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Impact Statement

Since colon cancer and gastrointestinal system can-
cers are among the most frequent types of cancer
in the world, understanding their underlying cause
is important for implementing effective preventive
measures. This minireview uniquely integrates
recent evidence from several different types of stud-
ies. Prospective studies in humans show that colon
carcinogenesis is associated with high secondary
bile acid exposure. Studies in mice show directly
that a secondary bile acid, at a human physiologic
level, causes colon cancer. Studies using human
cells indicate that bile acids cause oxidative stress,
DNA damage, mutations/epimutations and apopto-
sis resistance, factors leading to cancer. Increasing
evidence indicates an etiologic role of bile acids
in seven gastrointestinal system cancers. In these
cases, increased bile acid exposure from increased
reflux or restricted bile flow is likely involved. This
integrated perspective should provide a deeper
understanding of causation in gastrointestinal sys-
tem cancers that may assist in prevention.

Abstract

Colon cancer incidence is associated with a high-fat diet. Such a diet is linked
to elevated levels of bile acids in the gastrointestinal system and the circulation.
Secondary bile acids are produced by microorganisms present at high
concentrations in the colon. Recent prospective studies and a retrospective study
in humans associate high circulating blood levels of secondary bile acids with
increased risk of colon cancer. Feeding mice a diet containing a secondary bile
acid, so their feces have the bile acid at a level comparable to that in the feces
of humans on a high-fat diet, also causes colon cancer in the mice. Studies
using human cells grown in culture illuminate some mechanisms by which bile
acids cause cancer. In human cells, bile acids cause oxidative stress leading to
oxidative DNA damage. Increased DNA damage increases the occurrence of
mutations and epimutations, some of which provide a cellular growth advantage
such as apoptosis resistance. Cells with such mutations/epimutations increase
by natural selection. Apoptosis, or programmed cell death, is a beneficial process
that eliminates cells with unrepaired DNA damage, whereas apoptosis-resistant
cells are able to survive DNA damage using inaccurate repair processes. This
results in apoptosis-resistant cells having more frequent mutations/epimutations,
some of which are carcinogenic. The experiments on cultured human cells have
provided a basis for understanding at the molecular level the human studies that
recently reported an association of bile acids with colon cancer, and the mouse
studies showing directly that bile acids cause colon cancer. Similar, but more
limited, findings of an association of dietary bile acids with other cancers of the

gastrointestinal system suggest that understanding the role of bile acids in colon carcinogenesis may contribute to understanding

carcinogenesis in other organs.
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Introduction

In the United States, colorectal cancer is the third most fre-
quent cancer both in males and in females.! The 2022 esti-
mates are 151,030 new colorectal cancer cases and 52,580
deaths. The world-wide estimated number of new colorectal
cancer cases and deaths for 2020 for both sexes is 1,880,725
cases and 915,880 deaths.? As will be reviewed here, exces-
sive exposure to secondary bile acids is the likely major
etiologic factor in colorectal cancer. There is also increasing
evidence that bile acids have an etiologic role in other types
of gastrointestinal system cancers. These include cancers of
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the pharynx, esophagus, stomach, pancreas, liver, biliary
tract, and small intestine, that combined have a world-wide
incidence of over 3million cases.? Considering the societal
impact of colorectal cancer and other bile acid-related can-
cers, it is clearly important to increase our understanding of
the carcinogenic action of bile acids so that practical preven-
tive measures can be undertaken.

The following first three sections have often been covered
in previous reviews and within the introductory sections
of many experimental articles.>-¢ They are included to pro-
vide a frame of reference to the subsequent sections, some of
which are novel in this review.
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High-fat diet and colorectal cancer

Colorectal cancer incidence varies by as much as 25-fold
among countries. High rates occur in Australia, New Zealand
and the United States and low rates occur in African coun-
tries and India.? People who immigrate from a low to a high-
risk country tend to reach the incidence of colorectal cancer
of the high-risk country in about one or two generations.”
The most significant factor influencing colorectal cancer sus-
ceptibility in such migrants appears to be the adoption of a
Westernized diet. Dietary components can influence colon
carcinogenesis by causing epigenetic changes in gene expres-
sion and somatic mutation changes in gene sequence that
alter the homeostasis of the intestinal mucosa.”

