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Abstract: Radiotherapy has played a major role in both the curative and palliative treatment of cancer
patients for decades. However, its toxic effect to the surrounding normal healthy tissue remains a
major drawback. In cases of intra-abdominal and/or pelvic malignancy, healthy bowel is inevitably
included in the radiation field, causing undesirable consequences that subsequently manifest
as radiation-induced bowel injury, which is associated with significant morbidity and mortality.
The pathophysiology of radiation-induced bowel injury is poorly understood, although we now know
that it derives from a complex interplay of epithelial injury and alterations in the enteric immune,
nervous, and vascular systems in genetically predisposed individuals. Furthermore, evidence
supporting a pivotal role for the gut microbiota in the development of radiation-induced bowel injury
has been growing. In this review, we aim to appraise our current understanding of radiation-induced
bowel injury and the role of the microbiome in its pathogenesis as well as prevention and treatment.
Greater understanding of the relationship between the disease mechanism of radiation-induced
bowel injury and gut microbiome might shed light on potential future prevention and treatment
strategies through the modification of a patient’s gut microbiome.

Keywords: radiation-induced bowel injury; radiation enteritis; radiation enteropathy;
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1. Introduction

Cancer has been the disease of this century, with significant increases in both incidence
and prevalence. The current worldwide estimate of new cases of cancer is 14 million annually,
which is expected to rise above 23 million by 2030 [1]. Radiotherapy has been a vital part of the
therapeutic armamentarium for both the curative and palliative management of cancer patients over
the last few decades. Despite advances in radiation physics and technology, collateral damage to the
surrounding healthy tissue remains a major complication of radiation therapy.

In the United Kingdom (U.K.), there were almost 350,000 new cases of cancer in 2015. More than
36% originated from organs within the abdomen, retroperitoneum, or pelvis, and it is estimated that
approximately 35,000 patients underwent radiotherapy directed to their abdominopelvic region [2].
The radiation field for abdominopelvic cancers inevitably includes relatively significant parts of
healthy intestine, which is an organ that is particularly susceptible to radiation toxicity, causing both
acute and chronic injury to the intestine manifesting as radiation-induced bowel injury.

Despite increased awareness of the significant morbidity and mortality associated with
radiation-induced bowel injury, our understanding of its pathophysiology and consequently the
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treatment options remain suboptimal [3]. It is becoming increasingly clear that radiation-induced
bowel injury derives from a complex interplay of epithelial injury, and alterations in the enteric immune,
nervous, and vascular systems. A genetic predisposition of individuals to radiosensitivity has also
been implicated in the disease process [4]. Furthermore, supported by a recent advance in technology
such as next generation sequencing with 16S rRNA gene amplicon analysis, there is emerging evidence
implicating the microbiome in the pathogenesis of radiation-induced bowel injury. The latest evidence
also suggests that the influence of environmental factors on the microbiome is much greater than an
individual’s genetic background [5,6]. From this key evidence, it can be proposed that manipulating
the microbiome by changing environmental factors may offer potential therapeutic benefits.

As cancer survival rates improve, a trend that is expected to continue, more people than ever are
living longer having received cancer therapies. As approximately 50% of current cancer survivors
received radiotherapy for cancers arising within the abdominopelvic cavity, there will be a significant
increase in the global burden of radiation-induced bowel injury in the future [7]. Therefore, a better
understanding of the disease mechanism underlying this debilitating yet relatively discounted disorder
is urgently needed in order to improve patient care as well as develop preventative treatment.
In this review, we will provide an overview of our current understanding of radiation-induced
bowel injury and how the gut microbiome may play a pivotal role in the development, prevention,
and treatment of this disease.

2. Clinical Significance of Radiation-Induced Bowel Injury

Due to the lack of consensus about diagnostic criteria and an under-reporting of symptoms
by patients, the true incidence of radiation-induced bowel injury is unknown. However, it is said
that up to 90% of patients experience gastrointestinal symptoms in the first few weeks after receiving
radiation to their abdominopelvic region [3,7,8]. There is also evidence to suggest that radiooncological
inpatients have high incidence of Clostridium difficile infection with high mortality [9]. Although there
are discrepancies between the figures in the literature, up to 90% of patients go on to experience some
form of permanent change in their bowel habit, and at least 50% of patients report that their chronic
gastrointestinal symptoms significantly affect their quality of life [3,10–12] (Figure 1). Yet, how many
long-term gastrointestinal symptoms are truly due to progressive damage to the bowel caused
by radiation is difficult to determine. Many studies do not exclude conditions such as infection,
small bowel bacterial overgrowth, and bile acid malabsorption (which is common after abdominopelvic
radiation exposure), nor take account of confounding factors such as medications and co-morbidities
that could potentially cause patents’ gastrointestinal symptoms. Nevertheless, a number of studies
suggest that 3–10% of patients who undergo abdominopelvic radiotherapy develop a severe form of
radiation-induced bowel injury with evidence of dysmotility, strictures, fibrosis, and fistulae [3,13–15].
One-third of these patients with severe radiation-induced bowel injury will require surgery that is
associated with a direct mortality rate of 10–22% [14,16,17] (Figure 1).
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Typical symptoms of radiation-induced bowel injury include diarrhea, abdominal pain, bloating,
urgency, flatulence, fecal incontinence, bleeding per rectum, and weight loss. “Acute” symptoms
occur within three months of the commencement of radiotherapy and usually resolve within
three months. However, some authors argue otherwise, and exactly how many of this heterogeneous
cohort of patients, with various cancer types, radiotherapy regimes, and symptoms become
symptom-free and how many continue to have symptoms beyond three months is unclear [18].
Symptoms that start more than three months after radiotherapy are regarded as “chronic” in
clinical settings, and although they typically manifest between six months to three years after
initial radiotherapy, a latency period up to 20 years is not unusual. Manifestations of chronic
radiation-induced bowel injury include strictures and bowel obstruction, perforation, fistulae, and
abscess formation and malabsorption.

It has been reported that the degree of tissue damage correlates with the intensity of the radiation
dose, dosing schedule, mode of radiation delivery and the volume of bowel contained in the radiation
field [19]. Other risk factors include the concurrent use of chemotherapy, pre-existing inflammatory
bowel disease, and other co-morbidities (such as vascular disease and HIV), as well as predisposing
genetic factors [19,20].

3. Pathophysiology of Radiation-Induced Bowel Injury

3.1. Cellular Effect of Radiation

Ionising radiation carries enough energy to release electrons from atoms or molecules that are
then capable of cell damage and death by several mechanisms. Detailed review articles of the effect of
radiation on the biology of cells have been written by Riley [21] and Azzam [22].

Briefly, the energy carried by radiation emissions can physically disrupt DNA structures, leading
to single and double-strand breaks, and sugar or base damage [23]. Direct DNA damage caused by
ionising radiation occurs in clusters within the DNA structure (which is more resistant to a cell’s own
DNA repair mechanism) [24].

Secondly, ionizing radiation causes the radiolysis of water (70% of a cell’s makeup) and
stimulates nitrogen oxide synthetase to produce reactive oxygen species (ROS) and reactive nitrogen
species (NOS), respectively. Radiation also causes electron leakage from mitochondria, the power house
of the cell producing ATP by aerobic respiration, which leads to the production of a powerful ROS,
superoxide [25]. ROS and NOS are normally produced by cells and have important biological functions
such as ROS production in defense against microbes. Overall, the toxic effects of these molecules
include DNA/RNA damage as well as amino acid oxidation and lipid peroxidation, resulting in
nucleic acid damage, mutation, and protein and lipid disruption within the cell [26,27].

The above events result in the disruption of the cell homeostasis, the activation of
pro-inflammatory signaling pathways, notably via NF-κB, cell cycle arrest and cell death by apoptosis
(by activation of p53), or necrosis.

3.2. Radiation-Induced Acute Bowel Injury

Generally speaking, radiosensitive cells are undifferentiated, rapidly dividing, well-nourished,
and have high metabolic activity [28,29]. In both small and large bowel, undifferentiated intestinal
stem cells are located within the crypts of the mucosal surface. Stem cells migrate upwards to
the tips of villi, and upon doing so differentiate into dedicated epithelial cells, such as enterocytes,
goblet cells, and enteroendocrine cells, before undergoing apoptosis and being shed. During this
maturation process, particularly at the transitional amplifying stage, cells proliferate rapidly dividing
every 12–18 h, providing a pool of progenitors, before fully committing to the final epithelial cell
lineage [30]. Epithelial cells in the small intestinal and colonic villi are reported to have turnover rates
of 1.5 days and 4.2 days, respectively, making them the most rapidly proliferating fixed tissue cells



Nutrients 2018, 10, 1405 4 of 16

in the entire body [31]. The high proliferative rate of intestinal epithelial cells, particularly intestinal
stem cells, makes the bowel one of the most susceptible organs to radiation injury.

Although stem cells and the epithelial cells of the villi are the most radiosensitive, the intestine
as an organ is comprised of many different cell types, including enteric immune, vascular,
and nervous systems, which are all affected by irradiation to various degrees. The overall acute
consequence of radiation to the bowel is reduced tight junction integrity, the death of crypt
epithelial cells, as well as those higher up the villi, depending on the intensity of the radiation [32–34].
These effects can lead to the development of inflammation and breakdown in the mucosal barrier,
enabling an influx of luminal contents, particularly microorganisms, into the lamina propria,
triggering further inflammation and the recruitment of immune cells [35,36] (Figure 2). In addition,
endothelial cell damage resulting from radiotherapy has been shown to contribute to mucosal
inflammation [37]. Disruption in vascular architecture leads to microhemorrhage and cascades
of prothrombotic and pro-inflammatory events, causing further inflammation as well as vascular
occlusion and reduced blood supply to the site of mucosal injury [38]. An acute reversible alteration in
small intestine motility has also been shown in animal studies [39,40].
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Figure 2. Schematic representation of radiation-induced intestinal injury. (A): In healthy gut,
crypts are sterile with intact mucosa. Lgr5+ stem cells proliferate and cells migrate upwards
to provide differentiated epithelial cells of the villi. Bmi1+ stem cells located at the +4 position
remain quiescent. (B): In the acute phase of radiation-induced injury, there is loss of epithelial barrier
integrity, leading to an influx of antigenic material, including microorganisms into the lamina propria.
This induces inflammation orchestrated by macrophages, dendritic cells, and recruited neutrophils
from the circulation. Further inflammation is caused by endothelial cell damage and the release
of thrombin. Mitotically active Lgr5+ cells undergo apoptosis where as Bmi1+ cells at the +4 position are
resistant to radiation insult and acquire an Lgr5+ phenotype to act as a stem cell reservoir. (C): Despite
epithelial barrier restoration, during the chronic phase of injury, there is an increase in the TGF-β that
is secreted by macrophages and neutrophils, which promotes the differentiation of the fibroblast into
myofibroblast, leading to collagen deposition and fibrogenesis.

