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Abstract Radiation therapy has become one of the most
important treatment modalities for human malignancy, but
certain immediate and delayed side-effects on the normal
surrounding tissues limit the amount of effective radiation
that can be administered. After exposure of the abdominal
region to ionizing radiation, nearly all patients experience
transient symptoms of irradiation of the bowel. Acute-
phase symptoms may persist for a short time, yet long-term
complications can represent significant clinical conditions
with high morbidity. Data from both experimental studies
and clinical trials suggest the potential benefit for probio-
tics in radiation-induced enteritis and colitis. On the other
hand, it is well evidenced that both useful and harmful
effects of therapeutic applications of ionizing radiation
upon living systems are ascribed to free-radical production.
Therefore, the hypothesis that probiotics reinforce antiox-
idant defense systems of normal mucosal cells exposed to
ionizing radiation may explain to an extent their beneficial
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action. The aim of this review is threefold: First, to make a
short brief into the natural history of radiation injury to the
intestinal tract. Second, to describe the primary interaction
of ionizing radiation at the cellular level and demonstrate
the participation of free radicals in the mechanisms of
injury and, third, to try a more profound investigation into
the antioxidant abilities of probiotics and prebiotics based
on the available experimental and clinical data.
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Introduction

Recently, radiation therapy has formed a major part of the
treatment regimen in various human malignancies, as well
as being frequently applied in the palliative management of
several other incurable ones. It is estimated that approxi-
mately 50-70% of all oncology patients are being treated
with radiation therapy or a combination of chemotherapy
and radiation therapy schedules [1, 2]. In order to eliminate
most malignant tumors, ionizing radiation requires dose-
fractionation regimens near the tolerance of the normal
adjacent tissues. Despite recent technical advances and
improvements in radiation therapy delivery procedures,
normal tissue radiation toxicity remains an important
drawback that limits the amount of effective ionizing
radiation that can be administered [3]. Tissues containing
rapid renewal cells like those of the bone marrow and the
gastrointestinal mucosa demand fast cell proliferation and
are therefore more susceptible to the toxic effects of
ionizing radiation [4]. In this respect, radiation injury to the
small and large intestine is among the most significant
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complications encountered in patients receiving ionizing
radiation directed at the abdominal or pelvic cavity [5].

Ionizing radiation may affect normal tissues through
direct cellular (e.g., clonogenic cell death, apoptotic cell
death), direct functional (e.g., point mutations), and indirect
injury processes [6]. However, most of the detrimental
effects of ionizing radiation in biological systems occur
mainly due to its indirect effects. Upon exposure to ionizing
radiation, the dissipated energy interacts with intracellular
water molecules causing decomposition, generating a burst
of free radicals. These free radicals attack various intra-
cellular biomolecules and bring about changes in their
structure and function, thereby leading to lethal cellular
injury [7]. Although the pathogenesis of radiation enteritis
and colitis is not entirely clear, it was presumed to be an
inflammatory process in which a large number of cell types,
interacting molecular signals, including cytokines and
growth factors, and various molecules on the endothelial
cell surface participate. As a result, radiation enteritis is a
complex interplay among a plethora of pathophysiological
processes, including inflammation, epithelial regeneration,
activation of the coagulation system, tissue remodeling, and
collagen deposition [8, 9]. There is a generally accepted
notion that both the useful effects of ionizing radiation upon
malignant tumors and the harmful effects in normal tissues
are largely mediated by the action of reactive oxygen spe-
cies. Thus, an important challenge of modern radiation
therapy is to develop pharmacological-dietary interventions
capable of modifying the normal response of a biological
system to ionizing radiation. Moreover, it has been
observed that the protection of normal tissues may provide
an increase in tumor control by allowing for an increase in
the radiation dose [10, 11]. Various chemical compounds
such as antioxidants and free-radical scavengers have been
investigated as potential radioprotective agents. However,
the inherent toxicity of these agents at the radioprotective
doses warranted further search for safer and more effective
radioprotectors [12, 13]. Accumulating evidence suggests
that probiotics and prebiotics represent promising candi-
dates for the prevention and control of several gastrointes-
tinal disorders [14-20]. Recent experimental studies in
animal models and clinical trials of patients with inflam-
matory bowel disease (IBD) have indicated that the oral
administration of probiotics and prebiotics may effectively
down-modulate the severity of intestinal inflammation
[21-24]. Although there are still limited experimental data
and clinical experience in human trials, these studies pro-
vide supporting evidence for the protective effects of pro-
biotics in radiation induced intestinal injury [25-28]. While
the mechanisms of radiation enteritis and probiotic/prebi-
otic actions continue to be under investigation, the
hypothesis of underlying enhancement of cellular antioxi-
dant defense should be thoroughly investigated.
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Acute and Chronic Enteritis

