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ABSTRACT—Both abdominal radiotherapy and a nuclear event can result in gastrointestinal symptoms, including acute radia-
tion syndrome (GI-ARS). GI-ARS is characterized by compromised intestinal barrier integrity increasing the risk for infectious
complications. Physiologically relevant animal models are crucial for elucidating host responses and therapeutic targets. We
aimed to determine the radiation dose requirements for creating GI-ARS in the Sinclair minipig. Male, sexually mature swine
were randomly divided into sham (n = 6) and three lower hemibody radiation dosage groups of 8, 10, and 12 Gy (n = 5/group)
delivered using linear accelerator-derived x-rays (1.9 Gy/min). Animals were monitored for GI-ARS symptoms for 14 days with
rectal swab and blood collection at days 0–3, 7, 10, and 14 followed by necropsy for western blotting and histology. Dose-
dependent increases in weight loss, diarrhea severity, and mortality (log-rank test, P = 0.041) were seen. Villi length was signif-
icantly reduced in all irradiated animals compared to controls (P < 0.001). Serum citrulline decreased and bacterial translocation
increased after irradiation compared to controls. IncreasedNLRP3 levels in post-mortem jejunumwere seen (P = 0.0043) aswell
as increased IL-1β levels in the 12 Gy group (P = 0.041). Radiation dose and survival were associated with significant gut micro-
bial community shifts in beta diversity. Moreover, decedents had increased Porphyromonas, Campylobacter, Bacteroides,
Parvimonas, and decreased Fusobacterium and decreased Aerococcus, Lactobacillus, Prevotella, and Streptococcus. Our
novel Sinclair minipig model showed dose-dependent clinical symptoms of GI-ARS. These findings provide invaluable insights
into the intricate interplay between GI-ARS, intestinal inflammation, and gut microbiota alterations offering potential targets for
therapeutic and diagnostic interventions after radiation exposure.
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INTRODUCTION

Radiation exposure poses a significant threat to human health,
and one of its most severe consequences is the development of acute
radiation syndrome (ARS). While irradiation is a valuable tool in
medical diagnostics and cancer treatment, an ever-increasing threat
of radiological or nuclear attacks could also produce high-dose radia-
tion exposures. In humans, ARS manifests in three subsyndromes
based on the absorbed dose measured in gray (Gy): hematopoietic
(H, >2–3 Gy), gastrointestinal (GI, 5–12 Gy), and cerebrovascular
syndrome (10–20 Gy) (1). H-ARS is the most studied subsyn-
drome and is characterized by leukopenia, immunosuppression, in-
creased susceptibility to infection, anemia, and hemorrhage (2).
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Like H-ARS, GI-ARS also results from detrimental effects of radi-
ation on DNAwithin rapidly proliferating cells. GI-ARS encom-
passes a spectrum of symptoms ranging from nausea and vomiting
to severe diarrhea and systemic complications (1). The pathophysiol-
ogy of GI-ARS involves enterocyte loss and vascular injury contrib-
uting to significant mortality (2). While there are Food and Drug
Administration (FDA)-approved countermeasures for H-ARS, none
exist for GI-ARS underscoring the need to explore host responses to
identify diagnostic markers and effective therapeutic targets.

Treating GI-ARS following a radiological/nuclear attack is
currently a knowledge gap that may be informed by patients re-
ceiving abdominal radiotherapy who suffer from GI symptoms
(3). Still, medical management of GI-ARS includes only support-
ive care such as antiemetics, fluids, and antibiotics (4). The use of
H-ARS FDA-approved medical countermeasures (MCMs) to
mitigate GI-ARS effects has been explored with limited efficacy
(5,6). To this end, development and testing of novel MCMs re-
quires well-characterized animal models. Historically, many ani-
mal models for studying GI-ARS have been rodent models which
exhibit differences in radiosensitivity, immune responses, and gut
flora compared to humans (7,8). Several large animal species
have been used in GI-ARS models including nonhuman primates
(NHPs) (9,10), and minipigs (11–13). Larger animals are gener-
ally more anatomically and physiologically similar to humans
with minipigs offering ethical, financial, and handling advantages
(14,15).While there has been experience in producing GI-ARS in
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Gottingen minipigs (11–13), the appropriate absorbed dose to
produce this effect is yet to be identified in the Sinclair minipig,
which has the advantage of leveraging natural skin pigmentation
variation, and larger size (roughly 20–25 kg as opposed to
10–15 kg) allowing for more blood sampling (volume and time
points) longitudinally.