These acute effects of radiation occur immediately after the radiotherapy and become clinically
evident within days.

3.3. Epithelial Cell Recovery

The majority of acute symptoms subside within a few weeks of completion of radiotherapy as
the stem cells regenerate to reform the protective epithelial barrier. In fact, the entire crypt–villus
structure can be repaired in six to eight days, even if only a single stem cell survived radiotherapy [41].



Nutrients 2018, 10, 1405 5 of 16

Current evidence suggests that stem cells in the intestinal crypts are composed of cells of different
activity and possibly functional states [42,43]. Lgr5+ stem cells are mitotically active cells that divide
constantly and migrate up the villi, maturing into epithelial cells. These cells are highly sensitive to
radiation, which induces apoptosis [43,44]. Bmi1+ stem cells located at the +4 position of the crypt,
on the other hand, are quiescent and more radioresistant [43,45]. They are thought to act as a stem
cell reservoir within the intestine in the event of tissue damage resulting from infection, inflammation,
or radiation injury [41,46] (Figure 2). Furthermore, the evidence suggests that there is an increased
recruitment of mesenchymal stem cells to the intestinal epithelium following radiation injury [47].
This seems to promote and accelerate the structural integrity of the intestinal epithelium [48]. If the
entire stem cell population is lost within crypts over a larger surface area, then this leads to a prolonged
repair process and potentially results in intestinal failure. As radiotherapy usually involves multiple
sessions of radiation application, the recovery process is halted each time, with cumulative toxic effects
prolonging the inflammatory state and recovery duration.

3.4. Radiation-Induced Chronic Bowel Injury

An early histological examination of resected bowel specimens with chronic radiation-induced
lesions identified fibrosis, obliterating vasculitis, atrophy, or the degeneration of muscles fibers as
well as morphological changes in fibroblasts, endothelial, and epithelial cells as the characteristic
features of this pathology [49]. Although the restoration of the epithelial layer is thought to occur
within a few weeks of the completion of radiotherapy along with the cessation of symptoms,
the subclinical repair process of the intestine seems to last much longer with irreversible consequences
in some patients. An increase in the expression of TGF-β1 which is a potent profibrogenic cytokine,
is seen in epithelial cells, lamina propria, submucosa, subserosa, and smooth muscle cells soon
after radiation. Although expression returns to baseline in epithelial cells, it remains elevated in
fibroblasts in lamina propria, endothelial cells, and smooth muscle at week 26 post-irradiation [50].
The marked upregulation of collagen and both matrix metalloproteases (MMP) (fibrolytic) and the
tissue inhibitor of metalloproteinase (TIMP) (fibrogenic) were also found in human bowel resection
specimens with chronic radiation-induced injury [51]. The increase in MMP was proportional to the
extent of inflammatory cell infiltration, demonstrating a dynamic tissue repair process that continues
over a long period of time. An increase in the macrophage and neutrophil populations in the lamina
propria is thought to participate in the fibrosis of the intestine. The secretion of cytokines such as
TGF-β1 from macrophages and neutrophils drives fibroblast–myofibroblast and the deposition of the
extracellular matrix and fibrogenesis [52]. Thrombin, which is activated by vascular damage, plays a
central role in clotting formation, and also stimulates various cells, including leukocytes, fibroblasts,
endothelial cells, and smooth muscle cells, contributing to fibrogenesis and inflammation [38] (Figure 2).
Furthermore, a number of animal studies have reported the altered secretion of neurotransmitters
within the enteric nervous system and reduced motility [53,54]. One of the few studies with human
tissue samples showed a reduction in the degree of the vasoactive intestinal peptide (VIP) and
Substance P (SP) intestinal innervation in the specimens taken a few weeks to months following
abdominopelvic radiotherapy [55].

Overall, the chronic phase of enteropathy is characterized by chronic inflammation, fibrosis,
progressive occluding vasculitis, ischemia, and dysmotility. The relationship between acute and
delayed injury as well as the reasons behind the prolonged latency period of delayed injury in some
patients are still unclear.

4. Microbiome and Radiation-Induced Bowel Injury

4.1. Importance of Microbiome in Healthy Gut

Gut microbiota are a community of microorganisms that populate the luminal space and mucosal
surface of our gastrointestinal tract. The gut microbiome refers to the entire genetic material harbored
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by gut microbiota. However, the two terms are often used interchangeably. Each human carries up
to 1014 microbes, collectively weighing approximately 2 kg, or more than the weight of the brain.
The composition of microbiota is unique to an individual, but it is not fixed and can alter in response
to a number of factors such as changes in the environment, medication, and health. The vast
majority of the organisms that make up gut microbiota are bacteria; however, viruses, fungi, archaea,
and protists are also present. Colonization of the human gastrointestinal tract with microorganisms
starts immediately after birth, and is heavily influenced by the mode of delivery [56]. By the age of three,
the profile of microbiota of an individual becomes established and stays fairly stable throughout
the remainder of life [57,58]. A recent study by Rothschild et al. demonstrated that host genetics
play a minor role in determining the microbiota composition of the gut [5]. Very similar findings
were also previously reported for oral microbiota [6]. Rothschild et al. showed over 20% of the
interpersonal microbiota variability is associated with factors related to diet, drugs, and anthropometric
measurements. These studies provide evidence that it may be possible to alter the composition of an
individual’s microbiota through changes in their environment and diet.

To date, many different mechanisms have been reported through which the microbiome influences
our physiology and function. Microbiota are essential for digestion, the absorption of nutrients, and the
regulation of endocrine, neurological, and immune systems [59]. They degrade polysaccharides,
synthesize vitamins, and produce short-fatty chain acids such as butyric acid and propionic acid by
fermentation [60]. Short fatty chain acids provide a vital source of energy for cells such as colonic
epithelial cells and hepatocytes. Microbiota also play an important role in mucosal defense mechanisms.
They create a more hostile environment for pathogenic bacteria by competing for nutrients, and are also
essential to the development and optimal function of mucosal immune system defense mechanisms.
Studies with germ-free animals have demonstrated significant defects in the gut immune response
as well as reduced epithelial cell turnover [61]. Gut motility is also influenced and regulated by
microbiota [62,63]. The concept of the gut–brain axis, which consists of a bidirectional interaction
between gut microbiota and the peripheral and central nervous system affecting the behaviors and
sensations of the host, is now well established [64,65]. An extensive review on the interplay between
microbiota and human health and disease can be found in articles written by Clemente et al. [66] and
Lin and Zhang [67].

The most represented phyla of bacterial microbiota in the human adult gut are Firmicutes (38.8%)
and Bacteroidetes (27.8%), with Actinobacteria (8.2%) and Proteobacteria (2.1%) present in much
smaller portions [68,69]. In a “stable” state, both microbiota and the gut provide bidirectional
beneficial effects, creating a harmonious environment: a healthy gut. Dysbiosis is a term that is
used to describe the disturbance and imbalance of a harmonious composition of gut microbiota,
which can occur by events including a change in diet, enteric infections, the use of antibiotics,
or abdominal surgery, and could cause undesirable symptoms. Dysbiosis, particularly a reduced
biodiversity of microbiota, seems to be associated with several gastrointestinal diseases such as
inflammatory bowel disease, but more recently its connection with systemic conditions such as Type I
and II diabetes, autoimmune disorders, neurodegenerative diseases, obesity, and psychiatric episodes
have also been reported [70–74]. The biggest question still to be answered and proven in this field of
research is whether dysbiosis is a cause or an effect of these diseases.

More recently, there have also been studies showing an association between an individual’s
microbiome and response to cancer therapy [75,76]. In these studies, an association was
shown between patients with melanoma who had a greater diversity within their microbiome
at the pre-treatment stage and a longer progression free-survival following immunotherapy
(anti-PD1-therapy). Gopalakrishnan et al. also went on to show a significant positive correlation
between tumor-infiltrating anti-tumor CD8+ lymphocytes and the abundance of Faecalibacterium genus,
the Ruminococcaceae family and the Clostridiales order [75]. Also, a fecal microbiota transplant from
treatment responders to germ-free mice resulted in greater tumor-infiltrating CD8+ lymphocytes,
whereas fecal microbiota transplant from non-responders resulted in increased circulatory T-regulatory
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(Treg) lymphocytes and a blunted immune response. These findings suggest that dysbiosis could lead to
alteration in the host’s immune system and systemically influence responsiveness to cancer treatment.

4.2. Gut Microbiome of Patients with Cancer

A study by Nam et al. investigated the microbiota of nine patients with gynecological cancer
who underwent radiotherapy [77]. Their pre-radiotherapy microbiota were compared to that of six
healthy controls, and although the top nine most abundant bacterial phyla were the same between
cancer patients and healthy controls, the proportion of each phylum differed significantly between
the two groups. Actinobacteria were 30 times more abundant in cancer patients compared to
control individuals, whereas an abundance of Bacteroidetes, Fusobacteria, and Proteobacteria were
lower in cancer patients. A distinct microbiota profile was also found in tumor tissue and in the
nearby mucosa from patients with colorectal cancer in comparison to healthy controls [78]. The phylus
Fusobacteria and the genus Fusobacterium were much more abundant in the colorectal cancer tissue
with abundance of >7% compared to <0.5% in control samples. Euryarchaeota and Tenericutes were
also significantly increased in the cancer tissue. Alterations in the several genera of phylum Firmicutes
were seen in the cancer tissue, although the overall abundance of Firmicutes at the phylum level did
not change. These studies are conducted in very small cohorts, and larger studies are required to
confirm the findings. Whether a cancer-associated microbiota profile is a cause or an effect of the cancer
is yet to be determined. However, it is important to acknowledge that the microbiome of individuals
with cancer seems to differ from that of healthy individuals before they even receive bowel irradiation.

