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Purpose: The duodenum is a key organ at risk during sterotactic ablative radiotherapy (SABR). Understanding mechanisms of
radiation-induced intestinal injury (RIII) could reveal novel strategies to reduce SABR toxicities. The gut microbiome contrib-
utes to RIII; however, existing preclinical models either require surgical manipulation or fail to recapitulate high-dose confor-
mal treatment fields used during SABR, confounding microbiome studies. We developed a noninvasive focal bowel irradiation
model to assess microbiome dynamics in both the duodenum and the stool after high-dose duodenal irradiation.
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Methods and Materials: C57BL/6J mice received sham treatment or focal irradiation (12 or 18 Gy) to the proximal duode-
num using a small animal irradiator. Stool and duodenal tissue samples were collected at days 4, 14, and 91 after treatment
and processed for bacterial 16S rRNA gene V4 region amplicon sequencing (Illumina MiSeq platform). Microbiome diversity
metrics were calculated, and multivariable linear mixed modeling identified bacterial taxa associated with radiation therapy.
Results: Oral iodine contrast enabled duodenum visualization, and 100% of mice survived until euthanasia. Focal duodenal
irradiation led to dose- and time-dependent changes in duodenal bacterial community composition that were not observed in
stool. At days 4 and 14 after treatment, 18 duodenal taxonomic groups were significantly perturbed, whereas only 2 taxa were
significantly altered in the stool.
Conclusions: Our focal duodenal irradiation model is safe, well tolerated, and easy to implement. It enables characterization of
microbiome perturbations during both the acute and late phases of injury and serves as a platform for testing new RIII mitiga-
tion strategies. Our findings reveal that irradiation-induced changes in the duodenal microbiome are dose-, time-, and spatially
dependent and are not reflected in stool samples. These results underscore the imperative of directly assessing tissue-associated
microbiota, as relying solely on stool samples risks overlooking critical, localized microbial dynamics that may drive injury and
repair. � 2025 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/)
Introduction

The duodenum is essential for digestion and nutrient
absorption. The duodenum and proximal jejunum uniquely
absorb iron and calcium, neutralize acidic chyme from the
stomach, and deliver pancreatic enzymes and bile to facili-
tate digestion.1 The duodenum is vulnerable during radia-
tion therapy, and duodenal dose constraints can limit
effective treatment of abdominal tumors.2 Understanding
mechanisms of duodenal radiotoxicity may yield strategies
to mitigate the side effects of treatment and increase the
therapeutic ratio of abdominal radiation therapy.

Preclinical data suggest that the gut microbiome modu-
lates radiation-induced intestinal injury (RIII).3 The
microbiologically sterile gut of a germ-free mouse is protec-
tive of RIII from total body irradiation (TBI).4 Similarly,
antibiotic treatment can abrogate RIII after abdominal radi-
ation.5 In contrast, preclinical6,7 and translational studies8

have identified commensal and probiotic microbes that mit-
igate gastrointestinal injury from TBI or whole abdominal
irradiation (WAI). These findings have led to clinical trials
investigating orally administered probiotics as a potential
treatment to reduce the severity of RIII-associated diarrhea,
showing promising results.9 Collectively, these findings indi-
cate that bacteria of the gut microbiome play a complex and
multifaceted role in RIII and underscore the need to distin-
guish beneficial and detrimental bacterial taxa impacting
RIII.

Most existing preclinical models of RIII use TBI or
WBI,10 which do not reflect the dose distributions used in
abdominopelvic radiation for patients with cancer.11 A
notable exception is a contribution by Gerassy-Vainberg et
al,12 who examined microbiome perturbations in colon tis-
sue and stool in a murine radiation proctitis model using
brachytherapy to focally injure the rectum. They found that
focal irradiation of the rectum induced microbiome pertur-
bations in both stool and damaged tissues. Furthermore,
transferring stool from irradiated mice to germ-free mice
increased susceptibility to radiation- or chemically induced
colitis compared with stool from unirradiated mice, suggest-
ing that irradiation-induced microbiome disruptions con-
tribute to RIII phenotypes.12

However, little is known about microbiome perturba-
tions in the small bowel after focal irradiation, largely
because of the technical challenges associated with precisely
targeting this area. The development of image guidance for
small animal irradiators has enabled delivery of more con-
formal radiation dose distributions; however, the limited
intrinsic soft tissue contrast of CT restricts the ability to pre-
cisely target individual bowel loops.13 To overcome this
challenge, various surgical models have been developed to
irradiate bowel segments, either through surgical transposi-
tion of intestine11 or fiducial marker placement.14

Unfortunately, gastrointestinal surgery may impact the gut
microbiome,15 confounding efforts to define RIII-specific
microbiome correlates.