According to the time of appearance, radiation enteropathy
can be divided into two phases. Acute radiation enteritis
(ARE) occurs either during or immediately following a
course of radiation therapy. It is reported that approxi-
mately 80% of all patients undergoing abdominal-pelvic
radiotherapy will manifest acute intestinal complications.
Nausea, vomiting, abdominal pain, intermittent diarrhea
that is often watery, and tenesmus are the most common
symptoms of acute radiation enteritis [29, 30]. Diarrhea has
been reported to result from a number of possible mecha-
nisms, including bile salt malabsorption, bacterial over-
growth, and increased intestinal transit time. With diarrhea,
the digestive and absorptive functions of the gastrointesti-
nal (GI) tract are altered, resulting in malabsorption of
protein, fat, lactose, bile salts, and vitamin B, [31, 32].
Pathologically, the acute intestinal epithelium damage is
described mainly as dilatation or destruction of crypt cell
and decrease in villous height and number, ulceration, and
severe mucosal and submucosal inflammation [4, 33].
Regeneration is active between the fractions, and because
of the rapid turnover of intestinal mucosa, the acute-phase
symptoms persist for hours to several days and may
quickly pass with conservative management within
2-3 weeks after the completion of treatment [34].
Although acute effects of ionizing radiation on the intes-
tinal mucosa are commonly observed, severe late sequelae
are not. Chronic radiation enteritis (CRE) may develop
from 3 months to 6 years after exposure to ionizing radi-
ation and has been reported to occur in 40% of patients
undergoing abdominal or pelvic radiotherapy [35]. Patients
who had prominent acute symptoms during radiotherapy
may have a greater incidence of long-term complications
[2]. Chronic intestinal complications of radiation therapy
are usually manifestations of obliterative vasculitis, which
can produce mucosal ulceration and bowel wall thickening
or progressive interstitial fibrosis of the different bowel
tissues. The former leads to bleeding, intestinal perforation,
enteric fistulas, or local abscesses and the latter to stricture
formations and partial or complete intestinal obstruction
[36]. These long-term complications proved to be most
difficult to manage and most morbid to the patient. The
reported incidence of severe late chronic radiation enteritis
varies between 5 and 15% of patients treated with radiation
[37]. Although some patients will develop chronic radia-
tion enteritis without predisposing causes, several factors
might help to increase the frequency. The development of
CRE is basically dose-dependent. After an irradiation dose
of 45 Gy, clinical manifestations of CRE will be observed
in up to 5% of patients. With 65 Gy, 50% of all patients
will develop symptoms of CRE [38]. Patients who had had
previous abdominal or pelvic surgical operations are of
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greater risk for the development of CRE, presumably
because the normal small intestine motility is altered and
loops fixed by adhesions in the fields of radiation will
receive a disproportionately greater share [39]. Additional
risk factors include concomitant cardiovascular disease,
atherosclerosis, diabetes, concurrent chemotherapy, elderly
age, thin body physique, female sex, and tobacco abuse
[40]. Histopathological features include mucosal atrophy,
atypical hyperplastic or cystic glands, intestinal wall
fibrosis, vascular sclerosis (most prominent in small arter-
ies and arterioles), and lymphatic dilatation. Intestinal
dysmotility causing proximal bacterial overgrowth may
contribute to diarrhea and malabsorption [41]. Malnutrition
is also a common finding in patients with CRE, mainly due
to malabsorptive diarrhea, pseudo-obstructive crises and
poor oral tolerance (especially to high-fat and high-fiber
foods). Significant hypocalcemia and hypoproteinemia
may often accompany the malabsorptive state. Often total
parenteral nutrition (TPN) is necessary to maintain an
optimal nutritional state [42]. The prognosis of patients
with radiation enteropathy is poor. Corrective surgery is
associated with high postoperative morbidity and mortality.
In the long term, the majority of patients have persistent or
recurrent symptoms, and about 10% of patients with radi-
ation enteropathy die as a direct result of the disease [43]. It
has been pointed out above that the incidence of adverse
chronic effects is proportional to the severity of the acute
symptoms. Therefore, it is of great importance to protect
the intestinal mucosa from the acute phase of radiation
injury [44]. Some scientists have proposed the use of
mechanical attempts to exclude the small bowel from the
radiation field or the administration of various radiopro-
tective agents such as amifostine, sucralfate, arginine,
glutamine, keratinocyte growth factor (KGF), and other
elemental diets [45-50].

