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Intestinal injury from ionizing radiation is a clinically important entity, as enteritis
symptoms occur commonly after radiotherapy for pelvic malignancies. Preventative or
therapeutic options for radiation enteritis are mostly unsatisfactory; however, available
data suggests that probiotic bacteria—those which confer health benefit—may have
therapeutic value. Previous reports from both human trials and animal models have
evaluated various end points for probiotic usage in limiting radiation-associated intestinal damage. Newer data suggests that particular probiotics and/or their secreted
or derived bacterial products may have unique radioprotective properties. We will review the area with a focus on new developments surrounding probiotic therapy in
radiation-induced intestinal injury and repair.
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Background
Intestinal injury commonly occurs after
radiotherapy for pelvic or abdominal malignancies. Side effects associated with acute radiation enteritis occur in up to 75% of patients
and differ both clinically and pathophysiologically from the sequelae associated with chronic
radiation enteritis.1 Acute symptoms relate to
radiation-induced malabsorption and include
bloating and diarrhea. In addition to adversely
effecting quality of life, symptoms occasionally
lead to significant dehydration requiring hospitalization. The acute side effects typically resolve within 2 to 3 weeks after radiation therapy is complete. The high prevalence of acute
radiation enteritis, coupled with the paucity of
adequate preventative or therapeutic strategies,
underscores the importance of further investigation in this field.
There is a clear link between gastrointestinal health and the gut’s resident bacteria. Over
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the last decade we have come to recognize
that commensal bacteria, largely via toll-like
receptors (TLRs), influence the intestinal epithelial response to injury in a complex manner.
These interactions are best highlighted in work
on animal models of inflammatory bowel disease;2,3 these interactions may also hold true for
the intestinal epithelial response to radiationinduced injury. Crawford and Gordon demonstrated that germ-free mice are markedly resistant to lethal radiation injury and exhibit
significantly fewer apoptotic endothelial cells
in the mesenchymal cores of their small intestinal villi when compared to conventionally raised animals.4 Interestingly, we found
that mice deficient in MyD88 (thus lacking the
major downstream signaling pathway for most
TLRs) demonstrate increased epithelial apoptosis in response to radiation.5 Clearly these
potentially disparate findings underscore the
complexities of the dynamic interactions between the gut and its flora. While the mechanistic underpinnings of this relationship are just
beginning to be explored, clinical studies have
long noted the benefits of certain probiotic bacteria in the symptomatic response to intestinal
injury.
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Probiotics are live microbial organisms that,
when ingested, can confer benefit to the host
via direct bacterial-host interaction or secreted
factors. Delivery of probiotics to the GI tract
can be as a supplement or as a food component such as with yogurt. These organisms have
been proposed to benefit a variety of conditions
both gastrointestinal in origin and extraintestinal. The best evidence supporting probiotic use
is in treatment of infectious diarrhea and pouchitis; however, there is also data supporting
a potential role for these beneficial bacteria in
the treatment or prevention of radiation enteritis.1,6 Over the last decade sporadic investigations have furthered this hypothesis, and recent
studies have now elucidated more specifically
how individual probiotic bacteria strains and
their bacterial products may be most effective
for this condition.
In light of our laboratory’s recent findings describing the radioprotective effects of the probiotic Lactobacillus rhamnosus GG, the following sections will highlight both human trials and
model-derived data covering the use of probiotics in radiation-induced intestinal injury. New
findings providing insight into potential probiotic mechanisms of action will be discussed in
greater detail.

L. Casei failed to meet meaningful endpoints
in patient groups undergoing pelvic radiation
for gynecologic malignancies.8,9 Lactobacillus
rhamnonus GG (LGG) has been evaluated
in two different investigations where radiotherapy was utilized. Osterlund found less severe diarrhea in colorectal cancer patients who
took LGG while receiving chemotherapy with
5-FU.10 Notably, more than a third of those
subjects were also undergoing pelvic radiation
therapy. Hungarian researchers also showed
that LGG was modestly effective in improving stool consistency and delaying the need for
other antidiarrheal therapy in patients undergoing pelvic radiotherapy.11 It is possible that
this second study would have found more favorable outcomes had the LGG administration
been started prior to the initiation of radiation, rather than offered as a rescue therapy
after symptoms had begun. Overall, these clinical trials have shown a trend, albeit a modest
one, toward a benefit for probiotics in limiting
the severity of GI symptoms associated with
pelvic radiation. Additionally, it is reassuring
that none of these studies reported any adverse
infectious events linked to the probiotic usage.