Building on these methodological advances, it is crucial
to evaluate whether stool samples alone can adequately cap-
ture microbiome perturbations resulting from focal RIII.
Most studies seeking to understand microbiome perturba-
tions in the context of RIII have examined stool samples.10

However, there is growing recognition of the spatial varia-
tion of the gut microbiome along the gastrointestinal tract,
known as gut biogeography.16 Gut biogeography challenges
the generalized assertion that stool microbiome profiling
will fully and accurately capture microbial biomarkers of
gastrointestinal disease. For example, research in inflamma-
tory bowel disease has shown that stool microbiome profiles
do not accurately represent tissue-associated microbial com-
munities, and profiling tissue-associated microbiomes can
more accurately predict disease phenotypes.17 Gut biogeog-
raphy may be particularly relevant when assessing the role
of the gut microbiome in the context of small bowel RIII,
because the microbiomes of the small bowel and stool are
significantly different.18

Motivated by these challenges, we aimed to develop a
noninvasive, clinically relevant focal bowel irradiation
model to define the microbiome perturbations associated
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with focal duodenal irradiation in both the acute and late
phases of injury, and to serve as a platform for testing new
RIII mitigation strategies. In addition, we aimed to uncover
the relationship between duodenal and stool microbiota to
evaluate the utility of stool microbiome profiling in captur-
ing microbiome perturbations resulting from upper gastro-
intestinal injury.
Methods and Materials
Mice and husbandry

Mice were used in accordance with preapproved Institu-
tional Animal Care and Use Committee protocols. Six-
week-old male and female wild-type C57BL/6J mice were
obtained from The Jackson Laboratory. Mice were allowed
to rest 3 to 4 weeks before experimental manipulation in
specific pathogen-free (SPF) housing before irradiation.
After irradiation, mice were transferred to in-and-out facil-
ities because of their inability to re-enter SPF housing.
Cage changes were performed before irradiation, immedi-
ately after irradiation, at the time of stool collection, and
weekly thereafter by a single laboratory member and not
by animal facility personnel. For longitudinal microbiome
experiments, mice were housed in groups of 4 and ran-
domly assigned to 1 of the following 4 treatment groups to
minimize cage effects: (1) 18 Gy irradiation, (2) 12 Gy irra-
diation, (3) iodine-sham, or (4) saline-sham. Four to 5
male and 4 to 5 female mice were used per endpoint, with
the following 3 endpoints: (1) day 4, (2) day 14, and (3)
day 91 after irradiation. Mice were weighed before experi-
mental manipulation, daily for the first 4 days, and then
weekly thereafter. Criteria for euthanasia included signs of
hypoactivity, ataxia, shallow, rapid and/or labored breath-
ing, pale mucous membranes, failure to groom, failure to
respond to stimuli, hunched back posture, failure to drink
water, losing appetite, weight loss >20% of baseline, leth-
argy, and not responding to social activities. A separate
cohort of mice was maintained to an endpoint of 5 months
after irradiation to examine histologic features of chronic
RIII.
Mouse irradiation

Mice were fasted 30 minutes to 2 hours before irradiation
or sham treatment. Oral gavage of 100 microliters of iodine
contrast (Omnipaque 350 mg/mL, GE HealthCare) or 0.9%
sterile saline was performed using plastic feeding tubes
(Instech, 20 ga or 18 ga £ 38 mm). After gavage, mice
were placed in a Small Animal Radiation Research Plat-
form (SARRP, Xstrahl), and anesthetized with 2% isoflur-
ane. Cone beam computed tomography (CBCT) was
performed on mice undergoing irradiation or sham treat-
ment. A 5 £ 5 mm cone was used for irradiations. Anterior
to posterior/posterior to anterior (AP/PA) fields or an arc-
based radiation plan consisting of 2 £ 180° coplanar arcs
configured to avoid the spinal cord were generated in Mur-
iPlan software (Xstrahl) and delivered on the SARRP.
Beyond initial pilot experiments, only arc-based plans
were used for mouse irradiations. Mice were irradiated to
either 12 Gy or 18 Gy to the proximal duodenum, just
beyond the pyloric sphincter, as visualized by oral iodine
contrast gavage.
Sample collection, preparation, and sequencing