A number of factors associated with a Western life-
style may contribute to increased risk of colon cancer, and
prominent among these factors is consumption of red and
processed meat.® Numerous epidemiological studies have
reported an association between fat consumption and inci-
dence of colon cancer.®!3 A meta-analysis of 10 prospective
studies concluded that high intake of red and processed
meat is associated with a significant increased risk of colo-
rectal cancer. In Korean men, risk of colorectal adenoma (a
precursor to cancer) increased with higher saturated fatty
acid (SFA) intake (SFA are high in red meats).’> Among
Americans of African descent, the rate of colon cancer (65
per 100,000) is much higher than among rural Africans (less
than 5 per 100,000).1¢ The high rate of colon cancer in African
Americans was attributed to a diet high in fat and low in
fiber.16

Bile acids and dietary fat

Bile acids are produced by the liver from cholesterol. The
primary bile acids produced, cholic acid and chenodeoxy-
cholic acid, are conjugated to either taurine or glycine and
then secreted from the liver to be stored in the gall bladder.
Following a high-fat meal, the gall bladder is stimulated to
contract and release stored bile acids into the first section
of the small intestine (the duodenum) in order to facilitate
digestion of saturated fat.!”!8 In the small intestinal lumen,
bile acids function as lipid solubilizers that facilitate lipid
absorption. Most bile acids are actively reabsorbed in the
small intestine, especially in the distal ileum, and trans-
ported back to the liver.!” The bile acids transported back
to the liver are sent again to the gall bladder, resulting in
continuous circulation between the liver and the intestine.
Bile acids can be recycled 4-12 times per day, the entero-
hepatic circulation, between hepatocytes in the liver and
enterocytes in the intestine.?? About 10% of the total bile
acid pool reaches the systemic (blood plasma) circulation.?
About 5% of the bile acids are not reabsorbed in the small
intestine and enter the colon.?! In the colon, the bile acids
are transformed by intestinal microorganisms employing
processes of deconjugation and dehydroxylation to form the
secondary hydrophobic bile acids deoxycholic acid (DOC)
and lithocholic acid (LCA).171821 DOC can be reabsorbed
from the colon, transported back to the liver, and then re-
enter the circulating bile acid pool. LCA is less taken up in
the colon and mostly does not re-enter the bile acid pool but
is excreted in the stool. The resulting overall enterohepatic

circulating bile acid pool then consists of about 30-40% of
each of cholic acids and chenodeoxycholic acids, 30% DOC,
and about 5% LCA.2!

In humans, a high-fat, high-beef diet leads to a significant
increase in the level of secondary bile acids in the colonic
contents.?? In another human-based study,?® individuals
were fed a higher fat diet for sixmonths, where 40% of the
energy in their diet now came from soybean oil (compared to
30.6% fat energy in their former diet). In this study, total bile
acids and secondary bile acids in the feces of the humans on
the higher fat diet increased by 10% and 11%, respectively. In
a rat-based study,?* when lard was added to the diet of rats,
this doubled the level of bile acids in the colonic contents,
with the secondary bile acids (especially DOC) then being
present at roughly twice the level of primary bile acids.

Bile acids and colorectal cancer

Numerous epidemiological studies have reported that fecal
bile acid concentrations are elevated in populations with a
high incidence of colon cancer.?>-? Patients with colorectal
cancer tend to have increased proportions of fecal secondary
bile acids.?” Repeated exposure of the human gastrointesti-
nal tract to high physiologic levels of secondary bile acids,
particularly among individuals who have a high dietary fat
intake, is an important risk factor for gastrointestinal can-
cer.?! The population with the world’s highest recorded inci-
dence of sporadic colorectal cancer are the Native Alaskan
people who live in remote communities.?® The diet of the
Native Alaskans was compared to the diet of a rural African
population with the lowest colorectal cancer incidence. The
Native Alaskan diet was higher in fat and lower in fiber, and
fecal samples had a higher level of the secondary bile acid
DOC compared to the rural African population.3?

Human prospective and retrospective
studies associate bile acids with colon
cancer

The study of carcinogenicity of secondary bile acids in
humans is inherently more difficult than in animal model sys-
tems, partly because of the decades long time frame involved
between exposure and tumor development in humans. Yet
prospective studies of the association of circulating bile
acids with colorectal cancer incidence have recently been
reported.?%2 The study by Loftfield et al.3! was a prospective
study in which baseline serum was collected many years
prior to any diagnoses of colorectal cancer. Among women, a
strong association was found between serum concentrations
of bile acids, particularly microbial metabolites of cholic acid,
and increased colorectal cancer risk. The bile acids associated
with a strong increased risk included the four secondary bile
acids DOC, glycodeoxycholic acid, taurodeoxycholic acid,
and glycolithocholic acid.’! A prospective study by Kiithn
et al.®2 also found that prediagnostic plasma levels of certain
conjugated primary and secondary bile acids were positively
associated with colon cancer risk.

A 2022 retrospective study of 5589 individuals® com-
pared serum total bile acids (sTBAs) of patients without
cancer to the sTBAs of patients about to be operated on for



colon cancer, esophageal cancer or gastric cancer. There was
a high positive association of elevated sTBAs with these gas-
trointestinal cancers, suggesting that high levels of sSTBAs are
a risk factor for gastrointestinal cancers.

