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Abstract The human intestine is believed to contain approx-
imately 100 trillion intestinal (gut) microbiota, comprising
about 5001000 different species. These intestinal microbiota
exist in a symbiotic relationship with their host, by metabo-
lizing compounds that the host is unable to utilize and con-
trolling the immune balance of the host’s body. However, the
composition of the intestinal microbiota is known to vary,
depending on diet, nutrition status, and other factors. The
recently developed meta-omics microbial data and the techni-
cal progress for the metabolome analysis provide a substantial
understanding of the role of intestinal microbes and their
metabolism. Interestingly, accumulating evidence suggests
that the intestinal microbiota contributes to the onset of colo-
rectal cancer, not only via the pro-carcinogenic activities of
specific pathogens but also via the influence of the bacterial
metabolites. Moreover, since the gut microbial metabolites
circulate in the host’s body, it has been increasingly recog-
nized that the intestinal microbiota are involved in the patho-
genesis of diseases not only in the intestine but also in the
organs located distant from the intestine. We recently found
that metabolites from obesity-induced intestinal microbiota
promoted liver cancer, and elucidated the underlying molecu-
lar mechanism. In this review, I first summarize the general
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understanding on the carcinogenic process by bacterial me-
tabolites, and then discuss on the association between intesti-
nal microbiota and colorectal cancer. In the last part, T will
introduce our recent findings on liver cancer promotion by a
metabolite of the obesity-induced intestinal microbiota.
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Introduction

The human intestine is believed to contain approximately 100
trillion intestinal (gut) microbiota, comprising about 500—
1000 different species [1]. These intestinal microbiota exist
in a symbiotic relationship with their host, by metabolizing
compounds that the host is unable to utilize and controlling the
immune balance of the host’s body. However, the composition
of the intestinal microbiota is known to vary, depending on
diet, nutrition status, and other factors. For example, the
number of gram-positive bacteria belonging to the phylum
Firmicutes is known to increase remarkably during obesity [2,
3]. Recently, it has been increasingly recognized that these
intestinal microbiota are involved in the pathogenesis of many
diseases [4] not only through their pathogenic activities but
also their metabolites. Furthermore, the recently developed
meta-omics microbial data provide a substantial understand-
ing of the role of intestinal microbes [5]. In the colon, the
synergistic effects of certain types of intestinal microbiota
during enteritis [6—8], are known to promote colorectal cancer.
Moreover, the production of secondary bile acids by intestinal
microbiota with seven-alpha-dehydroxylation activity [9],
and/or the decrease of the level of the short-chain fatty acids
(SCFA) that facilitate anti-inflammatory effects are known to
be involved in the carcinogenesis of colorectal cancer [9, 10].
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Furthermore, recent researches have revealed that the in-
testinal microbiota are also involved in the pathogenesis of
diseases in organs located distant from the intestine [4]. For
example, changes in the intestinal microbiota and their me-
tabolites have been reported to evoke fatty liver [11], arterio-
sclerosis [12], and/or neural disease [13, 14]. These and other
emerging data have revealed that intestinal microbiota exert
various effects not only on the intestine but also on many other
organs, thereby greatly affecting the homeostasis of the host’s
body. Our recent study focused on obesity-associated patho-
logical conditions, and particularly on the link between the
obesity-associated microbiome and cancer. We recently found
that metabolites from obesity-induced intestinal microbiota
promoted liver cancer, and elucidated the underlying molecu-
lar mechanism [15]. In this review, I first summarize the
general understandings on bacterial metabolites involved in
the carcinogenic process, and then discuss on the carcinogenic
microbiota and colorectal cancer. In the last part, our recent
findings on liver cancer promoted by a metabolite of the
obesity-induced intestinal microbiota will be introduced [15].

