2013; Schwabe and Jobin 
2013b). For instance, in case of HCC, obesity increases 
the growth rate of Clostridia sp. that produces deoxycholic 
acid (DCA) which in turn promotes HCC (Yoshimoto et al. 
2013a). However, direct evidences of role of Clostridia sp. 
in carcinogenesis in certain experimental mice models are 
still missing. Similarly, increased biosynthesis of tauro-
cholic acid by dietary fats in colon promotes the growth of 
Bilophila wadsworthia; a pathobiont (Devkota et al. 2012). 
However, a well characterized direct association between 
obesity-promoted dysbiosis and CRC is still lacking.

Dysbiosis in mucosal sections of patients with CRC has 
been reported in several studies with a significant correla-
tion between all of them (Chen et al. 2012; Sanapareddy 
et al. 2012; Sobhani et al. 2011; Wang et al. 2012a). Nev-
ertheless, Fusobacterium nucleatum can be regarded as 
a potential microbial specie for CRC susceptibility (Kos-
tic et al. 2012, 2013). Its prevalence is lesser in healthy 
individuals as compare to the microbiota of patients with 
Crohn’s disease (Allen-Vercoe et al. 2011). It also promotes 
intestinal carcinoma in ApcMin/+ mice models (Kostic et al. 
2013). The underlying mechanism of F. nucleatum induced 
carcinogenesis indicates that F. nucleatum adhesin FadA 
attaches with E cadherin and leads to activation of β catenin 
in CRC tumors which in turn promotes inflammation and 
tumor formation (Rubinstein et al. 2013). Notably, FadA is 
expressed with significant high rates in human CRC samples 
(Rubinstein et al. 2013). Increased redundancy of microbiota 
at metagenomic level suggests the possibility of promotion 
of carcinogenesis by alterations in community richness of 
microbes and their functions, and by various bacterial spe-
cies through similar mechanisms (Huttenhower et al. 2012). 
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Furthermore, horizontal gene transfer (HGT) between patho-
genic microbes and commensal microbiota, specifically in 
aspect of pathogen-promoted inflammatory responses, indi-
cates the transfer of oncogenes between bacterial species 
(Stecher et al. 2012).

Dysbiosis in gut microbiota plays a key role in the onset 
of several types of cancers other than CRC. Experimental 
findings from studies conducted on alterations of gut micro-
biota reveal that it affects the initiation and progression of 
breast and HCC (Louis et al. 2014b; Yoshimoto et al. 2013a; 
Zitvogel et al. 2015). There is a significant linkage between 
these findings and the results of epidemiological experi-
ments carried out to analyze the linkage between dysbio-
sis and its consequent results; particularly after continuous 

intake of antibiotics, and an elevated occurrence of extraco-
lonic neoplasms counting breast carcinoma. These results 
also depict the systematic distribution of microbiota and its 
metabolites in perspective of immune responses that com-
promise the intestinal barrier (Zitvogel et al. 2015).

The main pathways that promote dysbiosis and disruption 
of the balanced microbial community richness are poorly 
understood. Host-promoted inflammation and immune 
responses are key factors that determine the composition 
of microbial richness in microbiota and may lead to dys-
biosis if altered, as studied in several experimental mice 
models (Arthur et al. 2012; Couturier-Maillard et al. 2013; 
Hu et al. 2013). Besides modulation of microbial commu-
nity richness by innate immune responses, several mediators 

Fig. 2   Mechanism of modulation of carcinogenesis by microbiota. 
Translocation of microbiota across extraintestinal sites leads to induc-
tion of inflammatory responses that are activated through microor-
ganism-associated molecular patterns (MAMPS) which subsequently 
activate TLRs leading to several on-site and off-site effects that pro-

mote carcinogenesis. Meanwhile, genotoxicity induced by the geno-
toxins and ROS produced by bacteria also lead to development of 
cancer. Microbiota also interferes with the metabolic activities of the 
host that can result in either suppression of carcinogenesis by SCFAs 
or promotion by cancer-inducers
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of inflammation may also form environment favorable for 
growth of specific bacterial species. Inflammation affects the 
biosynthesis of several metabolites such as nitrate which is 
produced from reactions of inducible-nitric oxide synthase 
(iNOS). Nitrate may act as an energy provider for faculta-
tive anaerobic microorganisms which enables them to sur-
vive in microbial community rich with obligate anaerobic 
microorganisms (Winter et al. 2013). Therefore, Entero-
bacteriaceae spp. has been found in experimental models 
and patients with inflammatory diseases (Lupp et al. 2007; 
Morgan et al. 2012; Vijay-Kumar et al. 2010). Likewise, 
induction of stress-response genes in response to inflam-
mation in bacteria could be a risk factor for development of 
bacterial survival and adaptability. For instance, isolates of 
Escherichia coli from experimental mice model I110−/−of 
inflammatory disease had elevated levels of a variety of heat 
shock proteins that protect the host from oxidative damage 
(Patwa et al. 2011). Finally, promotion of dysbiosis via exer-
tion of dominating effects by low-abundance microbes has 
also been suggested (Hajishengallis et al. 2012).