Stool samples were collected into sterile Eppendorf tubes
and stored at −80 °C. Stool was collected at days 4, 14, or 91
after treatment up to the endpoint for the mouse. Subsets of
mice were euthanized at days 4, 14, or 91 and the proximal
1 cm of the duodenum was harvested. Dissection tools were
thoroughly rinsed in ethanol, followed by cleaning with ster-
ile isopropyl alcohol wipes between harvests from individual
mice. For histologic studies, duodenal samples were gener-
ally incised lengthwise, pinned flat, and fixed overnight in
10% formalin at 4 °C. For Swiss-rolled preparation, intesti-
nal segments from the pylorus to the ileocecal junction were
harvested and prepared as previously described.19 For longi-
tudinal microbiome studies, duodenal samples were snap-
frozen on dry ice and subsequently stored at −80 °C. Duo-
denal tissue was homogenized using a polytron homoge-
nizer (Fisher Scientific) in 5.5 mL buffer/mg of tissue as
previously described.14 Buffer consisted of Pierce Ripa
buffer (Thermo Scientific) containing Pierce protease inhib-
itor tablets (Thermo Scientific), 0.1% Tween 20 (Thermo
Scientific), and 160 U/mL RNase inhibitor (Enzymatics).
Homogenates were centrifuged at 14,000 rpm for 15
minutes at 4 °C and were stored at −80 °C. Genomic DNA
was extracted from stool and duodenal tissue homogenates
using DNeasy PowerSoil Pro Kit (Qiagen) per the manufac-
turer’s instructions. Genomic DNA extracts from duodenal
and stool samples underwent targeted amplification of the
V4 region of the bacterial 16S rRNA gene, followed by mul-
tiplexed amplicon sequencing on the Illumina MiSeq plat-
form as previously described.20
Bioluminescence imaging

Luminol sodium salt (Sigma-Aldrich) was dissolved in ster-
ile phosphate-buffered saline at 60 mg/mL by vortexing.
The mixture was filtered using a 0.22-mm syringe filter and
covered with foil to protect from light. Mice received
300 mg/kg of luminol stock by intraperitoneal injection 5
minutes before euthanasia. Mice were anesthetized with 2%
isoflurane and euthanized by cervical dislocation, and intes-
tinal samples were harvested as above. Samples were imaged
immediately after harvest with an In Vivo Imaging System
SpectrumCT (PerkinElmer), using an open filter setting and
a 5-minute exposure.
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BrdU assay

A subset of mice were irradiated to a dose of 12 or 18 Gy as
above, and in vivo BrdU assay was performed 72 hours after
irradiation. Ninety minutes before euthanasia, mice received
an intraperitoneal injection of 10 mL/g BrdU labeling
reagent (Invitrogen). Proximal duodenal tissue samples
were harvested as above for histology.
Histology

Embedding, sectioning, and staining were performed by the
Digestive Disease Research Core Center at Washington Uni-
versity in Saint Louis. Longitudinal, formalin-fixed tissue
samples were trimmed and stabilized in 2% agar for subse-
quent paraffin embedding and sectioning. Masson’s tri-
chrome stain was performed according to standard protocols.
BrdU immunohistochemistry (IHC) (rat monoclonal anti-
body, Accurate Chemical & Scientific Corporation) and
gH2AX IHC (rabbit monoclonal, Bethyl Laboratories) were
performed according to standard protocols with hematoxylin
counterstain. Slides were scanned for analysis using a VS120
Olympus Slide Scanner at 20£magnification.
Data analysis and statistics

BrdU and weight data were analyzed in Prism10 using a
one-way analysis of variance with Tukey’s multiple compar-
isons correction. IHC staining for gH2AX was quantified
using QuPath21 and analyzed in Prism10 using Student t
tests. Illumina amplicon 16S rRNA sequencing data were
processed as previously described,20 using the DADA2
package in R.22 Bacterial taxonomy was assigned using the
Silva version 138.1 reference database.23 Data were filtered
to retain taxa with a minimum relative abundance of 0.1%.
The Vegan R package was used to calculate sample rich-
ness.24 Mean diversity scores were compared using pairwise
Wilcoxon tests with Benjamini-Hochberg correction. The
phyloseq,25 phanghorn,26 and Vegan R packages were used
to calculate and ordinate weighted UniFrac distances
between samples. The adonis227 and pairwise.adonis228 R
packages were used to calculate PERMANOVAs (Permuta-
tional Multivariate Analysis of Variance). MaAsLin2 linear
mixed modeling R package was used to identify significantly
enriched or depleted bacterial taxa among treatment
groups.29
Results
Oral iodine contrast enables visualization of the
duodenum to facilitate focal irradiation

Onboard CBCT on a small animal irradiator provided lim-
ited soft tissue contrast to identify individual bowel loops, as
shown in Figure 1A left. Administration of iodine contrast
by oral gavage just before CBCT allowed for visualization of
the stomach and proximal duodenum (Fig. 1A right).
Because of continuous transit of contrast through the gas-
trointestinal tract, we investigated how intraduodenal con-
trast (present vs absent) impacted the required treatment
time to achieve the prescription radiation dose. For an 18
Gy treatment, the percentage increase in total beam time
with contrast was 2% § 1.7% (N = 3). This indicates that
the presence or absence of contrast in the intestine likely
has little effect on the tissue dose.