The principal function of the gallbladder is to store and
concentrate bile acids and to provide a buffer for effects of
bile acids on the intestinal tract. A meta-analysis of 10 cohort
studies showed that cholecystectomy (gallbladder removal),
causing a more continuous bathing of the digestive tract with
bile acids, is associated with an increased risk of subsequent
colon cancer. In a more recent study of the female western
population, a strong association was found between colo-
rectal cancer and cholecystectomy.® These findings further
implicate bile acids in the etiology of colon cancer.

Bile acids cause colon cancer in
rodents

As noted above, a high-fat diet can lead to increased pro-
duction of bile acids to facilitate digestion of the fat. In par-
ticular, the secondary bile acids including DOC, taurine
conjugated DOC, and the bacterial isomerization product
3 beta-deoxcholic acid (DCA) each increases in the colon
of humans on a higher fat diet.” To mimic this situation,
genetically normal (wild-type) male mice were fed a diet
including 0.2% of the bile acid DOC for eight to ten months3®
and wild-type female mice were similarly fed a diet includ-
ing 0.2% DOC for 10 months.?” This level of dietary DOC led
to fecal concentrations of DOC comparable to fecal levels of
DOC in humans consuming a high-fat diet.3” This DOC sup-
plementation led to colonic tumors in 94% of the male mice
including 54% with cancers, and in 91% of the female mice
including 45% with cancers. None of the mice fed the same
diet, but without DOC, developed tumors. These findings
indicated that DOC is a carcinogen in wild-type mice.

In another arm of this study, the antioxidant chlorogenic
acid was added to the DOC supplemented diet of the mice.
Chlorogenic acid protects DNA against oxidative damage.3?
The addition of chlorogenic acid significantly reduced tumor
formation. This finding appears to be analogous to results of
a study in humans. Coffee has an abundant level of chloro-
genic acid.* In a recent human retrospective study, a higher
intake of decaffeinated coffee was found to be associated
with a reduced risk of colorectal cancers.*

The types of tumors in the DOC fed mice were histo-
pathologically virtually identical to those in humans.?” In
humans, characteristic aberrant changes in molecular mark-
ers are observed both within the colon cancer and in the
areas of the colon surrounding a cancer. Such surrounding
affected areas are referred to as field defects. In the mice fed a
diet including DOC, field defects similar to those in humans
were also observed. In these mouse fields, a type of oxidative
DNA damage, 8-hydroxydeoxyguanosine (8-OHdG), was
increased, and the DNA repair protein excision repair cross-
complementing group 1 (ERCC1) was decreased.?” Other
characteristic biomarkers were also changed similarly in
both humans and mice. Thus, this diet-related mouse model
for colon cancer closely paralleled colon cancer progression
in humans both at the level of molecular profile and at the
histomorphological level.
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In an earlier experiment, rats that spontaneously devel-
oped colon cancer were found to have significantly higher lev-
els of DOC in their feces than those rats without colon cancer.*!

Bile acids cause oxidative stress, and
carcinogenic oxidative DNA damage
and mutations

Bile acids can disrupt cell membranes by their detergent
action on membrane lipid components and this disrup-
tion promotes the generation of reactive oxygen species.*?
Reactive oxygen species can damage DNA. The oxidative
DNA damage 8-OHdG is mutagenic*® and carcinogenic.*
When mice were fed a diet containing DOC for eight months,
it was found that the DNA in the nuclei of their colonic epi-
thelial cells contained a substantially higher level of 8-OHdG
than the nuclei of mice fed the same diet without DOC
(Figure 1).% This indicates that dietary DOC increases oxi-
dative DNA damage in the nuclei of colonic epithelial cells.
Incomplete repair of base alterations such as 8-OHdG can
lead to an increase in DNA strand breaks. DOC was found
to induce DNA damage including DNA single-strand breaks
in human colon epithelial cells at a sufficient level to trigger
apoptosis (programmed cell death) of these cells.*

Colon cancers occur within field defects

Afield defect can be defined as a field of premalignant tissue in
which a new cancer is likely to arise. Field defects often appear
to be largely histologically normal under the microscope. Such
fields are thought to constitute the earliest clones in the car-
cinogenic process and may include regions with methylation
changes?® or small outgrowths, such as polyps. Thus, colon
cancers often arise in a colonic field defect in which a number
of polyps can be seen. Surgical resections of colon cancers
usually include colon segments that extend more than 10cm
on each side of the cancer (about 13% of an average 150cm
colon) to reduce the possibility of a new cancer arising close
to where the previous cancer was removed. Figure 2 shows a
colon resection with a number of premalignant polyps.