Pathogenic microbes and carcinogenesis

Infection with numerous bacterial species leads to carcino-
genesis. As microbiota is present in the tumor microenvi-
ronment, it may actively contribute to the development of 
gastrointestinal tract malignant carcinomas.

Gastric cancer is an elusive example of bacteria-promoted 
cancer which is caused by Helicobacter pylori; declared by 
International Agency for Research on Cancer (IARC) a 
major cause of cancer mortality worldwide (Roy and Trinch-
ieri 2017). Although it has been classified as a carcinogen, 
yet a complex microbiota is required for development of 
gastric cancer. For instance, a study on hypergastrinaemic 
transgenic experimental mice model revealed that the lesser 
tumors were developed in models with H. pylori only when 
compared than pathogen-free models (Lofgren et al. 2011). 
This is because of the elevated metabolism of dietary nitro-
gen-derivatives into carcinogens by overgrown microbial 
communities of stomach due to H. pylori-promoted gastric 
atrophy and hypochlorhydria (Lofgren et al. 2011). Con-
versely, it reduces the risk of development of oesophageal 
adenocarcinoma in humans; indicating the tissue-specific 
anticarcinogenic effects of bacterial microbiota (Islami and 
Kamangar 2008).

Likewise, several other types of cancers are promoted by 
specific bacterial pathogens. Gall bladder cancer is caused 
by infection with Salmonella enterica subsp. Enterica sero-
var Typhi (Caygill et al. 1994; Roy and Trinchieri 2017). 
Activity of adaptive immunity in response to infection with 
specific pathogens lead to development of mucosa-associ-
ated lymphoid tissue (MALT) lymphoma. H. pylori specific 
immune responses such as expression of H. pylori antigen 

specific T helper (TH) cells is the main symptom of gas-
tric MALT lymphoma (Bayerdörffer et al. 1995). Further, 
infection with Campylobacter jejuni and Chlamydia psittaci 
is also linked with certain lymphomas (Ferreri et al. 2012; 
Lecuit et al. 2004; Senff et al. 2008).

Association of microbial toxins and virulence factors 
with carcinogenesis

Certain bacterial species can contribute to chronic inflamma-
tory disease consequently resulting in increased production 
of reactive oxygen species (ROS) which ultimately mediates 
genotoxicity. Whilst, they can also modulate carcinogenesis 
via production of specific bacterial toxins that can induce 
DNA damage. Due to alterations in the epithelial barrier, 
bacterial species can cross it and can deliver their toxins eas-
ily to the host cells due to direct contact with them. Various 
bacterial toxins such as Bacillus fragilis toxin, colibactin, 
and cytolethal distending toxin (CDT) can affect cellular 
responses that are involved in carcinogenesis; specifically, 
those against DNA damage (Arthur et al. 2012; Cuevas-
Ramos et al. 2010; Nešić et al. 2004; Travaglione et al. 
2008; Wu et al. 2009). Nevertheless, CDT and colibactin 
can induce genomic instability and are referred to as geno-
toxins (Cuevas-Ramos et al. 2010; Nešić et al. 2004). They 
promote double stranded DNA (dsDNA) damage cellular 
responses such as ataxia telangiectasia mutated (ATM)-
signaling cascades resulting in G2/M cell cycle disruption. 
CDT is a Gram-negative bacteria toxin which is produced 
by all microbes such as E. coli, Salmonella typhi, and H. 
pylori that are responsible for promotion of carcinogenesis 
in various organs of gastrointestinal tract (Smith and Bay-
les 2006). Once infected, CdtA and CdtC aid in attachment 
of the bacterium with the host cells by forming an anchor 
between them and enabling the transport of CdtB which 
induces DNA damage in the nucleus (Nešić et al. 2004). 
Mutations that alter the structural configuration of active site 
of CdtB, which is homolog of DNase I sites, depletes cel-
lular responses due to genomic instability and DNA damage 
in vitro together with cell cycle disruption (Roy and Trinch-
ieri 2017). CDT-induced DNase activity may also be respon-
sible for tumorigenic capability of CDT-producing bacteria 
such as Helicobacter cinaedi. CdtB mutants were unable to 
promote intestinal hyperplasia in experimental mice models 
with no NF-κβ, Nfkb1, and one allele of Rela, and were also 
unable to induce dysplasia in Il10–/– experimental mouse 
models (Fox et al. 2004; Shen et al. 2009).