To address this limitation, our aimwas to determine the radiation
dose requirements in the Sinclair minipig for creating GI-ARS. We
focused on clinical and histological signs of GI-ARS, as well as
l-citrulline as a GI function biomarker. We also examined bacter-
emia as a surrogate for sepsis, as reduced epithelial barrier integrity
may result in bacterial translocation into the bloodstream (10). In
addition, we evaluated inflammasome activation and longitudinal
gut microbiota alterations. We hypothesized the clinical course
and GI alterations in our Sinclair minipig model of GI-ARS would
depend on the dose received. The presented Sinclair minipig GI-
ARS model will aid in understanding the complexities of GI-ARS
to progress the development and testing of MCMs, to include
the involvement of cutaneous injuries (i.e., burns).
MATERIALS AND METHODS

Animals and irradiation
A supplemental methods section is given for further details of all experiments.

Twenty-one sexually mature male Sinclair minipigs (22.1 ± 3.9 kg) were obtained
from Sinclair Bio Resources (Auxvasse, MO) and acclimated to the facility for at
least 72 h. Research was approved by the Uniformed Services University of the
Health Sciences Institutional Animal Care and Use Committee and performed at
anAAALAC fully accredited facility. All animal procedures were conducted in com-
pliance with theGuide for the Care and Use of Laboratory Animals and the Animal
Welfare Act (16,17). Anesthetized animals received an indwelling jugular catheter
and were randomly assigned as sham controls (n = 6) or to one of three radiation ex-
posure groups at either 8, 10, or 12Gy (n = 5/dose group). Hemibody irradiation was
performed distal to the diaphragm with a clinical linear accelerator (Elekta Infinity,
Armed Forces Radiobiology Research Institute LINAC) delivering 4 MV photons
for a single dose of 8, 10, or 12 Gy (dose rate approximately 1.9 Gy/min). Ionization
chamber dosimetry with cylindrical water-filled polymethylmethacrylate phantoms
of various diameters were used to calibrate LINAC output at the midplane (18). At
the end of the irradiation (or catheter implantation for controls), animals were
transported back to their home cages for recovery from anesthesia.

Monitoring and sample collection
Each day body temperature and weight, and scoring of appetite, mobility/

posture, natural behavior, and diarrhea were evaluated using a pain and distress as-
sessment score sheet (Fig. S1, http://links.lww.com/SHK/C2). Four of the following
criteria qualified the animal for early euthanasia: hyperthermia (>42°C), anorexia
(skipping 3 consecutive meals), anemia/pallor, severe vomiting or bloody diarrhea,
lethargy, seizures, vestibular signs (falling, circling), or prolonged hemorrhage.
Euthanasia was achieved through the jugular catheter with sodium pentobarbital
(Euthasol, 100 mg/kg, Virbac, Carros, France). Harvested jejunum tissues were
snap-frozen, and stored at −80°C, or preserved in 10% formalin for histology. In
addition, mesenteric lymph node (MLN), liver, and spleen tissues were homoge-
nized in phosphate-buffered saline for aerobic bacterial culture.

Blood analyses
Blood and rectal swabs were collected prior to sham injury and/or radiation

(day 0) and on days 1, 2, 3, 7, 10, and 14. For analysis of blood chemistry, BD
Vacutainer tubes with Lithium Heparin were used (Becton Dickinson, Franklin
Lakes, NJ), centrifuged at 1,200g for 10 min and analyzed on the VITROS 350
(Ortho-Clinical Diagnostics, Raritan, NJ). At each blood draw, approximately
0.1 mL of blood was directly inoculated onto tryptic soy agar with 5% sheep blood
(BA) and MacConkey agar (MAC) for examination of colony-forming units
(Becton Dickinson). For detection of circulating cytokines (IL-1β, IL-6, and IL-
18), porcine-specific ELISA kits were used according to the manufacturer’s in-
structions (Abcam, Cambridge, United Kingdom).
Histology
Formalin-fixed tissue was paraffin embedded, cut into 5-μm sections, and

stained with hematoxylin and eosin. A board-certified veterinary pathologist
blinded to groups scored stained slides for villi blunting/fusion, apoptosis, and
crypt loss with the following scale: 0 = normal; 1 = slight; 2 = easily identified/
limited severity; 3 = moderate; 4 = marked damage. Immunohistochemistry
(IHC) was used to probe for Ki67 and zonula occludens-1 (ZO-1) (Ki67 and
ZO-1, 1:200, MyBioSource, San Diego, CA). In addition, TUNEL staining was
performed according to the manufacturer’s instructions (Abcam). ImageJ (Na-
tional Institutes of Health, Bethesda, MD) was used to measure villi length and
semiquantification using either the ‘Split Channels’ or ‘Color Deconvolution’ tools
for fluorescent or brightfield microscopy images, respectively.