4.3. Effects of Radiation on Gut Microbiome and Incidence of Post-Radiation Diarrhea

Both animal and human studies suggest that irradiation results in significant changes in the gut
microbiota of organisms [77,79–83]. The four clinical studies that examined the microbiota of patients
with either gynecological or lower gastrointestinal tract cancers before and after radiotherapy all
concluded that significant alterations in the microbiota profile were observed by irradiation [77,81–83].
However, there were discrepancies regarding the nature of these alterations between studies.
Nam et al. showed that overall irradiation ameliorates interpersonal differences in microbiota profiles,
making them more uniform amongst individuals [77]. A study by Manichanh et al. with 10
patients with gynecological cancers evaluated their data further and focused on different patterns
of microbiota between patients who developed post-irradiation diarrhea and those who didn’t [81].
The authors found a difference in the microbiota profiles of the two cohorts in feces collected at the
pre-irradiation stage. Furthermore, patients who developed diarrhea following irradiation showed a
greater alteration in their microbiota profile compared to the patients who didn’t. In fact, the microbiota
profiles in patients who did not develop diarrhea and healthy controls both maintained 60% of their
bacterial composition during the period of radiotherapy. On the other hand, patients who developed
diarrhea only maintained 29% of the similarity of their bacteria composition at the end of radiotherapy.
Similarly, a study by Wang et al. of 11 patients with either gynecological or gastrointestinal cancers
showed a reduction in the diversity of microbiota composition by irradiation in both radiation-induced
diarrhea and non-diarrhea groups with a greater reduction in the diversity of microbiota composition
in the diarrhea group [83]. Although these studies provide vital evidence for a link between the
alterations in microbiota caused by radiotherapy and post-radiotherapy diarrhea, unfortunately
they do not shed light on the mechanistic relationship between microbiota and radiation-induced
bowel injury. They do not provide any objective evidence of bowel injury or inflammation in those
who developed post-irradiation diarrhea.

An intriguing study conducted by Gerassy-Vainberg et al. demonstrated a potential pathogenic
role of microbiota in radiation-induced alteration [84]. In this study, mice were exposed to localized
internal radiation to induce proctitis, which resulted in a significant shift in their microbiota.
This change was confined locally and correlated with tissue damage. The maximal microbiota change
was observed at six weeks post-irradiation. Human epithelial cells (HT29 cell line) demonstrated
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the upregulation of IL-1β when co-cultured with fecal bacterial suspension collected from mice
with radiation proctitis; in contrast, fecal bacteria from naïve control mice were unable to elevate
cytokine release. This observation was tested in vivo by the delivery of fecal bacterial suspension
from mice with radiation-induced proctitis or naïve control mice into germ-free mice by oral gavage,
which were then exposed to irradiation. Germ-free mice that received bacterial suspension from mice
with radiation proctitis showed greater bowel damage. The same results were found when germ-free
mice with bacterial suspension were challenged with dextran sodium sulphate (DSS), which is a
well-established compound to induce chemical colitis. These findings provide evidence for the first
time that dysbiosis caused by radiation increases the bowel’s susceptibility to injury and seems to have
a pathogenic role in driving radiation-induced bowel injury. Another study by Cui et al. showed that a
sex-matched fecal transplant from naïve mice to radiation-exposed mice improved intestinal injury
and survival, indicating that radiation-induced dysbiosis can be manipulated by fecal transplant to
deliver therapeutic effect [85].

4.4. Effects of Probiotics on Acute Radiation-Induced Bowel Injury

Probiotics are defined as live microorganisms that confer a health benefit on the host when
administered in adequate amounts [86]. Current evidence suggests that probiotics have a role in
the prevention of Clostridium difficile infection, severe necrotizing enterocolitis in pre-term infants,
and antibiotic-related diarrhea [87–89]. A beneficial effect of probiotics on post-radiotherapy
gastrointestinal symptoms was shown as early as in 1988 when a twice-daily dosing of fermented
milk containing >2 × 109 live Lactobacillus was shown to reduce post-radiotherapy diarrhea amongst
patients with gynecological cancers who received pelvic radiotherapy [90]. Studies investigating
the effect of probiotics in radiation-induced gastrointestinal symptoms are difficult to evaluate,
as they vary in the type of cancer patients recruited, radiotherapy modalities used, the presence
or absence of concomitant chemotherapy use, end-point assessment, and the types of bacteria that
are used as probiotics. Some have shown no benefit, whereas others have shown the significant
benefit of probiotics in preventing post-radiation diarrhea [90–92]. A meta-analysis conducted in 2017
compiling six such independent randomized control studies investigating the effect of probiotics on
post-radiotherapy diarrheal symptoms did conclude a beneficial effect with a significant reduction in
the incidence of diarrhea by oral dosing of probiotics [93]. The incidence of post-radiation diarrhea
was 175 out of 490 patients in the probiotic group compared to 246 out of 427 patients in control group
(relative risk: 0.55; 95% CI: 0.34–0.88; p = 0.01). Interestingly, there was no statistical improvement in
use of anti-diarrheal medications (relative risk: 0.68; 95% CI: 0.40–1.14; p = 0.14) or Bristol scale on stool
form (relative risk: 0.64; 95% CI: 0.35–1.17; p = 0.14). All of the studies included in the meta-analysis
examined the effect of probiotics on the prevention of diarrhea, and did not evaluate the difference
in the duration of diarrhea between the probiotics and control groups. The dose regimes in the six
studies varied from seven days prior to the radiotherapy to the day of the first dose of radiotherapy.
Although there were variations in the type of bacteria contained in the probiotics that were used in
the six studies, all of them contained Lactobacillus (two studies Lactobacillus, two studies Lactobacillus
and Bifidobacterium, one study Lactobacillus and Streptococcus, one study Lactobacillus, Bifidobacterium,
and Streptococcus). Although this is encouraging evidence, these human studies do not provide any
mechanistic details or objective evidence of the beneficial effect of probiotics on radiation-induced
bowel injury. Another study by Urbancsec et al. investigated the efficacy of a Lactobacillus-based
probiotic as a rescue therapy for mild to moderate radiotherapy-induced acute diarrhea [94]. This did
not show any significant benefit of the probiotic in reducing stool frequency.

4.5. Possible Mechanism of Intestinal Radioprotection Provided by Microbiome

An insight into the potential mechanistic effects of probiotics have been provided through
a number of animal studies. It has previously been shown that a reduction of endotoxin levels,
less severe histological bowel injury, and also attenuated Pseudomonas bacteremia could be induced
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by the administration of a Lactobacillus-based probiotic following exposure to radiation [95–98].
Another study in mice demonstrated reduced crypt cell apoptosis and greater crypt survival in
Lactobacillus rhamnosus-treated animals after irradiation, which was dependent on a Toll-like receptor 2
(TLR2) and myeloid differentiation primary response 88 (MyD88)-dependent signaling pathway and
caused the repositioning of cyclooxygenase-2 (COX2) expressing the mesenchymal stem cells from
the lamina propria of villi near the crypt [99]. To date, there have not been any studies examining the
effect of probiotics on the radiation-induced alteration in tight junction or mucosal permeability.

The possible way in which probiotics and the gut microbiome may prevent radiation-induced
injury could be through the activation of Toll-like receptors (TLRs). TLRs are a family of proteins that
are expressed by various immune cells such as macrophages, neutrophils, and dendritic cells, as well as
epithelial cells. TLRs recognize conserved molecular patterns on pathogens, and upon doing, so trigger
signaling pathways leading to cell proliferation, regulation of the cell cycle, and cytokine production,
thus playing an important role in innate immunity. A pre-irradiation injection of the compound
CBLB502 (Entolimod), a TLR5 ligand, has previously been shown to reduce the rate of apoptosis of
intestinal crypts cells as well as cells within lamina propria in mice and primates [100]. Another study
demonstrated that a pre-treatment with a TLR9 ligand in mice attenuated small bowel radiation injury
through an MyD88-dependent signaling pathway [101]. Natural TLR5 and TLR9 ligands, bacterial
flagellin and CpG (cytidine-phosphate-guanosine) DNA are typically found in bacteria and viruses,
respectively. On the other hand, the activation of TLR3 and possibly TLR4 appears to exacerbate
radiation injury to the bowel. Injection with TLR3 ligand Poly I:C, which is naturally found in viruses,
lead to aggravated gastrointestinal symptoms after whole body irradiation. TLR3-knockout mice also
demonstrated radioresistant properties by showing less apoptotic intestinal epithelial cells and also
a greater number of radiation surviving crypts. Another ex vivo study using intestinal organoids
from CCAAT/enhancer binding protein delta (C/EBPδ), a transcription factor with regulatory roles in
inflammation and cell proliferation, knockout mice showed pre-treatment with TLR4 antagonist C34
reduced radiation-induced cell damage and death [102].

The mechanism by which alteration in the gut microbiome affects radiation-induced bowel injury
is anticipated to be extremely complex, with dynamic changes in microbial communities interacting
with various components of enteric systems, rather than a consequence of a single compound.
Also, the above-mentioned in vivo studies with TLR ligands were performed with a systemic injection
of TLR agonists and whole-body irradiation or localized radiation to the head and neck region.
The number and composition of microbiota are different in the mouth and upper esophagus compared
to the small and large intestine. Also, whole-body irradiation has an impact on the systemic
immune system. Therefore, the radioprotective role of these compounds in radiation-induced bowel
injury might be secondary to their effect on the systemic immune system. It is not known whether a
similar result would be produced by the oral administration of TLR ligands and localized radiation to
the abdominopelvic region. Furthermore, despite extensive evidence supporting the vital role of the
microbiome in a healthy gut and emerging evidence supporting the radioprotective effect of bacterial
compounds, such as the TLR5 ligand, it is well established that germ-free mice are more resistant
to radiation-induced bowel injury than conventional mice colonized with microbiome [103,104].
Hence, it is speculated that a particular feature of some species of microbiota, at the right abundance,
may provide a protective function in response to radiation.