With improved visualization of the proximal duodenum,
we developed 2 treatment plans to irradiate the proximal
5 mm of the duodenum (Fig. 1B). The top panel shows iso-
dose lines for a 5 £ 5 mm AP/PA beam arrangement. In
this arrangement, the 100% isodose line spans the entire
sagittal plane along the path of the beams. To reduce high-
dose spill into surrounding tissues, we developed a confor-
mal arc plan consisting of 2 coplanar 180° arcs configured
to avoid dose to the spinal cord, as shown in Figure 1B
bottom.

To macroscopically assess our ability to successfully irra-
diate the proximal duodenum, we employed luminol biolu-
minescence imaging at the time of euthanasia, 4 days after
irradiation. Luminol has been shown to luminesce in pro-
portion to myeloperoxidase activity,30 which is increased
after radiation tissue injury,31,32 and following focal RIII.33

Increased luminol bioluminescence was observed in the
proximal duodenum, indicating successful irradiation of our
target volume (Fig. 1C). Interestingly, we observed biolumi-
nescence outside of the proximal duodenum in the mouse
irradiated with the AP/PA arrangement.

To further compare spatial dose localization between the
2 beam arrangements, we assessed DNA double-strand
breaks within intestinal segments from the pylorus to the
ileocecal junction using gH2AX IHC. We irradiated the
proximal duodenum of C57BL/6J mice using either an AP/
PA or arc plan (N = 4/group) and collected tissues 2 hours
later in a Swiss-rolled fashion (Fig. 1D/E). Although
gH2AX IHC does not allow for absolute dose quantification
across tissue sections, it reliably delineates irradiated regions
in complex specimens.34 Quantification of staining using
QuPath showed no significant differences between the 2
plans in either percent positive cell nuclei (≥1+) or histo-
chemical score (H-score)35 (Fig. 1F). We used the conformal
arc plan for subsequent experiments because it more closely
replicates SABR therapy delivery.
Focal irradiation to the proximal duodenum
produces focal radiation injury and is well
tolerated

We next measured the number of proliferative intestinal
cells and crypts, which are depleted by radiation injury,
using a BrdU assay. Wild-type C57BL/6J mice (N = 3/
group) received 12 or 18 Gy to the proximal 5 mm of the



Fig. 1. Oral iodine contrast enables visualization of the proximal duodenum to facilitate focal duodenal radiation. (A) CT
without (left) and with (right) oral iodine contrast (Omnipaque 350 mg/mL, GE HealthCare) given just before imaging. (B)
Small animal irradiator treatment plan using AP/PA beam arrangement (top) and an arc plan (bottom) to enable focal irradia-
tion to the proximal duodenum. (C) Luminol (300 mg/kg, IP 5 minutes before euthanasia) enabled visualization of myeloper-
oxidase activity in irradiated tissues. gH2AX immunohistochemistry micrographs of Swiss-rolled small intestinal segments
after irradiation of the proximal duodenum to 18 Gy using AP/PA (D) or Arc (E) plans. (F) Quantification of percent positive
cell nuclei (≥1+) and histochemical score (H-score) in each treatment group. Image orientation: A-anterior, P-posterior, S-
superior, I-inferior, R-right, L-left, proximal small intestine (star), and distal small intestine (triangle). Abbreviations: AP/
PA = anterior to posterior/posterior to anterior; CT = computed tomography; IP = intraperitoneal; SARRP = Small Animal
Radiation Research Platform; H2AX = H2A histone family member X; ns = nonsignificant.
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duodenum, and an in vivo BrdU assay was performed
3 days after irradiation. Focal intestinal irradiation at 12
and 18 Gy has been shown to be well tolerated based on
previous work.14 Figure 2A-C shows representative immu-
nohistochemical sections of the untreated, 12 Gy, and 18
Gy-irradiated duodenum, respectively. Unirradiated duo-
denum shows robust BrdU crypt staining representing
proliferating crypt cells, whereas irradiated portions of the
duodenum show reduced BrdU crypt staining. To quantify
BrdU differences, the total number of BrdU-positive cells/
crypt and the percentage of regenerating crypts, defined as
crypts containing 5 or more BrdU +cells,6 were compared
across treatment groups by evaluating 50 crypts in the
proximal 5 mm of the duodenum of each mouse. There
was a significant decrease in both the number of BrdU-
positive cells per crypt (12 Gy P < .05, 18 Gy P < .01) and
the number of regenerating crypts in the irradiated duode-
num compared to the unirradiated duodenum (12 Gy/18
Gy, P < .001) (Fig. 2D). There were no significant differ-
ences between the 12 and 18 Gy groups. This contrast in
BrdU staining between the irradiated and unirradiated
portions of the duodenum was starkly apparent in a repre-
sentative mouse section irradiated to 18 Gy, as shown in
Figure 2E. Overall, this demonstrates our ability to model
focal radiation injury in the proximal duodenum.

