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The purpose of this study was to determine whether rifaximin reduces the radiation damages in the
small intestine. Female C57BL/6 mice were treated with 15 Gy of whole abdominal irradiation (WAI)
alone, oral rifaximin (30 mg/kg/day) for 2 days alone, oral rifaximin for 2 days before WAI, or oral
rifaximin for 2 days after WAI. The survival rates and body weights of mice after the treatments were
determined. From the histopathology preparations, the number of surviving crypt cells and the length of
villi were determined. The frequency of apoptosis in crypt cells, proliferation of crypt cells, and
expression of NF-κB were also determined. Administration of rifaximin for 2 days before 15 Gy WAI
significantly improved the survival of mice. Rifaximin treatment after WAI was slightly less effective than
that before WAI treatment to reduce the WAI-induced death of mice. Rifaximin treatment before WAI
markedly reduced the WAI-induced depletion of crypts, shortening of villi, and increase of apoptosis in
crypt cells. Rifaximin promoted the proliferation of crypt cells and increased the expression of NF-κB in
crypt cells. Oral administration of rifaximin to C57BL/6 female mice for 2 days before WAI significantly
reduced the radiation-induced damage in the small intestine and improved the survival of mice.
Rifaximin also attenuated the damage in small intestine caused by 2 or 5 Gy WAI. Rifaximin may be
useful for the attenuation of the radiation-induced gastrointestinal damages.
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INTRODUCTION
The gastrointestinal (GI) system is highly
radiosensitive and intestinal injury is one of the
major side effects of radiation therapy for cancers
in the abdominal and pelvic areas. (Jung, et al.,
2013) (Carabajal, et al., 2012) (Park, et al., 2014)
(Sonis, et al., 2001) (Bellm, et al., 2008) When
large populations are exposed to radiation
following a nuclear accident or a nuclear attack by
terrorists, the radiation-induced damage in the
intestinal tract may lead to massive causality.
Irradiation of intestine causes acute
morphological changes in a dose-dependent

manner within 24-48 h. (Rose-Ped, et al., 2002)
(Lutgens, et al., 2007) (Elting, et al., 1992) These
changes include shortening of the villi and
reduction of the thickness of the mucosa, which
lead to reduced absorption of nutrients, water, and
electrolytes, resulting in fluid loss, dehydration,
and electrolyte depletion. These radiation-induced
morphological, functional and physiological
changes appeared due to mainly radiationinduced apoptosis and necrosis in crypt cells
(Potten 2001) (Potten, et al., 1998) (Singh, et al.,
2011) followed by inflammation in the affected
intestine. (François, et al., 2013) Numerous
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compounds or means have been proposed to
protect or mitigate radiation-induced intestinal
injury. (Packey, et al., 2010) (Singh, et al., 2001)
(Salin, et al., 2001) (Martinel, et al., 2013) (Kim, et
al., 2012) (Shadad, et al., 2013) It has been
shown that upregulation of nuclear factor-κB (NFκB) via activation of toll-like receptor 5 (TLR5)
attenuates intestinal injuries caused by radiation.
(Packey, et al., 2010) Others have reported that
commensal intestinal bacterial or their products
activate TLR5 and NF-kB, and thereby reduce
intestinal injuries. (Packey, et al., 2010) (Burdelya,
et al., 2008) Several studies also reported that a
recombinant human epidermal growth factor,
granulocyte colony stimulating factor, and
anthocyanins protect intestine against ionizing
radiation. (Oh, et al., 2010) (Okada, et al., 2007)
In addition, prophylactic antibiotics have been
reported to protect intestine from radiationinduced injuries. For example, Rosoff 1963
showed that neomycin, a non-systemic antibiotic,
reduced mortality related to GI injury after total
body irradiation. (Stacey, et al., 2014)
Unfortunately, neomycin causes severe adverse
effects such as nausea, vomiting, and soreness of
the mouth and rectal area.
Rifaximin is an antibiotic and antiinflammatory drug that has been used to treat
traveler’s
diarrhea
caused
by
bacterial
enteropathogens. Rifaximin is also used to treat
hepatic encephalopathy, irritable bowel syndrome
(IBS), small bowel bacterial overgrowth, and
pouchitis. (Adachi, et al., 2006) (Rivkin, et al.,
2011) (Guslandi 2011) Jahraus, et al., 2010
reported that daily administration of rifaximin
starting 1 h after lethal whole-body irradiation of
female Wistar rats reduced neutropenia. Calanni,
et al., 2014 reported that rifaximin exerts antiinflammatory effects on the overall composition of
the gut microbiota. Importantly, rifaximin is nonsystemic, meaning that orally administered
rifaximin
is
not
absorbed
through
the
gastrointestinal wall into the circulation.
The purpose of this study was to evaluate the
feasibility
of
attenuating
radiation-induced
intestinal injuries with rifaximin.
MATERIALS AND METHODS
Animals
Female C57BL/6 mice (5-weeks old) were
purchased from the Orient Bio Co. (Seongnam,
Korea) and allowed to acclimate to the new
environment for 1 week prior to experimentation.
The temperature and relative humidity of animal