4.6. Effect of Radiation-Induced Dysbiosis and Probiotics on Chronic Radiation-Induced Bowel Injury

To date, there have not been any animal or clinical studies that explore the association between
radiation-induced dysbiosis and chronic radiation-induced bowel injury, nor any studies to investigate
the effect of probiotics in the prevention of chronic radiation-induced bowel injury.
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5. Conclusions

Increasing survival rates of cancer patients that have received abdominopelvic radiotherapy
treatment has resulted in a rapid increase in the cohort of patients suffering from chronic
radiation-induced bowel injury. Although recent studies have started to unravel the
pathogenic mechanisms, our bench-side knowledge is a long way from being able to offer effective
prevention or treatment. Current evidence suggests that the pathophysiology of acute and particularly
chronic radiation-induced bowel injury is caused by a dynamic interplay of change in gut microbiota,
epithelial cell damage and repair, endothelial injury and remodeling, fibrogenesis, alterations of the
enteric nervous system, as well as inflammatory response orchestrated by the innate and adaptive
immune system.

There is overwhelming evidence to show that the gut microbiome is significantly altered
by radiation. This is probably to be expected, given the heterogeneity of an individual’s
microbiota with varying degrees of radiosensitivity. There seems to be a specific pre-radiotherapy
microbiota profile that is associated with risk of developing post-radiotherapy diarrhea among
cancer patients. However, the highly individualized nature of each person’s microbiota profile,
a complex interplay between host and environmental factors, and the heterogeneity of studies
in this field make it almost impossible to currently conclude the microbiome profile that is
associated with post-radiotherapy diarrhea. If such a profile is established, it could potentially
be used as a predictive pre-therapy biomarker for post-radiotherapy acute diarrhea, and might
be useful in delivering personalized radiotherapy regimes. Current evidence also suggests an
association between the degree of change in microbiota caused by radiation and the likelihood of
developing post-radiotherapy diarrhea. The reasons why radiotherapy alters one person’s microbiome
more severely than another is still unknown. However, this seems to be an important factor
in post-radiation diarrhea. Recently, the pathogenic property of radiation-induced dysbiosis in
inducing bowel injury was shown for the first time in a mouse model, and has begun to shed
light on how changes in the microbiome can influence bowel injury. Furthermore, another study
showed a therapeutic effect of fecal transplant in improving radiation-induced bowel injury in mice.
A first-ever clinical trial to investigate the efficacy of microbiota transplantation in the treatment of
radiation-induced acute bowel injury is currently being conducted [105]. In this trial, patients who have
endoscopically proven radiation-induced bowel injury will receive a selective microbiota transplant
three times and be followed up for four weeks, at which point the efficacy will be assessed in
various modalities, including endoscopy.

There is modest evidence of a beneficial effect of Lactobacillus-based probiotics in the
prevention of radiation-induced acute diarrhea. Whether the use of probiotics ameliorates actual
tissue injury is unknown, as the end-points of all of the studies are based solely on symptoms.
Currently, probiotic use employs a trial and error approach of testing the effect of a particular strain
of bacteria or combinations of bacteria chosen from thousands of potential bacterial strains, and the
process is largely based on anecdotal evidence. If a mechanism through which bacterial strain(s)
prevent post-radiation gastrointestinal symptoms was elucidated, more focused standardized studies
could be conducted.

One area of research that is yet to be explored is a relationship between the gut microbiome
and the chronic form of radiation-induced bowel injury. To date, studies in both animals and
humans have all examined the link between the microbiome and acute diarrheal symptoms
caused by radiation. The pathogenesis of acute radiation-induced bowel injury is different from
chronic injury, and it is thought that the majority of these acute symptoms eventually subside to a
considerable extent. Chronic radiation-induced bowel injury, on the other hand, is a progressive
destructive disease, and patients who suffer from chronic radiation-induced bowel injury live
with troublesome symptoms and co-morbidities, potentially indefinitely, with limited available
therapeutic options. Evidence connecting the mechanistic role of the microbiome and systemic diseases,
response to treatment, as well as acute gastrointestinal symptoms of abdominopelvic radiotherapy are
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starting to emerge. The potential therapeutic effect of the microbiome is also being discussed widely.
Future research should examine the potential role of the microbiome in the prevention and treatment
of chronic radiation-induced bowel injury and its associated morbidity.

Author Contributions: All three authors contributed equally.

Funding: Tomoko Kumagai was funded by the Medical Research Council (MRC grant code MR/R001901/1).

Acknowledgments: Simone Nunziato kindly created the graphical illustrations (Figures 1 and 2).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Worldwide Cancer Statistics | Cancer Research UK. Available online: https://www.cancerresearchuk.org/
health-professional/cancer-statistics/worldwide-cancer#heading-Zero (accessed on 6 July 2018).

2. Cancer Statistics for the UK. | Cancer Research UK. Available online: http://www.cancerresearchuk.org/
cancer-info/cancerstats/ (accessed on 7 August 2018).

3. Andreyev, J. Gastrointestinal Complications of Pelvic Radiotherapy: Are They of Any Importance? Gut 2005,
54, 1051–1054. [CrossRef] [PubMed]

4. West, C.M.; Barnett, G.C. Genetics and Genomics of Radiotherapy Toxicity: Towards Prediction. Genome Med.
2011, 3, 52. [CrossRef] [PubMed]

5. Rothschild, D.; Weissbrod, O.; Barkan, E.; Kurilshikov, A.; Korem, T.; Zeevi, D.; Costea, P.I.; Godneva, A.;
Kalka, I.N.; Bar, N.; et al. Environment Dominates over Host Genetics in Shaping Human Gut Microbiota.
Nature 2018, 555, 210–215. [CrossRef] [PubMed]

6. Shaw, L.; Ribeiro, A.L.R.; Levine, A.P.; Pontikos, N.; Balloux, F.; Segal, A.W.; Roberts, A.P.; Smith, A.M.
The Human Salivary Microbiome Is Shaped by Shared Environment Rather than Genetics: Evidence from a
Large Family of Closely Related Individuals. MBio 2017, 8, e01237-17. [CrossRef] [PubMed]

7. Hauer-Jensen, M.; Denham, J.W.; Andreyev, H.J.N. Radiation Enteropathy-Pathogenesis, Treatment and
Prevention. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 470–479. [CrossRef] [PubMed]

8. Moussa, L.; Usunier, B.; Demarquay, C.; Benderitter, M.; Tamarat, R.; Semont, A.; Mathieu, N.
Bowel Radiation Injury: Complexity of the Pathophysiology and Promises of Cell and Tissue Engineering.
Cell Transplant. 2016, 25, 1723–1746. [CrossRef] [PubMed]

9. Hautmann, M.G.; Hipp, M.; Kölbl, O. Clostridium Difficile-Associated Diarrhea in Radiooncology:
An Underestimated Problem for the Feasibility of the Radiooncological Treatment? Radiat. Oncol. 2011, 6, 89.
[CrossRef] [PubMed]

10. Abayomi, J.; Kirwan, J.; Hackett, A. The Prevalence of Chronic Radiation Enteritis Following Radiotherapy
for Cervical or Endometrial Cancer and Its Impact on Quality of Life. Eur. J. Oncol. Nurs. 2009, 13, 262–267.
[CrossRef] [PubMed]

11. Gami, B.; Harrington, K.; Blake, P.; Dearnaley, D.; Tait, D.; Davies, J.; Norman, A.R.; Andreyev, H.J.N.
How Patients Manage Gastrointestinal Symptoms after Pelvic Radiotherapy. Aliment. Pharmacol. Ther. 2003,
18, 987–994. [CrossRef] [PubMed]

12. Andreyev, J. Gastrointestinal Symptoms after Pelvic Radiotherapy: A New Understanding to Improve
Management of Symptomatic Patients. Lancet Oncol. 2007, 8, 1007–1017. [CrossRef]

13. Denton, A.S.; Bond, S.J.; Matthews, S.; Bentzen, S.M.; Maher, E.J.; UK Link Gynaecology–Oncology Group.
National Audit of the Management and Outcome of Carcinoma of the Cervix Treated with Radiotherapy
in 1993. Clin. Oncol. 2000, 12, 347–353. [CrossRef]

14. DeCosse, J.J.; Rhodes, R.S.; Wentz, W.B.; Reagan, J.W.; Dworken, H.J.; Holden, W.D. The Natural History
and Management of Radiation Induced Injury of the Gastrointestinal Tract. Ann. Surg. 1969, 170, 369–384.
[CrossRef] [PubMed]

15. Verhaeghe, M.; Laurent, J.C.; Dupont, A.; Madelain, M.; Rohart, J. Surgical Treatment of Intestinal
Radio-Lesions. 53 Patients Operated, out of 171 Radio-Lesions among 7301 Irradiated (Author’s Transl).
J. Chir. (Paris) 1981, 118, 221–229.

