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a b s t r a c t

Utilization of environmental stimuli for growth is the main factor contributing to the evolution of pro-
karyotes and eukaryotes, independently and mutualistically. Epigenetics describes an organism’s ability
to vary expression of certain genes based on their environmental stimuli. The diverse degree of dose-
dependent responses based on their variances in expressed genetic profiles makes it difficult to ascertain
whether hormesis or oncogenesis has or is occurring. In the medical field this is shown where survival
curves used in determining radiotherapeutic doses have substantial uncertainties, some as large as 50%
(Barendsen, 1990). Many in-vitro radiobiological studies have been limited by not taking into con-
sideration the innate presence of microbes in biological systems, which have either grown symbiotically
or pathogenically. Present in-vitro studies neglect to take into consideration the varied responses that
commensal and opportunistic pathogens will have when exposed to the same stimuli and how such
responses could act as stimuli for their macro/microenvironment. As a result many theories such as
radiation carcinogenesis explain microscopic events but fail to describe macroscopic events (Cohen,
1995). As such, this review shows how microorganisms have the ability to perturb risks of cancer and
enhance hormesis after irradiation. It will also look at bacterial significance in the microenvironment of
the tumor before and during treatment. In addition, bacterial systemic communication after irradiation
and the host’s immune responses to infection could explain many of the phenomena associated with
bystander effects. Therefore, the present literature review considers the paradigms of hormesis and
oncogenesis in order to find a rationale that ties them all together. This relationship was thus char-
acterized to be the microbiome.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

1.1. Failures in risk assessment

Utilization of acute doses of radiation to prevent cancer was
first proposed over three decades ago (Doss, 2013). This hypothesis
was never investigated in humans because of the dominance of
the Linear No-Threshold (LNT) model and the consequent carci-
nogenic concerns regarding low doses (Doss, 2013). The goal of the
LNT model is to limit the risk to individuals as much as reasonably
possible but if we can understand how there may be radiation
hormesis occurring in the body then we may be able to harness
that potential and use it as an anti-neoplastic treatment. The LNT
model is representative of years of data collected from nuclear
.
aboratory, Texas A&M
Parkway, College Station,
accidents, nuclear bomb detonations, and in-vitro studies, which
the International Commission on Radiological Protection (ICRP),
often with the help of national and international bodies, analyzed
in order to formulate radiation safety recommendations (United
Nations. Scientific Committee on the Effects of Atomic Radiation,
1977; United Nations. Scientific Committee on the Effects of
Atomic Radiation, 1993; United Nations Scientific Committee on
the Effects of Atomic Radiation, 1996; United Nations Scientific
Committee on the Effects of Atomic Radiation, 2000; United Na-
tions Scientific Committee on the Effects of Atomic Radiation,
2010; United Nations Scientific Committee on the Effects of Atomic
Radiation, 2011). The model assumes that all exposure carried a
risk so there is no beneficial amount of exposure, even at low and
protracted doses. Some controlled in-vitro, in-vivo, human, and
animal studies have contradicted the LNT model by observing
some effects that are consistent with a threshold, in the region
originally extrapolated for (see Fig. 1) (Redpath and Elmore, 2007;
Tubiana et al., 2009; Ullrich and Storer, 1979). Of all the data used
to form the LNT model, the data that is most often used and
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Fig. 1. The Linear-No Threshold model based on Japanese atomic bomb survivors
along with the Threshold Model depicting normal incidence levels from back-
ground radiation.

R. Clanton et al. / Environmental Research 142 (2015) 239–256240
considered to be the “gold standard” for estimating the radiation-
induced risk of cancer is collected from Japanese atomic-bomb
survivors (Cassata, 2014). This is due to the large, non-selective
population that was irradiated, the wide range of radiation doses
received, and the availability of long-term systemic monitoring of
their health in these studies.

The problems associated with the “gold standard” are that they
are deficient in data pertaining to the homeostasis of bacteria
within each individual, the amount of metabolic pathways avail-
able for cellular repair, or even the quantity of radioprotective
agents such as iodine, ethanol, and trimethylglycine consumed
prior to radiation exposure (Rodriguez et al., 2013). The previously
mentioned problems leave too many inconsistencies and un-
knowns in the data to consider the data representative for eva-
luation of radiation-induced effects; this is especially true when
considering populations of different regions. For example, the
stomach is considered one of the high-risk organs in these studies
but the Japanese population already has a high incidence of sto-
mach cancer due to endemic Helicobacter pylori infection (Yama-
gata et al., 2000). In fact, the percentage of Japanese men afflicted
with H. pylori is approximately 71.5% (Yamagata et al., 2000). This
is significant considering the bacterial strain, H. pylori, is known to
contribute to 60% of stomach cancers world-wide (Correa and
Piazuelo, 2011). This means that more than half of the risk asso-
ciated with radiation and stomach cancer could be significantly
attributable to bacteria. Since radiation is a promoter of tumor-
igenesis, it would only increase the incidence of or decrease the
age at which these individuals would obtain stomach cancer if
previously infected. The risk is thus skewed by the high coin-
cidence of infected individuals within Japan in contrast to other
regions of the world.

There are some situations in which epidemiological effects are
taken into consideration but these have always been limited due
to the considerable challenges associated with accomplishing such
a consideration. However, it is known that there is significant
correlation between genetics, environment, diet, and cancer risk
based on the risk calculations associated with an individual's ab-
sorbed dose, where inconsistencies in the data have attributed to
large uncertainties. The survival curves that are used in assessing
radiotherapeutic doses actually have considerable uncertainties,
some even as large as 50% (Barendsen, 1990). Some individuals
have even tried to model utilizing in-vitro data, which seems to
completely ignore that more information is needed in order to
treat disparities associated with different regions and populations
(Mackay and Hendry, 1999).

1.2. Theories of carcinogenesis

Rudolf Virchow was the first to postulate in the mid-1800s that
cancer forms in areas of chronic inflammation and he based these
findings on his studies of pathogens (Sanford, 2005). His studies
observed that inflammatory cells would infiltrate tumors, thus he
hypothesized that cancer arose from inflammatory sites (Balkwill
and Mantovani, 2001; Landskron et al., 2014; Virchow, 1863).
Following Virchow, Warburg hypothesized that mitochondrial
dysfunction could lead to cell death or immortalization (Warburg,
1956). The main evidence for this was the observed switch from
aerobic to anaerobic respiration. He also noticed significant in-
creases in the reactive oxygen species (ROS) production of the
cancer cells (Wallace, 2005). Recent studies have also shown that
the mitochondrial uncoupling or the abrogation of ATP synthesis
in response to the mitochondria's membrane potential promotes
the Warburg effect, potentially contributing to chemoresistance
(Samudio et al., 2009).

The theory of radiation carcinogenesis is related to the two
components of damage, direct damage and indirect damage
(Biaglow, 1981). Double strand breaks (DSBs) and cluster damage
are considered to be the main culprits behind carcinogenesis;
therefore, at the present, radiation biologists have continually
emphasized that ROS are not the main culprit of mutagenesis
because they produce many magnitudes more single strand breaks
(SSBs) than they do double strand breaks. This is why damage
done by radiation, which results in a significant amount of DSBs, is
considered to have a higher risk of mutagenesis. DSBs also take up
to an hour before a human cell will recognize them and begin the
repair process. This would mean there is a significant amount of
time for additional DSBs to form and inappropriate rejoining to
occur.

Most research over the past decade has been placed into rou-
tinely separating and isolating subsets of tumorigenic cells or
cancer stem cells (CSCs), taken from solid tumors, that had one or
a couple of distinct cellular markers, such as membrane antigens
representing their cluster of differentiation (CD), that separate
them from non-tumorigenic cells (Al-Hajj et al., 2003; Bonnet and
Dick, 1997; Haraguchi et al., 2006; Ho et al., 2007; Lapidot et al.,
1994; O'Brien et al., 2007; Olempska et al., 2007; Prince et al.,
2007; Ricci-Vitiani et al., 2007; Schatton et al., 2008; Seigel et al.,
2007; Singh et al., 2003; Singh et al., 2004; Wang et al., 2007; Zen
et al., 2007). CSCs are similar to normal stem cells in self-renewal,
unlimited proliferative potential, infrequent or slow replication
cycles, and resistance to toxic xenobiotics as well as radiation.
They also share high DNA repair capacity and the ability to give
rise to daughter cells that differentiate (Hadnagy et al., 2006;
Hirschmann-Jax et al., 2004). On the other hand, CSCs differ from
stem cells in that they demonstrate deregulated self-renewal or
differentiation programs and have the ability to form new tumors
(Hermann et al., 2007). Their daughter cells also arrest at various
stages of differentiation and have limited proliferative potential.
The daughter cells, which make up the bulk of a tumor, are also
characterized by their rapid replication and limited metastatic
potential (Bagley and Teicher, 2009). CSCs also appear to be the
main culprit for cells with the ability to metastasize (Hermann
et al., 2007).