Bacterial metabolites and the carcinogenic processes

Many of the undigested dietary components that reach the
colon are fermented by the intestinal microbiota to produce a
wide range of metabolites. Recently, accumulating evidence
suggest that these microbial metabolites have a role in the
onset of certain types of cancer by affecting the intestinal
inflammation and/or by inducing the DNA damage in the
intestinal epithelial cells. Short-chain fatty acids, such as
acetate, propionate, and butyrate, have a function in the sup-
pression of inflammation and cancer, whereas other microbial
metabolites, such as deoxycholic acid and lithocholic acid
produced by seven-alpha dehydoxylation of cholic acid and
chenodeoxycholic acid, directly promote cancer through fa-
cilitating DNA damage [9]. In this part, these general carci-
nogenic processes by bacterial metabolites will be discussed.

Anti-inflammatory effect of short-chain fatty acids

The major fermentation products in the intestine are gases and
organic acids, and the three short-chain fatty acids (SCFAs)
acetate, propionate, and butyrate play an supressive role in the
inflammation and cancer in the intestine [9]. These SCFAs are
absorbed in the intestine and the intracellular butyrate and
propionate inhibit the activity of histone deacetylases
(HDAC:S) in the intestinal epithelial cells and the immune
cells, which promotes the hyperacetylation of histones and
trans-activates the gene expression [16—18] and cellular dif-
ferentiation [19], resulting in the downregulation of pro-
inflammatory cytokines, such as interleukin-6 (IL-6) and IL-
12, in intestinal macrophages [20]. In addition, recent
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evidence shows that butyrate and propionate induce the dif-
ferentiation of regulatory T cells that express the transcription
factor FOXP3, which have a crucial role in controlling intes-
tinal inflammation [21-23]. It is proposed that butyrate causes
increased acetylation of histone H3 in the promoter and en-
hancer regions of the FOXP3 locus, which results in increased
expression of FOXP3 [22]. Moreover, independently of
HDAC inhibition, butyrate-driven signaling through
GPR109A, receptor for niacin and the butyrate, promotes
the anti-inflammatory and anti-carcinogenic effect through
inducing the differentiation of regulatory T cells and IL-10-
producing T cells [24]. All these anti-inflammatory effects of
SCFAs in the intestine play an important role in anti-tumor
activity, and the decrease of SCFA-producing bacteria could
facilitate colorectal cancer.

DNA damage-inducible bacterial metabolites

The primary bile acids, such as cholic acid and
chenodeoxycholic acid which are produced in the liver from
cholesterol, are conjugated to glycine or taurine and are ex-
creted into the duodenum to facilitate fat digestion [25]. The
primary bile acids are re-absorbed in the distal ileum for
enterohepatic circulation [25]. However, approximately 5 %
of the total bile acid pool are processed by the bai-operon
genes of the microbiota [26, 27] in the large intestine [28] and
are converted into several different secondary bile acids. Since
these secondary bile acids have the potential to create DNA
damage by enhancing the production of reactive oxygen spe-
cies (ROS) [29], it is possible that unrepaired oncogenic
mutations in the colorectal epithelium could remain. The
populations of anaerobic bacteria, such as those in the genera
of Bacteroides and Clostridium, are reportedly increased in
colorectal cancer patients [30]. Some reports have shown that
the levels of deoxycholic acid (DCA) and lithocholic acid
(LCA), produced during metabolism by these intestinal mi-
crobiota with 7x-dehydroxylation activity, are increased in the
feces of colorectal cancer patients [30]. In addition, DCA
reportedly activates beta-catenin, which enhances cell prolif-
eration [31] thereby promoting the pathogenesis of colorectal
cancer through these functions.

A possible role of cellular senescence and SASP
for carcinogenesis by intestinal microbiota