16. Regimbeau, J.M.; Panis, Y.; Gouzi, J.L.; Fagniez, P.L. Operative and Long Term Results after Surgery for
Chronic Radiation Enteritis. Am. J. Surg. 2001, 182, 237–242. [CrossRef]

https://www.cancerresearchuk.org/health-professional/cancer-statistics/worldwide-cancer#heading-Zero
https://www.cancerresearchuk.org/health-professional/cancer-statistics/worldwide-cancer#heading-Zero
http://www.cancerresearchuk.org/cancer-info/cancerstats/
http://www.cancerresearchuk.org/cancer-info/cancerstats/
http://dx.doi.org/10.1136/gut.2004.062596
http://www.ncbi.nlm.nih.gov/pubmed/16009675
http://dx.doi.org/10.1186/gm268
http://www.ncbi.nlm.nih.gov/pubmed/21861849
http://dx.doi.org/10.1038/nature25973
http://www.ncbi.nlm.nih.gov/pubmed/29489753
http://dx.doi.org/10.1128/mBio.01237-17
http://www.ncbi.nlm.nih.gov/pubmed/28900019
http://dx.doi.org/10.1038/nrgastro.2014.46
http://www.ncbi.nlm.nih.gov/pubmed/24686268
http://dx.doi.org/10.3727/096368916X691664
http://www.ncbi.nlm.nih.gov/pubmed/27197023
http://dx.doi.org/10.1186/1748-717X-6-89
http://www.ncbi.nlm.nih.gov/pubmed/21806799
http://dx.doi.org/10.1016/j.ejon.2009.02.007
http://www.ncbi.nlm.nih.gov/pubmed/19640788
http://dx.doi.org/10.1046/j.1365-2036.2003.01760.x
http://www.ncbi.nlm.nih.gov/pubmed/14616164
http://dx.doi.org/10.1016/S1470-2045(07)70341-8
http://dx.doi.org/10.1053/clon.2000.9192
http://dx.doi.org/10.1097/00000658-196909010-00006
http://www.ncbi.nlm.nih.gov/pubmed/4979653
http://dx.doi.org/10.1016/S0002-9610(01)00705-X


Nutrients 2018, 10, 1405 12 of 16

17. Harling, H.; Balslev, I. Long-Term Prognosis of Patients with Severe Radiation Enteritis. Am. J. Surg. 1988,
155, 517–519. [CrossRef]

18. Andreyev, H.J.N. Gastrointestinal Problems after Pelvic Radiotherapy: The Past, the Present and the Future.
Clin. Oncol. 2007, 19, 790–799. [CrossRef] [PubMed]

19. Shadad, A.K.; Sullivan, F.J.; Martin, J.D.; Egan, L.J. Gastrointestinal Radiation Injury: Symptoms, Risk Factors
and Mechanisms. World J. Gastroenterol. 2013, 19, 185–198. [CrossRef] [PubMed]

20. Fuccio, L.; Guido, A.; Andreyev, H.J.N. Management of Intestinal Complications in Patients with Pelvic
Radiation Disease. Clin. Gastroenterol. Hepatol. 2012, 10, 1326–1334. [CrossRef] [PubMed]

21. Riley, P.A. Free Radicals in Biology: Oxidative Stress and the Effects of Ionizing Radiation. Int. J. Radiat. Biol.
1994, 65, 27–33. [CrossRef] [PubMed]

22. Azzam, E.I.; Jay-Gerin, J.P.; Pain, D. Ionizing Radiation-Induced Metabolic Oxidative Stress and Prolonged
Cell Injury. Cancer Lett. 2012, 327, 48–60. [CrossRef] [PubMed]

23. Ward, J.F. Biochemistry of DNA Lesions. Radiat. Res. 1985, 104, S103. [CrossRef]
24. Ward, J.F. DNA Damage Produced by Ionizing Radiation in Mammalian Cells: Identities, Mechanisms of

Formation, and Reparability. Prog. Nucleic Acid Res. Mol. Biol. 1988, 35, 95–125. [PubMed]
25. Turrens, J.F. Mitochondrial Formation of Reactive Oxygen Species. J. Physiol. 2003, 552, 335–344. [CrossRef]

[PubMed]
26. Mikkelsen, R.B.; Wardman, P. Biological Chemistry of Reactive Oxygen and Nitrogen and Radiation-Induced

Signal Transduction Mechanisms. Oncogene 2003, 22, 5734–5754. [CrossRef] [PubMed]
27. Banerjee, S.; Aykin-Burns, N.; Krager, K.J.; Shah, S.K.; Melnyk, S.B.; Hauer-Jensen, M.; Pawar, S.A. Loss of

C/EBPδ Enhances IR-Induced Cell Death by Promoting Oxidative Stress and Mitochondrial Dysfunction.
Free Radic. Biol. Med. 2016, 99, 296–307. [CrossRef] [PubMed]

28. Bergonié, J.; Tribondeau, L. Interpretation of Some Results from Radiotherapy and an Attempt to Determine
a Rational Treatment Techniquea. Yale J. Biol. Med. 2003, 76, 181–182. [PubMed]

29. Rubin, P.; Casarett, G.W. Clinical Radiation Pathology as Applied to Curative Radiotherapy. Cancer 1968, 22,
767–778. [CrossRef]

30. Potten, C.S. Stem Cells in Gastrointestinal Epithelium: Numbers, Characteristics and Death. Philos. Trans. R.
Soc. B Biol. Sci. 1998, 353, 821–830. [CrossRef] [PubMed]

31. Darwich, A.S.; Aslam, U.; Ashcroft, D.M.; Rostami-Hodjegan, A. Meta-Analysis of the Turnover of Intestinal
Epithelia in Preclinical Animal Species and Humans. Drug Metab. Dispos. 2014, 42, 2016–2022. [CrossRef]
[PubMed]

32. Porvaznik, M. Tight Junction Disruption and Recovery after Sublethal γ Irradiation. Radiat. Res. 1979, 78,
233. [CrossRef] [PubMed]

33. Nejdfors, P.; Ekelund, M.; Weström, B.R.; Willén, R.; Jeppsson, B. Intestinal Permeability in Humans Is
Increased after Radiation Therapy. Dis. Colon Rectum 2000, 43, 1582–1587. [CrossRef] [PubMed]

34. Shukla, P.K.; Gangwar, R.; Manda, B.; Meena, A.S.; Yadav, N.; Szabo, E.; Balogh, A.; Lee, S.C.; Tigyi, G.; Rao, R.
Rapid Disruption of Intestinal Epithelial Tight Junction and Barrier Dysfunction by Ionizing Radiation in
Mouse Colon in Vivo: Protection by N-Acetyl-L-Cysteine. Am. J. Physiol. Liver Physiol. 2016, 310, G705–G715.
[CrossRef] [PubMed]

35. Hovdenak, N.; Wang, J.; Sung, C.C.; Kelly, T.; Fajardo, L.F.; Hauer-Jensen, M. Clinical Significance of
Increased Gelatinolytic Activity in the Rectal Mucosa during External Beam Radiation Therapy of Prostate
Cancer. Int. J. Radiat. Oncol. Biol. Phys. 2002, 53, 919–927. [CrossRef]

36. François, A.; Milliat, F.; Guipaud, O.; Benderitter, M. Inflammation and Immunity in Radiation Damage to
the Gut Mucosa. Biomed Res. Int. 2013, 2013, 123241. [CrossRef] [PubMed]

37. Paris, F.; Fuks, Z.; Kang, A.; Capodieci, P.; Juan, G.; Ehleiter, D.; Haimovitz-Friedman, A.; Cordon-Cardo, C.;
Kolesnick, R. Endothelial Apoptosis as the Primary Lesion Initiating Intestinal Radiation Damage in Mice.
Science 2001, 293, 293–297. [CrossRef] [PubMed]

38. Denham, J.W.; Hauer-Jensen, M. The Radiotherapeutic Injury—A Complex “Wound”. Radiother. Oncol. 2002,
63, 129–145. [CrossRef]

39. Ryoo, S.-B.; Kim, J.-S.; Kim, M.-S.; Kim, K.; Yu, S.A.; Bae, M.-J.; Oh, H.-K.; Moon, S.H.; Choe, E.K.;
So, I.; et al. High-Dose Radiation-Induced Changes in Murine Small Intestinal Motility: Are the Changes
in the Interstitial Cells of Cajal or in the Enteric Nervous System? Radiat. Res. 2016, 185, 39–49. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/S0002-9610(88)80126-0
http://dx.doi.org/10.1016/j.clon.2007.08.011
http://www.ncbi.nlm.nih.gov/pubmed/17904338
http://dx.doi.org/10.3748/wjg.v19.i2.185
http://www.ncbi.nlm.nih.gov/pubmed/23345941
http://dx.doi.org/10.1016/j.cgh.2012.07.017
http://www.ncbi.nlm.nih.gov/pubmed/22858731
http://dx.doi.org/10.1080/09553009414550041
http://www.ncbi.nlm.nih.gov/pubmed/7905906
http://dx.doi.org/10.1016/j.canlet.2011.12.012
http://www.ncbi.nlm.nih.gov/pubmed/22182453
http://dx.doi.org/10.2307/3576637
http://www.ncbi.nlm.nih.gov/pubmed/3065826
http://dx.doi.org/10.1113/jphysiol.2003.049478
http://www.ncbi.nlm.nih.gov/pubmed/14561818
http://dx.doi.org/10.1038/sj.onc.1206663
http://www.ncbi.nlm.nih.gov/pubmed/12947383
http://dx.doi.org/10.1016/j.freeradbiomed.2016.08.022
http://www.ncbi.nlm.nih.gov/pubmed/27554969
http://www.ncbi.nlm.nih.gov/pubmed/15482657
http://dx.doi.org/10.1002/1097-0142(196810)22:4&lt;767::AID-CNCR2820220412&gt;3.0.CO;2-7
http://dx.doi.org/10.1098/rstb.1998.0246
http://www.ncbi.nlm.nih.gov/pubmed/9684279
http://dx.doi.org/10.1124/dmd.114.058404
http://www.ncbi.nlm.nih.gov/pubmed/25233858
http://dx.doi.org/10.2307/3575041
http://www.ncbi.nlm.nih.gov/pubmed/451154
http://dx.doi.org/10.1007/BF02236743
http://www.ncbi.nlm.nih.gov/pubmed/11089597
http://dx.doi.org/10.1152/ajpgi.00314.2015
http://www.ncbi.nlm.nih.gov/pubmed/26822914
http://dx.doi.org/10.1016/S0360-3016(02)02808-0
http://dx.doi.org/10.1155/2013/123241
http://www.ncbi.nlm.nih.gov/pubmed/23586015
http://dx.doi.org/10.1126/science.1060191
http://www.ncbi.nlm.nih.gov/pubmed/11452123
http://dx.doi.org/10.1016/S0167-8140(02)00060-9
http://dx.doi.org/10.1667/RR14132.1
http://www.ncbi.nlm.nih.gov/pubmed/26720798


Nutrients 2018, 10, 1405 13 of 16

40. Erickson, B.A.; Otterson, M.F.; Moulder, J.E.; Sarna, S.K. Altered Motility Causes the Early Gastrointestinal
Toxicity of Irradiation. Int. J. Radiat. Oncol. Biol. Phys. 1994, 28, 905–912. [CrossRef]

41. Umar, S. Intestinal Stem Cells. Curr. Gastroenterol. Rep. 2010, 12, 340–348. [CrossRef] [PubMed]
42. Scoville, D.H.; Sato, T.; He, X.C.; Li, L. Current View: Intestinal Stem Cells and Signaling. Gastroenterology

2008, 134, 849–864. [CrossRef] [PubMed]
43. Yan, K.S.; Chia, L.A.; Li, X.; Ootani, A.; Su, J.; Lee, J.Y.; Su, N.; Luo, Y.; Heilshorn, S.C.; Amieva, M.R.; et al.