Recently, other theories have begun to be developed by the
author of this literature review and other researchers to bring light
to certain features unexplained by the cancer stem cell theory. For
example, cell fusion as a mechanism of tumorigenesis was first
postulated by Otto Aichel in the 1900s (Lu and Kang, 2009). Aichel
believed that the spontaneous fusion between somatic cells could
lead to chromosomal abnormalities, which could propagate into
cancer. To add on to what Otto Aichel first postulated, it should be
pointed out that many variations of cell fusion could occur that
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could possibly contribute to the formation of diverse neoplastic
cells. This is within the same tumor as well, creating opportunities
for CSC populations with different CD markers to occur within the
same tumor, making isolation and treatment of CSCs very arduous
if based on these markers alone. The fusion of bone marrow de-
rived cells (BMDCs) have been shown to occur with Purkinje
neurons, cardiomyomycytes, and hepatocytes with evidence that
trans-differentiation occurred only in these fused cells (Alvarez-
Dolado et al., 2003; Chen et al., 2011). Trans-differentiation is a key
characteristic of many tumors (Han et al., 2014; Shekhani et al.,
2013). Since cell fusion occurs first upon the epithelial surfaces
such as the blood-brain barrier, skin, lungs, and intestines where
microbes thrive, it would be erroneous to ignore what potential
effects they could have in cell fusion or in the complete differ-
entiation of fused cells. There are even certain microbes with
mechanisms of inducing cell fusion (Bayliss and Wolf, 1980; Ke-
spichayawattana et al., 2000; Poste and Pasternak, 1978; Ver-
schoor et al., 1990).
2. Reactive oxygen species

2.1. Bystander effects and carcinogenesis by reactive oxygen/nitro-
gen oxide/aldehyde species

The indirect reactions of ionizing radiation interacting with
water have the ability to produce (ROS) in biological systems (Ri-
ley, 1994). A common characteristic of these reactions is that the
body responds to ROS by perceiving it as a threat and causing
more inflammation, often due to the mitochondria, in the affected
tissues (Azzam et al., 2003; Leach et al., 2001; Yamamori et al.,
2012). This increase is believed to be the foundation of why the
bystander effect occurs in radiation treatments (Chen et al., 2009a;
Shao et al., 2003).

The propagation of these radiation-induced, mitochondria-de-
pendent responses by the cells, the electron-transport chains of
bacteria, and the immune system could propagate into a ha-
zardous situation where a large concentration of ROS, reactive
nitrogen oxide species (RNOS), and aldehydes are situated within a
rather localized area. Even though acute amounts are used every
day for beneficial activities such as inducing stem cell differ-
entiation, chronic exposures to ROS have never been associated
with a beneficial outcome. This phenomenon is referred to as the
ROS paradox in which ROS is an essential biomolecule utilized in
the regulation of cellular functions and as toxic by-products of
metabolism (Thannickal and Fanburg, 2000). The only difference
appears to be in the ROS concentrations, where they occur, and
what by-products they produce (Thannickal and Fanburg, 2000).

The downstream effects of oxidative stressors and their muta-
genic capacities need to be taken into consideration as well. The
primary targets of oxidative stressors are DNA, proteins, and lipids.
Free radicals also have a tendency of directly attacking poly-
unsaturated fatty acids in the membrane and resulting in a process
known as lipid peroxidation (Cabiscol et al., 2000). The most
chemoresistant cancer cells have already been linked to mi-
tochondrial uncoupling and preferential oxidation of fatty acids
(Samudio et al., 2009). A primary effect of lipid peroxidation is a
decrease in the cell’s membrane fluidity, which alters the cell’s
membrane properties and bound proteins (Samudio et al., 2009).
As a result, the cell’s ability to receive paracrine signals becomes
limited. This effect acts as an amplifier to free radical production
and lipid peroxidation that will result in larger concentrations of
aldehyde by-products (Samudio et al., 2009).

Aldehydes are extremely reactive, have long lives (�9 min),
and can diffuse from their site of origin and attack distant sites
with high lipid and DNA specificity (Cabiscol et al., 2000). The
lifespan of ROS in the cytoplasm may explain why they do not
cause much damage when induced in the cytoplasm. However,
their ability to produce aldehydes via lipid peroxidation could
demonstrate why there is a need for processes to prevent them
from reacting with the cell membrane or organelle membranes. In
contrast to ROS, the aldehydes can induce a significant amount of
cluster damage, SSBs, and DSBs (Cabiscol et al., 2000). The most
extensively researched aldehydes, such as melonaldehyde and
4-hydroxyalkenals, will actually produce SSBs and DSBs in the
DNA backbone, adducts of base and sugar groups, cross-linkage to
other molecules, and lesions that block replication (Cabiscol et al.,
2000). Interestingly, almost every CSC and circulating tumor cell
(CTC) that has been found has also been shown to have up-regu-
lated expressions of aldehyde dehydrogenase (Charafe-Jauffret
et al., 2010; Chen et al., 2009b; Marcato et al., 2011a; Marcato et al.,
2011b; Ucar et al., 2009). The daughter cells of these CSCs will
either die or survive based on their continued expression of these
pumps or transporters.

The radiation theory of carcinogenesis fails to explain why
some non-dividing cells, such as lymphocytes, apoptose after re-
latively limited radiation exposure while the proliferative cells of
the liver appear relatively unaltered and continue to function
(Biaglow, 1981). Aldehyde dehydrogenase is one important piece
of evidence that contradicts the theory of radiation carcinogenesis
in terms of direct interactions. For example, the liver, whose cells
have a more than average expression of Aldehyde dehydrogenase,
can receive doses up to 31 Gy and still continue replicating and
repairing itself without any ill effects (Dawson et al., 2002). Repair
proteins and cytoplasmic volume may be increased in liver cells
but with such a large dose the direct interaction component (DSBs
and cluster damage) of radiation carcinogenesis loses some foun-
dation. There should also still be quite a bit of indirect damage as
well.

Due to this conundrum, it would appear more likely that the
liver is responding to ROS and aldehyde production induced by
radiation immediately in some fashion rather than radiation-in-
duced direct damage of the DNA. This is especially true if it can
take up to an hour for the cell to recognize DSBs. Thus, it is already
something expressed by liver cell that have the capabilities of re-
moving large quantities of radiation’s by-products immediately,
that make them radioresistant. The aldehyde dehydrogenases of
the liver are already tasked with elimination of toxins, aldehydes,
and alcohols in the first place so much of the liver's radiation re-
sistance could be due to its elimination of the aforementioned by-
products of radiations indirect reactions (Bosron and Li, 1986;
Koivula, 1975). This hypothesis is backed up by the overall increase
in liver function that has been shown to follow up low doses of
radiation exposure (Yeo et al., 2010).

2.2. The role of the mitochondria and bacteria in ROS homeostasis

As previously mentioned, Warburg was one of the first pro-
ponents of mitochondrial dysfunction for carcinogenesis. Con-
sidering the endosymbiosis hypothesis, the mitochondria were
originally prokaryotes whose portions of original genes have mi-
grated to the nucleus, it would seem flawed to assume that bac-
terial RNA cannot be integrated into the mitochondria or nucleus
via the same mechanisms of this hypothesis (Cheng and Ivessa,
2010; Lough et al., 2008; Richly and Leister, 2004). This would
explain why some researchers have noticed a surplus of modern
day microbe-like (usually pathogen related) RNA, converted to
DNA, within the mitochondrial genome of cancer cells (Criswell,
2009; Riley et al., 2013). The electron transport chains of the two
are pretty much identical as well, establishing a link between the
mitochondria of human cells and bacteria, as both will become a
biological source of ROS when the cells are exposed to ionizing
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radiation. This will arrest the cells in the G2/M phase, increasing
ROS for mediating Bystander effects, but having potential for
genotoxicity in neighboring cells in high concentrations (Chen
et al., 2009a; Shao et al., 2003; Yamamori et al., 2012).

This is complicated by the replacement and/or fusion of stem
cells with the damaged cells in an environment that would da-
mage the stem cell DNA and potentially hinder their complete
differentiation normally (Naka et al., 2008). This is because a
common feature of stem cells is that the more pluripotent they
are, the less likely they will differentiate rather than apoptose
when there is surplus ROS; as such, there will actually be a higher
risk of affecting the DNA, gap junctions, and corresponding cell
signaling (Naka et al., 2008). Bacteria will also respond to this
stress rapidly by dividing and increasing their population size and
diversity. Increasing their metabolic processes will result in an
overactive respiratory chain. In E. coli the respiratory chains are
presumed to account for 87% of the total hydrogen peroxide pro-
duction (Cabiscol et al., 2000). There is no clear consensus to what
effect this extra production of ROS will have on surrounding
mammalian cells. The leakage of single electrons from the bac-
terial respiratory chain has been observed at the dehydrogenase
and ubiquinone sites (Cabiscol et al., 2000). This is a process that is
actually very similar to the processes observed in the mitochon-
dria of mammalian cells (Cabiscol et al., 2000).

It may take up to an hour before the body will respond to ra-
diation-induced DNA damage but bacteria react within a few
seconds to radiation and other environmental stressors. Having
bacteria that will respond to radiation within minutes by tran-
scribing superoxide dismutase and catalase could be beneficial to
controlling the concentration of ROS. It may not do anything to the
ROS inside the cells but as we know today the ROS are very short
lived and if not within the nucleus have relatively little effect
(Munro, 1970). As such, interactions of bacterial ROS would occur
on the cell membranes. Lipids make up 10% of human cell dry
weight and 53% of these lipids make up the cell membrane (Gray
and Yardley, 1975). This would give credence to a large quantity of
lipid peroxidation reactions upon the cell membrane producing
aldehydes. As previously mentioned, the DNA damage seen by ROS
and radiation appears to be the same as those induced by alde-
hydes as well except that aldehydes also have preference for other
lipids (to produce even more aldehydes) along with the DNA (Vaca
et al., 1988). To counter ROS production within the cell itself,
bacterial lipopolysaccharides or endotoxins have also been shown
to increased gene expression of ROS-eliminating pathways (Spo-
larics, 1996).