Recent evidence revealed that the DNA damage caused by the
secondary bile acid such as DCA has an ability to induce
cellular senescence and senescence-associated secretory phe-
notype (SASP). Cellular senescence is a phenomenon in
which normal cells irreversibly cease to proliferate when
exposed to an oncogenic impact, such as oncogene activation
and/or strong DNA damage. Therefore, cellular senescence
has been recognized as a fail-safe mechanism against
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oncogenesis [32-34]. There is no doubt that cellular senes-
cence functions as an important tumor suppression mecha-
nism. However, recent studies have shown that unlike apo-
ptotic cells, senescent cells do not immediately die, and in-
stead they remain viable for a long period of time. Therefore,
the remaining senescent cells may have some biological ef-
fects. Of particular biological importance, it has recently be-
come apparent that senescent cells exhibit the increased ex-
pression of genes encoding a series of secretory proteins, such
as inflammatory cytokines, chemokines, and matrix remodel-
ing factors, which may alter the local tissue environment and/
or contribute to chronic inflammation and tumorigenesis
[35-38]. This newly identified senescent phenotype, termed
the senescence-associated secretory phenotype (SASP) or the
senescence-messaging secretome (SMS) (hereafter, referred
to as the senescence-associated secretome), is induced by
DNA damage and can be beneficial or deleterious, depending
on the biological context [35, 39]. For example, IL-6, IL-8,
and plasminogen activator inhibitor-1 (PAI-1), which are se-
creted from senescent fibroblasts, can reportedly reinforce the
senescence-associated cell cycle arrest induced by an activat-
ed oncogene or oxidative stress [40—42]. On the other hand,
IL-6 and IL-8 are also known to promote malignant transfor-
mation, in cooperation with certain oncogenes [43—45]. More-
over, the factors secreted from senescent fibroblasts have been
shown to induce an epithelial-mesenchymal transition (EMT),
an important step in cancer progression [35]. These findings,
together with the observations that the proteins secreted by
senescent cells can promote hyper-proliferative or metastatic
changes in neighboring cells, indicate that the release of the
senescence-associated secretome factors results in both

Fig. 1 The mechanism of the
induction for cellular senescence
and senescence-associated
secretome. Cellular senescence is
a state of irreversible cell
proliferation arrest provoked by a
variety of DNA damage-inducing
signals, and is known to functions
as a fail-safe tumor suppression
mechanism. However, unlike
apoptotic cells, senescent cells
remain viable for a long time, and
they eventually secrete a series of
inflammatory cytokines,
chemokines, and matrix

Oxidative stress
DNA damage
Oncogene activatio

beneficial and harmful consequences [35, 46]. The
senescence-associated secretome in the microenvironment of
cancer may be involved in its latter effects. Indeed, the cancer-
associated fibroblasts (CAFs) of human ovarian cancer tissue
were found to have the senescent phenotype, implying that the
senescence-associated secretome might promote human ovar-
ian cancer [47]. Therefore, in a tissue with an accumulation of
senescent cells, it is possible that the deleterious side effects of
the senescence-associated secretome may contribute to cancer
promotion (Fig. 1), and in this regards, some of the DNA
damage-inducible bacterial metabolites such as DCA and
LCA could contribute to the formation of cancer-associated
microenvironments.

Carcinogenic intestinal microbiota
Enterotoxigenic B. fragilis

Some patients with refractory ulcerative colitis develop inter-
current colorectal cancer, but the underlying mechanism is not
well understood. Interesting research results have been report-
ed recently, demonstrating that inflammation in the intestine
by intestinal microbiota promotes the pathogenesis of colo-
rectal cancer. One example is the Bacteroides fragilis-mediat-
ed pathogenesis model of colorectal cancer [6]. There are two
types of B. fragilis: enterotoxigenic B. fragilis (ETBF) and
nontoxigenic B. fragilis (NTBF), which respectively does and
does not secrete B. fragilis toxin (BFT), a zinc-dependent
metalloprotease. Using Apc™™" mice, which carries a
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truncation mutation at codon 850 of the Apc gene and readily
develop tumors in the small and large intestines, Sears et al.
found that the mice inoculated with ETBF in the intestines
develop enterocolitis and colorectal cancer, but the mice inoc-
ulated with NTBF develop neither. The authors strongly sug-
gested that enterocolitis and tumor formation are caused by
the stimulation of intestinal Th17 cells and the Stat3 activation
by ETBF-derived BFT [7].