The Intestinal Stem Cell Markers Bmi1 and Lgr5 Identify Two Functionally Distinct Populations. Proc. Natl.
Acad. Sci. USA 2012, 109, 466–471. [CrossRef] [PubMed]

44. Schepers, A.G.; Vries, R.; Van Den Born, M.; Van De Wetering, M.; Clevers, H. Lgr5 Intestinal Stem Cells
Have High Telomerase Activity and Randomly Segregate Their Chromosomes. EMBO J. 2011, 30, 1104–1109.
[CrossRef] [PubMed]

45. Potten, C.S.; Hume, W.J.; Reid, P.; Cairns, J. The Segregation of DNA in Epithelial Stem Cells. Cell 1978, 15,
899–906. [CrossRef]

46. Kim, C.-K.; Yang, V.W.; Bialkowska, A.B. The Role of Intestinal Stem Cells in Epithelial Regeneration
Following Radiation-Induced Gut Injury. Curr. Stem Cell Rep. 2017, 3, 320–332. [CrossRef] [PubMed]

47. François, S.; Bensidhoum, M.; Mouiseddine, M.; Mazurier, C.; Allenet, B.; Semont, A.; Frick, J.; Saché, A.;
Bouchet, S.; Thierry, D.; et al. Local Irradiation Not Only Induces Homing of Human Mesenchymal Stem
Cells at Exposed Sites but Promotes Their Widespread Engraftment to Multiple Organs: A Study of Their
Quantitative Distribution After Irradiation Damage. Stem Cells 2006, 24, 1020–1029. [CrossRef] [PubMed]

48. Sémont, A.; François, S.; Mouiseddine, M.; François, A.; Saché, A.; Frick, J.; Thierry, D.; Chapel, A.
Mesenchymal Stem Cells Increase Self-Renewal of Small Intestinal Epithelium and Accelerate Structural
Recovery after Radiation Injury. Adv. Exp. Med. Biol. 2006, 585, 19–30. [PubMed]

49. Warren, S.; Friedman, N.B. Pathology and Pathologic Diagnosis of Radiation Lesions in the Gastro-Intestinal
Tract. Am. J. Pathol. 1942, 18, 499–513. [PubMed]

50. Wang, J.; Zheng, H.; Sung, C.C.; Richter, K.K.; Hauer-Jensen, M. Cellular Sources of Transforming Growth
Factor-β Isoforms in Early and Chronic Radiation Enteropathy. Am. J. Pathol. 1998, 153, 1531–1540. [CrossRef]

51. Strup-Perrot, C.; Mathé, D.; Linard, C.; Violot, D.; Milliat, F.; François, A.; Bourhis, J.; Vozenin-Brotons, M.-C.
Global Gene Expression Profiles Reveal an Increase in MRNA Levels of Collagens, MMPs, and TIMPs in Late
Radiation Enteritis. Am. J. Physiol. Gastrointest. Liver Physiol. 2004, 287, G875–G885. [CrossRef] [PubMed]

52. Rieder, F.; Brenmoehl, J.; Leeb, S.; Schölmerich, J.; Rogler, G. Wound Healing and Fibrosis in Intestinal
Disease. Gut 2007, 56, 130–139. [CrossRef] [PubMed]

53. Summers, R.W.; Glenn, C.E.; Flatt, A.J.; Elahmady, A. Does Irradiation Produce Irreversible Changes in
Canine Jejunal Myoelectric Activity? Dig. Dis. Sci. 1992, 37, 716–722. [CrossRef] [PubMed]

54. Otterson, M.F. Effects of Radiation upon Gastrointestinal Motility. World J. Gastroenterol. 2007, 13, 2684–2692.
[CrossRef] [PubMed]

55. Höckerfelt, U.; Franzén, L.; Norrgard, O.; Forsgren, S. Early Increase and Later Decrease in VIP and
Substance P Nerve Fiber Densities Following Abdominal Radiotherapy: A Study on the Human Colon.
Int. J. Radiat. Biol. 2002, 78, 1045–1053. [CrossRef] [PubMed]

56. Dominguez-Bello, M.G.; Costello, E.K.; Contreras, M.; Magris, M.; Hidalgo, G.; Fierer, N.; Knight, R. Delivery
Mode Shapes the Acquisition and Structure of the Initial Microbiota across Multiple Body Habitats in
Newborns. Proc. Natl. Acad. Sci. USA 2010, 107, 11971–11975. [CrossRef] [PubMed]

57. Koenig, J.E.; Spor, A.; Scalfone, N.; Fricker, A.D.; Stombaugh, J.; Knight, R.; Angenent, L.T.; Ley, R.E.
Succession of Microbial Consortia in the Developing Infant Gut Microbiome. Proc. Natl. Acad. Sci. USA 2011,
108, 4578–4585. [CrossRef] [PubMed]

58. Turnbaugh, P.J.; Hamady, M.; Yatsunenko, T.; Cantarel, B.L.; Duncan, A.; Ley, R.E.; Sogin, M.L.; Jones, W.J.;
Roe, B.A.; Affourtit, J.P.; et al. A Core Gut Microbiome in Obese and Lean Twins. Nature 2009, 457, 480–484.
[CrossRef] [PubMed]

59. Sommer, F.; Bäckhed, F. The Gut Microbiota-Masters of Host Development and Physiology.
Nat. Rev. Microbiol. 2013, 11, 227–238. [CrossRef] [PubMed]

60. Huttenhower, C.; Gevers, D.; Knight, R.; Abubucker, S.; Badger, J.H.; Chinwalla, A.T.; Creasy, H.H.; Earl, A.M.;
Fitzgerald, M.G.; Fulton, R.S.; et al. Structure, Function and Diversity of the Healthy Human Microbiome.
Nature 2012, 486, 207–214.

http://dx.doi.org/10.1016/0360-3016(94)90111-2
http://dx.doi.org/10.1007/s11894-010-0130-3
http://www.ncbi.nlm.nih.gov/pubmed/20683682
http://dx.doi.org/10.1053/j.gastro.2008.01.079
http://www.ncbi.nlm.nih.gov/pubmed/18325394
http://dx.doi.org/10.1073/pnas.1118857109
http://www.ncbi.nlm.nih.gov/pubmed/22190486
http://dx.doi.org/10.1038/emboj.2011.26
http://www.ncbi.nlm.nih.gov/pubmed/21297579
http://dx.doi.org/10.1016/0092-8674(78)90274-X
http://dx.doi.org/10.1007/s40778-017-0103-7
http://www.ncbi.nlm.nih.gov/pubmed/29497599
http://dx.doi.org/10.1634/stemcells.2005-0260
http://www.ncbi.nlm.nih.gov/pubmed/16339642
http://www.ncbi.nlm.nih.gov/pubmed/17120774
http://www.ncbi.nlm.nih.gov/pubmed/19970638
http://dx.doi.org/10.1016/S0002-9440(10)65741-0
http://dx.doi.org/10.1152/ajpgi.00088.2004
http://www.ncbi.nlm.nih.gov/pubmed/15178550
http://dx.doi.org/10.1136/gut.2006.090456
http://www.ncbi.nlm.nih.gov/pubmed/17172588
http://dx.doi.org/10.1007/BF01296428
http://www.ncbi.nlm.nih.gov/pubmed/1563313
http://dx.doi.org/10.3748/wjg.v13.i19.2684
http://www.ncbi.nlm.nih.gov/pubmed/17569136
http://dx.doi.org/10.1080/09553000210158047
http://www.ncbi.nlm.nih.gov/pubmed/12456292
http://dx.doi.org/10.1073/pnas.1002601107
http://www.ncbi.nlm.nih.gov/pubmed/20566857
http://dx.doi.org/10.1073/pnas.1000081107
http://www.ncbi.nlm.nih.gov/pubmed/20668239
http://dx.doi.org/10.1038/nature07540
http://www.ncbi.nlm.nih.gov/pubmed/19043404
http://dx.doi.org/10.1038/nrmicro2974
http://www.ncbi.nlm.nih.gov/pubmed/23435359


Nutrients 2018, 10, 1405 14 of 16

61. Round, J.L.; Mazmanian, S.K. The Gut Microbiota Shapes Intestinal Immune Responses during Health and
Disease. Nat. Rev. Immunol. 2009, 9, 313–323. [CrossRef] [PubMed]

62. Abrams, G.D.; Bishop, J.E. Effect of the Normal Microbial Flora on Gastrointestinal Motility. Exp. Biol. Med.
1967, 126, 301–304. [CrossRef]

63. Wichmann, A.; Allahyar, A.; Greiner, T.U.; Plovier, H.; Lundén, G.Ö.; Larsson, T.; Drucker, D.J.;
Delzenne, N.M.; Cani, P.D.; Bäckhed, F. Microbial Modulation of Energy Availability in the Colon Regulates
Intestinal Transit. Cell Host Microbe 2013, 14, 582–590. [CrossRef] [PubMed]