Most of the data about radiation and ROS damage comes from
Fig. 2. The above figure represents radiations effects on c
controlled, antibiotics-treated, in-vitro studies. This may be an
ineffective method because antibiotics eliminate components
(bacteria and their responses) that add to the potential DNA da-
mage and hinder the ability for cell-to-cell communication. They
also fail to consider toxic interactions of antibiotics with radiation
such as those seen with antibiotic interactions with radiation from
the sun, not that there has been much consensus in what these
reactions truly are the result of. In addition, culture experiments
are missing major contributors to stem cell and immune system
response. Normally, the tissues of the immune system will pro-
duce radical oxygen species (ROS) and nitrogen intermediates that
damage and/or destroy other damaged cells in order to destroy
possible out-growths of bacteria and any tissues that are evading
apoptosis (Shacter and Weitzman, 2002). The studies would also
not take into consideration that bacteria will begin effluxing rapid
amounts of ROS within minutes, increasing production of cata-
lases/superoxide dismutase while sending signals to other bac-
terial cells. There is also some evidence of association with the
mammalian cells via gap junction intercellular communication
(GJIC) (Kelly et al., 2004). This is a clear situation where bacterial
communication would contribute to bystander effects.

If the body continues to produce ROS in such a confined area
the cells will most likely be overwhelmed, lipid peroxidation will
increase, and there will be considerable amounts of inflammation.
This could result in higher quantities of damage to healthy cells
and their DNA. As a result this will lead to mutagenesis, oncogene
activation, and angiogenesis (Shacter and Weitzman, 2002). This is
where the idea of increasing the ratio of bacteria that moderate
inflammation to those that induce more damage could be a
practical means of accomplishing hormesis (Kelly et al., 2004). The
bacteria that would be considered good are commensal bacteria,
which have the ability moderate inflammation, while some such
as Lactobacillus rhamnosus also produce novel, soluble proteins
such as p75, which limit apoptosis and increase mammalian cell
survival (Ciorba et al., 2012; Ciorba and Stenson, 2009; Demirer
et al., 2006; Dong et al., 1987; Kelly et al., 2004; Lin et al., 2009;
Yan et al., 2007).

The bacteria that are bad are opportunistic pathogens, which
have a large potential for creating ROS and inducing more damage
in the environment as it grows without competition from other
bacteria. This explains why many individuals exposed to large
doses of radiation actually die from sepsis more often than they
would from other effects (Walker, 1978). Therefore, damage in-
duced by radiation should be considered to include the effects of
radiation on the DNA, the concentration and position of produced
ROS, and the ability of bacteria to control or disrupt the
ells and how bacteria can mitigate some of the risks.
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homeostatic properties of the environment (see Fig. 2).
Fig. 3. The figure above depicts how pigmented bacteria, their biofilms, and bac-
terial extracts can be used for radioprotection.
3. Hormesis and radioprotection

3.1. Bacterial radioprotection and hormesis

The human population lives in a partnership with a rich com-
mensal microbiota on the epithelial surfaces (Trinchieri, 2013).
This is an important partnership that is critical for tissue forma-
tion, metabolism, the development, and the functioning of innate/
adaptive resistance. If you follow, step by step, the effects of io-
nizing radiation, then you will see that the commensal bacteria,
such as E. coli, will begin transcription of OxyR, SoxR, and SoxS to
produce superoxide dismutase and many other enzymes necessary
for the removal of ROS (Thannickal and Fanburg, 2000). Even the
previously mentioned aldehydes would be mitigated by microbial
aldehyde dehydrogenase activity (see Fig. 2) (Nosova et al., 1996).
If they are not commensal bacteria or if homeostasis has been
disturbed, then some populations of bacteria will begin to increase
their growth rate and increase their production of ROS as a result
of their active electron transport chains and metabolic processes.
They may even increase their production of ROS in response to an
altered environment (stress) and corresponding proliferation. If
the radiation disrupts the bacteria’s ability to control in-
flammatory responses, then the immune system may respond as
well. This leads to the propagation of ROS that is not beneficial to
the whole organism. It would also be hard to infer whether bac-
teria could have acquired a mutation where they continue to just
produce ROS from continued metabolic activity or impaired en-
ergy production. As previously mentioned, this would be very si-
milar to what occurs in mitochondrial dysfunction.

One clear example of this is how the intestinal microbiota
provides protective immunity in the case of mucosal infections or
damage and regulates the physiological host-microbial mutualism.
For example, in the human body it is believed that approximately
3 Gy of radiation is needed to harm gastrointestinal stem cells
while hematopoietic stem cells are damaged at doses greater than
1 Gy. This review suggest that this is because the gastrointestinal
stem cells are located inside intestinal crypts which along with
other parts of the intestines are microcosms for different types of
bacteria such as Lactobacillus and Escherichia (Keku et al., 2014;
Yen and Wright, 2006). Lactobacillus probiotics have been routi-
nely administered prior to radiation exposure and scientists have
been led to believe that the bacteria were able to alleviate some of
the inflammation of the gut caused by radiation therapy via re-
positioning of the cyclooxygenase-2 (COX-2) pathway and nuclear-
cytoplasmic shuttling of peroxisome proliferator-activated re-
ceptor gamma (PPAR-γ) and V-Rel Reticuloendotheliosis Viral
Oncogene Homolog A (RelA) (Ciorba et al., 2012; Dong et al., 1987;
Kelly et al., 2004). RelA is also known as Nuclear Factor of Kappa
Light Polypeptide Gene Enhancer in B-Cells 3 (NFKB3), which is a
part of a family already hypothesized for linking inflammation and
cancer development/progression (Karin and Greten, 2005). This
would give some reasoning to why in-vitro studies have shown
the in-vitro threshold dose of neoplastic transformation to be
around 100–200 mGy with hormesis below these doses while
recent in-vivo data shows threshold doses greater than 1000 mGy
being necessary for neoplastic transformation (Redpath and El-
more, 2007).

Another interesting reaction of bacteria is the cross-talk be-
tween the microbiota and the immune system involving the innate
cell types such as macrophages and dendritic cells (Trinchieri,
2013). It might seem alarming that bacteria have so much control
over our inflammatory processes and yet the first thing prescribed
when we have a viral infection is antibiotics, which only affect
bacteria. It is also alarming that antibiotics can be the very cause of
gut permeability that allow bacteria to translocate into the blood
(Swank and Deitch, 1996). This was corroborated by Velicer in
2004, whose study was trying to correlate antibiotic use and risk
of developing breast cancer (Velicer et al., 2004). As such, a better
pursuit would be making the commensal bacteria in our body
resistant to viruses utilizing transfection of genes containing
conjugate RNA or proteins that bind to viral RNA or proteins.

A simple proof of how microbes contribute to radiation
hormesis can be seen in a study performed by Gerber in 1974
(Gerber et al., 1979). They demonstrated a very interesting link
between the effects of frequent sun exposure on bacterial coloni-
zation of the skin. Many micro-organisms are susceptible to the
lethal action of light and many often have protective mechanisms
against these actions (Gerber et al., 1979). In the study, organisms
were collected from the forehead, forearm, upper arm, upper back,
and lower back of 21 healthy female volunteers ranging in age
from 22 to 41. Nine of the individuals were frequent sunbathers
and 10 were infrequent sunbathers. What is relevant about the
study is that both groups had approximately the same amount of
bacteria everywhere and the bacteria to fungi concentration were
not significantly different.

The authors' found that individuals who frequently sunbathed
had a greater number of pigmented bacteria than those that
sunbathed infrequently. The pigmented bacteria were also found
on chemical analysis to contain carotenoid pigments. In contrast,
high numbers of non-pigmented bacteria were obtained from the
infrequent sunbathers. The authors neglected to assess this, but
this author would have liked to see the arrangement of the bac-
teria on top of the skin to see whether the pigmented bacteria live
on top of the non-pigmented bacteria in some type of mutualistic
environment.

The most significant and important study that was able to
prove that bacteria could significantly increase the radio-re-
sistance of a tissue was performed by Daly and his colleagues in
2010 (Daly et al., 2010). This study found that Deinococcus radio-
durans and other bacteria which are extremely resistant to ioniz-
ing radiation, ultraviolet radiation, and desiccation produced
protein-free substances that could prevent the oxidation of pro-
teins at massive doses of ionizing radiation (Daly et al., 2010). In
contrast, the radiation-sensitive bacteria were found to not be
protective at all. To make matters even more impressive the re-
searchers found that the bacterial extracts or ultra filtrates were
protecting E. coli and human Jurkat T cells from extreme doses of
ionizing radiation as well (Daly et al., 2010). Thus, there are po-
tentially radioprotective substances produced by bacteria, and
with modern genetic profiling and manipulation, they can be used
to engineer bacteria capable of protecting tissues from damage
(see Fig. 3).