room were maintained at 22 ± 3℃ and 50 ± 20%,
respectively. Mice were given water from reverse
osmosis and food (Purina) ad libitum. All animal
experiments were conducted following a protocol
approved by the Institutional Animal Care and Use
Committee.
Sequence of irradiation and rifaximin
treatment
To determine the optimal sequence of
rifaximin and radiation treatment, 4 experimental
groups were set: (i) whole abdominal irradiation
(WAI) alone, (ii) oral rifaximin (30 mg/kg/day) for 2
days alone, iii) rifaximin for 2 days before WAI, (iv)
rifaximin for 2 days after WAI. The whole
abdominal area was irradiated with 15 Gy in a
60
single dose using a Co irradiator (Thermatron
780, Atomic Energy of Canada) at a dose rate of
1.3 Gy/min. For irradiation, mice were placed in
ventilated Plexiglas containers under light
anesthesia with tiletamine/zolazepam (Virbac
TM
Zoletil
50; Virbac Lab, Carros, France) and
whole body was covered with 15 mm thick lead
sheet expert whole abdominal area. Rifaximin
(molecular weight: 785.88) was obtained from
Sigma-Aldrich (St. Louis, MO, USA) and was
administrated orally to mice at 30 mg/kg/day on 2
consecutive days before or after WAI.
Survival of mice and body weight
Animal survival and body weight were monitored
daily for 55 days and 23 days after irradiation,
respectively. All animals that became moribund
were sacrificed immediately.
Jejunal crypt assay and morphological
changes
Mice were randomly divided into four groups:
(i) control, (ii) whole abdominal irradiation (WAI),
(iii) rifaximin for 2 days, and (iv) rifaximin for 2
days before WAI. Mice were sacrificed 1-7 days
after WAI, and the jejunum were removed and
fixed in neutral-buffered formalin, embedding in
paraffin, tissues were cut into 4-µm transverse
sections. The tissue sections were mounted on
silane-coated slides, deparaffinized in xylene
(3×10 min), and rehydrated by treating with a
series of graded alcohols (100%, 95%, 90%, 80%,
and 70%), and stained with hematoxylin and eosin
(H&E). The number of surviving crypts per
transverse histological section was counted. A
crypt that contained at least 10 surviving cells was
defined as a “surviving crypt”. Crypts in 5 to 8
circumferences per mouse were counted and
averaged.
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Assessment of apoptosis, proliferation, and
expression of nuclear factor-κB in crypt cells
The jejunum of each mouse was excised,
placed in neutral-buffered formalin, embedded in
paraffin and cut into 4-µm thick sections. The
tissue sections were mounted on silane-coated
slides and deparaffinized as described above. The
deparaffinized tissue sections were then heated
and boiled (10 min) by microwaving in a 0.01 M
citrate buffer (pH 6.0) to retrieve the antigens. The
tissue sections were then maintained overnight at
o
4 C in a solution containing an appropriate
concentration of antibodies against proliferating
cell nuclear antigen (PCNA) (PC 10) (sc-56; Santa
Cruz, Texas, USA) (Oh, et al. 2010) or nuclear
factor-κB (NF-κB) (sc-109; Santa Cruz, Texas,
USA), as recommended by the manufacturers.
After washing three times with PBS, the tissue
sections were incubated with a peroxidase
TM
reagent and anti-mouse IgG (ImmPRESS ;
VECTOR laboratories, Inc, Burlingame, CA, USA)
for 20 min. Then, the sections were washed 3
times with PBS, the peroxidase binding sites were
stained with diaminobenzidine (DAB; VECTOR
Laboratories, Inc., Burlingame, CA, USA),
counterstained with Mayer's hematoxylin, and
then examined with a light microscope. The
PCNA- and NF-κB-positive cells were scored at
400× magnituede as follows. Ten fields of nonnecrotic areas were selected randomly across
each jejunum section. In each field, the numbers
of PCNA- and NF-κB-positive cells out of 1000
nuclei in the crypts of the small intestine were
counted. Apoptosis was assessed using a
previously described method as follows. The
tissues embedded in paraffin blocks were cut into
4-µm sections, mounted on silane-coated slides,
deparaffinized and stained with ApopTag
peroxidase using an in situ apoptosis detection
staining kit (S7100, Merck Millipore, Billerica, MA,
USA). Apoptotic cells positive with terminal
deoxynucleotidyl transferase-mediated dUTPbiotin nick end labeling (TUNEL) were counted at
400× magnification. TUNEL-positive cells were
considered apoptotic only when they exhibited
apoptotic morphology, as previously described.
(Kim, et al. 2007) (Kim, et al., 2011) Ten fields of
non-necrotic areas were selected randomly in
each jejunum section. In each field, the number of
cells with apoptotic bodies out of 1000 nuclei was
counted.