64. Carabotti, M.; Scirocco, A.; Maselli, M.A.; Severi, C. The Gut-Brain Axis: Interactions between Enteric
Microbiota, Central and Enteric Nervous Systems. Ann. Gastroenterol. 2015, 28, 203–209. [PubMed]

65. Cryan, J.F.; O’Mahony, S.M. The Microbiome-Gut-Brain Axis: From Bowel to Behavior.
Neurogastroenterol. Motil. 2011, 23, 187–192. [CrossRef] [PubMed]

66. Clemente, J.C.; Ursell, L.K.; Parfrey, L.W.; Knight, R. The Impact of the Gut Microbiota on Human Health:
An Integrative View. Cell 2012, 148, 1258–1270. [CrossRef] [PubMed]

67. Lin, L.; Zhang, J. Role of Intestinal Microbiota and Metabolites on Gut Homeostasis and Human Diseases.
BMC Immunol. 2017, 18, 2. [CrossRef] [PubMed]

68. González, A.; Vázquez-Baeza, Y.; Knight, R. SnapShot: The Human Microbiome. Cell 2014, 158, 690–690.
[CrossRef] [PubMed]

69. Arumugam, M.; Raes, J.; Pelletier, E.; Le Paslier, D.; Yamada, T.; Mende, D.R.; Fernandes, G.R.; Tap, J.;
Bruls, T.; Batto, J.M.; et al. Enterotypes of the Human Gut Microbiome. Nature 2011, 473, 174–180. [CrossRef]
[PubMed]

70. Turnbaugh, P.J.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An Obesity-Associated
Gut Microbiome with Increased Capacity for Energy Harvest. Nature 2006, 444, 1027–1031. [CrossRef]
[PubMed]

71. Larsen, N.; Vogensen, F.K.; Van Den Berg, F.W.J.; Nielsen, D.S.; Andreasen, A.S.; Pedersen, B.K.;
Al-Soud, W.A.; Sørensen, S.J.; Hansen, L.H.; Jakobsen, M. Gut Microbiota in Human Adults with Type 2
Diabetes Differs from Non-Diabetic Adults. PLoS ONE 2010, 5, e9085. [CrossRef] [PubMed]

72. Giongo, A.; Gano, K.A.; Crabb, D.B.; Mukherjee, N.; Novelo, L.L.; Casella, G.; Drew, J.C.; Ilonen, J.; Knip, M.;
Hyöty, H.; et al. Toward Defining the Autoimmune Microbiome for Type 1 Diabetes. ISME J. 2011, 5, 82–91.
[CrossRef] [PubMed]

73. Naseribafrouei, A.; Hestad, K.; Avershina, E.; Sekelja, M.; Linløkken, A.; Wilson, R.; Rudi, K.
Correlation between the Human Fecal Microbiota and Depression. Neurogastroenterol. Motil. 2014, 26,
1155–1162. [CrossRef] [PubMed]

74. Zhang, X.; Zhang, D.; Jia, H.; Feng, Q.; Wang, D.; Liang, D.; Wu, X.; Li, J.; Tang, L.; Li, Y.; et al. The Oral and
Gut Microbiomes Are Perturbed in Rheumatoid Arthritis and Partly Normalized after Treatment. Nat. Med.
2015, 21, 895–905. [CrossRef] [PubMed]

75. Gopalakrishnan, V.; Spencer, C.N.; Nezi, L.; Reuben, A.; Andrews, M.C.; Karpinets, T.V.; Prieto, P.A.;
Vicente, D.; Hoffman, K.; Wei, S.C.; et al. Gut Microbiome Modulates Response to Anti-PD-1 Immunotherapy
in Melanoma Patients. Science 2018, 359, 97–103. [CrossRef] [PubMed]

76. Matson, V.; Fessler, J.; Bao, R.; Chongsuwat, T.; Zha, Y.; Alegre, M.L.; Luke, J.J.; Gajewski, T.F. The Commensal
Microbiome Is Associated with Anti-PD-1 Efficacy in Metastatic Melanoma Patients. Science 2018, 359,
104–108. [CrossRef] [PubMed]

77. Nam, Y.D.; Kim, H.J.; Seo, J.G.; Kang, S.W.; Bae, J.W. Impact of Pelvic Radiotherapy on Gut Microbiota of
Gynecological Cancer Patients Revealed by Massive Pyrosequencing. PLoS ONE 2013, 8, e82659. [CrossRef]
[PubMed]

78. Hibberd, A.A.; Lyra, A.; Ouwehand, A.C.; Rolny, P.; Lindegren, H.; Cedgård, L.; Wettergren, Y.
Intestinal Microbiota Is Altered in Patients with Colon Cancer and Modified by Probiotic Intervention.
BMJ Open Gastroenterol. 2017, 4, e000145. [CrossRef] [PubMed]

79. Lam, V.; Moulder, J.E.; Salzman, N.H.; Dubinsky, E.A.; Andersen, G.L.; Baker, J.E. Intestinal Microbiota as
Novel Biomarkers of Prior Radiation Exposure. Radiat. Res. 2012, 177, 573–583. [CrossRef] [PubMed]

80. Kim, Y.S.; Kim, J.; Park, S.J. High-Throughput 16S RRNA Gene Sequencing Reveals Alterations of Mouse
Intestinal Microbiota after Radiotherapy. Anaerobe 2015, 33, 1–7. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nri2515
http://www.ncbi.nlm.nih.gov/pubmed/19343057
http://dx.doi.org/10.3181/00379727-126-32430
http://dx.doi.org/10.1016/j.chom.2013.09.012
http://www.ncbi.nlm.nih.gov/pubmed/24237703
http://www.ncbi.nlm.nih.gov/pubmed/25830558
http://dx.doi.org/10.1111/j.1365-2982.2010.01664.x
http://www.ncbi.nlm.nih.gov/pubmed/21303428
http://dx.doi.org/10.1016/j.cell.2012.01.035
http://www.ncbi.nlm.nih.gov/pubmed/22424233
http://dx.doi.org/10.1186/s12865-016-0187-3
http://www.ncbi.nlm.nih.gov/pubmed/28061847
http://dx.doi.org/10.1016/j.cell.2014.07.019
http://www.ncbi.nlm.nih.gov/pubmed/25083877
http://dx.doi.org/10.1038/nature09944
http://www.ncbi.nlm.nih.gov/pubmed/21508958
http://dx.doi.org/10.1038/nature05414
http://www.ncbi.nlm.nih.gov/pubmed/17183312
http://dx.doi.org/10.1371/journal.pone.0009085
http://www.ncbi.nlm.nih.gov/pubmed/20140211
http://dx.doi.org/10.1038/ismej.2010.92
http://www.ncbi.nlm.nih.gov/pubmed/20613793
http://dx.doi.org/10.1111/nmo.12378
http://www.ncbi.nlm.nih.gov/pubmed/24888394
http://dx.doi.org/10.1038/nm.3914
http://www.ncbi.nlm.nih.gov/pubmed/26214836
http://dx.doi.org/10.1126/science.aan4236
http://www.ncbi.nlm.nih.gov/pubmed/29097493
http://dx.doi.org/10.1126/science.aao3290
http://www.ncbi.nlm.nih.gov/pubmed/29302014
http://dx.doi.org/10.1371/journal.pone.0082659
http://www.ncbi.nlm.nih.gov/pubmed/24367534
http://dx.doi.org/10.1136/bmjgast-2017-000145
http://www.ncbi.nlm.nih.gov/pubmed/28944067
http://dx.doi.org/10.1667/RR2691.1
http://www.ncbi.nlm.nih.gov/pubmed/22439602
http://dx.doi.org/10.1016/j.anaerobe.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/25600706


Nutrients 2018, 10, 1405 15 of 16

81. Manichanh, C.; Varela, E.; Martinez, C.; Antolin, M.; Llopis, M.; Doré, J.; Giralt, J.; Guarner, F.;
Malagelada, J.R. The Gut Microbiota Predispose to the Pathophysiology of Acute Postradiotherapy Diarrhea.
Am. J. Gastroenterol. 2008, 103, 1754–1761. [CrossRef] [PubMed]

82. Goudarzi, M.; Mak, T.D.; Jacobs, J.P.; Moon, B.-H.; Strawn, S.J.; Braun, J.; Brenner, D.J.; Fornace, A.J.; Li, H.-H.
An Integrated Multi-Omic Approach to Assess Radiation Injury on the Host-Microbiome Axis. Radiat. Res.
2016, 186, 219–234. [CrossRef] [PubMed]

83. Wang, A.; Ling, Z.; Yang, Z.; Kiela, P.R.; Wang, T.; Wang, C.; Cao, L.; Geng, F.; Shen, M.; Ran, X.; et al.
Gut Microbial Dysbiosis May Predict Diarrhea and Fatigue in Patients Undergoing Pelvic Cancer
Radiotherapy: A Pilot Study. PLoS ONE 2015, 10, e0126312. [CrossRef] [PubMed]

84. Gerassy-Vainberg, S.; Blatt, A.; Danin-Poleg, Y.; Gershovich, K.; Sabo, E.; Nevelsky, A.; Daniel, S.; Dahan, A.;
Ziv, O.; Dheer, R.; et al. Radiation Induces Proinflammatory Dysbiosis: Transmission of Inflammatory
Susceptibility by Host Cytokine Induction. Gut 2018, 67, 97–107. [CrossRef] [PubMed]

85. Cui, M.; Xiao, H.; Li, Y.; Zhou, L.; Zhao, S.; Luo, D.; Zheng, Q.; Dong, J.; Zhao, Y.; Zhang, X.; et al.
Faecal Microbiota Transplantation Protects against Radiation-induced Toxicity. EMBO Mol. Med. 2017, 9,
448–461. [CrossRef] [PubMed]