Assessment of l-citrulline
High-performance liquid chromatography was carried out on an Agilent 1200

system using an iHILIC Fusion column to measure levels of l-citrulline in isolated
pig serum. The high-performance liquid chromatography solvents were
A = 80 mM ammonium acetate (pH 5.0), B = 75% acetonitrile/25% 25 mM am-
monium acetate. The Analyte to Internal Standard ratio (A/IS) equation is as fol-
lows: [Cit.] (ug/mL) = ((A/IS) o) X(16 ug/mL)/{(A/IS) SA – (A/IS) o} where
o = sample with no added Cit and SA = sample with added Cit (Standard Addition
sample).

Protein analysis
Western blotting was performed on jejunum lysates for the following targets:

ZO-1, toll-like receptor 4 (TLR4), NOD-, LRR- and pyrin domain-containing pro-
tein 3 (NLRP3), pro-caspase-1, and interleukins (IL-1β and IL-18). Conjugated
secondary antibodies, IRDye 800CW, or IRDye 680RD (LI-COR, Lincoln, NE;
1:15,000) were used for detection and visualized on the Odyssey infrared imaging
system (LI-COR).

16S rRNA sequencing and analysis
Rectal swabs were taken using sterile cotton tipped applicators and stored at

−80°C. DNAwas isolated using the QIAmp PowerFecal Pro kit (Qiagen, German-
town, MD) without modifications. Library preparation was performed using the
“Illumina 16S Metagenomic Sequencing Library Preparation” protocol with 16S
V4 region 515F–806R primers (18,19). DNA and libraries were quantified using
Qubit 4.0 (ThermoFisher). Sequencing was performed on a NextSeq 500 using a
Mid Output v2.5 2� 150 bp kit (Illumina San Diego, CA). Bioinformatic analysis
was performed through previously described pipelines (20), with DADA2 for fea-
ture table generation based on a median quality score of >25 (21–23), which ex-
cluded reverse reads. The resulting table were imported into Quantitative Insights
Into Microbial Ecology (QIIME2, version 2023.7) (24), with taxonomy analyzed
against the Greengenes database. Further details and tools on the analysis pipeline
were informed from the literature, (51–55) and can be found in the supplemental
information. Sequences were deposited in the NCBI Sequence Read Archive.

Statistics
Mortality was assessed using a Kaplan-Meier survival curve and Log-rank

(Mantel-Cox) test. For longitudinal data, the control is normalized and represented
by either the mean ± SD or median and interquartile ranges from baseline (day 0)
data. Scored clinical outcomes (i.e., diarrhea, loss of appetite, behavior) analysis
was conducted using area under the curve. Differences in terminal study endpoints
(e.g., protein levels, IHC quantification, and histopathological analyses) were per-
formed using a one-way analysis of variance (ANOVA) or Kruskal-Wallis test as
appropriate. Statistical testing for longitudinal metrics such as clinical chemistries,
cytokines, and alpha diversity were conducted with a two-way ANOVA with
Tukey’s or Dunnett’s posttesting. Grubbs’ test was used for removing outliers in
cytokine ELISA and microbiome data. A permutational analysis of variance
(PERMANOVA) was to assess pairwise associations in beta diversity measures.
Unless otherwise stated, values are represented as mean ± SD. Statistical analysis
and figure generation was performed using Prism 10.0 (GraphPad Software, San
Diego, CA) except for PCA plots from QIIME2 and differential abundance figures
from R. Statistical significance was set as P < 0.05.
RESULTS

Clinical endpoints

Hemibody irradiation resulted in dose-dependent survival
(Fig. 1A), wherein minipigs in the control and 8 Gy groups all
survived to day 14, which was significantly different from the

http://links.lww.com/SHK/C2
https://www.google.com/search?client=firefox-b-1-d&#x0026;sca_esv=595707050&#x0026;q=Carros+Canton+de+Nice-3,+France&#x0026;si=ALGXSlYzFQQn5id74gU-GPAR8UsllKNebHx5zj2txQsc1FfqFOVuMDTurvg9UhfxGA7OoyCQRKdhaEycQNWBdwcF1bc7UDko-jnyAOMkX5LZBDP0VO5m-9oDC5Po-JULO2mOE-Vvw9_9Krk7Ng-rC7gmPOGAEHzwOHhLMdHf7Yl1al3vDKKXkmLKHxpwaxraqqOKbDHxaPawH37GXtVnuafxHn2VS4n6SXGegHxSBZfM4iAlut_TTVY%3D&#x0026;sa=X&#x0026;ved=2ahUKEwiS18SvqMSDAxWrElkFHTgIATYQmxMoAHoECFwQAg
https://www.google.com/search?client=firefox-b-1-d&#x0026;sca_esv=6f26a1743749de70&#x0026;q=Raritan,+New+Jersey&#x0026;si=AKbGX_paaCugDdYkuX2heTJMr0_FGRox2AzKVmiTg2eQr2d-rgTmnFTePVzMvEpJ6VRJTdom0xAW28Q6TbatF7CF8h-j7LXkuSNUEahofT2G3HV4Io4NWFunSzHIBcUtNJo1JO1LMQryakGppG6qnbAJts6qSyV2aGNjiRLAiuy8XPsWn-lBJAYBmn-mLpzaz53XUkfaNcfLPB4OzaHrpR_j3dwDX19ObQ%3D%3D&#x0026;sa=X&#x0026;ved=2ahUKEwif2qPIi9OEAxVHE1kFHaVVA0YQmxMoAXoECE4QAw