Colibactin is another genotoxin which is encoded by pol-
yketide synthase (pks). Pks is mainly expressed in Entero-
bacteriaceae with dominancy in E. coli (Nougayrède et al. 
2006). E. coli NC101 pks was associated with promotion of 
CRC in experimental mice Il10–/–. Similarly, two bacterial 
species Proteus mirabilis and Klebsiella pneumoniae contain 
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pks and can induce colitis in immunodeficient mouse models 
with depleted levels of expression of TBX21 and recombi-
nation-activation gene 2 (RAG2) (Garrett et al. 2010; Putze 
et al. 2009). However, their role in CRC promotion alongside 
colibactin remains unclear. Purification of colibactin has 
not been reported yet, however, results from various studies 
show that pks and non-ribosomal peptide synthetase (NRPS) 
are necessary to produce active colibactin. E. coli with pks 
can induce dsDNA breaks and related ATM-promoted 
responses against DNA damage and disruption of cell cycle 
(Nougayrède et al. 2006). Furthermore, numerous metabolic 
products of bacteria such as hydrogen sulfide may induce 
genomic instability. For instance, superoxide radicals pro-
duced by Enterococcus faecalis can induce dsDNA breaks 
leading to promotion of CRC in Il10–/– mouse (Carbonero 
et al. 2012; Huycke and Gaskins 2004; Wang and Huycke 
2007). Conversely, E. faecalis mutants such as ΔmenB 
which cannot produce superoxide radicals could not induce 
carcinogenesis in Il10–/– mouse as compared to the mouse 
with wild type of E. faecalis (Wang et al. 2012b). Sulphate-
metabolizing microorganisms such as Fusobacteria; which 
are associated with CRC development, and delta proteobac-
teria produce hydrogen sulphide which is genotoxic in nature 
(Attene-Ramos et al. 2006; Castellarin et al. 2012; Kostic 
et al. 2012, 2013). Elimination of these genotoxics by host 
or microorganisms may affect the cellular homeostasis and 
tumorigenesis.

Disease-inducing and pro-cancer properties of pathogenic 
microorganisms rely on virulence factors. For example, 
elevated levels of inflammatory disease and carcinogenesis 
in H. pylori producing cytotoxin-associated gene A (CagA) 
(Fox and Wang 2007). Virulence factors utilize specific sign-
aling cascades of the host to activate protumor signaling 
pathways such as tyrosine phosphatase SHP2 (PTPN11). 
For instance, they promote gastric cancer in transgenic 
mice models with active CagA but not in mice with CagA 
with resistance to phosphorylation (Ohnishi et al. 2008). 
Similarly, F. nucleatum can induce CRC by activation of 
β-catenin signaling pathway via interaction with E cadherin 
(Han et al. 2005; Rubinstein et al. 2013). Virulence factors 
of several other bacterial species of microbiota may promote 
carcinogenesis. However, further studies on this aspect are 
needed.

Microbiota mediated metabolism 
and carcinogenesis

Enzymes secreted by bacterial species of human microbi-
ota play a key role in human metabolism (Gill et al. 2006). 
Interestingly, bacterial metagenome is complex and diverse 
in perspective of genes for biosynthesis and catabolism of 
various compounds (Gill et al. 2006; Philipp 2011). These 
metabolic processes modulated by human microbiota affect 

tumorigenesis by interfering with obesity-promoted inflam-
matory disease, biosynthesis and detoxification of various 
compounds such as nitrogen-derivatives, acetaldehyde, phy-
tochemicals, and pro-cancer secondary bile acids.

Hydrolase is utilized by gut microbiota to regulate the 
metabolism of bile. It largely interferes with the composi-
tion of bile by removing polar groups from it enabling the 
gut microbes to use it as energy source (Philipp 2011). Gut 
microbiota richness and the production levels of DCA is 
increased by fat rich diet. Intriguingly, DCA supplementa-
tion promotes HCC whilst depletion of bacteria producing 
DCA decreases it (Yoshimoto et al. 2013a). Furthermore, 
DCA is also a risk factor for development of colon and 
oesophageal cancer suggesting the role of microbiota in 
modulation of these cancers via DCA generation, specifi-
cally in the aspect of obesity (Bernstein et al. 2011; Quante 
et al. 2012; Yoshimoto et al. 2013a).

Production of SCFAs via microbiota-derived metabo-
lism of carbohydrates may benefit the host (Nyangale 
et al. 2012). In contrast, protein metabolism may lead to 
production of pro-metabolites such as nitrogen derivatives 
including ammonia and nitrosamines, and sulfur deriva-
tives (Alam et al. 1971; Carbonero et al. 2012; Windey 
et al. 2012). Protein metabolism is largely carried out in the 
distal colon which may contribute to significant increased 
chance of occurrence of distal colon cancer as compare 
to the development of proximal colon cancer. Metabolic 
activities in intestine are altered by protein rich diet with 
low carbohydrate levels leading to depletion of production 
of anticancerous metabolites such as plant-based phenol 
derivatives and increase in levels of hazardous metabolic 
products (Russell et al. 2011). Particularly, SCFAs play a 
key role in modulation of autophagy and are implicated 
in protective role in colon and liver cancers (Bindels et al. 
2012; Donohoe et al. 2011; Hu et al. 2011). Anticancer and 
antioxidant properties of plant metabolites are attributed to 
phytochemicals such as phytophenols. Microbiota induced 
enzyme catalyzed reactions produce or catalyze polyphenols 
and can affect carcinogenesis (DeWeerdt 2011; Dutton and 
Turnbaugh 2012; Schwabe and Jobin 2013a; Van Duyn-
hoven et al. 2011). Similarly, microbiota affects the activity 
of phytoestrogens such as lignans which have proven anti-
cancer properties and therefore, modulates carcinogenesis 
(Chang and Keasling 2006; Dutton and Turnbaugh 2012; 
Mabrok et al. 2011). Although anticancer activities of phy-
tochemicals are regulated by microbiota, characterization 
of microbial species and underlying molecular and cellular 
pathways is needed. Microbiota also plays a significant role 
in metabolism of xenobiotics (Haiser and Turnbaugh 2012). 
Intrinsically, it modulates the biological activities and side 
effects of anticancer agents. For instance, liver-inactivated 
irinotecan is reactivated by β-glucuronidase resulting in sev-
eral side effects (Wallace et al. 2010). However, treatment 
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in combination with antibiotics or β-glucuronidase blockers 
inhibits these side effects.