We next sought to ascertain the tolerance of focal duode-
nal irradiation. Wild-type C57BL/6J mice (5 male and 5
female mice, N = 10/treatment) received 12 or 18 Gy to the
proximal 5 mm of the duodenum. At 91 days after irradia-
tion, all mice survived, and during this period, they contin-
ued to gain weight with no differences compared with
sham-treated controls (Fig. 2F, P > .05). In a separate exper-
iment, mice were euthanized at 5 months postirradiation to
determine the ability of our model to elicit late effects of
focal radiation injury. Trichome staining of a section of the
proximal duodenum shows villous atrophy, crypt
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Fig. 2. Focal duodenal irradiation is well tolerated and induces localized acute and late radiation injury. (A−C) Representa-
tive immunohistochemical micrographs of the proximal duodenum from wild-type C57BL/6J mice, demonstrating BrdU crypt
staining in (A) unirradiated controls and specimens irradiated with (B) 12 Gy and (C) 18 Gy at 3 days after irradiation. (D)
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hyperplasia, and submucosal fibrosis characteristic of late
radiation injury (Fig. 2G) compared with age-matched
sham-treated control (Fig. 2H). Altogether we demonstrate
that our focal duodenal irradiation model produces acute
and late-phase radiation injuries that are well tolerated,
owing to the clinically relevant dose distribution and nonin-
vasive technique.
Focal irradiation to the proximal duodenum
leads to changes in bacterial beta diversity in
the duodenum but not the stool

Having demonstrated that our model produces localized duo-
denal injury, we sought to understand how focal duodenal
irradiation perturbs the duodenal and stool microbiomes,
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with the hypothesis that focal radiation injury would elicit
local and biogeographically distinct microbiome perturba-
tions. Wild-type C57BL/6J mice (N = 8-10 M/F /treatment/
time point, total = 112) received 12 or 18 Gy to the proximal
5 mm of the duodenum (Fig. 3). To account for potential
confounding variables, control groups underwent sham treat-
ment with either iodine contrast gavage followed by CT
(Iodine-Sham) or saline gavage followed by CT (Saline-
Sham). Duodenal and stool samples were collected at days 4,
14, and 91 postirradiation for 16S rRNA gene sequencing. To
ensure adequate sequencing depth for microbial diversity
analysis, we performed rarefaction to identify the per-sample
sequencing depth required to include samples in diversity
comparisons. We determined that approximately 5000 reads
were sufficient for duodenal samples (Fig. E1A), whereas
15,000 reads were adequate for stool samples (Fig. E1B).

We next sought to examine the alpha and beta diversity
of the bacterial communities in the duodenum and stool.
Globally, there were differences in the alpha and beta diver-
sity between the pooled (all time points) duodenal and stool
samples as quantified by richness, evaluated at the taxo-
nomic level of genus, and weighted UniFrac distances,
respectively. Stool samples had increased richness compared
to duodenal samples, as shown in Figure 4A (Wilcoxon, P <
.0001), consistent with previous reports.36 In addition, prin-
cipal coordinate analysis (PCoA) of between sample
weighted UniFrac distances showed that the microbial com-
positions of the duodenum and stool were distinct (PER-
MANOVA, P = .001) (Fig. 4B).

We also compared the alpha and beta diversity of bacte-
rial communities between our treatment groups in both the
duodenum and stool. There was no difference in bacterial
richness between the saline-sham control group and any
other treatment group in the duodenal samples (Wilcoxon,
P > .05) (Fig. 4C, E; Fig. E2). The PCoA clustering of
weighted UniFrac distances indicates treatment group-spe-
cific sample distribution, and PERMANOVA analyses of
weighted UniFrac distances were statistically significant by
the treatment group (PERMANOVA, P < .05) (Fig. 4D).

To evaluate when irradiation-induced microbiome per-
turbations within the duodenum were most pronounced,
weighted UniFrac distances were compared between treat-
ment groups at each time point (Fig. 4F and Fig. E3). Sub-
setting the data by endpoint suggested that the aggregate
differences in beta diversity between treatment groups were
largely driven by the day 4 samples. PERMANOVA analysis
of weighted UniFrac distances between treatment groups at
day 4 is significant (P < .01) (Fig. 4F). Visual inspection of
the PCoA plots in Figure 4F shows 2 distinct clusters, with 1
cluster that includes the sham-treated groups and the other
cluster including the irradiated groups. This was consistent
with pairwise PERMANOVA, which showed statistically
significant differences in the saline-sham versus 12 or 18 Gy
treated mice (PERMANOVA, adjusted P < .01) and
between the iodine-sham group versus 12 or 18 Gy (PER-
MANOVA, adjusted P < .05). There were no differences
between the 12 Gy versus 18 Gy groups (PERMANOVA,
adjusted P > .05). PERMANOVA of the weighted UniFrac
distances of duodenal samples at days 14 and 91 (Fig. E3)
showed no significant differences between treatment groups
(P > .05). There were no significant differences in stool rich-
ness or weighted UniFrac distances between treatment
groups at day 4 after irradiation as shown in Figure 4G and
H, respectively, or any other endpoint (Fig. E2 and E3).
Altogether, these results demonstrate dose- and time-depen-
dent radiation-induced perturbations in bacterial commu-
nity diversity that are apparent in the duodenal microbiome
without corresponding differences in the stool microbiome.
Focal duodenal irradiation induces dose- and
time-dependent microbiome perturbations in
the duodenum that are not detectable in the
stool