Effect of sub-lethal dose irradiation on distal
jejunum
We also have studied the effect of rifaximin on
intestinal injuries caused by sublethal irradiation
doses. Mice were given WAI of 2 or 5 Gy in a
single dose with or without oral rifaximin (30
mg/kg/day) for 2 days before irradiation. Mice
were sacrificed 2 days after irradiation, and the
jejunum were removed and fixed in neutralbuffered formalin. After paraffin embedding, 4 µm
transverse sections were cut and subjected to
TUNEL staining as described above.
Statistical analysis
Results are expressed as mean ± SE and the
t-test was used for statistical comparisons. All
tests were two-sided, and a p-value less than 0.05
were considered to be significant.
RESULTS
Survival rate and body weight of mice
Mice treated with 15 Gy of WAI alone began
to die from day 7, and all mice in this group died
by day 17 (Fig. 1). Forty percent of the mice given
rifaximin after WAI died on the 8th day after WAI,
and 20% of the mice given rifaximin before WAI
died on the 15th day after WAI. Importantly, no
additional deaths occurred in either rifaximin
group until day 55, the end of the study period.
The treatment with rifaximin alone had no effect
on the survival or body weight of mice. Rifaximin
treatment before or after WAI also attenuated the
radiation-induced loss of body weight, although
the difference between the two groups was not
statistically significant (Fig. 1B). Accordingly, we
investigated the effect of rifaximin administered for
2 days before WAI on the intestinal injuries in the
subsequent experiments.
Morphological changes in jejunal mucosa
Fig. 2A shows the effects of rifaximin on WAIinduced histological changes in the small
intestinal mucosa. The tissues from the control
group (no radiation) or that from the rifaximin
treatment alone group showed a large number of
crypts at the bases of the microvilli. The major
changes induced by WAI were death of crypt cells
and characteristic shortening of villi. The average
number of surviving crypts in control group was
104.1 ± 1.6/circumference and that at 2 days after
WAI was only 56.4 ± 1.5/circumference, while it
was 78.3 ± 1.8/circumference in the group given
rifaximin before WAI (p < 0.05).
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Figure 1. Survival rate (A) and body weight (B) of mice (10 per group, means ± SEs) given 15 Gy of
WAI alone, rifaximin for 2 days before WAI, or rifaximin for 2 days after WAI.
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Figure 2. Representative hematoxylin and eosin-stained transverse sections (40×) of the jejuna of
mice given no radiation (control), WAI, rifaximin for 2 days and rifaximin for 2 days before WAI (A),
quantitation of jejunal crypt cells of the full jejunum circumference (B), and quantitation of villi
length in the jejunal mucosa (C). Data are means ± SEs. (*p < 0.05)
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The length of villi of control group and that of
rifaximin alone group were 130.4 ± 10.4 µm and
that in the group received WAI alone decreased to
76.1 ± 2.8 µm in 3 days (Fig. 2C). In the group
treated with rifaximin before WAI, the length of villi
on day 3 was 88.5 ± 10.1 µm. The villi of rifaximin
plus WAI group on day 2 and 3 were longer than
that of WAI alone group (p < 0.05).
Apoptosis in crypt cells
Fig. 3 shows the apoptosis of crypt cells at
various times after WAI, as determined with
TUNEL method. There were no visible apoptosis
in the crypt cells of control mice and the mice

treated with rifaximin alone. On the other hand,
mice given WAI alone showed apoptosis in 29.8%
of crypt cells on day 1 and 45.9% on day 2. Mice
given rifaximin and then WAI had apoptosis in
19.9% of crypt cells on day 1 and 24.9% on day 2.
This difference between the frequency of
apoptosis in WAI alone group and that in rifaximin
plus WAI group in 1~3 day’s post-irradiation was
statistically significant (p < 0.05) (Fig 3.B). It was
apparent that rifaximin effectively reduced the
apoptotic death in jejunal crypts exposed to 15 Gy
WAI.