Another point to mention is that bacteria also live in a com-
petitive environment, a healthy component for the host con-
sidering microbes that are pathogenic are usually in competition



R. Clanton et al. / Environmental Research 142 (2015) 239–256244
against others. There is much diversity in the microbiome that is
important to the health of the host (Abrahamsson et al., 2012;
Alves et al., 2012; Azad et al., 2013; Ballor and Leadbetter, 2012;
Cayrou et al., 2013; Dillon et al., 2010; Engel et al., 2012; Engel and
Moran, 2013; Forno et al., 2009; Ismail et al., 2012; Kohl, 2012;
Lozupone et al., 2012; Mihajlovski et al., 2010; Scanlan and
Marchesi, 2008; Turroni et al., 2012). This prevents one pathogenic
strain from overpopulating and thus inducing an infection or
detrimental situation. Most bacteria may have a higher resistance
to radiation than mammalian cells but controlled in-vitro studies
fail to assess how competition between bacteria can be affected by
radiation. From a microbial studies standpoint, it seems that only
low and high levels of radiation are indicative of competition while
all ranges between will allow one species to overgrow the others
(Ragon et al., 2011).

For example, a study performed in Chernobyl showed that
bacterial competition is drastically affected by ionizing radiation
(Ragon et al., 2011). In terms of the mammalian microbiota, this
would not be a beneficial situation. Opportunistic bacteria might
take this as an opportunity for over-growth and invasion into the
blood while at the same time, increasing local concentrations of
ROS. The Chernobyl study allows an individual to see that at least
three situations could occur in the gut. Either radiation hormesis
will occur and the bacteria will respond to irradiation within
minutes by transcribing proteins to remove ROS, the bacteria will
respond as if they are endangered and begin producing more ROS
to kill off the bacteria surrounding them (disrupting homeostasis),
or the ROS will be over concentrated and certain populations of
radioresistant bacteria will grow without competition.

3.2. Effects of nutrition and radioprotectants on the microbiome

Depending on the concentration of certain nutrients, the pH,
and many other components of an individuals' diet, then their
microbiota will be affected in a severe manner (Kruis et al., 1991).
This is again due to the fact that microbes are always competing
for dominance, which leads to problems such as irritable bowel
syndrome, eczema, certain diseases, and even allergies (Abra-
hamsson et al., 2012; Azad et al., 2013; Bolino and Bercik, 2010;
Cani et al., 2008; Forno et al., 2009; Gratz et al., 2010). An in-
dividual's microbiota will then affect their adiposity, inflammation,
immune system, metabolism, energy, hypertension, and even gut
permeability, which would explain how gut bacteria are found
within tumors in the first place (Abou-Donia et al., 2008; Bolino
and Bercik, 2010; Cani and Delzenne, 2009; Cani and Delzenne,
2010; Cani et al., 2008; DiBaise et al., 2008; Hugot, 2004; Iwamoto
et al., 2010; Kadooka et al., 2010; Kirjavainen et al., 1999; Kruis
et al., 1991; Leyer et al., 2009; Lye et al., 2009; Majamaa and Iso-
lauri, 1997; Mcfarland and Bernasconi, 1993; Rao et al., 2009;
Selvam et al., 2009; Soler et al., 1999; Sullivan et al., 2009; Wang
et al., 2014). The correlation between nutrition, the microbiome,
and cancer is most significantly illustrated in western society
where obesity is one of the leading causes of cancer in non-
smokers with liver disease being the largest cancer risk for in-
dividuals above 35 BMI (Calle and Kaaks, 2004; Calle and Thun,
2004). Interestingly, changes in the intestinal microbiota by alco-
hol has been linked to the progression of alcoholic liver disease via
bacterial translocation and the production of certain microbial
metabolites (Yan and Schnabl, 2012; Yoshimoto et al., 2013). Even
the lung tumors of smokers has considerable association with
microbes as well (Cummins and Tangney, 2013). The microbiome
has also been shown to secrete metabolites that promote liver
cancer through the senescence secretome (Cani and Delzenne,
2010; DiBaise et al., 2008; Kadooka et al., 2010; Pischon et al.,
2008; Wang et al., 2014; Yoshimoto et al., 2013).

Turnbaugh performed an interesting study where he was able
to demonstrate significant effects of diet on the microbiome by
transplanting fresh or frozen adult fecal microbial communities
into germ-free c57BL/6 J mice (Turnbaugh et al., 2009b). He
showed that the microbial environment and the genes they ex-
pressed changed within one day after switching from a low fat,
plant polysaccharide-rich diet to a high-fat/high-sugar “Western”
diet (Turnbaugh et al., 2009b). There is also a profound effect of
nutrition on the genes expressed and the concentration of certain
bacteria in the gut microbiome of distinct human populations and
even those of different body mass indexes (BMIs) (De Filippo et al.,
2010; Muegge et al., 2011; Turnbaugh et al., 2009a). The study
demonstrated that bacterial ingestion could affect the lateral gene
transfer of genes from one bacterium to another, affecting the gene
expression of the microbiome. Hehemann showed the lateral gene
transfer of genes coding for porphyranases, agarases, and asso-
ciated proteins from Zobellia galactanivorans living on seaweed to
the gut bacterium Bacteroides plebius (Hehemann et al., 2010).
These are carbohydrate-active enzymes, which could overtime
significantly enhance carbohydrate digestion, especially when
seaweed makes up 14.2 g per person per day of the daily diet in
japan (Cantarel et al., 2009; Fukuda et al., 2007; Hehemann et al.,
2010). This could explain why the non-obese Japanese population
can have such a high-carbohydrate diet tolerance.

Along with nutrition, the inclusion of antibiotics in meat, pro-
duce, and many other consumable products has significantly af-
fected the virulence of bacteria and disrupted the growth of ben-
eficial bacteria that could help prevent infections. Many in-
dividuals will suggest the ingestion of yogurt or fermented foods
for bacterial content but this fails to assess the homeostasis of each
type of bacteria or the quantities that will actually reach the gut
(Rambaud et al., 1993). These are important considerations that
are needed in order to induce a favorable environment for radia-
tion protection. This review suggests that we also need to find the
correct proportion of bacteria needed for competition with/reg-
ulation of opportunistic pathogens that have the ability to induce
cancer (Chang and Parsonnet, 2010).

Furthermore, many of the radioprotectants that we use are
actually compounds that have a beneficial effect on the bacteria as
well. Trimethylglycine, for example, has multiple applications in
which it may be beneficial in mammalian cells. First, it acts as an
osmotic regulator controlling osmotic stressors and limiting
membrane damage (Bucuvalas et al., 1995). Second, is the fact that
trimethylglycine acts as a chemical chaperone that will actually
use its methylating groups to repair DNA damage as well as pro-
teins denatured by ROS or radiation (Diamant et al., 2001; Ro-
driguez et al., 2013; Sharma et al., 2013). These are also the same
situations and effects found in bacteria as well. The effects are
significantly increased though since bacteria don’t have a nucleus.
This is why it would be very beneficial if aims were to increase the
survival of bacteria producing catalases and superoxide dismutase.
Since trimethylglycine or betaine also acts as an antioxidant it is
extremely important in moderating lipid peroxidation since it
seems that peroxidation occurs when the antioxidant defenses are
overcome (Alirezaei et al., 2012). Trimethylglycine or its sub-
stituent choline and ethanol also seem to have direct effects on the
ability of human and bacterial cells to resist aldehydes (Holmström
et al., 1994; Steinmetz et al., 1997).
4. Microbial effects on neoplasms

4.1. Bacteria in the microenvironment of the tumor

Bacteria-in-the-blood is another name for acute bacteremia,
which is a situation that, although often considered medical
heresy to say, appears to occur normally and very often in people
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as well as animals without any noticeable symptoms (Dahlinger
et al., 1997; Domingue and Schlegel, 1977; Greene, 2006;
McLaughlin et al., 2002; Tedeschi and Amici, 1972; Tedeschi et al.,
1976b; Tedeschi et al., 1978). Bacteria in the blood can occur
through various methods such as bug bites, oral cavities, anti-
biotics, chemotherapeutics, and superficial wounds (Amar et al.,
2011; Berg, 1983; Gendron et al., 2000; McLaughlin et al., 2002;
Nakayama et al., 1997; Swank and Deitch, 1996). As mentioned
previously, an individual just needs to look at how the American
diet is contributing to leaky gut syndromes to see how bacteria
could enter the blood as well (Kiefer and Ali-Akbarian, 2004).
Bacteria in the blood and leaky guts create many complications
such as osteomyelitis, depression, chronic fatigue syndrome, ec-
zema, obesity, and even cancer as presented in this paper (Cani
and Delzenne, 2009; Forno et al., 2009; Gutierrez, 2005; Lewis
et al., 1978; Maes et al., 2007; Mass et al., 2008).