86. Hill, C.; Guarner, F.; Reid, G.; Gibson, G.R.; Merenstein, D.J.; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.J.;
Salminen, S.; et al. Expert Consensus Document: The International Scientific Association for Probiotics
and Prebiotics Consensus Statement on the Scope and Appropriate Use of the Term Probiotic. Nat. Rev.
Gastroenterol. Hepatol. 2014, 11, 506–514. [CrossRef] [PubMed]

87. Goldenberg, J.Z.; Yap, C.; Lytvyn, L.; Lo, C.K.-F.; Beardsley, J.; Mertz, D.; Johnston, B.C. Probiotics for the
Prevention of Clostridium Difficile-Associated Diarrhea in Adults and Children. Cochrane Database Syst. Rev.
2017, 12, CD006095. [PubMed]

88. Alfaleh, K.; Anabrees, J.; Bassler, D.; Al-Kharfi, T. Cochrane Review: Probiotics for Prevention of Necrotizing
Enterocolitis in Preterm Infants. Evid-Based Child Heal. 2012, 7, 1807–1854. [CrossRef]

89. Cremonini, F.; Di Caro, S.; Nista, E.C.; Bartolozzi, F.; Capelli, G.; Gasbarrini, G.; Gasbarrini, A. Meta-Analysis:
The Effect of Probiotic Administration on Antibiotic-Associated Diarrhoea. Aliment. Pharmacol. Ther. 2002,
16, 1461–1467. [CrossRef] [PubMed]

90. Salminen, E.; Elomaa, I.; Minkkinen, J.; Vapaatalo, H.; Salminen, S. Preservation of Intestinal Integrity during
Radiotherapy Using Live Lactobacillus Acidophilus Cultures. Clin. Radiol. 1988, 39, 435–437. [CrossRef]

91. Demers, M.; Dagnault, A.; Desjardins, J. A Randomized Double-Blind Controlled Trial: Impact of Probiotics
on Diarrhea in Patients Treated with Pelvic Radiation. Clin. Nutr. 2014, 33, 761–767. [CrossRef] [PubMed]

92. Blanarova, C.; Galovicova, A.; Petrasova, D. Use of Probiotics for Prevention of Radiation-Induced Diarrhea.
Bratislava Med. J. 2009, 110, 98–104.

93. Liu, M.-M.; Li, S.-T.; Shu, Y.; Zhan, H.-Q. Probiotics for Prevention of Radiation-Induced Diarrhea:
A Meta-Analysis of Randomized Controlled Trials. PLoS ONE 2017, 12, e0178870. [CrossRef] [PubMed]

94. Urbancsek, H.; Kazar, T.; Mezes, I.; Neumann, K. Results of a Double-Blind, Randomized Study
to Evaluate the Efficacy and Safety of Antibiophilus in Patients with Radiation-Induced Diarrhoea.
Eur. J. Gastroenterol. Hepatol. 2001, 13, 391–396. [CrossRef] [PubMed]

95. Dong, M.Y.; Chang, T.W.; Gorbach, S.L. Effects of Feeding Lactobacillus GG on Lethal Irradiation in Mice.
Diagn. Microbiol. Infect. Dis. 1987, 7, 1–7. [CrossRef]

96. Seal, M.G.; Naito, Y.; Barreto, R.; Lorenzetti, A.; Safran, P.; Marotta, F. Experimental Radiotherapy-Induced
Enteritis: A Probiotic Interventional Study. J. Dig. Dis. 2007, 8, 143–147. [CrossRef] [PubMed]

97. Demirer, S.; Aydintug, S.; Aslim, B.; Kepenekci, I.; Sengül, N.; Evirgen, O.; Gerceker, D.; Andrieu, M.N.;
Ulusoy, C.; Karahüseyinoglu, S. Effects of Probiotics on Radiation-Induced Intestinal Injury in Rats. Nutrition
2006, 22, 179–186. [CrossRef] [PubMed]

98. Ki, Y.; Kim, W.; Cho, H.; Ahn, K.; Choi, Y.; Kim, D. The Effect of Probiotics for Preventing Radiation-Induced
Morphological Changes in Intestinal Mucosa of Rats. J. Korean Med. Sci. 2014, 29, 1372–1378. [CrossRef]
[PubMed]

99. Ciorba, M.A.; Riehl, T.E.; Rao, M.S.; Moon, C.; Ee, X.; Nava, G.M.; Walker, M.R.; Marinshaw, J.M.;
Stappenbeck, T.S.; Stenson, W.F. Lactobacillus Probiotic Protects Intestinal Epithelium from Radiation
Injury in a TLR-2/Cyclo-Oxygenase-2-Dependent Manner. Gut 2012, 61, 829–838. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1572-0241.2008.01868.x
http://www.ncbi.nlm.nih.gov/pubmed/18564125
http://dx.doi.org/10.1667/RR14306.1
http://www.ncbi.nlm.nih.gov/pubmed/27512828
http://dx.doi.org/10.1371/journal.pone.0126312
http://www.ncbi.nlm.nih.gov/pubmed/25955845
http://dx.doi.org/10.1136/gutjnl-2017-313789
http://www.ncbi.nlm.nih.gov/pubmed/28438965
http://dx.doi.org/10.15252/emmm.201606932
http://www.ncbi.nlm.nih.gov/pubmed/28242755
http://dx.doi.org/10.1038/nrgastro.2014.66
http://www.ncbi.nlm.nih.gov/pubmed/24912386
http://www.ncbi.nlm.nih.gov/pubmed/29257353
http://dx.doi.org/10.1002/ebch.1881
http://dx.doi.org/10.1046/j.1365-2036.2002.01318.x
http://www.ncbi.nlm.nih.gov/pubmed/12182746
http://dx.doi.org/10.1016/S0009-9260(88)80296-4
http://dx.doi.org/10.1016/j.clnu.2013.10.015
http://www.ncbi.nlm.nih.gov/pubmed/24200199
http://dx.doi.org/10.1371/journal.pone.0178870
http://www.ncbi.nlm.nih.gov/pubmed/28575095
http://dx.doi.org/10.1097/00042737-200104000-00015
http://www.ncbi.nlm.nih.gov/pubmed/11338068
http://dx.doi.org/10.1016/0732-8893(87)90063-0
http://dx.doi.org/10.1111/j.1443-9573.2007.00301.x
http://www.ncbi.nlm.nih.gov/pubmed/17650226
http://dx.doi.org/10.1016/j.nut.2005.08.003
http://www.ncbi.nlm.nih.gov/pubmed/16459231
http://dx.doi.org/10.3346/jkms.2014.29.10.1372
http://www.ncbi.nlm.nih.gov/pubmed/25368490
http://dx.doi.org/10.1136/gutjnl-2011-300367
http://www.ncbi.nlm.nih.gov/pubmed/22027478


Nutrients 2018, 10, 1405 16 of 16

100. Burdelya, L.G.; Krivokrysenko, V.I.; Tallant, T.C.; Strom, E.; Gleiberman, A.S.; Gupta, D.; Kurnasov, O.V.;
Fort, F.L.; Osterman, A.L.; DiDonato, J.A.; et al. An Agonist of Toll-like Receptor 5 Has Radioprotective
Activity in Mouse and Primate Models. Science 2008, 320, 226–230. [CrossRef] [PubMed]

101. Saha, S.; Bhanja, P.; Liu, L.; Alfieri, A.A.; Yu, D.; Kandimalla, E.R.; Agrawal, S.; Guha, C. Tlr9 Agonist Protects
Mice from Radiation-Induced Gastrointestinal Syndrome. PLoS ONE 2012, 7, e29357. [CrossRef] [PubMed]

102. Banerjee, S.; Fu, Q.; Shah, S.K.; Ponnappan, U.; Melnyk, S.B.; Hauer-Jensen, M.; Pawar, S.A. Role of TLR4 in
the Pathogenesis of Radiation-Induced Ibtestinal Injury in C/EBP Delta-Knockout Mice. Shock 2017, 47, 84.

103. McLaughlin, M.; Dacquisto, M.; Jacobus, D.; Horowitz, R. Effects of the Germfree State on Responses of Mice
to Whole-Body Irradiation. Radiat. Res. 1964, 23, 333–349. [CrossRef] [PubMed]

104. Cawford, P.A.; Gordon, J.I. From The Cover: Microbial Regulation of Intestinal Radiosensitivity. Proc. Natl.
Acad. Sci. USA 2005, 102, 13254–13259. [CrossRef] [PubMed]

105. Selective Microbiota Transplantation for Radiation Enteritis. Available online: https://clinicaltrials.gov/ct2/
show/NCT03516461 (accessed on 30 July 2018).

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/science.1154986
http://www.ncbi.nlm.nih.gov/pubmed/18403709
http://dx.doi.org/10.1371/journal.pone.0029357
http://www.ncbi.nlm.nih.gov/pubmed/22238604
http://dx.doi.org/10.2307/3571614
http://www.ncbi.nlm.nih.gov/pubmed/14229117
http://dx.doi.org/10.1073/pnas.0504830102
http://www.ncbi.nlm.nih.gov/pubmed/16129828
https://clinicaltrials.gov/ct2/show/NCT03516461
https://clinicaltrials.gov/ct2/show/NCT03516461
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Clinical Significance of Radiation-Induced Bowel Injury 
	Pathophysiology of Radiation-Induced Bowel Injury 
	Cellular Effect of Radiation 
	Radiation-Induced Acute Bowel Injury 
	Epithelial Cell Recovery 
	Radiation-Induced Chronic Bowel Injury 

	Microbiome and Radiation-Induced Bowel Injury 
	Importance of Microbiome in Healthy Gut 
	Gut Microbiome of Patients with Cancer 
	Effects of Radiation on Gut Microbiome and Incidence of Post-Radiation Diarrhea 
	Effects of Probiotics on Acute Radiation-Induced Bowel Injury 
	Possible Mechanism of Intestinal Radioprotection Provided by Microbiome 
	Effect of Radiation-Induced Dysbiosis and Probiotics on Chronic Radiation-Induced Bowel Injury 

	Conclusions 
	References