Escherichia coli

E. coli is anormal inhabitant of the human intestine. However,
E. coli strains of the phylogenetic group B2 harbor a genomic
island called polyketide synthase (pks) that encodes the pro-
duction of a polyketide-peptide genotoxin, colibactin. There is
a report that E. coli harboring the pks island, but not those
bearing a pks isogenic mutant, induced the formation of DNA
double strand breaks in mouse enterocytes, suggesting that
E. coli strains with pks could create oncogenic mutations that
promote colorectal cancer [48]. Another report suggests that
the colibactin is able to induce senescence-associated
secretome to contribute to colon cancer development [49].
This concept of E. coli-mediated colorectal cancer develop-
ment was strengthened by another report, using IL-10 (anti-
inflammatory cytokine)-deficient mice. This report analyzed
the types of intestinal microbiota that significantly increased
in IL-10-knockout mice treated with azoxymethane (a chem-
ical that promotes colorectal cancer in mice). Among the
significantly increased bacteria, E. coli (NC101 strain) was
shown to promote highly malignant colorectal cancer [8].

These reports of ETBF-mediated and E. coli-mediated
colorectal carcinogenesis have suggested the possibility that
enterocolitis and certain types of intestinal microbiota syner-
gistically function to promote colorectal cancer.

Fusobacterium species

The enrichment of Fusobacterium species in human colorectal
cancer samples has recently been revealed as a possible cause
of colorectal cancer, by metagenomic and meta-16S rRNA
gene sequencing [50, 51]. Fusobacterium species were more
frequently detected in colon tumor samples than in normal
colon tissues. Moreover, recent experimental data further sup-
port the colorectal tumor-forming role of Fusobacterium
nucleatum. The exposure of Apc™™* mice to a F nucleatum
strain, isolated from a patient with inflammatory bowel dis-
ease, induced a significant increase in intestinal tumors. This
bacterial strain was also detected more frequently in the tumor
region than in the normal intestinal mucosa, in an experiment
using Apc™™* mice [52]. Recently, using periodontal disease-
derived F nucleatum, the carcinogenic properties of these
bacteria were found to be derived from the FadA adhesion
protein complex (FadAc) [53]. FadAc exists on the surface of
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the bacteria and binds to the extracellular domain of E-
cadherin, thereby promoting the invasion of the tumor cells.
In addition, it was reported that FadAc binding to E-cadherin
can activate the beta-catenin/Wnt signaling pathway, which
promotes cell proliferation. Therefore, Fusobacterium spe-
cies, which are known as periodontal disease-associated bac-
teria, are now recognized as possible colorectal cancer-
inducing microbes.

Intestinal microbiota and liver cancer

Colorectal cancer has been the primary cancer studied, in
terms of the involvement of the intestinal microbiota in
cancer. However, common substances may act on both the
intestine and the liver, due to enterohepatic circulation (cir-
culation cycle allowing substances absorbed from the intes-
tine to enter the liver via the portal vein and to be excreted
from the liver to the intestine with the aid of bile). For
example, the bacterial metabolites such as bile acids and fatty
acids can circulate throughout the host’s body. Ethanol is also
produced by many anaerobic bacteria in the colon, and it can
be converted to acetaldehyde, which is toxic and carcinogenic
[54]. In addition, ethanol is also known to be involved in the
impairment of the intestinal barrier function to circulate bac-
terial endotoxin that could be involved in the etiology of liver
diseases [55].

In this section, we describe our finding that an obesity-
induced metabolite of the intestinal microbiota affects the liver
through enterohepatic circulation, and promotes liver cancer.
Enhanced inflammatory responses due to obesity have previ-
ously been suggested to promote cancer [45, 56, 57], but the
detailed molecular mechanisms underlying the promotion of
cancer by obesity have not been elucidated. We recently found
that the enterohepatic circulation of the secondary bile acid
DCA, produced by gut bacteria, provokes a cellular senes-
cence phenotype in hepatic stellate cells (HSCs). In turn,
HSCs secrete various inflammatory and tumor-promoting
factors in the liver, thus facilitating hepatocellular carcinoma
(HCC) development in mice [15].