There were apparent qualitative differences between the rel-
ative abundance of bacterial genera in duodenum (Fig. 5A)
and stool (Fig. 5B). To ascertain differences in bacterial taxa
between treatment groups at each time point, we employed
multivariable association modeling with MaAsLin2. After
accounting for potential confounding variables including
sex, cage, and sequencing run, we identified dose- and time-
dependent microbiome perturbations relative to saline-
sham controls at days 4 and 14 posttreatment in the duode-
num as shown in Figure 6A. In the mice irradiated to 18 Gy,
there was significant size effect differences at multiple taxo-
nomic classifications including 5 genera, 8 families, and 5
phyla (Fig. 6A). Notably, there was an 18 Gy treatment
group-specific increase in the Akkermansiaceae family at
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days 4 (P < .01) and 14 (P < .01) posttreatment and the Lac-
tobacillaceae family at day 4 posttreatment (P < .05).

In both the 12 Gy and 18 Gy duodenal samples, there
were concordant increases in the relative abundance of
Clostridium.sensu.stricto.1 genera, Clostridiacea family, and
Firmicutes phylum, and a consistent decrease in the relative
abundance of Proteobacteria phylum at day 4 after irradia-
tion and a decrease in the relative abundance of Xanthobac-
teraceae family at day 14 after irradiation. There was only 1
change that was consistent among all groups of mice that
received iodine contrast (iodine-sham, 12 Gy, 18 Gy), and
that was an decrease in Actinobacteriota at day 4, suggesting
that receiving oral iodine contrast does not cause substantial
perturbation of the duodenal microbiome. Lastly, there were
only 2 significant taxonomic size effect differences observed
in the stool of irradiated mice, an increase in Lactobacillus
at both the genus and family level at day 14 in the 18 Gy
group (P < .001) (Fig. 6B). Overall, these results demon-
strate dose- and time-dependent duodenal microbiome per-
turbations after focal duodenal irradiation that are almost
completely absent from the stool microbiome.
Discussion
The toxicity of radiation is a function of the dose and vol-
ume of irradiated tissue.37 In the setting of widespread
adoption of intensity modulated radiation therapy, there is
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increasing utilization of hypofractionation and SABR.38

Recapitulating the dose distributions used in these treatment
paradigms, characterized by higher dose per fraction and
more conformal volumes,39 will be critical to establishing
relevant preclinical models to optimize the therapeutic ratio
of hypofractionation and SABR in the clinic. A key chal-
lenge in preclinical models of RIII is delivering high-radia-
tion doses without compromising survival, thereby allowing
sufficient time for the development of late effects. This limi-
tation may hinder our understanding of the mechanisms
driving late toxicity in patients undergoing abdominopelvic
radiation therapy.11

Most preclinical studies investigating RIII rely on TBI or
WAI.10 The lethal dose for 50% of mice at 10 days following
WAI is approximately 15.6 Gy.40 Here, we report a simple
and noninvasive method of focal bowel irradiation that is
well tolerated, with 100% of mice surviving irradiation to 18
Gy at 91 days after treatment. Single-fraction pancreas
SBRT represents a clinically analogous scenario for our
model. In the Stanford single-fraction SBRT series, a dose
constraint of 5% of the volume receiving <22.5 Gy was
applied,41 significantly exceeding the tolerable doses achiev-
able with WAI. This comparison is particularly relevant
given that the duodenum in mice is approximately 7 cm
long,42 meaning our 5 £ 5 mm irradiation field targets
about 7% of the total duodenal volume. Supporting this
approach, previous studies suggest that higher doses of sin-
gle-fraction focal irradiation to the small intestine may be
tolerated and would more accurately reflect clinically rele-
vant doses.14