Figure 3. Representative TUNEL staining results (400×) of crypt cells (A) and quantitation of these
results (B) for mice given no radiation (control), WAI, rifaximin for 2 days and rifaximin for 2 days
before
WAI.
Data
are
means
±
SEs.
(*p
<
0.05)
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Proliferation of crypt cells
Immunohistochemical staining for proliferating cell
nuclear antigen (PCNA) is shown in Fig. 4A. In the
control mice, about 17.8% of crypt cells were
positive for PCNA (Fig. 4B). On the day 2 after
WAI, PCNA-positive cell population was 7.5%
whereas it was 13.1% in the group received
rifaximin before WAI. The PCNA positive cell
population
rapidly
recovered
thereafter,

particularly in the group treated with rifaximin
before WAI. The percentage of PCNA-positive
cells in the rifaximin plus WAI group was
statistically greater than that in the WAI alone
group on day 2 ~ 5. It was evident that rifaximin
treatment
attenuated
the
WAI-induced
suppression of crypt cell proliferation in the jejunal
mucosa.

Figure 4. Representative immunostaining results (400×) for PCNA in jejunal tissues (A) and
quantitation of these results (B) for mice given no radiation (control), WAI, rifaximin for 2 days and
rifaximin for 2 days before WAI. Data are means ± SEs. (*p < 0.05)
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Nuclear factor-κB activity in jejunal crypt cells
We used immunohistochemical staining to
examine the potential role of NF-κB in rifaximininduced attenuation of injuries in jejunal crypt cells
caused by WAI (Fig. 5). In the control mice, about
5.2% of crypt cells were NF-kB-positive. After WAI
with 15 Gy, the NF-kB-positive cell population
decreased slightly on days 2 and 3 and then
increased to about 8.8% on day 5. In the rifaximin
alone group, the NF-kB-positive cell population
increased to 11.4% and 13.5% on day 1 and 2,

respectively, and slightly decreased on days 3
and 5. When rifaximin was administered for 2 day
before WAI, the NF-kB-positive cell population
markedly increased to 14.8% on day 1, further
increased reaching to a maximum level of 19.8%
on day 2 and then slightly declined on day 5. It is
of note that during 1 ~ 5 days post WAI, the
percentage of NF-kB-positive cells in the rifaximin
plus WAI group were 3 – 6 folds greater than that
in the WAI only group.

Figure 5. Representative immunostaining results (400×) for NF-kB in crypt cells (A) and
quantitation of these results (B) for mice given no radiation (control), WAI, rifaximin for 2 days and
rifaximin for 2 days before WAI. Data are means ± SEs. (*p < 0.05)
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Intestinal injury by sub-lethal irradiation
We also examined the histological changes
and apoptosis in small intestinal mucosa 2 days
after WAI with a sub-lethal radiation dose of 2 or 5
Gy (Fig. 6). Irradiation with 2 Gy induced
apoptosis in 10.5% of crypt cells and that with 5
Gy induced apoptosis in 18.3% of crypt cells. On
the other hand, in the mice treated with rifaximin

before WAI with 2 Gy or 5 Gy, apoptosis occurred
in 6.3% and 13.7% of the cells, respectively. This
rifaximin-induced suppression of apoptosis
caused by WAI with 2Gy or 5 Gy was statistically
significant (p < 0.05).