Colon resections are usually preceded by a colonoscopy
during which polyps are removed, and after surgical resec-
tion of the colon cancer, within a year, another colonoscopy
is usually performed to remove any further precancerous
colonic polyps. During a series of 116 postresection colo-
noscopies, Paik et al.#” found that neoplastic (precancerous)
polyps were found about 24% of the time, and about 40%
of such polyps were found right at the anastomosis (site of
the colon resection). This indicates that there were further
polyps or incipient polyps in the field defect that extended a
bit beyond the cancer plus nearby field defect that had been
surgically removed.

Reduced repair of DNA damage in field
defects during progression to colon

cancer

Oxidative/nitrosative stress is prevalent in the colons of

patients with colorectal cancer.#® Such stress causes DNA
damage, and DNA repair processes are necessary to remove
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nuclei are at outer
edge of colon crypts

colon crypts are shaped like test
tubes with a lumen (hole) at center
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Figure 1. Colonic crypts in epithelium from two mice. (a) Photomicrograph of tissue from a mouse fed a standard diet. Scale bar: 50 um. (b) Photomicrograph of tissue
from a mouse fed a diet supplemented with deoxycholate. Scale bar: 50 um. Cell nuclei are stained dark blue with hematoxylin (for nucleic acid) and immunostained
brown for 8-OHdG. The level of 8-OHdG was graded in the nuclei of colonic crypt cells on a scale of 0—4. Mice fed standard diet had crypt 8-OHdG at levels 0 to 2

((a) level 1) while mice fed diet supplemented with deoxycholate had 8-OHdG in colonic crypts at levels 3 and 4 ((b) level 4). Deoxycholate added to the mouse diet
gave a concentration of deoxycholate in the mouse colon similar to the concentration in the colon of humans on a high-fat diet.

Source: Modified from Chaya5260 CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=41679524.
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Figure 2. A colon cancer within a field defect in which four precancerous polyps
are also arising. This was a patient with sporadic colon cancer.

Source: Part of Bernstein0275 CC BY-SA 3.0, https://commons.wikimedia.org/w/
index.php?>curid=25453056.

this damage. The expression of three DNA repair proteins
PMS2, ERCC1, and XPF were found to be substantially
reduced in fields surrounding human sporadic colon can-
cers.® Most of the mutations (and epimutations) in tumors
arise in the preneoplastic field stage of their development.5
The finding of field defects for DNA repair proteins sur-
rounding colon cancers* suggests that such cancers arose
in fields where expression of DNA repair proteins were

reduced, and that this reduction facilitated the progression
to cancer. PMS2 protein is employed in the process of DNA
mismatch repair when DNA damages are moderate, but trig-
gers apoptosis when DNA damages are high.> ERCC1 and
XPF proteins form a complex that acts as a structure-spe-
cific endonuclease, essential for nucleotide excision repair
in mammalian cells.?? The ERCC1-XPF complex functions
in the repair of DNA damages induced by reactive oxygen
species.>? Reduced expression of PMS2, ERCC1, and XPF at
an early stage would allow the persistence of DNA dam-
ages, that upon DNA replication, could generate carcino-
genic mutations or epimutations.

In the mouse experiments described above, colon cancer
development occurs by about eight to ten months after initi-
ating feeding of DOC. In humans, colon cancer development
normally occurs in older individuals, and may be a decade’s
long process. Mice have about a fivefold lower level of DNA
repair than humans.> It was suggested that the earlier occur-
rence of colon cancer in mice compared to humans could
be due, at least in part, to the lower DNA repair activity in
mice.%

Bile acids select for apoptosis
resistance — a proliferative advantage

The deficiencies in the DNA repair proteins PMS2, ERCC1
and XPF, described above, appear to arise by epigenetic
alteration (epimutation), repressing the expression of the
genes encoding these proteins.* Epimutations include
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altered methylation pattern (hypermethylation and hypo-
methylation) in DNA and post-translational modifications
of histones within the nucleosomes located at a gene. One
example of an epimutation is the alteration of a promoter
methylation pattern that enhances or reduces gene expres-
sion. Reduced expression of a protein essential for a particu-
lar DNA repair pathway can result in a cell employing an
alternative, less accurate pathway of repair. This alternative
can lead to further mutations or epimutations in the cells
harboring the DNA repair protein deficiency. Such cells are
genetically unstable and as a result may acquire mutations/
epimutations that provide a growth advantage.