FIG. 1. Impact of radiation dose on clinical outcomes. Longitudinal endpoints are shown as (A) survival, (B) weight, (C) loss of appetite, (D) diarrhea severity,
and (E) LC-MS analysis for L-citrulline concentration in plasma over time. Control (n = 6), 8 Gy (n = 5), 10 Gy (n = 5), and 12 Gy (n = 5). Values for weight are
represented as control mean ± SD. Loss of appetite and diarrhea severity are depicted as median and interquartile ranges. Statistical significance is indicated by
text, color, and symbol. * Significant difference between control and radiation dose group. @ Significant difference between 8 Gy and another radiation dose group.
The color of each symbol represents the dose group.

558 SHOCK VOL. 62, NO. 4 HORSEMAN ET AL.
12 Gy group (P = 0.041). Radiation also induced significant
weight loss, decreased appetite, and higher diarrhea and behavior
scores for 10 and 12 Gy groups (Fig. 1, B and C, S2A, http://
links.lww.com/SHK/C3). The diarrhea was also accompanied
by increased total protein and albumin levels (Fig. S2C–D,
http://links.lww.com/SHK/C3), indicative of the overall dehy-
dration that occurred in this model.

L-citrulline has been touted as a promising GI function bio-
marker for assessing radiation-induced intestinal epithelial dam-
age (5). Irradiation induced decreases in l-citrulline concentration
(Fig. 1E), regardless of the dose received reaching a low at day 3
which was significantly different compared to controls (8 Gy,
P = 0.022; 10 Gy, P = 0.0004; 12 Gy, P = 0.015). Higher doses
led to sustained lower l-citrulline on day 7 (10 Gy, P = 0.0098,
12 Gy P = 0.026), but overall l-citrulline proved insufficiently
sensitive to distinguish doses. To evaluate radiation dose effects
on organ function, biomarkers for kidney (blood urea nitrogen
and creatinine), pancreatic (amylase and lipase), and liver (lactate
dehydrogenase, alanine transaminase, alkaline phosphatase, and
aspartate transaminase) function were also measured (Fig. S3,
http://links.lww.com/SHK/C4). Elevation in markers of kidney
and pancreatic function were observed after irradiation to varying
degrees depending on the dose.

Radiation-induced GI epithelial damage

Histology showed that control jejunum exhibited normal crypts
and villi and radiation induced structural damage. Specifically, vil-
lus length was significantly reduced in all radiation groups com-
pared to control animals (8 Gy, P = 0.008; 10 Gy, P < 0.0001;
12 Gy, P < 0.0001) with no significant difference in length between
doses (Fig. 2, A andB). The loss of villi and crypts wasmore appar-
ent in animals that were euthanized early than any particular radia-
tion dose. Blinded pathologist scoring showed villi blunting/fusion
andmucosal apoptosis were significantly increased after 12 Gy irra-
diation compared to controls (Fig. 2, C–D, P = 0.03), while crypt
loss was only observed in 10 and 12Gy groups (Fig. 2E).We exam-
ined maintenance of epithelial barrier integrity with tight-junction
protein zonula occludens-1 (ZO-1) evaluation (Fig. 2, F–G). A
marked decrease of ZO-1 in 10–12 Gy groups was not significant
due to high variation, especially in the 8 Gy group (P = 0.095).
Moreover, Goblet cells are apparent in higher abundance in control
intestinal epitheliumwhen compared to irradiated intestines (Fig. 2G).
Intestinal epithelial cell proliferation and apoptosis were evaluated by
IHC targeting Ki67 and TUNEL staining with semiquantitation
(Fig. 3, A and B). The control group exhibited a significantly higher
Ki67-positive cell number than any irradiated group (P < 0.0001).
Irradiated animals also had increased apoptosis than controls, sig-
nificantly so between control and 12 Gy (P = 0.043).