Therefore, it is not surprising that the effects of bacteria con-
tinue in the microenvironment of the tumor as well. This may be
either good or bad depending on the balance of bacteria and the
type of bacteria within and around the tumor (Boleij et al., 2012;
Iida et al., 2013; Lokody, 2014; Trinchieri, 2013; Viaud et al., 2013;
Yan et al., 2007). Most bacteria live in a dynamic environment
where temperature, availability of nutrients, and presence of var-
ious chemicals vary (Ron, 2006). Tumors, CTCs, and metastasized
tumors are all microenvironments in which many bacteria have
the ability to survive and thrive due to the produced growth fac-
tors and local immunosuppression (Morrissey et al., 2010). This
was clearly shown in a study performed by Yu, which found that
bacteria could be injected straight into the blood stream, without
any modification, and still be specific to the neoplasm (Yu et al.,
2004). In fact, they were highly effective at using light emitting
bacteria to see the preferred target neoplasms (Yu et al., 2004).
This thus means that bacteria can also be used as tumor-targeting
vectors, an idea that was first being investigated over 150 years
ago when doctors were noticing shrinkage in tumor volume after
purposeful infection with bacteria (Pawelek et al., 2003). There-
fore, studies of bacteria and cancer have ultimately lead to the
study of immunomodulation, in fact, the cell wall components of
Bifidobacterium, lipopolysaccharides from Salmonella, and the
toxins produced by Clostridium have all been used to target, en-
hance immune response, and increase the efficacy of treatments
such as chemotherapy (Pawelek et al., 2003).

4.2. Hypoxia and angiogenesis

As mentioned previously, Warburg hypothesized that mi-
tochondrial dysfunction was occurring in cancer due to his ob-
servation of the switch from aerobic to anaerobic respiration
(Warburg, 1956). This anaerobic switch leads to or is due in part to
the formation of a hypoxic region. It has been routinely shown that
bacteria can be used to target these areas of hypoxia in order to
digest necrotic tissue and slow growth (Yu et al., 2012). However,
not much research has been successfully made into why the hy-
poxic regions are occurring besides the fact that proliferation may
induce stress that causes the arteries to collapse. The problems
this author has with these theories are that they do not explain
how cysts and other growths such as moles can undergo active
proliferation with increased blood flow instead of hypoxia. How-
ever, activation of Hypoxia Inducible Factor 1 (HIF-1α) is a general
phenomenon associated with the hypoxic regions of neoplasms
while also being induced by lipopolysaccharides and other com-
pounds produced by bacteria (Werth et al., 2010). This is because
HIF-1α is associated with the host's innate immune functions in
order to help the specialized phagocytic cells function in the hy-
poxic microenvironments of infected tissues (Nizet and Johnson,
2009; Zinkernagel et al., 2007). Thus, bacteria in the
microenvironment of the tumor would effectively prepare the
neoplasm against hypoxia as well as inflammation, since HIF-1α
also has a positive association with the expression of the pre-
viously discussed aldehyde dehydrogenase (Tiezzi et al., 2013).

The relationship between the two is rather complex, but it
would seem that the CSCs are manipulating the host immune
responses to the bacteria attracted to it for further growth and
development. Considering how Virchow first noticed the infiltra-
tion of inflammatory cells into tumors, it’s no wonder that fusion
of macrophages with tumor cells could occur leading to the ex-
pression of macrophage antigens by tumor cells (Lazova et al.,
2011; Powell et al., 2011; Shabo and Svanvik, 2011). Noting how
the immune system seems to promote the tumor growth, it is also
relevant to note the studies showing bacterial influences on TLR5
signaling and galectin-1-producing γδ-T cells, which therefore
significantly affect distal malignant progression through tumor-
promoting inflammation (Rutkowski et al., 2015).

Even after hypoxia, bacteria’s influence could continue with the
angiogenesis that follows. The connection between hypoxia and
angiogenesis has been extensively investigated as a form of
“supply and demand” or delayed negative feedback (Moeller et al.,
2004). In other words, the hypoxia induces a lack of oxygen
available to the cells which results in the expression of pro-an-
giogenic substances (Krock et al., 2011). However, when looking at
bacteria in the tumor microenvironment, it must be taken into
consideration what those bacteria do in other environments as
well, to see if those roles are transferred. Therefore, one can see
their influence in angiogenesis as the microbiota also induce in-
testinal vascular remodeling (Reinhardt et al., 2012). Even the
mechanisms they use, such as tissue factor (TF) glycosylation, have
been linked to tumor angiogenesis (Belting et al., 2004; Reinhardt
et al., 2012). This alone shows that bacteria in the microenviron-
ment of the tumor would have direct influence on angiogenesis.

However, there are even more influences that microbes could
have in the microenvironment of the tumor to promote angio-
genesis as well. For example, Bartonella hensalae has been shown
to promote angiogenic lesions as a result of the production of IL-8
by monocytes and endothelial cells (McCord et al., 2006). Inter-
estingly enough, B. hensalae has also been shown to induce vas-
cular endothelial growth factor (VEGF), one of the main con-
tributors to tumor angiogenesis, in carcinomas (Kempf et al., 2001;
Kirby, 2004). Furthermore, bacterial lipopolysaccharides have also
shown the capability of inducing angiogenesis along with their
potential in metastatic growth of tumors (see Fig. 4) (Harmey
et al., 2002; Pollet et al., 2003).

4.3. Abscopal effects

Bacteria are also quick adapters to any type of stress but what
truly makes them interesting is that their response is not localized.
They have global regulatory networks that control the simulta-
neous expression of a large number of genes and the level of re-
sponse is proportional to the extent of the change (Ron, 2006).
This is not to claim that abscopal effects are completely controlled
by bacteria but it is difficult to find a research article showing the
body's immune system only responding to the unique cell markers
on CSCs and not to the potential unique cell markers or exogenous
gene expressions of the bacteria present in that tumor as well. The
most effective cancer treatments have actually always increased
expression of immune responses.

The whole concept of unique cell markers on the CSCs is fun-
damentally limited by whether or not there is a mutation that
results in a foreign protein or lipid that is produced and whether
or not it is noticeable by the immune system. It is also limited by
whether distal sites of metastasis will have these unique expres-
sions as well. The most fundamental limit to this theory is



Fig. 4. The figure above depicts microbial influences in the development of hypoxia on the left and angiogenesis on the right.
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assuming that these “unique” cell differentiation markers are not
expressed by the normal stem cell populations, which they often
are. The immune system will probably be able to notice the
daughter cells of CSCs and be able to control the tumors growth
but the CSCs don’t express unique cell markers induced by tran-
scription errors in large quantities. They are not usually easily
recognized as foreign cells and targeted by the host immune sys-
tem rapidly. Many CSCs express the same markers as embryonic
and tissue stem cells but in different amounts so it makes perfect
sense that the body would not recognize them as foreign. Tumors
are not homogeneous either so it is rather difficult to assess how
irradiating one tumor could reduce the growth of tumors in other
regions of the body based on immune response to the same cell
differentiation marker transcription errors.

There is a greater probability that the immune system would
send antibodies systemically after perceiving an infection. Some of
these processes may take time but utilizing a bacterium that the
body has already been exposed to and can therefore target within
a couple of days would drastically enhance the ability for the
immune system to target the cancer. There will probably be an
even greater probability that a combined immune response to a
bacterial infection and the foreign proteins in cancer would induce
a strong systemic immune response, increasing the treatments
effectiveness. This increased immune response from multiple
Fig. 5. The figure above depicts how it could be the host’s immune resp
agents can be seen in how successful the Diphtheria, Tetanus, and
acellular Pertussis (DTAP) vaccine, has become at immunizing
against these microbes or the illnesses they produce.

It may be that the immune system is targeting the apparent
“bacterial infection” that is a component of the microenvironment
of the tumor, thus inducing an abscopal reaction systematically
(see Fig. 5). Bacteria are mutated by ionizing radiation and free
radicals faster and more readily than mammalian cells so it is
questionable why these considerations have not had more pro-
minence. Commensal or opportunistic bacteria could be easily
mutated, or create a localized infection to the point at which the
immune system would consider them a foreign identity.

Many bacteria are usually opportunistic so when tumors begin
growing there is a marked change in the microenvironment that
may allow only certain strains to preferentially proliferate. The
reverse may also be true. There is no indication that the tumor has
to occur first and that it is not the pre-existing imbalance of cer-
tain strains of bacteria that are contributing to tumor growth. This
was exactly what Virchow was first postulating and seeing in his
studies (Chang and Parsonnet, 2010). He noticed that there was
indeed chronic irritation stimulating cancer cells to grow (Chang
and Parsonnet, 2010). He came to this after seeing the in-
flammatory reaction in schistosome-related bladder cancers
(Chang and Parsonnet, 2010). He thus believed that it was the
onse to pathogens in the tumor that contribute to abscopal effects.
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inflammatory process characterized by the host’s immune re-
sponse to infection rather than by the infecting organism itself
(Chang and Parsonnet, 2010).The immune system is a very com-
plex system so the authors find it intriguing to discern whether
the immune system perceives the bacteria of the tumor as an in-
fection and begins releasing antibodies and cytokines to help limit
and control the outgrowth. The only item required for this reaction
is some of the lipopolysaccharides of the bacteria that died from
treatment with harsh antibiotics or chemotherapeutics to be
noticed.

4.4. Therapy

There are two other studies that when combined suggest that
there is a direct correlation between bacteria and radiation-in-
duced damage in mammalian cells (Bleehen et al., 1974; Jørgensen,
1972). In the first paper by Jorgensen in 1971 a time dose re-
lationship in combined bleomycin (BLM, a radiomimetic and
radioprotectant at small doses) treatment and radiotherapy was
assessed. In the study it was seen that the inhibition of tumor
growth obtained by the combined treatment given simultaneously
was higher than by BLM treatment alone. The biological effects of
the treatment were assessed to be similar to radiotherapy and a
synergistic effect was expected (Jørgensen, 1972). An additional
interesting feature was that intermittent treatment with BLM in-
creased the reduction of tumor growth at a rate faster than the
combined treatment.