Acute and Chronic Radiation Colitis

Although the colonic mucosal cell mitotic rate is signifi-
cantly less rapid than that of the small intestine, the colon
remains an extremely radiosensitive organ [51]. Further-
more, the anatomic location of the rectum at the back of the
prostate, and the close proximity of the sigmoid colon to
the cervix, the uterus, and the bladder, make exposure of
the rectosigmoid to significant radiation dose unavoidable.
Similarly to radiation enteritis, radiation colitis can occur at
two times after radiation therapy. Acute radiation colitis
(ARC) usually appears within hours to 6 weeks of radiation
exposure. The most common symptoms include diarrhea,
tenesmus, mucoid rectal discharge, and rectal bleeding if
ulceration is present. In spite of the relatively high inci-
dence of these symptoms, ARC is self-limiting, and heals

without specific treatment after 2—6 months [52]. This
acute phase is like ARE secondary to destruction of
actively dividing cells within the colonic epithelium. His-
tologically, mucosa shows thickening with edematous
lamina propria, patchy fibroblastic proliferation, and
decreased mitotic rate. As the mucosa recovers from this
insult, regenerative atypia can be seen [53]. The appear-
ance of chronic radiation colitis (CRC) symptoms may be
as early as 3 months after radiation therapy or delayed up
to 2 years. In accordance to CRE, the severity of CRC
syndrome seems to be related to the severity of the acute
episode [54]. Chronic radiation colitis is established clini-
cally as a constellation of symptoms, including diarrhea,
tenesmus, mucoid rectal discharge, rectal bleeding, con-
stipation, and less commonly low-grade obstruction or
fistulous tract formation into adjacent organs [55]. Exten-
sive complications such as strictures, abscesses, and fistula
formation, often require surgical intervention at a fre-
quency ranging from 2 to 17% [56]. Controversial clinical
data have been reported concerning the best surgical
management for CRE and CRC. Some surgeons advocated
intestinal resection, while others proposed a more conser-
vative management [57]. Bleeding may be minimal to
chronic and severe, requiring blood transfusion. The inci-
dence of rectal bleeding ranges between 1 and 20% [58].
Importantly, CRC is a precancerous lesion: Radiation-
associated secondary rectal cancer originates mainly from
the direct functional effects of ionizing radiation (such as
point mutations) to the DNA and the following dysplasia
and has a tendency to be diagnosed at an advanced stage
and to bear a dismal prognosis [59]. In summary, ARE and
ARC are common side-effects of abdominopelvic radio-
therapy and usually transient with symptomatic manage-
ment without interruption of radiation therapy treatments.
However, the patients who develop these short-term acute
manifestations are most likely to develop delayed-chronic
complications. These chronic complications are life-
threatening for the long-term cancer survivors and their
management remains a major challenge for the clinicians.