Microbiota affects cancer development by metabolism of 
several carcinogens leading to their activation and inactiva-
tion; such as that of alcohol derivatives which are responsi-
ble for about 3.6% of cancers worldwide (Schwabe and Jobin 
2013a; Seitz and Stickel 2007). Acetaldehyde is responsible 
for promoting alcohol genotoxicity and diseased conditions 
and is present at depleted levels in experimental germ-free 
mice models. Bacteria mediated production of acetaldehyde 
is vital in oral cancer due to its limited metabolism which 
significantly increases its concentration in the blood (Seitz 
and Stickel 2007). Implications of microbiota in metabo-
lism of hormones have also been reported (Plottel and Bla-
ser 2011). For instance, it modulates the development of 
oestrogen-mediated cancers by affecting its enterohepatic 
circulation and controlling its excreted levels (Plottel and 
Blaser 2011).

Microbiota mediated activation of TLRs and NLRs

TLRs-based recognition of patterns of microorganisms is 
a major inflammation promoting response of innate immu-
nity (Moresco et al. 2011). Several studies show that bac-
terial MAMPS and TLRs mediate cancer development and 
progression. Toll-like receptor 4 (TLR4), which is respon-
sible for recognition of lipopolysaccharides (LPS) present 
in Gram-negative bacterial cell wall induce cancer devel-
opment as shown in experimental mice models with TLR4 
depleted levels that had decreased tumor development as 
compared to the mice with constitutively expressed TLR4 
and increased rate of carcinogenesis (Dapito et al. 2012; 
Fukata et al. 2007, 2010; Mittal et al. 2010; Ochi et al. 
2012). Toll-like receptor 2 (TLR2) involved in recognition 
of peptidoglycans in bacterial cell wall mediates gastric 
carcinoma (Tye et al. 2012). TLRs induce cancer develop-
ment through cells produced from bone marrow. A major 
procancer effect of TLR is activation of cellular survival 
signaling cascades, which are promoted by induction of 
nuclear factor-κβ (NF-κβ) (Tye et al. 2012). Besides strong 
evidences of expression of TLRs in cancer cells, studies 
are required to find out if the TLR signaling cascades 
directly affect cellular survival in carcinogenesis. Point 
mutations in myeloid differentiating primary response 
88 (MYD88) in human lymphomas activate NF-κβ that 
indicates the prosurvival activity of MYD88. Microbiota-
mediated activation of TLRs in intestine promotes car-
cinogenesis by stimulating IL17 and IL23 signaling cas-
cades (Grivennikov et al. 2012). Interestingly, disruption 
of both IL17 and IL23 leads to inhibition of carcinogenesis 
(Grivennikov et al. 2012; Wu et al. 2009). TRL-induced 
tumor proliferation is modulated via a diverse group of 
mitogens released from stromal fibroblasts with TLR 

expression (Dapito et al. 2012; Fukata et al. 2007; Neu-
fert et al. 2013). Signaling cascades utilized by various 
types of TLRs are multifunctional in nature and can affect 
malignant tumors and normal cells equally. For instance, 
MYD88 safeguards normal epithelia. In contrast, inhibi-
tion of MYD88 expression leads to cancer development 
in experimental models with significant levels of epithe-
lial damage (Salcedo et al. 2010). It also promotes IL-18 
signaling and its deficiency may induce carcinogenesis by 
disrupting IL-18-dependent signaling cascades (Schwabe 
and Jobin 2013a).

NLRs are a family of pattern recognition receptors 
(PRRs) with a key nucleotide-binding oligomerization 
domain (NOD) (Elinav et al. 2011). NOD2, a key NRL 
associated with Crohn’s disease, has been linked with 
increased chances of CRC development in numerous 
cohorts when disrupted via polymorphisms (Cho 2008; 
Khor et al. 2011). Similarly, decreased expression levels of 
NOD2 induces CRC in experimental mice models (Coutu-
rier-Maillard et al. 2013). NOD2 also modulates immune 
responses to bacterial microbiota as indicated by higher 
susceptibility to infections in experimental mice models 
with NOD2 knocked out (Kobayashi et al. 2005). Intrigu-
ingly, intestinal dysbiosis has been detected in experimen-
tal mice models with NOD2 knocked out and patients with 
mutated NOD2 (Petnicki-Ocwieja et al. 2009).