Focal irradiation of the small bowel has been achieved in
murine and rat models using either surgical exteriorization
of the intestine43 or transposition of the small bowel into
the scrotum.11 More recently, Verginadis et al14 demon-
strated that surgical implantation of a fiducial marker
enabled focal irradiation to the jejunum using a small ani-
mal irradiator with CBCT guidance. This procedure was
well tolerated, with 86% of mice surviving up to 120 days
after treatment. This model was able to recapitulate histo-
logic features of chronic RIII, notably fibrosis, immune cell
infiltration, and dysmorphic tissue architecture.14 A poten-
tial pitfall of these approaches in the context of characteriz-
ing radiation-specific perturbations of the microbiome is
that gastrointestinal surgery can itself lead to microbiome
perturbations.44

Our method does not require surgical manipulation.
Using oral iodine contrast enabled visualization of the
stomach and duodenum, allowing for delivery of confor-
mal high-dose radiation to the proximal duodenum. Oral
iodine contrast itself may be used clinically at the time of
radiation simulation for delineation of the small bowel,
and so this additional experimental manipulation is
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clinically reasonable.45 Standardization of oral iodine con-
trast kinetics may allow for irradiation of other segments
of the intestine. Alternatively, we found that iodine con-
trast enema after clearing of colonic stool pellets enabled
rapid visualization of the colon and the terminal ileum
(Fig. E4). Altogether our method should allow for facile
delivery of high-dose focal radiation to intestinal seg-
ments, which we hope will accelerate mechanistic and
interventional preclinical and translational studies seek-
ing to mitigate RIII.

We used our novel murine model to investigate the
impact of focal duodenal irradiation on the microbiome in
both the duodenum and stool, an inquiry that existing pre-
clinical models have been unable to address. Despite the
duodenum being a critical organ at risk during abdominal
radiation therapy,46 its microbiome perturbations in this
setting remain largely undefined. Numerous preclinical and
clinical studies have sought to characterize microbiome per-
turbations associated with RIII by examining community-
level bacterial diversity and assessing differentially abundant
bacterial taxa after radiation injury, primarily sampling stool
after TBI or WAI.10 Reports of differentially abundant bac-
terial taxa associated with abdominopelvic radiation have
varied across preclinical studies. However, a systematic
review by Fernandes et al10 identified that Proteobacteria,
Verrucomicrobia, Alistipes, and Akkermancia were most
consistently observed to be relatively more abundant in the
gut following irradiation, whereas Bacteroidetes, Firmicutes,
and Lactobacillus were typically found to be reduced.

Our findings highlight a significant knowledge gap, dem-
onstrating time- and dose-dependent microbiome changes
under clinically relevant conditions that preclinical WAI
models cannot replicate because of high rates of attrition.
We identified specific bacterial taxa that were differentially
abundant in the duodenal tissue of mice subjected to focal
duodenal irradiation. Most of these taxa were observed in
mice that received 18 Gy (Fig. 6A). Notably, at days 4 and
14 after irradiation, there was a higher relative abundance of
commensal taxa, including Akkermansia, Lactobacillus,
Lachnospiraceae NK4A136 group, Eubacterium xylanophi-
lum group, Bifidobacteriaceae, and Muribaculaceae
(Fig. 6A). The increase in Akkermansia aligns with previous
reports, whereas the increase in Lactobacillus contrasts with
earlier studies.10 Consistent with our hypothesis that micro-
biome perturbations after focal irradiation are spatially con-
fined, we detected only 2 taxa at a significantly altered
relative abundance in the stool after focal irradiation, an
increase in Lactobacillus genus/family at 14 days posttreat-
ment. This could represent limited propagation of microbial
perturbations from the initial site of injury.

Most of the differentially abundant taxa represent anae-
robes or facultative anaerobes and are also found in the stool
(Table E1-E3). This runs contrary to the hypothesis that
bacterial taxa associated with duodenal radiation injury are
biogeographically distinct. Work by Alam et al47 helps to
contextualize these findings. In their work, they developed
an endoscopic colonic mucosal wound model to define
microenvironmental influences of wound healing in the gut.
They observed that rapid local depletion of oxygen in the
mucosal wound promoted robust growth of anaerobic bac-
teria, notably Akkermansia and Lactobacillus, and was
dependent on formyl peptide receptor 1 and neutrophilic
NADPH oxidase. They additionally demonstrated that
Akkermansia promoted wound healing in an formyl peptide
receptor 1−dependent manner. In our work, we observed
an increase in the relative abundance of Akkermansia at
days 4 and 14 postirradiation in the duodenum; however,
we do not see a concordant change in the stool. Given the
aforementioned study suggesting a beneficial role for Akker-
mansia in mucosal healing, wound-associated Akkermansia
may represent an important prognostic microbial biomarker
of RIII, and supplementation may facilitate tissue repair as
has been suggested.48

Interestingly, microbiome perturbations in our model
diminish over time, with no significant changes at 91 days
posttreatment. Unfortunately, the design of our study does
not facilitate dynamic monitoring of the duodenal micro-
biome; however, noninvasive sampling of gut microbiota
has been described49 and may be considered for future pre-
clinical and translational studies. This may be particularly
important in understanding microbiome perturbations in
the small bowel, given that the small intestine microbiome
composition is more dynamic compared to the large intes-
tine.50 Large interindividual variations in the small intestine
microbiome have been reported over a period of 9 to 28
days,51 which may account for temporal variation in the rel-
ative abundance of bacterial genera in the saline-sham and
iodine-sham controls.