However, these results were not what Bleehen found in 1974.
Bleehen observed that the mammalian cells had no potentiation
effect induced by the combination of BLM and radiation therapy in
clinical practice (Bleehen et al., 1974). Bleehen was on to some-
thing in his experiment but did not appear to note it. In every case,
the number of bacteria was affected by BLM. BLM also had a sig-
nificant effect on the survival of E. Coli B/r strains, especially when
given BLM after irradiation. What is interesting about this study is
that the mammalian cells (EMT6/M/CC) were not affected by the
presence of BLM before, during, or after irradiation (Bleehen et al.,
1974). As such, there was no significant statistical change in cell
survival.

What Jorgensen and Bleehen found, creates a very important
question that needs to be analyzed further in depth. How does a
drug that is considered radiomimetic have any radioprotective
properties when it does not appear to have any effect on mam-
malian cell death or survival independently but seems to rather
significant effect on bacteria? This also makes the authors curious
to whether compounds that produce certain reactions in bacteria
can be used to increase the effectiveness of cancer therapeutics
used today. One of the most interesting proofs of this concept is a
paper written by Noriho Iida in 2013 (Iida et al., 2013). What Iida
found is that in antibiotics-treated or germ-free mice, tumor-in-
filtrating myeloid-derived cells responded poorly to CpG-oligo-
nucleotide immunotherapy and platinum chemotherapy, resulting
in lower cytokine production/tumor necrosis and deficient pro-
duction of ROS/cytotoxicity, respectively.

This paper significantly shows the apparent effects bacteria
have on anti-cancer treatments and what this could mean for
normal tissues. If bacteria control the efficacy of a treatment then
it would seem reasonable that the treatments affect the bacterial
population in such a way that they are stressed. With bacterial
stress comes bacterial ROS production and bacterial death fol-
lowed by immune responses, thus creating a highly localized in-
flammatory region where there is higher host cell death. If mi-
crobes have the ability to increase cell death then efforts should be
placed into inducing stress in the bacterial strains associated with
the tumor microenvironment during treatment as well. It should
also be assessed to what type of stress the treatment is inducing in
the bacteria or what their responses actually are.
In another study by Viaud in 2013, cyclophosphamide was

studied because it is one of several clinically important cancer
drugs whose therapeutic efficacy is due in part to its ability to
stimulate antitumor immune responses (Viaud et al., 2013). What
they found is that when cyclophosphamide was given to germ-free
mice or mice that were treated with antibiotics to kill gram-po-
sitive bacteria, their tumors were resistant to cyclophosphamide.
This was because they realized that it was actually bacteria sti-
mulating the generation of a specific subset of “pathogenic” T
helper (pTH17) cells and memory TH1 immune response (Viaud
et al., 2013). Viaud correctly noted that the gut microbiome
modulates the chemotherapeutic treatment but what he did not
fully consider was that the bacteria of the gut are also routinely
found in the microenvironment of the tumor as well. Another
influence not considered is that the chemotherapeutic used, cy-
clophosphamide, has been associated with the translocation of E.
coli to non-intestinal regions of the body such as the liver and
blood (Nakayama et al., 1997). These results have also been cor-
roborated by other chemotherapeutics and various other bacteria
as well (Berg, 1983).

Cyclophosphamide has also been extremely useful in under-
standing what is truly killing the tumor. This is because of a study
done by John Hilton in 1984, which found that cyclophosphamide-
resistant L1210 have abnormally high aldehyde dehydrogenase
activity (Hilton, 1984). This would mean that it is not just ROS, but
the downstream reactants such as aldehydes that play a major role
in carcinogenesis and tumor killing. As mentioned previously,
many of the CSCs and most importantly those that are invasive
actually show significantly increased aldehyde dehydrogenase
expression (Charafe-Jauffret et al., 2010; Chen et al., 2009b;
Landen et al., 2010; Marcato et al., 2011a).

Most chemotherapeutics are primarily microbial antibiotics
that were assumed to have the similar effects on mammalian cells
due to their toxicity. However, why does utilizing antibiotics be-
forehand or performing the treatment in a germ-free animal cause
the treatments to be less effective if they are presumed to have the
same effects? What could bacteria be doing in that environment
that causes this variance from norm? One possibility is that it is
the immune response to the dead bacteria. Another possibility is
precisely what Dwyer hints at in his paper using antibiotics that
directly induce the production of ROS (Dwyer et al., 2009). Dwyer
wanted to know the role of ROS in antibiotic action and resistance
so that new antibiotics for antibiotic resistant bacteria could be
made that rely on these mechanisms. The first drug that he
mentions is the widely used fluoroquinolone antibiotic, nor-
floxacin, which contributes to bacterial cell death via DNA gyrase
inhibition. This inhibition then results in the breakdown of iron
regulatory dynamics, which in the Fenton reaction is used to re-
move free radicals, and as a result there was an increase in the
production of ROS (Dwyer et al., 2009).

There was a very interesting study performed by Choi in 2006,
where Lactobacillus acidophilus 606 and Lactobacillus casei (ATCC
393) exhibited profound inhibitory effects on all of their tested cell
lines (Choi et al., 2006). The soluble polysaccharides were actually
able to inhibit Human Esophageal Fibroblasts (hEF) growth by 20%.
The authors came to the conclusion that the soluble poly-
saccharide may constitute a novel anticancer agent, which man-
ifests a high degree of selectivity for human cancer, as well as an
antioxidant agent in cells (Choi et al., 2006). The polysaccharide
acted as a rather potent antioxidant, which seems to have created
a situation in which it shouldn’t have according to Watson in 2013
(Watson, 2013). Watson stated that antioxidants cause cancer,
interferes with its treatments (which would make sense since
many of the treatments induce higher concentrations of ROS), and
that antioxidants actually promote the growth of late stage
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metastatic cancer (Watson, 2013). However, it could actually be
the fact that some antioxidants such as vitamin C will act as pro-
oxidants as well, depending on their environment (Casciari et al.,
2001; Riordan et al., 1995). If that is the case than bacteria could be
the key delivery method to producing lipopolysaccharides in the
body that will both act as an antioxidant in healthy tissues while
acting as a pro-oxidant in neoplasms.

4.5. Bacterial influence on progression, invasion, and metastasis

There are two complex features of CSCs, where the full me-
chanism is hard to determine. The first is Matrix Metalloprotease
(MMPs) production and the second is the niches that CTCs choose
for deposition and recurrence/progression. It is suggested that
bacteria may be able to provide some insight into both of these if
their interactions, needs, and effects are studied further. MMPs are
believed to be the main contributor to the invasiveness of certain
cancers by giving it the ability to degrade the tissues surrounding
it (Duffy et al., 2000; Xiaofeng et al., 2013). MMPs are expressed
due to the presence of mouse double minute 2 (MDM2) which
have been repeatedly found to slow the proliferation of the many
cancers when inhibited (Coll-Mulet et al., 2006; Gu et al., 2008;
Kojima et al., 2006; Kojima et al., 2005; Shi et al., 2014; Tabe et al.,
2009; Tovar et al., 2006; Vassilev et al., 2004; Watanabe et al.,
1994; Watanabe et al., 1996; Xiaofeng et al., 2013). One such study
that provides a little light is one performed by Hiroshi Maeda in
1998 that described how bacterial infections induce human MMP
activation by insults involving proteases and free radicals (Maeda
et al., 1998). In other words, it could mean that the bacteria within
the microenvironment could be contributing to CSCs production of
MMPs, promoting invasiveness. This is corroborated by another
study, performed by Weibel, that found that once E. coli entered
the tumor, it altered the tumor microenvironment in murine
breast tumors by vascular remodeling, focal concentration of tu-
mor associated macrophages, and focal expression of MMP-9 and
TNF-α around bacterial colonies (Leschner et al., 2009; Weibel
et al., 2008). As such, there is also evidence of metastasis and in-
vasion because of the previously mentioned microbial inducement
of HIF-1α (Jing et al., 2012).

Another study was performed by Beuth in 1993, where they
found that the mediators for adhesion of both CTCs and bacteria
were lectins, which could explain why some CSCs are selective for
Fig. 6. The figure above shows how bacteria influence discohesion of tumor cells, travel
certain tissues while others are not (Beuth et al., 1993). The fact
that so many CTCs are produced while only a small fraction are
able to metastasize, all being in specific niches, leads to the sug-
gestion that there is something unique going on that is not being
considered (Cristofanilli et al., 2004; Jones and Wagers, 2008). This
is why this review suggests that bacteria potentially contribute to
where the CTCs metastasize (see Fig. 6). This reasoning comes
from looking at how the metastasis of melanoma to the lung fol-
lows the same path as the pathogenic bacteria of the skin, Sta-
phylococcus aureus, spreading to the breast and causing infection
(Behari et al., 2004; Daum, 2007; Gutierrez, 2005; Lewis et al.,
1978).