Obesity-induced alteration of intestinal microbiota promotes
liver cancer

The population of obese individuals continues to increase
worldwide [58], and obesity is known to increase the risk of
not only diabetes and cardiovascular diseases, but also various
cancers, including colorectal cancer, liver cancer, and prostate
cancer [59—62]. Therefore, the growing number of obese
people could be a factor responsible for the recent increase
in cancer populations in developed countries. Obesity preven-
tion is clearly important for cancer prevention. However, on
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the other hand, approaches to suppress the onset of these
diseases in obese individuals are also needed. The important
first step in such approaches is to elucidate the molecular
mechanisms that explain how the cancer incidence has in-
creased in the obese population. As the senescence-associated
secretome factors, such as IL-6 and PAI-1, are known to be
induced in obesity [45], we thought that the senescence-
associated secretome may be closely associated with the in-
flammatory responses and tumorigenesis accompanying obe-
sity. To determine what types of cancer are promoted by
obesity, we utilized the chemical carcinogen, 7,12-
dimethylbenz (oc)anthracene (DMBA), which is known to
cause an oncogenic mutation in the H-ras oncogene. We
applied this chemical onto the back skin of infant mice (4—
5 days old), divided the mice into two groups: high-fat diet
and normal diet, and analyzed them after 30 weeks. Very
interestingly, all of the mice in the high-fat diet group devel-
oped HCC. In contrast, no HCC development was found in
the lean mice fed with a normal diet after DMBA application,
indicating that obesity promoted liver cancer formation. We
also performed a similar experiment using mice that allow the
imaging detection of the ongoing cellular senescence in vivo
with a luminescent signal [63]. Strong signals were detected in
the obesity-associated cancer areas in the liver, demonstrating
that cellular senescence was occurring in the cancerous parts.

Enhancement of liver cancer formation with cellular
senescence of hepatic stellate cells

Next, immunohistochemical staining was performed to iden-
tify the cells in the liver that were undergoing cellular senes-
cence. As a result, the accumulation of DNA damage, a cause
of cellular senescence, and the expression of p21 and p16, the
important factors that induce cellular senescence, were ob-
served in the stromal hepatic stellate cells in the cancerous part
of the liver in the obese mice. In addition, because prolifera-
tion markers were observed in cancerous hepatocytes but not
in hepatic stellate cells, the hepatic stellate cells seemed to
undergo cellular senescence, an irreversible arrest of cell
proliferation. Furthermore, the production of various inflam-
matory cytokines and chemokines, known as senescence-
associated secretome factors, was detected in hepatic stellate
cells. Based on these results, we hypothesized that obesity-
induced DNA damage caused the hepatic stellate cells to
become senescent and to secrete the senescence-associate
inflammatory cytokines, which in turn promoted the carcino-
genesis of the surrounding hepatocytes.

To test this hypothesis, we attempted to suppress the pro-
duction of senescence-associated secretome factors from he-
patic stellate cells. First, we performed the same experiment
using knockout mice lacking the gene encoding IL-1[3, which
is a major senescence-associated secretome factor and a cyto-
kine required for the expression of other downstream

inflammatory cytokines. In the IL-13-deficient mice, we
found that the expression of senescence-associated secretome
factors was downregulated and the incidence of liver cancer
was significantly reduced, while the obesity-induced senes-
cence in hepatic stellate cells was detected at a comparable
level to that in wild-type mice. Furthermore, liver tumor
development was significantly reduced in obese mice, in
which the hepatic stellate cells were selectively removed by
knocking down the expression of hepatic stellate cell-specific
HSP47 [64]. Based on these results, the induction of the
cellular senescence of hepatic stellate cells could be one of
the key events to promote hepatocarcinogenesis in their vicin-
ity, by exposure to senescence-associated secretory factors

(Fig. 2).