Our experimental design may also account for the absence
of microbiome differences in irradiated and control mice at
91 days after treatment. Although we attempted to control
for confounding experimental variables such as environmen-
tal exposures, sex, and cage effects, the impact of cohousing
mice from different treatment groups in the same cage may
dilute treatment-related microbiome phenotypes because of
coprophagy.52 An alternative approach for future studies
would be to use multiple cages of similarly treated mice in
small numbers (2 per cage), which may increase the power to
detect microbiome perturbations after treatment.52

Another novel finding of this study was describing the
impact of oral iodine contrast on the gut microbiome, which
to our knowledge has never been defined in vivo. It has been
hypothesized that oral iodine contrast may perturb the gut
microbiome because of iodine’s antiseptic properties53; how-
ever, we only see 3 differentially abundant taxa in the
iodine-sham group compared with saline-sham control and
only 1 concordant changes among all the groups that
received iodine (iodine-sham, 12, 18 Gy), suggesting that
oral iodine contrast administration has little influence on
the microbiome perturbations observed in our model.

The generalizability of our findings is limited by the chal-
lenges of maintaining mice under SPF conditions after irradi-
ation and the use of a single mouse strain from a single
vendor. Because SPF housing was not feasible after SARRP
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irradiation, we implemented robust sham controls with iden-
tical exposures to account for environmental variables. Envi-
ronmental factors and husbandry are known to strongly
influence microbiome phenotypes.54 Nevertheless, we consis-
tently observed duodenal-specific microbiome perturbations
across multiple timepoints that were not reflected in stool.
We acknowledge that the specific taxa affected may vary with
husbandry conditions and by mouse strain and vendor.

Another limitation is the exclusion of tumors from our
model, which allowed us to examine late RIII endpoints with-
out the confounding risk of tumor-related mortality. How-
ever, this distinction is important as significant microbiome
perturbations have been documented in patients with gastro-
intestinal tumors both in the duodenum55 and stool.56 The
development of defined gastrointestinal communities that
approximate the baseline microbiome of patients with cancer
may help standardize preclinical studies across laboratories.
Moreover, it remains important to assess how modulation of
the microbiome to mitigate RIII influences tumor kinetics.

Additional avenues for future study include correlating
microbiome phenotypes with markers of radiation injury
including histology, metabolomics, and profiling of the
immune and inflammatory landscapes in acute and late
radiation injury. This may help to further define host-
microbiome interactions that drive RIII. Moreover, we
report herein the changes in the relative abundance of bacte-
ria based on 16S rRNA gene sequencing; however, recent
work has demonstrated that absolute bacterial loads may be
an important confounding variable that impacts micro-
biome-disease correlates.57 In addition, it has been sug-
gested that distinguishing the “viable” fraction of
microbiota in a sample may be important for elucidating
microbiome phenotypes.58 Future work should consider not
only the relative abundance of bacterial taxa observed after
RIII but also absolute abundances and the viable fraction of
samples. Furthermore, age is an important modifying factor
of both RIII and the gut microbiome,59 with older mice
demonstrating higher sensitivity to RIII.60 Because we used
adolescent mice in our study, future work should systemati-
cally evaluate the interaction of age, RIII, and the gut micro-
biome. Lastly, the fungal and bacterial microbiomes
differentially regulate radiation treatment efficacy61; how-
ever, little is known about the influence of the fungal micro-
biome on RIII. Prophylactic fluconazole administration
abrogates the toxicity of radiation mucositis in patients with
head and neck cancer undergoing radiation treatment,62

suggesting a potential protective role of antifungal treat-
ment. Further studies should seek to understand the role of
the fungal microbiome in the context of RIII.
Conclusions
Our clinically relevant focal duodenal radiation injury
model is safe, well tolerated, and easy to implement. It ena-
bles characterization of microbiome perturbations during
both the acute and late phases of injury and can serve as a
platform for testing new RIII mitigation strategies. We iden-
tified dose-, time-, and spatially dependent microbiome per-
turbations after RIII in the duodenal tissue that were not
apparent in stool. Our data underscore the imperative of
directly assessing tissue-associated microbiota, as relying
solely on stool samples risks overlooking critical, localized
microbial dynamics that may drive injury and repair. Bridg-
ing the gap in our understanding of the impacts of the
microbiome on RIII may uncover new insights to enhance
the therapeutic ratio of radiation therapy.
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