Bacteremia was found to varying extents in control and irradi-
ated minipigs (Table 1). Colony-forming units/mL (CFU/mL)
were highest at day 14, which was significant from baseline
(8 Gy, P < 0.0001; 10 Gy, <0.0001; 12 Gy, P = 0.0002). Avariety
of organisms were isolated from blood to include Staphylococcus
aureus identified by catalase and Staphylase test, and Escherichia
coli by RapID One with Acinetobacter lwoffii, and Burkholderia
cepacia confirmed with 16S amplicon sequencing. There was
also a tendency for more gram-positive bacteria within the first
3 days and gram-negative organisms on days 7–14. Bacteria were
commonly isolated from MLNs (89.5%) from all groups, while
the liver and spleen only harbored bacteria after irradiationwith higher
doses resulting in higher frequency.Organisms cultured from these tis-
sues included S. aureus (catalase and Staphylase test), E. coli (RapID
One), Pseudomonas aeruginosa (oxidase and morphology), A.
lwoffii, Staphylococcus xylosus, and Ralstonia solanacearum
(16S sequencing).

Radiation-induced activation of the NLRP3 Inflammasome

Pathogen-associated molecular patterns can lead to TLR4-
induced activation of the NLRP3 inflammasome, resulting in
caspase-1 cleavage and subsequent inflammatory cytokine re-
lease (25). We examined radiation-induced changes in these pro-
tein levels in jejunum lysates (Fig. 4) and found TLR4 protein
levels were significantly upregulated in the 10 Gy group com-
pared to control and 8 Gy animals (control, P = 0.021; 8 Gy,
P = 0.031). NLRP3 protein levels increased after irradiation
(8 Gy, P = 0.02; 10 Gy, P < 0.0001; 12 Gy, P = 0.001) as did
pro-caspase-1 levels (8–12 Gy, P < 0.0001) compared to con-
trols. Consequently, there were also increased cleaved IL-1β tis-
sue levels after irradiation; however, this was only significant in
the 12 Gy group (P = 0.041).
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FIG. 2. Radiation-induced alterations to the jejunum and epithelial barrier integrity. (A) Representative hematoxylin and eosin–stained images of jejunum
from control and irradiated animals (20� objective, scale bar 500 μm). (B–E) Survivors are indicated with circles while decedents are represented by an x. (B) Villi
length in μm. (C–E) Veterinary pathology scored metrics including villi blunting/fusion, mucosal apoptosis, and loss of crypts. Median ± interquartile range is
indicated. (F) Western blots for protein expression of zonula occludens-1 (ZO-1) in jejunum tissue lysates in control and different irradiated dose group animals.
Bars represent mean ± SD (G) Immunochemistry staining for ZO-1 expression (green), goblet cells using Wheat Germ Agglutinin (purple), and nuclei with DAPI
(blue) (magnification, 20�). The color of each symbol represents the dose group. * P < 0.05, *** P < 0.0005, and **** P < 0.0001.
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Systemic inflammation was evaluated using IL-6, IL-1β, and
IL-18 changes in plasma concentrations across time in irradiated
and sham animals (Fig. 5). IL-6 increased over time in the 10
and 12 Gy groups (albeit with high variability) with no notable
changes observed in 8 Gy, which was significant between 8 and
12 Gy on day 10 (P = 0.01). IL-1β was significantly elevated
in the 8 Gy group by day 10 (P = 0.011) and in 10 Gy animals
compared to control at days 10 (P = 0.045) and 14 (P = 0.015),
FIG. 3. Immunohistochemistry of cell turnover. Stains depict negative control
and Ki67 (red). Representative 10� images taken with Leica microscope, scale at 10
fragmentation while methyl green was the counterstain for normal cells. Representa
quantified Ki67 and TUNEL positive ratio. Bars represent mean ± SD. *P < 0.05 and
with more modest increases in the 12 Gy group. There were sig-
nificant differences in IL-18 at days 2–3 between control and
12 Gy (d2 P = 0.0083; d3 P = 0.034) and day 2 between the 10
and 12 Gy groups (P = 0.029).

Effects of high dose radiation exposure on the gut microbiota

Amean of 486,159 reads per sample were generated from 16S
sequencing. After quality control there was a total frequency of
s, control, 8–12 Gy irradiated jejunum (A) Immunofluorescence with DAPI (blue)
0 μm. (B) TUNEL stain using DAB to generate a brown color at the site of DNA
tive images from Zeiss AxioScan at 20x with scale bars of 1 mm. Barplots show
**** P < 0.0001 (one-way ANOVA, Tukey’s posttesting).