Obesity-induced increase of secondary bile acid
from intestinal bacteria promotes the pathogenesis of liver
cancer

Next, we focused on various obesity-associated changes
in vivo, to elucidate the mechanism for obesity-induced cel-
lular senescence in hepatic stellate cells. We particularly fo-
cused on the changes in the intestinal microbiota since it has
been reportedly involved in obesity and nonalcoholic fatty
liver disease (NAFLD). For example, there is a report that
the conversion of choline into methylamines by microbiota in
strain 129S6 on a high-fat diet reduces the bioavailability of
choline and mimics the effect of choline-deficient diets (it can
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Fig. 2 Model for obesity-induced HCC development through senes-
cence-associated secretome. Dietary or genetic obesity induces alteration
of gut microbiota, thereby causing promotion of DCA production in the
intestinal tract. Elevated levels of DCA provoke senescence-associated
secretory phenotype (SASP) factors in HSCs through enterohepatic cir-
culation, which in turn, secretes various inflammatory and tumor-promot-
ing factors in the liver. This event, together with the activation of various
oncogenic signaling pathways, results in the promotion of HCC
development

@ Springer



70

Semin Immunopathol (2015) 37:65-72

induce hepatic steatosis), causing NAFLD [65]. Also, there
are reports that obese induces an increase of phylum of
Firmicutes in the intestine in humans and mice [2, 3], and
microbiota from obese people can induce obesity in mice [66].

It has also been reported that lipopolysaccharide, a compo-
nent of gram-negative bacteria in the intestinal microbiota,
acts as a ligand of Toll-like receptor 4 (TLR4) to elicit inflam-
mation and promote liver cancer formation, in another liver
cancer-inducing mouse model (administration of DEN plus
carbon tetrachloride) [67]. Therefore, we administered a mix-
ture of four types of antibiotics to obese mice, to eliminate
both the gram-negative and gram-positive intestinal microbi-
ota. We found that the incidence of obesity-induced liver
cancer was significantly decreased, and the number of hepatic
stellate cells with cellular senescence and the senescence-
associated secretome also decreased. These results strongly
suggest that the intestinal microbiota play key roles in obesity-
induced liver cancer formation. Furthermore, the variable
regions of the 16S ribosomal RNA gene sequences of the
bacteria in mouse feces were analyzed with a next-
generation sequencer, to detect the changes in the intestinal
microbiota in obese mice. The analysis revealed that gram-
positive bacteria accounted for >90 % of the bacteria found in
obese mice on a high-fat diet, whereas the intestinal microbi-
ota of mice on a normal diet comprised approximately equal
proportions of gram-positive and gram-negative bacteria. In
particular, the populations of gram-positive bacteria catego-
rized in Clostridium clusters XI or X IVa were found to be
greatly increased in the mice fed a high-fat diet, as compared
to those in the mice fed a normal diet. Therefore, we next
administered vancomycin to the obese mice, to specifically
target the gram-positive bacteria. The vancomycin treatment
markedly reduced the formation of obesity-induced liver can-
cer, accompanied with the simultaneous reductions of the
cellular senescence and the senescence-associated secretome
of hepatic stellate cells, to the same extents observed upon the
treatment with the four antibiotics. Based on these results, we
hypothesized that a metabolite or toxin from the obesity-
induced gram-positive bacteria in the intestinal microbiota
affects the liver via the enterohepatic circulation, and enhances
liver cancer formation through the induction of cellular senes-
cence and the senescence-associated secretome of hepatic
stellate cells.

We next performed a metabolome analysis, using sera from
both normal diet-fed mice and high-fat diet-fed mice, to
identify the metabolites that promote obesity-induced liver
cancer. We found that deoxycholic acid (DCA), a secondary
bile acid, was significantly increased in the serum of obese
mice. Primary bile acids produced from cholesterol in vivo are
essential for fat emulsification, and are then processed by the
7x-dehydroxylation activity of some intestinal microbiota. A
previous study has shown that Clostridium sordellii and Clos-
tridium scindens, which are known to produce DCA, belong
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to Clostridium clusters XI or X IVa, and their populations are
increased in high-fat diet-fed mice [25]. More importantly, a
previous study with cultured cells revealed that DCA induces
DNA damage via reactive oxygen species, ROS [29, 23], and
possibly promotes cancer formation. Based on these results,
we thought that DCA is likely to play a critical role in obesity-
induced liver cancer formation. Therefore, we performed ex-
periments to reduce the serum DCA level. The incidence of
liver cancer and the number of senescent hepatic stellate cells
were decreased in obese mice in which the serum DCA levels
were reduced by a treatment with di-fructose anhydride III
(DFAIII), which inhibits DCA production [68], or a treatment
with ursodeoxycholic acid (UDCA) [69], which promotes bile
acid excretion. In contrast, when DCA was orally adminis-
tered to the obese mice treated with the four antibiotics to
reduce the intestinal microbiota, the incidence of liver cancer
was substantially restored to the level of the standard DMBA -
treated obese mice, accompanied by the signs of both cellular
senescence and the senescence-associated secretome in the
hepatic stellate cells in the cancerous region (Fig. 2). These
results revealed that the secondary bile acid DCA, produced
by the obesity-induced intestinal microbiota, was transferred
to the liver via the enterohepatic circulation, and in turn
promoted liver cancer formation therein through the induction
of cellular senescence and the senescence-associated
secretome of hepatic stellate cells (Fig. 2).