Radiation Induced Oxidative Damage to Normal
Tissues

Ionizing radiation exerts its therapeutic benefit by affecting
directly or indirectly the synthesis of the DNA chain in
cells undergoing mitosis, particularly by the generation of
oxygen-free radicals. Because neoplastic cells are generally
undifferentiated and stem-cell-like, they reproduce rapidly,
and have a diminished ability to repair sub-lethal damage
compared to differentiated cells [60]. However, intestinal
mucosa also has a relatively high mitotic rate, which makes
it vulnerable to ionizing radiation directed to the abdominal
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and pelvic cavity [61]. Upon exposure to ionizing radia-
tion, the dissipated energy interacts with intracellular water
causing decomposition of H,O molecules, and generation
of hydrogen radicals (H) and hydroxyl radicals (HO") [62].
These in turn recombine to produce a variety of other free
radicals. Hydroxyl radicals (OH’) are highly reactive and
consequently short-lived. Hydrogen radical (H’) has been
suggested to yield superoxide radical (O3 ) in the presence
of oxygen [63]. Previous attempts to prevent free-radical
production had been directed to reduce local blood flow
and tissue oxygen tension [64]. Superoxide radical (O3") is
not particularly reactive by itself, but can further interact
with water and produce hydroperoxyl radical (HO3), which
is much more reactive, and hydrogen peroxide (H,0,) [65].
The nitric oxide (NO) molecule is another free radical
exhibiting a variety of beneficial effects in the gut [66].
However, sustained levels of NO production, as observed
in inflammatory conditions, may result in direct tissue
toxicity. Particularly in radiation enteritis, increased NO
synthesis has been observed, derived from the inducible
isoform of NO synthase (iNOS). This result suggests that
the NO pathway contributes to the inflammatory response
of radiation enteritis [67, 68]. Recent evidence indicates
that most of the toxicity attributed to NO is rather due to
peroxynitrite. The formation of peroxynitrite (ONOO™) has
been ascribed to the diffusion-controlled reaction between
nitric oxide free radical (NO’) and superoxide radical (O3 ).
The resultant pairing of these two free radicals forms
peroxynitrite anion (ONOO™), a molecule that itself is not
a free radical, but is a powerful oxidant [69]. Reactive
oxygen species (ROS) act together with reactive nitrogen
species (RNS) to damage cells, causing a situation known
as oxidative/nitrosative stress. Therefore, these two species
are often collectively referred to as ROS/RNS [70].
Excessive ROS/RNS production is a harmful process
which can lead by several ways to significant cellular
damage. They may trigger chemical chain reactions with
all major cellular macromolecules such as DNA, proteins,
and membrane lipids. DNA is affected with a variety of
lesions including oxidized bases, abasic sites, stand brakes,
as well as DNA-DNA and DNA—protein cross-links [71].
Oxidative damage to proteins is characterized by formation
of carbonyl groups (e.g., meta-tyrosine and ortho-tyrosine
formation from phenylalanine), and is a highly damaging
event [72]. Particularly, hydroxyl radical (OH’) depoly-
merizes hyaluronic acid, degrades collagen, inactivates
essential enzymes and transport proteins via sulfhydryl
oxidation, and also nicks nucleic acids. In addition, RNS
may induce nitration of tyrosine residues of proteins [73].
Lipid peroxidation is the oxidative degradation of mem-
brane lipids. Polyunsaturated fatty acids, when exposed to
ROS and particularly to hydroxyl radical (OH'), can be
oxidized to lipid hydroperoxides that decompose to yield
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hydrocarbons and reactive aldehydes, such as malondial-
dehyde (MDA) and 4-hydroxynoneal in the presence of
metals [74]. This lipid peroxidation can cause severe
impairment of membrane function through changes in
membrane permeability and fluidity, and membrane protein
oxidation, ultimately leading to cell lysis [75]. These
reactions, caused by overwhelming oxidative stress, may
lead to either lethal cellular injuries or may result in the
initiation of apoptosis [76]. Moreover, it must be noted that
radiolysis of water molecules is not the only reason for
ROS production. Ionizing radiation can affect interactions
between different cellular systems. An early inflammatory
response appears just a few hours after irradiation, and is
characterized by leukocyte infiltration into the irradiated
organs.