TABLE 1. Bacterial translocation into blood or tissues of irradiated minipigs

Group

Blood (Avg. CFU/mL)

MLN Liver SpleenDO D1 D2 D3 D7 D10 D14

Control 0 33 45 40 55 ΝΑ ΝΑ 5/6 (83.3%) 0/6 (0%) 0/6 (0%)
8 Gy 0 156 120 114 18 54 304 4/5 (80%) 3/5 (60%) 2/5 (40%)
10 Gy 0 40 4 132 182 163 463 4/4* (100%) 3/4* (75%) 3/4* (75%)
12 Gy 0 90 70 34 50 30 270 4/4* (100%) 4/5 (80%) 4/5 (80%)

Bacterial colony-forming units per milliliter of blood for each blood draw day and organisms isolated from tissues. Mesenteric lymph node, liver, and spleen.
*Indicates missing values for one animal. Countable range from tissues, 15–150 bacterial colonies.
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42,086,018 features retained with a mean frequency of 369,176 per
sample (minimum 21,910 and max 1,707,549). Rarefaction was
used to set the sampling depth at 21,500 for inclusion of all samples.

Shannon diversity and Faith’s PDwere used to assess alpha diver-
sity, which were not significantly altered after irradiation throughout
the experiment (Fig. 6A). Beta diversity was evaluated with Bray-
Curtis (BC, nonphylogenetic, Fig. S4A, http://links.lww.com/SHK/
C5) and generalized UniFrac (GU, phylogenetic, Fig. 6B) metrics
with both revealing that microbial communities are altered following
irradiation.After 8Gy irradiation, community compositionwas signif-
icantly different from baseline at day 1 and 3 (GU; d1, P = 0.008; d2,
P= 0.095; d3,P= 0.029)with clustering closer to baseline fromday 7
onward (GU; d7, P = 0.72; d10, P = 0.4; d14, P = 0.13). These
shifts persisted longer with higher doses which were different from
baseline at 10 Gy (d3, P = 0.01; d7, P = 0.022; d10, P = 0.013;
d14, P = 0.022) and 12 Gy (d2, P = 0.01; d3, P = 0.067; d7,
P = 0.048, d10, P = 0.52; d14, P = 0.49). Beta diversity differences
were also apparent based on survival at day 7 (GU, P = 0.023).

Taxonomic classifications revealed that Firmicutes relative
abundance increased from baseline in each dose group (Fig. 6C,
S4B, http://links.lww.com/SHK/C5) and was significantly
higher than baseline in 8 Gy animals at day 2 (P = 0.0034). Lon-
gitudinal decreases in Actinobacteria were observed for each dose
with significant differences from baseline at days 3 (8 Gy
P = 0.0097) and 14 (8 Gy P = 0.0036; 10 Gy P < 0.0001).
Proteobacteria transiently increased on day 1 in the 8 and 12 Gy
groups but consistently decreased thereafter.

Irradiation caused significant longitudinal alterations in bene-
ficial gut commensal genera (Fig. S4C, http://links.lww.com/
SHK/C5; Table S2, http://links.lww.com/SHK/C7). Prevotella
FIG. 4. NLRP3 inflammasome activation in the gut. Representative blots an
pathway including toll-like receptor 4 (TLR4), NLRP3, pro-caspase-1 (Casp-1), and i
western blots are shown below the images. *P < 0.05, *** P < 0.001, and **** P < 0.0
and Lactobacilluswere generally higher than baseline in each dose
group, significantly at day 3 (Prevotella P = 0.016–0.026; Lacto-
bacillus P = 0.021–0.049). Bifidobacterium and Faecalibacterium
were significantly increased in each dose group across the first 7
days after irradiation, with Bifidobacterium higher at day 1 in
12 Gy irradiated animals than 8 Gy (P = 0.022). Megasphaera
were significantly more abundant after irradiation with each dose.
Opportunistic commensal organisms such as Fusobacterium and
Bacteroides increased from baseline while Porphyromonas and
parvimonas significantly decreased after 8 and 10 Gy irradiation
at day 3 from baseline and 12 Gy (P < 0.0001).

We also examined genera based on survival and presence of diar-
rhea (Fig. 7, A andB). Formortality, there were no significant differ-
ences on days 1–2 after radiation; however, by day 3, there was sig-
nificantly higher Fusobacterium (P = 0.003), Bacteroides
(P < 0.0001), and Parvimonas (P = 0.0038) in decedents. In addi-
tion, Lactobacillus (P = 0.019) and Faecalibacterium were signifi-
cantly reduced in decedents (P = 0.004) on day 7. In addition, we
observed significant increases in Bifidobacterium (P < 0.0001),
Megasphaera (P < 0.0001), Dialister (P < 0.0001), Lactobacillus
(P < 0.0001), Prevotella (P = 0.0027), and Facecalibacterium
(P = 0.007) with the presence of diarrhea. Alternatively, there were
significant reductions in Treponema (P < 0.0001) and Peptoniphilus
(P = 0.002) in those with diarrhea.
DISCUSSION