Breast cancer metastasizes to the bone and some of the com-
mon bacteria of osteomyelitis are Salmonella, Streptococcus, and
Staphylococcus, which will also produce an infection in the breast
(Ciampolini and Harding, 2000; Gutierrez, 2005; Lew and Wald-
vogel, 2004; Lewis et al., 1978). There is also evidence that breast
metastasis could be coming from malignant melanoma in the nose
which makes S. aureus and many others, once more, viable culprits
(Tanaka et al., 2012). Following this logic it may be rather easy to
associate certain cancers with the bacteria that follow the same
patterns of niche colonization.

If a mechanism of how bacteria can increase CTC niche
choosing is required than the paper by Swanson and his colleagues
is an excellent source. It has been previously shown by Swanson
and his colleagues that enteric commensal microbiota of the hu-
man host influenced the maturation and repair of epithelial linings
by generating ROS, which induces oxidation of target cysteines in
the redox-sensitive tyrosine phosphatases, resulting in increased
phosphorylation of Focal Adhesion Kinase (FAK) substrate proteins
(Swanson et al., 2011). This shows that focal adhesion formation
and cell migration are all significantly enhanced by bacterial
contact (Swanson et al., 2011). What is known for sure is that
bacteria have high affinity for the bone and are exponentially
harder to treat once they are there, just like many cancers that
metastasize to the bone are. This similarity in tissue preference is
why there may be a plausible and casual association between
which bacteria induced or inhabit the neoplasm and where the
CTCs are capable spreading. It would make sense that the re-
ceptors that bacteria utilize to attach to the tissues are the same
receptors that the CSCs would attach to during metastasis. Con-
sidering the autophagic/phagocytic nature of the of the CTCs/CSCs,
with the CTCs in the blood, and metastasize with the CTCs to other regions of body.
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as previously mentioned, this process could then lead to cell fusion
and transdifferentiation resulting in the secondary tumors.

Another proof of this concept can be found in a study, as pre-
viously mentioned, by Yu et al. in 2004 (Yu et al., 2004). This study
was particularly interesting in their tests of bacterial circulation
within the blood. What they found was that all of the luminescent
bacteria in the blood within a normal rat would be removed by the
immune system within 48 h. However, once they injected them
into a rat with a tumor; the tumor was the only environment in
which they could inhabit. When the researchers placed another
tumor in the rat, the light-emitting bacteria were unable to colo-
nize the other tumor. This is interesting because when they used a
cancer that they knew would metastasize the bacteria were found
in all new tumors that developed (Yu et al., 2004). This means the
bacteria were traveling along with the CTCs (see Fig. 6).

4.6. Lateral gene transfer (genetic effects)

So far all this review has talked about is the reactions induced
by ROS, RNOS, and aldehydes while ignoring genetic effects. The
only problem associated with genetics is that we have been
evolving for hundreds of thousands of years and yet as soon as
cancer rates increase we jump to the conclusion that it is genetic.
This is erroneous because it ignores all of the other contributors
and only looks at vertical gene transfer for answers. Many of the
genes we express are due to our environment (Hunter, 2005). Even
genetic mutations induced by the environment, such as from the
radiation that atomic bomb survivors were exposed to, appear to
have little influence on the offspring (Nakamura, 2006; Neel et al.,
1990). Vertical gene transfer would not change significantly en-
ough to allow for a predicted increase in global cancer rates by 50%
from 2003 to 2020 (Rassool, 2003). However, bacteria and viruses
would have the ability to change our genetics within two decade
by inserting or producing DNA or RNA that are taken up via lateral
gene transfer. Lateral gene transfer is the transmission of genetic
material by means other than direct vertical transmission from
progenitors to their offspring (Riley et al., 2013).

Viral DNA is most known to integrate in the human genome,
but David Riley went on in 2013 to examine the integration of
bacterial DNA in human cells. What he found is that there is evi-
dence for bacterial DNA in the somatic genome with the highest
concentration of bacterial DNA actually being found more fre-
quently in tumors (Riley et al., 2013). They were also found more
frequently in RNA than DNA samples and in the mitochondrial
genome rather than nuclear genome. What was most interesting is
that hundreds of thousands of paired sequence reads support the
random integration of Acinetobacter-like DNA into the mitochon-
drial genome of acute myeloid leukemia samples (Riley et al.,
2013). There was numerous stomach adenocarcinoma samples
supporting the integration of Pseudomonas-like DNA in the 5′-UTR
and 3′-UTR of the four proto-oncogenes that are up-regulated in
their transcription, which were consistent with conversion to an
oncogene (Riley et al., 2013).

The mitochondria are not the only issues and it is clear by other
studies that the bacterial RNA will be transcribed and taken into
the nuclear genome as well (Lebkowski et al., 1984; Robinson et al.,
2013). There has been significant evidence that bacteria can adapt
to the blood cells and try to live with and within mammalian cells
(Domingue and Schlegel, 1977; Tedeschi and Amici, 1972; Tedeschi
et al., 1976b; Tedeschi et al., 1978). This would make lateral-like
gene transfer occur even if the actual DNA is not within the nu-
cleus or mitochondria. The most interesting of these were those
performed by G.G. Tedeschi, who found that there was not only
cell wall deficient (CWD) forms of gram positive cocci in human
subjects, but in the fetal blood drawn at birth as well, and that it
could be bacteria as common as Staphylococcus epidermidis
(Tedeschi and Amici, 1972; Tedeschi et al., 1976a; Tedeschi et al.,
1976b). Continuing with this concept, there was also significant
evidence presented by Nikkari and colleagues in 2001 which used
real-time PCR with primers and a probe for conserved regions of
the bacterial 16 S ribosomal DNA (rDNA) which revealed a sig-
nificant amount of this rDNA in the blood samples of healthy in-
dividuals (Nikkari et al., 2001). There was also significantly more
rDNA in the blood samples than there were in the matched re-
agent controls (Nikkari et al., 2001).

Bacteria and viruses may have the ability to affect the genetics
of mammalian cells and cause cancer but another possible effect of
lateral gene transfer is disruption of the diversity of bacteria due to
bacteriophages (Ventura et al., 2011). When the bacteriophages
lyse bacteria, they significantly influence global biological cycles,
which could contribute to adverse diversity (Thingstad and Lignell,
1997). Having bacterial populations that are not only competing
with bacteria but with phages or bacteria that have acquired an
advantage due to lateral gene transfer could drastically affect the
biodiversity of the gut ecosystem. This is why diversity can go both
ways, good or bad. The most important thing is the ratio of good
bacteria that are helping the host to those that are not.

Another aspect of DNA that is completely ignored is what
happens to the bacterial nucleotides that are damaged by oxida-
tive stress such as 8-oxoguanine. If these are taken up by the host
cell it can lead to potential problems based on kinetics and con-
centration (Macpherson et al., 2005). It is the stability of these
modified nucleotides that makes them more often favored than
the normal ones. This is especially true if there are not enough
antioxidants such as vitamin C in the blood to compensate for
reduced production of catalase, glutathione peroxidase, and su-
peroxide dismutase as found in Leukemia (Cooke et al., 2003). It
was found by Honda et al. that decreasing vitamin C intake from
250 mg/day to 5 mg/day led to a corresponding 50% increase in
sperm DNA levels of 8-OH-dG (Kim et al., 2004). This most likely
demonstrates that increases in antioxidants decreased the uptake
of oxidative DNA damage. Since this study examined the presence
of oxidative DNA damage in semen then it is also plausible that
this would correlate to increased genetic defects in offspring.
Therefore, increasing vitamin C levels should be a definite con-
sideration for all radiation workers or patients exposed to radia-
tion on a continual basis.
5. Microbial carcinogenesis

5.1. Examples of microbial carcinogenesis

When exposed to radiation it seems that bacteria thrive and as
a result some of the leading causes of death after exposure actually
end up being due to bacterial infections and not the radiation. This
is due, in part, to the fact that bacteria are opportunistic and if the
populations composing a microbiome are changed then this could
lead to an increase in pathogenic strains. Suppose that an in-
dividual has mycoplasma in their body but it is being controlled. If
that population of mycoplasma increases then the increased pro-
duction of mycoplasma p37 will be released, which will directly
inhibit the p53 of the cells nearby contributing to tumorigenesis
(Chang and Parsonnet, 2010).

In 1994, the International Agency for Research on Cancer was
overwhelmed with the accumulation data showing H. pylori’s
connection to stomach cancer. It has thus been linked to 60% of all
stomach cancers (Chang and Parsonnet, 2010). H. pylori cause in-
flammation by epithelial cell release of ROS, RNOS, and inter-
leukin-8 (IL-8). This could cause the production of various che-
mokines, which will also attract and activate neutrophils and
macrophages that will release ROS and RNOS. This could result in
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the activation of lymphocytes and the induction of Th1-pre-
dominant cellular immune responses that includes secretion of
pro-inflammatory cytokines such as interleukin-1 beta (IL-1β),
tumor necrosis factor alpha (TNF-α), and gamma interferon (Ga-
nesh et al., 2011; Mogensen, 2009). Interestingly, this mechanism
(Th1-predominant cellular immune responses) appears very si-
milar to what Viaud describes to be as the treatment efficacy be-
hind cyclophosphamide (Viaud et al., 2013).The interesting thing
about cancers produced by H. pylori in animal studies is that as
soon as the animals were treated with antibiotics the cancer went
away (Chang and Parsonnet, 2010). This was also true in Japanese
patients with early gastric cancer (Chang and Parsonnet, 2010).
This makes Viaud's treatment results even more explicative since
many chemotherapeutics, such as cyclophosphamide, are often
potent antibiotics as well (Peiris and Oppenheim, 1993). More
support comes from a study performed by Dove in 1997 which
showed germ-free mice developed half as many adenomas than
conventional controls which were a family of mice explicitly bred
to develop this type of cancer (Dove et al., 1997). This means that
even though an organism is genetically prone to cancer, if you
change the environment, then you can mitigate the predisposition
of the organism to that particular cancer. There have been further
studies that came to the same conclusion that germ-free mice that
were explicitly bred for a certain type of cancer, did not get it in
contrast to normal mice that were not germ-free (Chang and
Parsonnet, 2010).