The development of an inflammatory response is a finely
regulated process that involves sequential leukocyte-
endothelial cell interactions. An increase in oxygen radical
production in the vascular wall has been documented as
early as 2 h after irradiation with a more intense oxidant
stress observed at 6 h, this second burst being produced
mainly by infiltrating inflammatory cells [77]. Radiation-
induced fibroatrophic process (RIF) constitutes a late,
local, and unavoidable sequela to high-dose radiotherapy,
related to the development of CRE and CRC. Evidence
suggests involvement of reactive oxygen species (ROS),
and fibroblasts, mediated by TGF-f1 [78]. Since ROS/RNS
are highly reactive and thus have a too brief half-life, the
approach most often employed in the study of oxidative
stress is assessing the presence and quantity of the oxida-
tive biomarkers of lipids (e.g., malondialdehyde), antioxi-
dant biomarkers (e.g., glutathione, catalase), nitrosive
biomarkers (e.g., 3-nitrotyrosine), and inflammatory bio-
markers (e.g., myeloperoxidase/neutrophils) [79].

Probiotics, Prebiotics, and Synbiotics

Probiotics are defined as living microorganisms in food
and dietary supplements which, upon ingestion, benefi-
cially affect the host by selectively stimulating the growth
and/or activity of one or limited number of bacteria in the
colon [80]. Prebiotics are defined as non-digestible dietary
carbohydrates, e.g. lactulose, lactosucrose, fructo-and
galacto-oligosaccharides, inulin, which upon consumption,
stimulate the growth and metabolism of endogenous pro-
tective bacteria. Beneficial effects of prebiotics are also
associated with the generation of short-chain fatty acids
(SCFA) due to fermentation by colonic bacteria [81].
SCFA may effectively protect intestinal structure against
radiation-induced damage by improving mucosal integrity
[82]. Synbiotics are defined as mixtures of probiotics and
prebiotics that beneficially affect host intestinal health with
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their reinforced synergistic action [83]. Most of the inter-
actions between probiotic bacteria and inflamed intestinal
mucosa have been best highlighted in animal models of
inflammatory bowel disease. These interactions may also
hold true for the intestinal epithelial response to radiation
induced injury. In fact, the two inflammatory processes
correspond regarding the pathological progress and clinical
outcome. Both IBD and radiation enteritis are character-
ized by the involvement of reactive oxygen species in the
pathogenesis of intestinal inflammation [84]. Moreover,
certain mucosal cytokines are activated in a similar way in
both diseases. Indeed the mucosal levels of interleukins
IL-1p4, IL-2, IL-6, and IL-8 are significantly higher, while
the tumor necrosis factor-alpha (TNF-o) level is also sig-
nificantly elevated both in patients with IBD and radiation
colitis [85]. In support of this, similar systemic and topical
drugs are clinically used to alleviate the manifestations of
inflammatory bowel disease and radiation colitis. There-
fore, probiotics and prebiotics may also act in a similar
way.

The Role of Probiotics and Prebiotics in Intestinal
Antioxidant Defense Mechanisms

Against oxidative stress, aerobic cells like those of intes-
tinal mucosa are equipped with a complex antioxidant
defense system which includes enzymatic and non-enzy-
matic components having synergistic and interdependent
effects on each other. The inherent antioxidant enzymatic
network includes proteins, such as superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GSH-Px),
glutathione reductase (GR), and glutathione-s-transferase
(GST), while non-enzymatic antioxidant defense consists
of low-molecular-weight antioxidant molecules acting
mainly as free-radical scavengers, such as glutathione
(GSH), a-tocopherol (vitamin E), ascorbic acid (vitamin C)
and melatonin [86, 87]. Under normal conditions, this
antioxidant defense system protects the cells from oxida-
tive damage, but under excessive oxidant-generating con-
ditions may become insufficient. Ionizing radiation is a
well-recognized factor to cause downregulation of the
antioxidant defense mechanisms in the intestinal mucosa
[88]. It has been observed to decrease the activities of
SOD, GSH-Px, and CAT, and reduce the intracellular
concentration of GSH. A possible explanation for this
phenomenon may be due to their increased utilization by
the enhanced ROS production [89]. As mentioned above,
superoxide dismutase (SOD) is an enzymatic antioxidant.
The physiological importance of SOD is the dispropor-
tionation of superoxide anion (O*7) to oxygen (O,) and
hydrogen peroxide (H,O,). Superoxide dismutase SOD is
considered as the first line of defense against oxygen-