GI-ARS would result after focused abdominal radiotherapy
and nuclear/radiological mass casualty events that involve any bone
marrow sparing due to, for example, shielding from concrete. To
d beta-actin (β-actin) of components in the NLRP3 inflammasome activation
nterleukin-1 beta (IL-1β). Data are represented as mean ± SD. Quantification of
001 (One-way ANOVA, Tukey’s posttesting).
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FIG. 5. Select circulating cytokines (IL-6, IL-1β, and IL-18) across time.Average of baseline values of all treatments is set as a reference line and bars represent
mean ± SEM. Asterisk denotes a significant difference between control and radiation dose group. @ Significant difference between 8 Gy and another radiation dose
group. ^ represents a significant difference between 10 Gy and another radiation dose group. The color of each symbol represents the dose group.
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address the lack of MCMs, there is a need for additional GI-ARS
animal models (10–13). Minipigs are advantageous due to their
anatomical similarity to humans and ease of handling (15). Be-
cause the natural history of GI-ARS in Sinclair minipigs has not
been previously reported, we sought to evaluate the effects of
partial-body irradiation on GI symptoms, structure, cell turnover,
and gut microbiota. We present a novel GI-ARS model with clin-
ically relevant findings, impaired intestinal barrier integrity, and
altered enterocyte turnover. Furthermore, we demonstrate that ra-
diation exposure led to sustained activation of the NLRP3
inflammasome in the jejunum and altered gut microbiota. Higher
doses led to irrecoverable shifts in beta diversity, and mortality
was associated with increased Porphyromonas, Campylobacter,
Bacteroides, Parvimonas, and Fusobacterium and decreased
Aerococcus, Lactobacillus, and Streptococcus. To our knowledge,
this is the first study to show inflammasome and microbiome
changes over 14 days in a porcine model specific to GI-ARS.

Much of our results are consistent with previous total and
partial-body irradiation models of GI-ARS inmultiple animals in-
cluding dose-dependent mortality (9–13,26–29). We were not
able to pinpoint a specific overarching cause of mortality (e.g.,
sepsis) but decedent did display higher multiorgan dysfunction
markers (i.e., creatinine). Reasons for unscheduled euthanasia
were similar to previous reports and included weight loss, diar-
rhea, lethargy, and anorexia (11,13,28,29). The exception was re-
spiratory distress, which we did not see but may have with longer
time points given it is a delayed effect of irradiation (9). Most
Gottingen studies have shown that doses >12 Gy are required
FIG. 6. Effects of radiation on the gutmicrobiota. (A) Shannon and Faith’s Phy
UniFrac analysis evaluatingmicrobial community composition at each irradiation dose
(survivors) or square (decedents) is an individual sample and time points are color-co
across time in each dose group. Phyla consisting of >1% of total bacterial compositi
for mortality, suggesting Sinclair minipigs are more sensitive to ra-
diation, which would be the opposite of H-ARS after whole body
irradiation. (15,30). Histologically, GI-ARS models across species
consistently demonstrate dose-dependent GI damage with Measey
et al. (2018) noting a trend toward intestinal epithelium recovery
past day 14, whichwe did not investigate (10,11,26). Timemay also
explain some nuanced difference in enterocyte turnover between
models as Kaur et al. (2020) demonstrated recovery of cell prolifer-
ation from 6–30 days after irradiation (13,27). However, we cannot
rule out that low specificity on semiquantitative histological analysis
may be affected by, for example, autofluorescence.

The gut microbiome serves immunological, barrier, and met-
abolic functions contributing to nutrient production and enterocyte
proliferation and could provide a radiation signature for diagnostic in-
formation on potential dysbiosis or protective bacteria (31). The effects
of high-dose ionizing radiation on the gut microbiota are relatively un-
explored in large animal models with three studies published to date
(32–35). For alpha diversity, NHP irradiation models found no differ-
ences post radiation, consistent with our findings, while a Gottingen
minipig model observed alpha diversity decreases (33–35). In terms
of beta diversity most studies evaluate a single time point following ir-
radiation, while we extended this to show longitudinal microbial com-
munity differences over multiple time points out to 14 days (33–35).
Moreover, we also saw beta diversity differences based on mortality
on day 7, which speaks to the potential for beta diversity to inform
dose received and outcomes, as has been seen in trauma patients (36).

Taxonomic changes may also identify changes in opportunistic
pathogens versus beneficial bacteria, with genus level alterations
logenetic alpha diversity. Values are represented asmean ± SD. (B) Generalized
over time. Each axis of the PCoA plot explains the variance in the data. Each dot
ded. (C) Phyla level taxonomic classification showing mean relative abundance
on are depicted.