NOD-like receptor family pyrin domain containing 6 
(NLRP6) is also implicated in microbiota induced carcino-
genesis and interaction of gut microbiota with host. It is 
part of inflammasomes and actively induces their activa-
tion as suggested by depleted IL18 levels in Nlrp6−/− mice 
models (Hu et al. 2013). The results correlate with the 
findings from studies conducted on Nlrp2−/− mice models 
as Nlrp6−/− mice models also have increased chances of 
development of CRC and colitis. Dysbiosis in gut micro-
biota of Nlrp6−/−decreases immune system mediated 
inflammation and expression of IL8 ultimately leading to 
carcinogenesis (Hu et al. 2013). Similarly, decreased sus-
ceptibility to CRC in experimental mice models subjected 
to treatment with IL-6 receptor-based antibodies indicate 
that IL6 induces carcinogenic effects of Nlrp6−/−and 
Nlrp2−/− (Hu et  al. 2013). Similarly, NOD1 has been 
implicated in intestinal immune system and inflammatory 
bowel disease (McGovern et al. 2005). Decreased NOD1 
levels are associated with deregulation of intestinal barrier 
and induction of CRC (Grivennikov et al. 2012). How-
ever, treatment with antibiotics leads to disruption of gut 
microbiota and suppression of CRC. Likewise, other NLRs 
such as NLRP3, NLRR, and NLRC4 also play a key role in 
development of colitis-induced carcinogenesis. However, 
limited data is available on their functional characteriza-
tion and underlying mechanism of action.
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Microbiota and cancer therapy

Microbiota modulates metabolic pathways of the host, 
immune responses, and inflammation; thereby playing 
a key role in cancer initiation and development. Several 
studies have validated that gut microbiota is involved in 
carcinogenesis both in epithelial cell lines and sterile 
environments (Dzutsev et al. 2015). Despite the signifi-
cant advances in development of anticancer therapeutics, 
particularly immunotherapeutics, response to anticancer 
therapy is either very low or not observed in a large num-
ber of cancer patients. This may be explained in perspec-
tive of regulation of the response to cancer therapy and its 
target efficiency by gut microbiota. This section focuses 
on regulation of patient response chemotherapy, immuno-
therapy, and radiotherapy by host microbiome particularly 
gut microbiota.

Gut microbiota and chemotherapy

Cytotoxic therapeutics still remain the largest anticancer 
agents being developed and used for the treatment of can-
cer today (Roy and Trinchieri 2017). Majority of the cyto-
toxic anticancer therapeutics are alkylating substances, 
compounds targeting metabolic pathways, spindle poisons, 
cytotoxic antimicrobial agents, and heavy metals such as 
platinum. Whilst on the other hand, chemotherapy induces 
cellular DNA damage and targets cell division in grow-
ing tumors. Chemotherapy-induced targeting of cellular 
organelles such as mitochondria also lead to cytotoxicity 
(Sancho-Martínez et al. 2012). However, the major disad-
vantage of chemotherapy is its broad range specificity to 
cause toxicity in tissues with comparatively increased rate 
of cell division (Mitchell 2006).

Gut microbiota regulates response to cancer therapy via 
several mechanisms including immunomodulation, trans-
location, and enzymatic degradation. Translocation refers 
to the passage of commensal and pathogenic microbiota 
across epithelial barrier of gut to induce systemic effects 
that regulate the morbidity of chemotherapeutic agents 
(Samet et al. 2013). Though it was first described in 1960s, 
the relationship of translocation with modulation of effi-
ciency and efficacy of anticancer therapy remains unclear. 
For instance, phosphamide cyclophosphamide (CTX) 
induces its anti-cancerous effects by interfering with 
numerous immunological signaling cascades (Kroemer 
et al. 2013; Schiavoni et al. 2010). Studies conducted by 
Viaud et al. on experimental mice models for investigation 
of the role of commensal microbiome of small intestine 
in response to CTX exposure indicated that CTX disrupts 
intestinal barrier and promotes translocation of commensal 

microbiota into adjacent lymphatic system (Viaud et al. 
2013). While the total bacterial count in small intestine 
remained the same Decrease in population of lactobacilli 
and enterococci was noticed. Moreover, several bacterial 
species such as Lactobacillus murinus and Lactobacillus 
johnsonii were required for activation of CTX-induced 
immunological responses of type 17 T helper cells. Later 
on, another study by same group showed the necessity 
of Enterococcus hirae and Barnesiella intestinihominis in 
mediating antitumor effects of CTX in microbiota depleted 
experimental mice models. Exposure of experimental 
mice models to CpG oligodeoxynucleotides showed that 
microbiota stimulates cytokine production by myeloid 
cells whilst no similar activity was detected in microbiota 
depleted experimental mice models (Iida et al. 2013). Fur-
thermore, antibiotic treatment in controls led to significant 
reduction in efficacy of chemotherapeutic-based eradica-
tion of cancer cells; whilst germ-free experimental models 
did not respond to the treatment.