derived free radicals [90]. Recent experimental data indi-
cate that treatment with SOD significantly reduces perox-
idation reactions in the inflamed colon and affords
significant amelioration of colonic inflammatory changes
in a rat model of trinitrobenzene sulphonic acid (TNBS)
colitis [91]. In addition, treatment with SOD decreases
oxidative stress and adhesion molecule upregulation in
response to abdominal irradiation in mice. This observation
is associated with an attenuation of the radiation-induced
intestinal inflammatory response [92]. Despite these
promising results, the therapeutic application of SOD is
limited, mainly due to its short circulatory half-life of only
5-10 min, which restricts its bioavailability. In order to
resolve this problem, efforts have been made to find suit-
able vehicles for SOD. Probiotic species capable of local
delivery of SOD open a novel approach in bowel diseases
characterized from ROS production. In a relevant study,
genetically engineered species of Lactobacillus plantarum
and Lactococcus lactis capable of producing and releasing
SOD were found to exhibit antiinflammatory effects in the
TNBS colitis model, and offer clear-cut advantages over
continuous infusion of bovine SOD [93]. Another experi-
mental study demonstrated that Lactobacillus gasseri pro-
ducing manganese SOD had significant anti-inflammatory
activity reducing the severity of colitis in IL-10-deficient
mice [94]. Microbiological laboratory findings from two
studies indicated that two strains of Lactobacillus fermen-
tum, named E-3 and E-18, and Streptococcus thermophilus
showed significant antioxidative activity due to production
of SOD [95, 96].

Catalase is another major enzymatic antioxidant that
catalyzes the decomposition of hydrogen peroxide into
water and oxygen. Although lactic acid bacteria are gen-
erally catalase-negative, an experimental study of dime-
thylhydrazine-induced colon carcinogenesis in mice
revealed a catalase-producing Lactobacillus lactis strain
able to prevent tumor appearance [97]. Similar expecta-
tions about beneficial effects of specific probiotic strains
may also hold true for the case of radiation-induced oxi-
dative stress in the intestine.

Apart from engineering recombinant probiotic strains
capable of producing antioxidative enzymes, the develop-
ment of probiotics with secretory properties of non-enzy-
matic antioxidant molecules with free-radical scavenging
activity is also of great interest. One of the most important
intracellular non-enzymatic antioxidant molecules is glu-
tathione (GSH). Glutathione is a tripeptide that contains a
sulfhydryl group (-SH) and is highly efficient in detoxi-
fying ROS and peroxides. In the oxidative chain reaction,
GSH is converted to its oxidized form glutathione disulfide
(GSSG). One of the most essential functions of GSH is to
act as hydroxyl radical (OH’) scavenger since the hydroxyl
radical cannot be eliminated by an enzymatic reaction [98].
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In addition, the antioxidant selenoprotein glutathione per-
oxidase (GSH-Px) catalyzes the reaction of GSH with
lipidic (LOOH) or nonlipidic (ROOH) hydro peroxides as
well as hydrogen peroxide (H,O,) to CSSG and their
corresponding alcohols LOH, ROH, and H,O, respectively.
Glutathione disulfide (CSSG) is then reduced back to GSH
by the antioxidant enzyme glutathione reductase (GR).
Consequently, at sufficiently high radiation doses, GSH
becomes depleted, leaving highly reactive ROS to react
with critical cellular biomolecules and cause tissue dam-
age. Hence, the concentration of intracellular GSH is the
key determinant of the extent of radiation-induced intesti-
nal injury.