A type of genetic alteration that provides a growth
advantage is a mutation/epimutation to apoptosis resist-
ance. Apoptosis is a form of programmed cell death, and
acquired resistance to apoptosis is a characteristic of cancers.
Apoptosis is an adaptation that removes cells with exces-
sive DNA damage, thus protecting against carcinogenesis.>!
Cells with an apoptosis resistance mutation circumvent this
beneficial cell death process and may increase in a grow-
ing cell population by a process of natural selection. When
colonic epithelial cells were grown in culture and repeat-
edly exposed to increasing concentrations of DOC, the cells
underwent natural selection to develop apoptosis resist-
ance.> Analyses of the molecular changes in these apoptosis-
resistant cells indicated particular gene expression changes
that occurred in response to the persistent bile acid expo-
sure, and several of these could be linked to progression to
colon cancer.> One such example was increased expression
of the antiapoptotic protein B-cell lymphoma 2 (BCL-2). In
humans, the colon mucosa adjacent to adenocarcinomas is
associated with increased expression of antiapoptotic BCL-2
family proteins, a “field change” that is implicated in tumor
carcinogenesis.5

Diet, bile acids, gut microbiome and
cancer

Diet affects the level of bile acids in the digestive tract. In rats,
increased fat consumption stimulates the liver to synthesize
more bile acids.’” In humans, more bile salts are added to the
intestinal tract after a high-fat meal than after a low fat meal
due to greater contraction of the gall bladder after a high-fat
meal.® In the case of both rats and humans, a high-fat diet
increases the quantity of bile acids that escape enterohepatic
recirculation and enter the colon. In humans, those on a high-
fat diet have considerably more of both primary and second-
ary bile acids in their feces than those on a low-fat diet.
The increased bile acids in the colon then change the
microbiome of the colon. In general, the human gut micro-
biota are dominated by three primary phyla: Firmicutes (30—
50%), Bacteroidetes (20-40%), and Actinobacteria (1-10%).%°
However, two factors, the type of fat and the level of bile
acids, can substantially alter the composition of the micro-
biome in the colon. For instance, wild-type mice were fed
one of three diets, each containing 30% fat, but differing in
the types of fat. The three different types of fat were lard,
safflower oil (mostly polyunsaturated fatty acids), and milk
fat. This resulted in the microbiome in the colons of the mice
on the lard diet to change to be about 95% Firmicutes, on the
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safflower diet to be about 60% Bacteroidetes, and on the milk
fat diet to be about 50% Bacteroidetes plus a bloom of 10% of
a member of the Deltaproteobacteria, Bilophila wadsworthia.!

Firmicutes are a phylum of bacteria, most of which have
Gram-positive cell wall structure. Bacteroidetes are mostly
Gram-negative. Gram-positive bacteria are more sensitive to
bile acids than Gram-negative bacteria.®? Bile acids each have
a level of bactericidal activity, and DOC, the most active,
is about 10-fold more bactericidal than cholic acid.®® High
levels of bile acids in the colon, especially DOC, changes the
colonic microbiota, causing dysbiosis.

Both bile acid—induced DNA damage
and bacterial dysbiosis can be
carcinogenic

Bile acids themselves, at increased levels in the colon, cause
DNA damage,*%* and increased levels of DNA damage
increase the likelihood of cancer.%

Dysbiosis as a cause of cancer

Two interesting reviews on dysbiosis as a cause of colon
carcinogenesis are those of Tjalsma ef al.% and of Sun and
Kato.” Both reviews point out that bacterial density in the
colon is about 10'2 cells per mL while bacterial density in the
small intestine is about 102 cells per mL. The higher density
of bacteria in the colon is thought to account for the more
than 10-fold higher incidence of cancer in the colon com-
pared to cancer incidence in the small intestine. Tjalsma et al.
proposed that the first step in carcinogenesis is production
of DNA damaging agents by some of the bacteria newly
more prevalent in the colon after dysbiosis occurs. This
will cause DNA damages, followed by mutations in colonic
mucosa. One example they give is increased Enterococcus
faecalis. E. faecalis produces extracellular superoxide, which
has the potential, when converted to hydrogen peroxide,
to cause DNA damage in colonic epithelial cells. A second
example is an increase in certain Escherichia coli strains that
harbor the polyketide synthetase island, which encodes a
genotoxin called colibactin, that induces single-strand DNA
breaks. The later review by Sun and Kato®” also proposed
that certain newly prevalent bacteria after dysbiosis may
be carcinogenic. Their first candidate is Streptococcus bovis,
which is a Gram-positive bacterium that can cause systemic
infections (endocarditis or bacteremia) in humans. It has the
specific ability to grow in 40% bile, so can be selected for in
the presence of increased colonic secondary bile acids. About
50-60% of patients diagnosed with S. bovis bacteremia or S.
bovis endocarditis were found to have advanced adenoma
or cancer in their colons. Another candidate is a strain of
aero-anaerobic Gram-negative E. coli carrying the polyketide
synthetase island, which encodes a genotoxin called colibac-
tin, that induces single-strand DNA breaks. Epithelial pro-
liferation and E. coli colonization density were significantly
correlated in colonic mucosa locations associated with, but
distant from, a colorectal cancer. They also showed associa-
tions, to some extent, of increased prevalence of Bacteroides
fragilis, Fusobacterium nucleatum, and Salmonella enterica with
progression to colorectal cancer. In addition, they provided a
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table of studies on colorectal cancer and indicated the bacte-
rial species that were over- or under-represented in associa-
tion with those cancers.