Human Trials

Earlier studies from animal models provide
supporting evidence for a GI protective role
of probiotics in radiation injury. However, the
published investigations have used different
doses of radiation, various animal models, and
a range of assessed end points.12–14 Together
the results suggest that probiotics can reduce
radiation-associated small intestinal mucosal
ulcerations, gram-negative bacteremia, endotoxemia, and early deaths. While supportive
of the theory, the studies fell short on analytic
rigor and the provision of meaningful mechanistic insight.
Animal studies have led to numerous proposed mechanisms for the pathology and
symptoms that result from acute gastrointestinal radiation injury. Intestinal epithelial cell

Among other therapeutic agents, various
probiotics have been investigated for their potential to reduce the significant GI side effects
associated with radiation exposure. One group
of investigators performed a large study with
the commercially available probiotic mixture
VSL#3. In a double-blind placebo-controlled
study of nearly 500 patients undergoing pelvic
radiotherapy, Delia and colleagues showed that
when compared to the placebo group, patients
taking VSL#3 experienced radiation-induced
diarrhea less frequently and at a lower degree
of severity.7 Other smaller studies have been
conducted with different Lactobacillus species
as single agents. Both L. Acidophilus and
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death, disruption of the interepithelial tight
junctions, and changes induced in the microvascular endothelium are among proposed
mechanisms.15–19 The small intestinal epithelium is typified by a state of continuous and
rapid cell turnover within the crypt. Multipotent epithelial stem cells produce rapidly dividing transit cells, which ultimately produce
differentiated mature epithelial cells. These
mature cells then migrate onto the villus. Noxious stimuli, including radiation, can kill epithelial cells and result in disruption of the epithelial
membrane. After this injury, the stem cells proliferate, giving rise to an increased number of
transit cells, which in turn form regenerative
crypts to repopulate the mucosa. Evaluation of
both the regenerative crypt number and positional apoptosis data is used to quantify radiation injury to epithelial stem cells.
Recent studies have provided both clinical
support for and new insight into the signaling mechanisms by which bacteria may exhibit
their radioprotective effects. We have found
that the probiotic Lactobacillus rhamnosus GG
has radioprotective capabilities. This unique
probiotic, originally cultured by Gorbach and
Goldin, demonstrates the ability to both resist bile and gastric acid as well as to successfully adhere to small intestinal mucosa.20
Yan et al. showed in vitro that this bacterium,
as well as its secreted protein, P40, can inhibit TNF-alpha induced epithelial cell apoptosis via activation of the antiapoptotic AKT
pathway and inhibition of the proapoptotic
P38/MAPK pathway.21,22 Given our previous
finding that PGE2 reduces radiation-induced
epithelial apoptosis via a mechanism involving AKT activation,23 we sought to determine
whether LGG could exhibit intestinal radioprotection. Oral administration of LGG or its
culture media supernatant prior to radiation
increased the number of regenerative epithelial crypts and reduced epithelial cell apoptosis,
particularly in the putative stem cell domain.24
In experiments with mice deficient in MyD88
or cyclooxygenase-2 (COX-2), we found that
the radio-protective effects of LGG are inde-
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pendent of TLR-mediated, MyD88-dependent
signaling, yet require COX-2 (an enzyme upstream of PGE2). Recent corroborative reports
indicate that LGG can also improve intestinal epithelial barrier function via tight junction modifications.25–27 Our future studies will
be directed at further delineating the involved
signaling pathways and identifying the effective
soluble secreted factor(s).
Demonstrating that bacterial interactions
can offer radioprotection via a different signaling pathway, Burdelya and colleagues used
stimulation of the innate immune system to exploit pharmacologic mimicry of an antiapoptotic mechanism frequently acquired by tumor cells (constitutive activation of the nuclear
factor–kB (NF-kB).28 The investigators showed
that a polypeptide drug derived from the flagellin of a Salmonella species could initiate an
NF-KB dependent pathway to protect intestinal epithelial cells from radiation induced damage. The polypeptide’s signaling occurred via
TLR5 activation, and when administered prior
to radiation exposure, it limited both histologic damage and radiation-associated lethality. Testing was successful in both mice and
rhesus monkeys. The results of this study also
underscored the necessity of administering a
radioprotective agent as prophylaxis rather
than postinsult.
Summary and Future Directions
This is an exciting time for the physiologic
study of probiotics in health. Radiation enteritis should be considered as a potential model
to study the interaction of probiotic bacteria
with a disease state for several reasons. First,
radiation-induced intestinal injury is a clinically prevalent condition for which few therapeutic options exists. Second, we now have
both experimental and clinical trial data to
suggest a potential benefit for probiotics. Finally, well-characterized animal and cell culture models of radiation injury exist and can
be used in further studies to delineate both
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the optimal therapeutic conditions and the
mechanistic pathways of specific probiotics,
probiotic mixtures, or probiotic-derived products. In support of this, recent advances in radiation injury models suggest that isolation of
specific TLR agonists or other soluble secreted
proteins from probiotics may be equally or perhaps even more efficacious than the live bacteria.24,28 Further characterization and testing of
these novel findings will advance understanding of bacterial-host interaction, disease mechanism, and likely therapy.
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