Both clinical and experimental evidence confirm the
important role of GSH in the maintenance of intestinal
mucosal integrity. Firstly, the inflammatory status in
patients suffering from ulcerative colitis and Crohn’s
colitis is associated with its depletion [99]. Secondly,
glutathione supplementation improved colonic damage,
restored glutathione levels, and decreased spectacularly
lipid peroxidation in a rat model of TNBS colitis [100].
However, oral administration of GSH-even in very large
doses (3 g)—is difficult to increase its systematic avail-
ability in order to reach circulating beneficial levels [101].
On the other hand, various thiol antioxidants and GSH
precursors such as cysteine, N-acetylcysteine, N-acetyl-
cysteine amide (NACA), and cysteamine have been shown
to protect rodents against the harmful effects of radiation.
Their application, however, has been limited by their toxic
side-effects [13, 102].

Another interesting aspect is the relation between GSH
concentration and fibrosis mediated by transforming
growth factor-beta TGF-f. TGF-f is the most potent and
ubiquitous profibrogenic cytokine, and its expression is
increased in almost all the fibrotic diseases and in experi-
mental fibrosis models [103]. An experimental study indi-
cated increased expression of TGF-f in radiation
enteropathy and concluded that this observation was rela-
ted to the chronicity of radiation enteropathy [104].
Moreover, TGF-f increases ROS production and decreases
the concentration of GSH. Recent findings address the
potential mechanism whereby oxidative stress mediates
fibrogenesis induced by TGF-f and the potential thera-
peutic value of GSH and its precursors in fibrotic diseases
[105].

Considering all of the above, probiotic strains able to
directly produce or promote the intestinal release of glu-
tathione could have potential therapeutic value. A labora-
tory study investigated GSH concentrations in probiotics
belonging to the genera Bifidobacterium and Lactococcus
[106]. Furthermore, in another animal study, oral admin-
istration of the probiotic strain Lactobacillus fermentum, a
microorganism that has been demonstrated in vitro to
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produce GSH and its precursor the dipeptide y-Glu-Cys
facilitates the recovery of the inflamed tissue in the TNBS
model of rat colitis, an effect associated with an increase in
the production of some mediators involved in the inflam-
matory response of the intestine [107]. In addition, two
recent experimental studies demonstrated that multispecies
probiotics {Lactobacillus acidophilus (W70), L. casei
(W56), L. salivarius (W24), Lactococcus lactis (W58),
Bifidobacterium bifidum (W23), and B. lactis (W52)}
enhanced de novo synthesis of GSH and increased GSH
content locally in the pancreas as well as systemically after
pretreatment in a well-established model of severe acute
pancreatitis. These observations were associated with
reduced activation of inflammation and acinar cell injury,
and concluded that probiotic pre-treatment diminished
acute pancreatitis-induced intestinal barrier dysfunction
and prevented oxidative stress via mechanisms mainly
involving mucosal GSH biosynthesis [108, 109]. To the
best of our knowledge, there is no experimental study that
has investigated the relationship between radiation enteritis
and colitis and glutathione or probiotics capable for local
delivery of GSH.

Other important molecules produced by some probio-
tics, which may be potentially useful for oxidative stress
reduction in the intestine, are the exopolysaccharides
(EPSs). Exopolysaccharides constitute long-chain poly-
saccharides consisting of branched, repeating units of
sugars or sugar derivatives, such as galactose, glucose, and
rhamnose, that probiotic bacteria release into the sur-
rounding environment to protect themselves under starva-
tion conditions and also at extreme pH and temperature.
Various health benefits have been attributed to EPSs.
Recently, a biotechnology study reported the time course of
the extracellular biosynthesis of an EPS by the probiotic
bacterium Bacillus coagulans RK-02 and proved that this
EPS exhibited significant in vitro antioxidant and free-
radical scavenging activities when compared to standard
antioxidants such as vitamin C and vitamin E [110].
Another experimental study compared the efficacy of the
high-EPS producing probiotic Lactobacillus delbrueckii
subsp. Bulgaricus B3 strain with the low-EPS producing
probiotic Lactobacillus delbrueckii subsp. Bulgaricus A13
strain in a rat model of acetic acid colitis. Both strains
attenuated the severity of experimental colitis, but the
oxidative biomarker MPO was lower in the high-EPS
producing group. These results concluded that exopoly-
saccharide-producing probiotics significantly improved
experimental colitis, which may be mediated by EPS in a
dose-dependent manner [111].