Gut microbiota directly impacts the pharmacokinetics 
of anticancer drugs, their antitumor activity, and their cel-
lular toxicity at several levels (Grootaert et al. 2011 #204). 
Metabolism and bioavailability of several drugs rely on 
their exposure to a variety of host and microbiota-produced 
enzymes prior to entering the bloodstream (Feng et al. 2015 
#205). Nitroreduction of misonidazole and metabolism of 
methotrexate CPT-11 (topoisomerase I poison) has been 
demonstrated to be modulated by gut microbiota (Haiser 
and Turnbaugh 2013 #206).

Besides oral anticancer therapeutics, partial metabolism 
of injected drugs occurs in the liver where they are also 
exposed to the gut microbiota. Irinotecan—an anticancer-
ous drug used for the treatment of CRC, is converted into 
SN-38 in liver and then into SN-38-G by UDP-glucuronosyl-
transferases produced by the host body. However, it can be 
metabolized by the β-glucuronidase produced by gut micro-
biota into SN-38 which subsequently can induce cellular 
toxicity in intestine.

Goubet et al. (2018) identified NOD2 as regulator of 
the efficacy of CTX treatment. Experimental mice models 
with mutated intestinal NOD2 showed comparatively better 
response to CTX. The study also revealed that population 
count of B. intestinihominis in proximal colon was increased 
after CTX exposure. Increased count of B. intestinihominis 
and elevated levels of antitumor activity of CTX in experi-
mental mice models with NOD2 knocked out were present 
as cause and effect. Mice with mono-association to B. intes-
tinihominis had abundant polyfunctional immune responses. 
In contrast, combination of B. intestinihominis with CTX 
against a vast range of cancer indicated promising results 
in mice with depleted microbiota after treatment with anti-
biotics. The regulation of response to anticancer therapy by 
gut microbiota has also been validated by Iida et al. (2013). 
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Tumor infiltrating hematopoietic cells lead to production of 
ROS during treatment with platinum derivative antitumor 
compounds. In experimental mice model with exposure 
to antibiotics, decreased levels of myeloid cell production 
was involved in disruption of effects of oxaliplatin-based 
anticancer therapy against lymphoma. Cellular toxicity in 
the gastrointestinal region is a common hallmark of toxicity 
induced by chemotherapy which results in mucositis ulti-
mately leading to mortality (Widmer 2014 #202). Moreo-
ver, it causes dose-limitation which impacts the efficiency 
of anticancer therapy. CPT-11—a topoisomerase I targeting 
molecule increases presence of Clostridium cluster XI which 
is a pathogen (Alexander 2017 #203).

Findings from several studies have indicated that the 
interaction of anticancer chemotherapeutics with bacterial 
microbiome can affect their efficiency. For instance, activ-
ity of 10 out of 30 chemotherapeutics was suppressed in 
the presence of nonpathogenic bacterial species E. coli 
and Listeria welshimeri (Lehouritis et al. 2015) due to bio-
transformation as indicated via mass spectrometry analysis. 
However, the targeting efficiency of 6 drugs was increased. 
Intratumor inoculation of E. coli confirmed the suppression 
of anticancer activity of gemcitabine (Lehouritis et al. 2015). 
In case of doxorubicin, its efficacy remained unchanged in 
microbiota depleted experimental mice models. However, 
increased population of Parabacteroides distasonis dis-
rupted its anticancer activity in experimental mice models 
treated with antimicrobials (Selwyn et al. 2015). Underly-
ing mechanism of interference of microbiota with antitumor 
activity of chemotherapeutic agents remains unclear except 
for platinum derivatives and CTX (Viaud et al. 2013). In 
summary, these findings are suggestive of the modulation 
of chemotherapy by gut microbiota.

Gut microbiota and immunotherapy

Resistance to chemotherapy in large number of patients with 
increased incidences of reoccurrence of tumor development 
has been reported (Roy and Trinchieri 2017). Over the past 
few years, immunotherapy has shown promising results for 
the treatment of hematopoietic and solid carcinoma. For the 
very first time, long-lasting response to immunotherapy has 
been indicated in patients with resistance to all previously 
available anticancer therapeutic strategies (Yang 2015). Nev-
ertheless, the susceptibility of cancer cells to immunothera-
peutics and regulation by immune system has limited the 
efficiency of immunotherapy.