Figure 6. Representative TUNEL staining results (400×) of crypt cells (A) and quantitation of these
results (B) for mice given no radiation (control), 2 Gy WAI, rifaximin for 2 days before WAI 2 Gy, 5
Gy WAI, and rifaximin for 2 days before WAI 5 Gy. Tissues were collected 2 days after WAI. Data
are means ± SEs. (*p < 0.05)
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DISCUSSION
In treating cancer in the abdominal and pelvic
areas with radiotherapy, injuries in GI system are
potential problems. In the present study with an
experimental mouse model, oral administration of
rifaximin prior to 2, 5 and 15 Gy WAI in a single
exoposure, significantly reduced the radiationinduced intestinal injury and improved the survival
of the irradiated mice. Histopathological
examination of the small intestine showed that
rifaximin markedly improved the crypt survival by
reducing epithelial apoptosis and enhancing the
proliferation of epithelial cells. Rifaximin
significantly increased NF-κB expression in
irradiated intestine indicating that an increase in
NF-κB protein level may play a role, at least in
part, in the rifaximin-mediated attenuation of
intestinal damage following WAI.
Rifaximin administration to mice for 2 days
before 15 Gy of WAI markedly reduced the death
rate of mice. Rifaximin treatment for 2 days after
WAI was slightly less effective than that before
WAI for improving the survival of the irradiated
mice (Fig.1A). In the mice that received 15 Gy of
WAI alone, the number of surviving crypts in the
small intestine markedly declined reaching a nadir
after 2 days (Fig. 2). However, rifaximin treatment
before WAI markedly prevented the depletion of
crypts. It would be reasonable to suggest that the
improved survival of crypts, at least in part,
accounted for the improved survival of the mice.
The apoptosis of crypt cells was maximal at 2
days after WAI (Fig. 3), coinciding with the
maximum depletion of crypts (Fig. 2). This
observation indicates that the death of mice or
loss of crypts after WAI was due mainly to the
apoptotic death of crypt cells. In addition, it
appeared that an increase in the proliferation of
crypt cells by rifaximin treatment, as shown by the
increased PCNA activity (Fig. 4), contributed to
the increased survival of crypts and the increase
in the length of the intestinal villi (Fig. 2).
The exact mechanism by which rifaximin
reduces intestinal injury and improves the survival
of mice received 15 Gy of WAI is unclear. It is
generally believed that radiation-induced intestinal
injury is due mainly to DNA damage and
chromosomal breaks in actively dividing crypt
cells. Importantly, recent studies suggested that
intestinal micro biota and their products greatly
influence the response of small intestine to
ionizing radiation. It has been indicated that
presence of certain bacteria can exert a
substantial impact on the type and magnitude of
symptoms experienced by patients exposed to

abdominopelvic radiation. (Manichanh, et al.,
2008). In this regards, antibiotics such as
neomycin and polymyxin B have been shown to
significantly
mitigate
the
radiation-induced
intestinal injuries. (Rosoff 1963) (Stacey, et al.,
2014)
Rifaximin has been shown to prevent bacterial
translocation in inflamed intestine and also
suppresses bacterial overgrowth in intestine.
(Adachi, et al., 2006) Guslandi 2011 reported that
riafaximin may contribute to the anti-inflammatory
effects on the intestinal mucosa. A recent report
indicated that commensal intestinal bacteria or
their products regulate intestinal homoeostasis by
activating Toll-like receptors (TLRs) and NF-κB.
(Packey, et al., 2010) Others indicated that
activation of NF-κB can confer radioprotection to
the intestinal epithelium. (Burdelya, et al. 2008)
NF-κB has been known to regulate the production
of a wide variety of cytokines and chemokines,
which contribute in enhancing cell proliferation
and tissue regeneration in various organs, such
as gastrointestinal crypts stem cells and bone
marrow following exposure to irradiation. (Singh,
et al., 2015) In our study, NF-κB is markedly
increased in mice treated with rifaximin before
WAI. This increase might account for the
protective effects of rifaximin against radiationinduced intestinal injuries. Taken together, we
may speculate that rifaximin alters the microbial
composition of the intestine and spares bacterial
species that bind to TLRs and activates NF-κB,
thereby reducing the intestinal damage caused by
15 Gy WAI. Our results showed that rifaximin is
also effective in lowering intestinal epithelial
apoptosis following 2 or 5 Gy of WAI. We may
conclude that rifaximin may be useful for
alleviating the intestinal damage associated with
the treatment of tumors in the abdominal and
pelvic areas with high-dose fractionated
radiotherapy
such
as
stereotactic
body
radiotherapy (SBRT) or with small doses per
fraction multi-fractionated radiotherapy.
CONCLUSION
Rifaximin treatment for 2 days before WAI
significantly reduced the injury to the small
intestine and improved the survival of the mice.
Elevation of NF-ĸβ expression appeared to play a
role in the rifaximin-induced reduction of radiationinduced intestinal injuries.
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