Enterotoxins or exotoxins are also potential contributors to
carcinogenesis. One such example is that of Enterotoxigenic Bac-
teroides fragilis (ETBF), which produces a metalloprotease toxin
that will cause colitis and colonic tumors in just four weeks after
injection while mice infected with the non-toxin-producing Bac-
teroides fragilis do not develop any cancer in the colon (Wu et al.,
2009). Another example would include the Rho-activating cyto-
toxic necrotizing factor 1 (CNF1), which would also implicate the
toxin in cellular migration and invadopodia formation at the in-
vasive front of specific types of cancer (Jin et al., 2012; Sakurai-
Yageta et al., 2008; Travaglione et al., 2008). There have also been
bacterial toxins produced that induce DNA damage or have inter-
fered with cell signaling processes (Lax, 2007; Li et al., 2002; Nath
et al., 2010; Nougayrede et al., 2006; Schiavo and van der Goot,
2001; Seo et al., 2000). There is even evidence that lipopoly-
saccharides (endotoxins) produced by bacteria have the ability to
potentiate the effects of staphylococcal enterotoxins (Beno et al.,
2001; Stiles et al., 1993). However, enterotoxins are not necessarily
a bad thing, in fact it has been shown that an individuals' exposure
to these enterotoxins is actually linked to their resistance to colon
cancer (Pitari et al., 2003). This can either be linked to how the
toxins affect the tumor cells or hormesis by inducing small
amounts of damage to the cells that ultimately lead to the cells
activation of reparative mechanisms. In fact, this would be eerily
similar to the previously mentioned radiomimetic/radio-protec-
tant BLM which also shows antitumor/antimicrobial activities and
is produced by the bacterium Streptomyces verticullus (Du et al.,
2000).

Therefore, cancer prevention should begin to emphasize lim-
iting potential promoters and manipulating microbial homeostasis
to allow for stimulation or low dose exposure. Radiation is a po-
tential promoter as it decreases competition (allowing for locali-
zation of pathogenic colonies) and allows for overexposure to
enterotoxins. Another example is Phorbol 12-Myristate 13-Acetate
which causes inflammation but not necessarily cancer by itself
(DiGiovanni, 1992; Fürstenberger et al., 1981). However, when it is
combined with a sub-carcinogenic dose of an agent such as 7, 12-
dimethylbenz [a} anthracene, then cancer is more likely to follow
(DiGiovanni, 1992; Fürstenberger et al., 1981). If an individual has
certain strains of bacteria that act as promoters than the risk of
cancer induced by radiation or the environment would increase
the cancer rates. This also appears to be extremely relevant in
Japan where the men consume alcohol (promoter) while H. pylori
also acts as a promoter/inducer of cancer in the stomach. There-
fore, there could be a direct correlation to why stomach cancer is
so predominant in their culture.

5.2. Microbial theory of carcinogenesis

When the commensal bacteria are unable to modulate in-
flammation or when opportunistic pathogens are unhindered
from proliferation, then inflammatory signals such as cytokines
will propagate, causing the migration of the hematopoietic stem
cells, tissue stem cells, and other bone-marrow derived stem cells
in response to damage. They will respond to the signal to repair
the damage that is there. However, these cells do not know or
perhaps are overwhelmed by inflammatory signals to avoid the
area full of ROS. If these cells are damaged in such a way that they
can’t differentiate or are unable to receive the signals to fully
differentiate then it could explain how stem cells can be turned
into CSCs. In essence, this could potentially be the perfect en-
vironment for breeding a disease of differentiation, a disease of the
stem cells, a disease of the mitochondria, and “oncogeny as par-
tially blocked ontogeny” (Potter, 1978; Trosko, 2005). This is where
this review would like to modify Potter’s holistic and biologically-
based hypothesis that “The cancer problem is not merely a cell
problem, it is a problem of cell interaction [and homeostasis], not
only within tissues [and in microbiota], but also with distal cells
[and microbes] in other tissues” (Potter, 1978).

It seems unlikely that many of the CSCs have cell membranes
associated with differentiated cells or possess a lack of GJIC while
maintaining plasticity, simply by chance (Loewenstein and Kanno,
1966). There is an emphasis on hematopoietic stem cells because
they are very sensitive to ROS. ROS in these cells will cause det-
rimental effects to endogenous growth signals, cell survival, pro-
liferation, and differentiation along with the production of cyto-
kines (Yamaguchi and Kashiwakura, 2013). This is clearly shown
by Yamaguchi who irradiated mitochondrial dysfunctional
hematopoietic stem cells with X-rays and showed that there was a
significant increase in intracellular ROS, which inhibited their
ability to proliferate and differentiate (Yamaguchi and Ka-
shiwakura, 2013).

One hallmark of CSCs that is under appreciated in carcino-
genesis, is the absence of connexin gene expression which could
result in dysfunction of GJIC (Shao et al., 2003). GJIC is important
for differentiation, apoptosis, and even wound healing. GJIC are
also suppressed by ROS coming from the neutrophils (Nishida
et al., 2001). This is again a situation where the bacterial produc-
tion of ROS or the bacteria’s inability to modulate ROS can have an
effect on stem cell differentiation, thus promoting neoplasia.
6. Conclusion

The role of microbes in carcinogenesis is a very complex and
long neglected area of research. However, this review suggests that
this information is highly important if treatments for cancer or
even its prevention are to be more effective. This is especially true
since some cancer rates were expected to rise somewhere be-
tween 50% and 60% within 2003 and 2020 (Rassool, 2003). One
such example is pancreatic cancer that is the only one expected to
increase in Europe while other cancer rates decrease. As such,
studies have also found a convincing link between Porphyromonas
gingivalis and pancreatic cancer since high antibody levels for the
microbe correlated to a 2-fold increase in pancreatic cancer risk
(Farrell et al., 2012; Michaud et al., 2013). This could mean that



Fig. 7. Representation of how the environment can influence the microbial homeostasis, which influences many features of neoplasia.
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pathogenic bacteria could enter the blood just by forming an oral
cavity (Gendron et al., 2000).

Conversely, another study noted that high antibody levels for
some kinds of harmless commensal, oral bacteria where associated
with a 45% lower risk of pancreatic cancer (Michaud et al., 2013).
This is why broad spectrum antibiotics are not the answer, even
though they kill a broad range of bacteria, the ones that continue
to flourish are usually the opportunistic or pathogenic bacteria
along with fungi such as Candida albicans that will disrupt
homeostasis. This is why there is also strong evidence that even
though antibiotics will kill the H. pylori in the stomach, there may
actually be an increase of cancer in the throat due to disruption of
its microbial environment (Velicer et al., 2004). There is evidence
of this in breast tissue as well (Velicer et al., 2004). Instead of
producing damage all over the body we should focus on creating
an environment in which the bacteria could be injected into the
blood to prime an immune response against the tumors when
treatment is performed. As mentioned before we already know
what bacteria can be used to due to a study performed by Yu in
order to see cancer in-vivo using a light emitting bacteria (Yu et al.,
2004). There are also many other papers that have tabulated the
bacteria that are found in and can be used to target certain tumors
as well (Morrissey et al., 2010; Pawelek et al., 2003). This type of
treatment could also allow for booster shots to be used to activate
immune response against recurring tumors without the need for
surgery.

Bacteria seem to be able to contribute to not only CSC pro-
duction via degradation of the cell membrane and genetic defects
but also to the immune responses to treatments and cancer pro-
gression. They even appear to have the ability to promote human
MMP production for the degradation of tissues in the most in-
vasive cancers. This is why cancer studies involing microbes are so
important to radiotherapy and cancer prevention. This review
suggests bacteria along with other microbes, such as viruses and
fungi, contibute to a systemic view of carcinogenesis. Hormesis
and carcinogenesis are two sides of the same coin. If you increase
an individuals protection against carcinogens via hormesis than
you potentially also increase their protection against cancer. This is
why including the microbiome in all theories of carcinogenesis is
significant in that it can systematically addresses hormesis and
supplements almost every other paradigm of oncogenesis as well.

It is through a complete understanding of what can contribute
to cancer that will allow us to prevent or reduce the rise in some
cancer rates, especially until effective treatments are found. There
is much potential in utilizing bacterial homeostasis for cancer
prevention, radioprotection, and as a possible means of cancer
therapeutics/diagnostics. It is time to consider the role of bacteria
along with other microbes in the human microbiome for their
ability to induce cancer, increase/decrease risks of cancer, mod-
ulate inflammation, and increase immune response to treatment
(see Fig. 7). It is therefore suggested that controlling the micro-
biota has the greatest potential of increasing well-being and can-
cer prevention.
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