As some obesity-induced gram-positive bacteria belonging
to Clostridium clusters XI and X IVa are known to produce
DCA, we think that these could be the critical bacteria pro-
moting obesity-induced liver cancer. A detailed phylogenetic
analysis of the 16S rRNA gene sequences from obese mice
indicated that only one type of bacterium was found in
Clostridium cluster X1, and this bacterium proliferated to up
to more than 10 % of the entire intestinal microbiota during
obesity. In addition, this bacterium was identified as a relative
of C. sordellii known to produce DCA; therefore, it is most
likely that this bacterium in Clostridium cluster XI is respon-
sible for DCA production in obese mice. Similar results were
also observed in an experiment with genetically obese mice
fed an excessive amount of a normal diet; thus, the mechanism
elucidated in this study may be considered as an effect caused
by the pathological condition of obesity, and not simply a
consequence of a high-fat diet.

A similar mechanism exists in humans

Next, we tried to examine whether the same cancer-promoting
mechanism is involved in human obesity-associated liver
cancer formation. IL-1f3 treatment of cultured human hepatic
stellate cells induced the strong expression of senescence-
associated secretome factors, such as IL-6 and IL-8. Further-
more, we examined the tumor region of human liver cancer
with obesity-associated nonalcoholic steatohepatitis (NASH),
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and found the induction of cellular senescence of hepatic
stellate cells and the production of inflammatory cytokines
via the senescence-associated secretome in approximately
30 % of the liver tumors with NASH [70]. These human
tumors featured less fibrosis and very prominent fat accumu-
lation in the tumor regions, and are similar to the liver cancer
tissue observed in the mouse model in this study. A previous
study also indicated that the intestinal microbiota of obese
individuals contained a higher number of gram-positive bac-
teria (a phylum of Firmicutes), and that the number of gram-
positive bacteria decreased with a concomitant increase in
gram-negative bacteria when the same individuals lost weight
[2]. It has also been reported that the DCA concentrations in
feces were increased in healthy individuals fed a high-fat diet
[71, 72]. Based on these observations, the increased produc-
tion of DCA by the intestinal microbiota and the induction of
the senescence-associated secretome in hepatic stellate cells
are strongly suggested to be involved in the formation of a
certain type of NASH-based liver cancer in humans.

Conclusion

This review showed the basic understandings of the cellular
and molecular mechanisms of microbiota-mediated carcino-
genesis via their metabolites, pathogens, toxins, and so on that
can alter the inflammatory responses and the cell growth in the
hosts. The influence of intestinal microbiota is not only in the
host’s intestine but also in other distant organs such as the liver
because these bacterial substances circulate throughout the
body. Particularly, the short-chain fatty acids, acetate, propio-
nate, and butyrate, function in the suppression of inflamma-
tion and cancer, whereas other microbial metabolites, such as
secondary bile acids, deoxycholic acid, and lithocholic acid
can promote carcinogenesis by increasing the intracellular
ROS level that facilitate DNA damage. The further studies
on the bacterial metabolites and the function of intestinal
microbiota will provide valuable new insights into the devel-
opment of microbiota-associated cancer and open up new
possibilities for its control in the future.
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