Treatment with anti-interleukin 10 (IL-10) and CpG oli-
gonucleotides suppresses growth of colon cancer in experi-
mental mice models (Goubet et al. 2018). Findings from pre-
vious studies indicate that tumor necrosis factor α (TNF-α) 
modulates necrotizing properties in these experimental mice 
model. Noticeably, treatment with antibiotics suppressed the 

activity of TNF-α and therapeutic efficiency of anti-IL10 
administered along with CpG (Iida et al. 2013). Overpopula-
tion of Alistipes shahii was detected in tumor samples iso-
lated from colon of experimental mice models responding to 
immunotherapy and had a strong correlation with expression 
of TNF-α. The expression of TNF-α was increased when an 
oral administration of A. shahii was performed in contrast 
to the antibiotics-treated experimental mice models. Oral 
gavage of A. shahii promoted TNF-α expression by myeloid 
cells thereby indicating that it impacts myeloid cells-based 
immune responses to boost the response to immunotherapy 
(Goubet et al. 2018).

Similarly, implication of commensal microbiota of the 
gut in regulating the therapeutic efficiency of immunothera-
peutics, particularly, those which are based on inhibition 
of immune checkpoints, has been reported. Ipilimumab, a 
cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) pro-
longs survival rate in metastatic melanoma (Robert et al. 
2011) and relies on intestinal microbiota to revive T cell 
activity. Immunocheckpoint blockers as well as monoclonal 
antibodies targeting CTLA-4 and programmed cell death 
protein-1 (PD1) and it’s ligand (PDL-1) are proven to show 
therapeutic efficiency in patients with lung cancer (Sharma 
and Allison 2015). Administration of Bifidobacterium sp. 
improved therapeutic efficiency of PD-L1 in experimental 
mice models with disrupted gut microbiota due to elevated 
levels of cancer-specific CD8+ cell activity (Sivan et al. 
2015). These findings are supported by parallel studies 
involving the investigation of implications of gut microbiota 
in regulation of response to immune checkpoint blockers 
(Chaput et al. 2017; Frankel et al. 2017; Gopalakrishnan 
et al. 2018; Matson et al. 2018; Routy et al. 2017, 2018). 
Effects of antibiotics intake in response to immunotherapeu-
tics were studied in a large cohort of patients with progres-
sive carcinomas. Patients undergoing antibiotics treatment 
shortly or during administration of anti-PD-1 had lower sur-
vival rate in contrast with patients not intaking antibiotics. 
It suggests that the depletion of gut microbiota after treat-
ment with antibiotics could therapeutically disrupt response 
to anticancer immunotherapeutics. Study conducted on 
lung and renal cancer patients by Routy et al. suggests that 
dysbiosis in gut microbiota can be induced via antibiotics 
leading to disrupted responses to anti-PD1 mAb-induced 
therapeutic efficacy (Goubet et al. 2018). Overpopulation of 
commensal bacterial species Akkermansia muciniphila was 
detected in stool samples of the patients with increased rate 
of development of infection. Similarly, a TH1 cell immune 
response against A. muciniphila present in blood and expres-
sion of Interferon gamma (IFNγ) by CD4+ cells were linked 
with improved clinical results during immunotherapy with 
anti-PD1. Results from another study correlate with these 
findings in patients with melanoma (Matson et al. 2018). 
Similarly, scaling of dysbiosis in stools samples collected 
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from patients with melanoma suggested the presence of 
resistance to PD-1-based immunotherapy comprising bifi-
dobacteria and enterococci. Hundred percent response to the 
immunotherapeutics was present in patients harboring A. 
muciniphila compared with the expected response rate of 
40%. To sum up, these studies suggest that gut microbiota 
significantly influences the response of patients and experi-
mental mice models to cancer therapy.

Gut microbiota and radiotherapy

Ionizing radiation therapy (RTX) induces genotoxicity in 
cancer cells and has proven to show long-lasting curative 
results for localized carcinomas. Previously understood 
mechanisms of action of RTX was suggestive of produc-
tion of ROS for targeting cellular DNA damage. However, 
non-target systemic effects including genomic instability 
and interference with the immune responses have also been 
reported (Mavragani et al. 2016). Several other systemic 
effects are induced by interruption of the gap-junction pro-
teins involved in cellular communications and by the pro-
duction of extracellular response stimulators such as ROS 
and exosomes (Al-Mayah et al. 2015; Pateras et al. 2015; 
Vacchelli et al. 2013).

The underlying mechanism of regulation of response 
to RTX by microbiota is unclear. Localized targeted RTX 
can promote immune system mediated cytotoxicity of can-
cer cells and systemic immune responses (Kroemer et al. 
2013). Due to the fact that microbiota modulates the immu-
nogenic cytotoxicity in conventionally available anticancer 
treatment strategies, similar role can also be suggested in 
perspective of RTX mediated immune responses (Iida et al. 
2013). RTX significantly damages bone marrow and epithe-
lia such as mucosal lining of the digestive tract. Disruption 
of the microbiota after RTX exposure in patients and experi-
mental mice models have been proposed to induce diarrhea, 
colitis, and bone diseases (Broin et al. 2015; Kroemer et al. 
2013; Touchefeu et al. 2014; Vanhoecke et al. 2016). RTX 
also promotes apoptotic cell death in intestine, disruption of 
the intestinal barrier, and interruption of microbiota (Barker 
et al. 2015). These alterations mediate immune responses 
in intestine resulting in gut inflammation and alterations in 
the microbiota-modulated systemic functions (Belkaid and 
Hand 2014; Broin et al. 2015).