Progression to colorectal cancer: DNA
damage, mutation, epigenetic alterations,
and bile acids as signaling molecules

Progression to colorectal cancer begins with DNA dam-
age. As indicated above,* increased levels of DNA damage
increase the likelihood of mutation. It has generally been
thought that sporadic colorectal cancers develop by the accu-
mulation of a series of mutations in tumor suppressor genes
and oncogenes.®® Mutation frequency, measured by whole
genome sequencing in 54 colon cancers, found single nucleo-
tide variants to occur between 2459 and 1,601,093 times in
the cancers, somatic insertions or deletions occurred between
360 and 464,252 times in the cancers, and structural variants
(inversions and balanced translocations or genomic imbal-
ances) occurred between 6 and 681 times in the cancers.®

This is much higher than the mutation frequency of
30-70 per diploid genome found in a parent to child genera-
tion. Among the thousands of mutations in colon cancers,
some alter the protein products of genes. There are about
two to eight gene-located driver mutations in colon cancers
and about 30 to 70 gene-located passenger mutations.” It is
likely that numerous further mutations occur in promoters,
enhancers, and DNA regions coding for non-coding RNAs
such as microRNAs, with such mutations further altering
the gene expression landscape.

DNA damage from reactive oxygen species also causes
epigenetic alterations such as demethylation of cytosine in
a methylated 5'cytosine-3’guanine dinucleotide (a “CpG”
site)”! as indicated in Figure 3. Demethylation of cytosine in a
CpG site in the promoter of an oncogene may activate a usu-
ally repressed oncogene, promoting progression to cancer.
Other DNA damage responses also can result in chroma-
tin modifications that become mitotically stable epigenetic
alterations that repress or activate genes.”> Colon cancers
carry about 600 methylations in promoter regions of genes
(which can cause repression of those genes) and about 350
demethylations (which can result in activation of the associ-
ated genes).”374

Bile acids also act as signaling molecules in intestinal epi-
thelium. For instance, taurodeoxycholic acid at 0.05mmol /L,
applied to rat intestinal epithelial cells, increased expres-
sion of nuclear factor kappa B (NF-kB) and induced trans-
location of NF-kB to the nucleus.” NF-kB proteins regulate
the expression of hundreds of genes, and thereby NF-kB
regulates functions including those affecting inflammation,
immunity, cell proliferation, and apoptosis.”

In experiments in our laboratory,®” we fed mice a con-
trol diet or a diet plus deoxycholate. Mice on the diet plus
deoxycholate had deoxycholate in their colon at the level in
the colons of humans on a high-fat diet. The mice on a con-
trol diet, in the stem cell regions of colonic crypts, had beta-
catenin expression localized to the membrane regions. The
mice on the diet plus deoxycholate, in the stem cell regions
of colonic crypts, had high nuclear beta-catenin expression.
Beta-catenin nuclear accumulation is found in 40-80% of

initiates
demethylation

Figure 3. Initiation of DNA demethylation at a CpG site. In adult somatic cells,
DNA methylation typically occurs in the context of CpG dinucleotides (CpG sites),
forming 5-methylcytosine-pG, or 5mCpG. Reactive oxygen species (ROS) may
attack guanine at the dinucleotide site, forming 8-hydroxy-2’-deoxyguanosine
(8-OHdG) and resulting in a 5mCp-8-OHdG dinucleotide site. The base excision
repair enzyme OGG1 targets 8-OHdG and binds to the lesion without immediate
excision. OGG1 present at a 5mCp-8-OHdG site recruits TET1, and TET1
oxidizes the 5mC adjacent to the 8-OHdG. This initiates demethylation of 5mC.
Source: Bernstein0275, CC BY-SA 4.0 https://creativecommons.org/licenses/
by-sa/4.0.

primary human colon cancers.””’8 Beta-catenin has more
than 66 target genes that affect at least 11 pathways.”

In our experiments with mice fed a diet plus deoxycho-
late, beclin-1 was strongly expressed in nuclei of the colonic
crypts.3” Beclin-1 activates the autophagic pathway, and this
contributes to apoptosis resistance.