Probiotics apart from producing substances with anti-
oxidant and free-radical scavenging activities also exhibit
to a degree, metal chelating activities. Metal ions may
correlate with the pathogenesis of various chronic diseases
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such as coronary heart disease, carcinogenesis, and arthri-
tis, mainly by promoting free-radical production. It was
mentioned earlier that transition metal ions can initiate
lipid peroxidation and start a chain reaction by means of
decomposition of hydroperoxides (ROOH) to peroxyl
(ROO) and alkyoxyl (RO’) radicals. Among many ions
playing catalytic roles in free-radical chain reactions, iron
and cooper ions are highly reactive. The chelating ability of
19 lactic acid bacteria toward Cu?* and Fe*" ions was
investigated in a study, which indicated that probiotics
exhibit, to an extent, metal chelating activity. However,
Streptococcus thermophilus 821 and Bifidobacterium
longum 15708 demonstrated the highest Fe*™ and Cu®"
chelating ability, respectively [112]. According to another
laboratory study, the antioxidant activity of probiotic
Lactobacillus plantarum KCTC 3099 was compared with
Lactobacillus rhamnosus GG. In order to define the anti-
oxidative mechanism, superoxide dismutase (SOD) and
metal ion chelating activities were determined. The result
demonstrated little SOD activity for Lactobacillus planta-
rum KCTC 3099, but a higher level of chelating activity for
both Fe?>* and Cu®* metal ions [113].

Probiotic bacteria exhibit antioxidant activities in all
major ways. They may reinforce the inherent cellular
antioxidant defense by secreting enzymes like SOD. They
also release and promote the production of the major non-
enzymatic antioxidant and free-radical scavenger GSH.
Moreover, they promote the production of certain antiox-
idant biomolecules, such as the EPSs, and, finally, they
exhibit metal chelating activities. All these data suggest
that probiotics may have a potential therapeutic role in
ROS-characterized gastrointestinal disorders. However,
there is a need for further investigation both in animal
models and human trials in order to confirm the idea that
individual probiotic bacteria strains may concretely affect
beneficially the pathogenesis and the natural history of
radiation-induced enteritis and colitis.

Conclusions

The goal of radiation treatment is to deliver precisely
measured doses of ionizing radiation to a defined tumor
volume with the minimum acceptable injurious effects to
the surrounding healthy tissues. However, radiation injury
to the intestine will remain a major obstacle to the treat-
ment of abdominal and pelvic malignancies with radio-
therapy and continues to adversely impact the quality of
life of long-term cancer survivors. Since radiotherapy is
now used with increased frequency for solid organ neo-
plasms of the abdomen and pelvis, the incidence of radi-
ation enteritis and colitis is likely to increase in the future.
It is generally accepted that radiation therapy exerts its

beneficial effects in the eradication of neoplastic cells
through irretrievable cellular injuries due to free-radical
production. The same mechanism has been proposed for
the alterations observed in the normal adjacent tissues.
Quite recently, experimental studies in animal models have
pointed out to some degree the protective effects of pro-
biotics in radiation-induced intestinal injury. Human clin-
ical studies have long noted the benefits of probiotic
bacteria in the symptomatic management of radiation
enteropathy. In the light of these findings, probiotics may
play a key role in the enhancement of host intestinal
antioxidant defense systems. Additionally, these studies
demonstrated excellent safety of probiotics and lack of
serious side-effects, even in the setting of intestinal
inflammation. As a result, probiotic bacteria with the
ability to secrete extracellularly antioxidant compounds or
to promote intracellular enforcement of antioxidant sys-
tems are close enough to fulfill the criteria of the ideal
intestinal radioprotector. Through genetic engineering, it is
now possible not only to strengthen the effects of existing
strains but also to create completely new probiotics able to
directly produce or promote the intestinal release of spe-
cific agents. Now it is more obvious than before that in
order to create efficient strategies for modification of
intestinal radiation responses, it is required to strengthen
collaborative research between several medical disciplines
and pharmaceutical and biotechnology scientists.
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