RTX-promoted mucositis and body infections impact the 
completion of anticancer therapy. Intestinal toxicity induced 
by TRX is regulated by TLR3. Experimental TLR3−/− mice 
models are prone to p53-reliant RTX promoted apoptotic cell 
death, but are resistant to TLR3-dependent cell death induced 
after RTX-mediated RNA leakage (Takemura et al. 2014; 
Takemura and Uematsu 2017). Experimental TLR3−/− mice 
models have prolonged survival rate after treatment with RTX 
and have reduced intestinal cytotoxicity in contrast to the wild 

type mice, indicating that inhibition of TLR3 signaling cas-
cade might minimize the intestinal toxicity caused by RTX 
(Takemura et al. 2014; Takemura and Uematsu 2017). RTX 
results in cytotoxicity and tissue damage by inducing double 
stranded breaks (DSBs) in DNA that activate melanoma type-2 
inflammasome (Hu et al. 2016). On the other hand, a probiotic 
bacterial specie Lactobacillus rhamnosus GG activates TLR2 
and protects intestine against RTX induced cellular damage 
by relocating the cyclooxygenase 2 (COX2) producing cells 
and generating ROS which activate nuclear factor erythroid 
2-related factor-2 (NRF2) mediated cellular protection (Jones 
et al. 2015). Interestingly, several probiotics such as Lacto-
bacillus acidophilus, Bifidobacterium bifidum, and certain 
Streptococcus spp. have shown promising results in clinical 
trials for suppressing the cytotoxic effects of RTX (Wardill 
et al. 2018). Similarly, intake of Lactobacillus brevis CD2 by 
head and neck cancer patients undergoing RTX reduced the 
incidence of RTX-induced mucositis (Hou et al. 2018).

Probiotic intake suppresses RTX-induced cellular damage. 
However, experimental germ-free mice models have higher 
survival rate than wild type mice after exposure to total body 
irradiation (TBI) (Cong and Zhang 2018). After RTX, experi-
mental germ-free mice models possess less apoptotic endothe-
lial cells in the intestine in contrast to the wild type mice (Cong 
and Zhang 2018). Development of resistance against TBI in 
experimental germ-free mice models might be due to depleted 
populations of pathogenic and commensal microbiota which is 
present in wild type mice and might cause intestinal inflamma-
tion immediately after RTX. One of the mechanisms respon-
sible for resistance of experimental germ-free mice models to 
TBI is expression of angiopoietin-like 4 (ANGPTL4) block-
ade of lipase which is inhibited in wild type mice (Cong and 
Zhang 2018). ANGPTL4 affects metabolic pathways, tumor 
development, and tissue repair in a variety of ways (Carbone 
et al. 2018). Experimental germ-free ANGPTL4 knockout 
mice models are prone to intestinal cytotoxicity. In contrast, 
bacterial species that regulate production of ANGPTL4 are 
found to be involved in conferring protection against RTX-
mediated colitis suggesting the presence of resistance in mice 
administered with probiotics and germ-free mice. In summary, 
microbiota regulates the intestinal damage induced by RTX. 
However, molecular and cellular underlying mechanisms of 
RTX’s non-target effects and their modulation via microbiota 
are needed to be established which will be useful for develop-
ment of novel therapeutic strategies with better efficacy.

Concluding remarks

The hypothesis that microbiota plays a key role in modu-
lation of cancer development and response to cancer 
therapy is now supported by strong evidences. The thera-
peutic efficiency and efficacy of anticancer therapeutics is 



60	 Journal of Cancer Research and Clinical Oncology (2019) 145:49–63

1 3

largely dependent on gut microbiota. However, it impacts 
the response to anticancer therapy both in intestinal and 
extraintestinal tissues. Complex biological systems are 
a major barrier in the investigation of the molecular and 
cellular pathways regulated via host-microbiota interplay. 
However, systemic clinical studies are needed to be devel-
oped using interdisciplinary approaches which can provide 
better and novel insights into the underlying mechanisms of 
these pathways.

Meanwhile, gut microbiota can serve as a potential bio-
marker for carcinogenesis and response to cancer therapy, 
it can be evaluated by studying host dysbiosis via metagen-
omic, molecular biology, and metabolomics, and mass 
spectrometry-based approaches. This will also allow the 
development of probiotic-based treatment strategies for 
cancer patients for reduction of the off-target impacts of 
cancer therapy and promotion of the host immune system 
mediated anticancer activities. Additionally, microbiota 
can be exploited for the prolonging cancer survival rates 
and improvement of efficacy of conventionally available 
anticancer therapies. In this perspective, translational and 
clinical sciences may contribute significantly if the poten-
tial of human microbiome as a therapeutic target has to be 
established.
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