Another feeding experiment was carried out by Yde
et al.® In this experiment, rats were fed for 10days on a
diet with added cholic acid, and this diet generated a total
fecal bile acid concentration in the colon similar to the high
level found in humans with irritable bowel syndrome with
diarrhea. First, they found that the diet plus cholic acid
appeared to cause activation of the nuclear bile acid recep-
tor farnesoid X receptor (FXR) as well as activation of the
membrane bound bile acid receptor TGR5. Yde et al. then
measured the levels of proteins in colonic epithelium cells
of the rats fed the added bile acid diet. Of 7717 quantifiable
proteins, 183 significantly increased in abundance and 111
decreased in abundance after consuming the added bile
acid diet. They carried out a gene ontology analysis of the
proteins and found a striking over-representation of pro-
teins involved in chromatid segregation (possibly indicating
increased proliferation) in addition to increases in proteins
involved in non-coding RNA processing and ribosome
generation.

In reviewing work on transplantation of human tumor
cells implanted subcutaneously in mice to grow into tumors
in mouse models, Guerin et al.8! pointed out that “it is now
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clear that several key mutations are necessary but not suf-
ficient for a tumor to develop. Tumor development also
requires a favorable, tumor-promoting microenvironment.”

Overall, the mutations and epigenetic alterations accumu-
lating over many years of exposure to increased bile acids,
plus the actions of bile acids as signaling molecules (provid-
ing a suitable microenvironment), may combine to cause a
growing clone derived from a mutated stem cell to progress
to form a colon cancer.

Effects of dietary fiber, exercise, and
obesity on colon carcinogenesis

Progression to colon cancer is also affected by dietary fiber,
exercise, and obesity. The effects of fiber and exercise may
counter some of the carcinogenic effects of bile acids, while
the effect of obesity may add to the carcinogenic effects.

The short chain fatty acid butyrate is produced in the
colonic lumen by bacterial fermentation of undigested die-
tary carbohydrates, including resistant starch and dietary
fiber. High fiber in the diet increases colonic butyrate.5?
Butyrate has many activities in the colon, one of which is to
inhibit histone deacetylase in cellular nuclei of the colonic
epithelium, leading to increased acetylation of histones.
Histone acetylation causes®? inhibition of cell proliferation,
induction of cell differentiation or apoptosis, and induction
of expression of particular genes. The effects of butyrate are
anticarcinogenic.

Exercise has been shown, in many studies, to have anti-
carcinogenic effects.?3 For instance, a total of 381 genes in gas-
trocnemius muscle were upregulated in mice that exercised,
including secreted protein acidic and rich in cysteine (SPARC).34
SPARC protein was secreted into the circulation in response
to exercise in both mice and humans. SPARC appears to
inhibit colon tumorigenesis by increasing apoptosis.

Frithbeck et al.%5 showed that obesity influences the
expression of the inflammasome pathway in visceral adi-
pose tissue, thereby increasing colonic inflammation. This
increases an inflammatory cascade that favors a pro-tumor-
igenic microenvironment.

Bile acids as possible carcinogens
throughout the gastrointestinal system

The gastrointestinal tract includes the mouth, pharynx,
esophagus, stomach, small intestine, large intestine (cecum,
colon, rectum, and anal canal). The gastrointestinal system
includes the gastrointestinal tract plus salivary glands, liver,
gallbladder, pancreas and biliary tract. There have been
numerous reports that bile acids are a likely causal factor in
cancers of the gastrointestinal system in addition to colon can-
cer. High exposure to bile acids has been linked to increased
risk of cancer of the laryngopharyngeal tract, esophagus,
stomach, pancreas, liver, biliary tract, and small intestine.86-88
Cholecystectomy (gall bladder removal) changes bile flow,
and is associated with an increase risk of colon cancer as
described above. In a recent large nationwide cohort study
in Korea, cholecystectomy was again found to increase the
risk of colon cancer, but also was found to increase the risk of
cancer at other sites in the gastrointestinal system including
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the liver, pancreas, biliary tract, pharynx, and oral cavity.®
The risk of leukemia and thyroid cancer was also increased
by cholecystectomy suggesting that changes in circulating
bile acids, including bile acids in the blood, may also affect
organs outside of the gastrointestinal system.

The evidence for an etiologic role of bile acids in carcino-
genesis is most substantial for colon cancer, as reviewed
above. However, there is also increasing evidence that bile
acids have an etiologic role in other gastrointestinal system
cancers. The more well-understood role of bile acids in colon
carcinogenesis may help in understanding the etiology of
these other bile acid-related cancers.

Hypopharyngeal carcinogenesis

Bile acids are often present in gastrointestinal refluxates and
can cause premalignant changes and invasive squamous cell
cancer in the hypopharynx.?°! Bile-induced DNA damage is
a likely key step in this process.?!%2

Esophageal adenocarcinoma

Gastroesophageal reflux disease can lead to the develop-
ment of Barrett’s esophagus and subsequent progression to
adenocarcinoma of the esophagus. Bile acids present in gas-
troesophageal reflux appear to contribute to esophageal ade-
nocarcinoma carcinogenesis by induction of oxidative stress,
oxidative DNA damage, mutation, and apoptosis.®”#% The
induction of apoptosis by bile acids can select for cells that
are resistant to apoptosis, a characteristic that provides a
growth advantage.

Gastric (stomach) cancer

In a human retrospective study, bile reflux was an apparent
risk factor for gastric cancer and precancerous lesions.” In
a mouse model of gastric cancer, a carcinogenic interaction
was shown between bile acids and Helicobacter pylori.®> Iron
deficiency linked to altered bile acid metabolism was found
to promote H. pylori-induced inflammation-driven gastric
carcinogenesis in mice.”® Among humans, a retrospective
study found that use of a bile acid sequestrant was associ-
ated with a significant reduction in gastric cancer risk.%

Pancreatic cancer

About 60% of pancreatic cancers occur in the head of the
pancreas that includes the tract of the common bile duct,
suggesting that bile acids may be involved in pancreatic car-
cinogenesis.” Bile acids have an association with several of
the known risk factors of pancreatic cancer including a diet
high in fat and red meat.””

Hepatocellular cancer

In a prospective study, increased hepatocellular cancer risk
was found to be associated with the higher levels of major
circulating bile acids that were determined several years
prior to tumor diagnosis.”® Bile acids from the hepatocyte
cytoplasm are conveyed by the bile salt export pump into the
bile canaliculi. Deficiency in bile salt export due to mutations
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in the gene ATP-binding cassette, subfamily B member 11
(ABCBI11) (encoding the bile salt export pump) can lead to
intrahepatic toxic accumulation of bile salts. Among individ-
uals having such mutations, there is an increased incidence
of hepatocellular carcinoma or cholangiocarcinoma.” FXR
plays an essential role in regulating bile acid metabolism. In
an FXR~/~ mouse model, the absence of this receptor led to
an apparent increase in bile acids in the liver, and the spon-
taneous development of liver tumors.!®” Lowering the bile
acid pool in the FXR~/~ mice by feeding 2% cholestyramine
(a bile acid-sequestering resin) reduced the number and size
of the malignant lesions. In another mouse model, liver car-
cinogenesis induced by a high-fat diet was found to be medi-
ated by altered microbiota that cause sustained retention of
hepatic bile acids.10!

Biliary tract

Cholangiosarcomas are malignancies that arise along the
biliary tract. Cholestasis (restricted bile flow) can lead to
overexposure of cholangiocytes (epithelial cells of the bile
duct) to bile acids and subsequently to cholangiocarcino-
genesis.!?2 The mechanism may involve oxidative DNA
damage.!0

Small intestine

The length of the small intestine comprises 75% of the length
of the whole gastrointestinal tract.!™* About 50% of small
intestinal adenomas occur in the duodenum even though
this region comprises just 4% of the length of the small intes-
tine, and these adenomas arise mainly close to the ampulla
of Vater, the outlet of the common bile duct where bile acids
are released.!®® A human prospective study found a mark-
edly elevated risk for carcinoid tumors of the small intes-
tine with dietary intake of saturated fat.'% Another human
study found that cholecystectomy, which alters bile flow
to the small intestine, increases the risk of small intestinal
adenocarcinomas, and that the risk declines with increasing
distance from the common bile duct.!?”

Conclusions

The studies reviewed here critically address the cause of
colon cancer. These include (1) recent human prospective
and retrospective studies showing an association of bile
acids in the circulation with subsequent development of
colon cancer and (2) studies demonstrating the induction of
colon cancer in mice fed the secondary bile acid, DOC. These
more recent findings provide a basis for interpreting earlier
population studies that showed an association of a high-fat
diet with increased bile acid production and an elevated risk
of colon cancer. Additional investigations of human cells
grown in culture have provided insight into the biochemi-
cal and molecular events underlying colon carcinogenesis.
In particular, these investigations showed that bile acids
cause oxidative stress resulting in increased DNA damage
and then mutations/epimutations, some of which provide a
cellular growth advantage such as apoptosis resistance. We
have tried to integrate the information from these different
approaches including key results that were only recently

reported. In addition, we have briefly reviewed emerging
evidence indicating that bile acids have a carcinogenic role
throughout the gastrointestinal system beyond colon cancer.
Excessive cellular exposure to bile acids may arise, aside
from a high-fat diet, from increased reflux or restricted bile
flow. We consider that the evidence reviewed here indicates
that a major cause of colon cancer, and probably other gas-
trointestinal system cancers, is excessive exposure of cells to
bile acids, and that reduction of such exposure is a promising
avenue for prevention.
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