FIG. 7. Association of survival and diarrhea prevalencewith gutmicrobiota. (A) Generamean relative abundance represented for survivors and decedents of
irradiation. Top 15 genera at baseline are shown. Survivors at day 1 (n = 10), 2 (n = 11), 3 (n = 7), 7 (n = 10), 10 (n = 9), and 14 (n = 10). Decedents at day 1 (n = 4), 2
(n = 4), 3 (n = 4), and 7 (n = 3). (B) Select differentially abundant genera from DESeq2 analysis of diarrhea prevalence. Absence of diarrhea (n = 53) and diarrhea
(n = 33).
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providingmore detail than higher taxonomic classifications.Treponema
is an intracellular symbiont that is a more of a common gut bac-
terium in animals than humans, while Faecalibacterium is an im-
portant commensal in human gut microbiota not present in ro-
dents (32,33). Our results revealed increased Treponema and
Faecalibacterium in each radiation dose with higher Treponema
abundances associated with survival. In a previous minipig
model, Treponema increased and Faecalibacterium decreased af-
ter irradiation (33,34). We found radiation-induced increases in
Prevotella, Bacteroides, and Bifidobacterium, to varying extents
across time and doses, which is the opposite of a previousminipig
model. However, that study showed increases in Lactobacillus
postirradiation as did we, which differs from rodent studies
(33,37,38). While the implications of these discordant findings
are unclear, any differences in animal models should be consid-
ered alongside any available human data. For example, in radio-
therapy patients, increased Bacteroides has been associated with
GI mucositis (32,39).

Similarly, genus changes considered along with clinical symp-
toms (e.g., mortality, diarrhea) could provide actionable information
for treatment of GI-ARS. Previously, Prevotella has correlated with
increased survival in both minipigs and NHPs while Streptococcus
decreases correlated with death in NHP (34). In our study, dece-
dents had increased abundances of Porphyromonas, Campylobac-
ter, Bacteroides, Parvimonas, and Fusobacterium with decreases
in Aerococcus, Lactobacillus, Prevotella, and Streptococcus. There
is limited literature onFusobacterium postirradiation, but it has been
found to promote the development of colorectal cancer and resistance
to radiotherapy (40). Furthermore, Singh et al. (2022) highlights that
Fusobacterium, Bacteroides, and Campylobacter correlated with in-
creased reactive oxygen species (ROS)whereasLactobacillus associ-
ated with reduced ROS load (41). Kalkeri et al. (2021) reported
elevated Lactobacillus reuteri, Dialister, and Veillonella from
radiation-induced diarrhea which aligns with our observations (35),
while we also found alterations in Bifidobacterium, Megasphaera,
Dialister, Lactobacillus, Prevotella, Facecalibacterium, Treponema,
and Peptoniphilus. Interestingly, the organisms associated with
mortality and diarrhea do not always align. For example, we ob-
served increases in Lactobacillus, Bifidobacterium, and Dialister
with diarrhea, but decreases in decedents, perhaps more consistent
with their roles as short-chain fatty acid producers (34). The in-
creased prevalence of obligate anaerobes in our study could be in-
nate tolerance to the cellular conditions induced by radiation in the
gut or a host defense response required for restoration of homeo-
stasis via repairing damaged epithelium, reducing ROS, or pro-
ducing short-chain fatty acid (35,38,42). Further study is war-
ranted to unravel themechanistic underpinning of these organisms
and their role after irradiation.

Inflammasome activation can be caused by signals including
ROS, DAMPs, K+ efflux, Ca2+, lysosomal rupture, and mitochon-
drial disruption (25). Furthermore, alterations in commensal gut
flora, increased opportunistic pathogens, or microbial products
(i.e., LPS) can activate NLRP3 within the gut, with subsequent
caspase-1 activation and pro-inflammatory cytokine (IL-1β and
IL-18) release (25). Hu et al. (2020) showed increased NLRP3 ex-
pression a day following 9 Gy of abdominal gamma irradiation in
rats (43), while Stoeklein et al. (2015) exposed mice to 2 Gy total
body radiation and found NLRP3 inflammasome activation was
sustained for 7 days (44), but not 14 days as we found. Although
we lack direct evidence of the cause of NLRP3 inflammasome acti-
vation, ROS andDAMPs arewidely acknowledged as playing a role
in radiation-induced gut damage (45). Radiation-induced ROS are
produced in a continuous manner, which may explain our NLRP3
inflammasome activation 14 days after irradiation (46). Neverthe-
less, the link between radiation-induced activation (and potential
pharmacologic inhibition) of the NLRP3 inflammasome and micro-
biota warrants further investigation. Moreover, while we focused on
GI-ARS, a previous study implicated inflammasome activation in
bone marrow and intestinal cells, suggesting a potential dual effect
on H-ARS as well (47).

We acknowledge that there are limitations to this study. It is
important to note that male swine were used for husbandry con-
siderations and sex differences in radiosensitivity have been doc-
umented (48,49) although potentially not in minipigs (28,29).
While using male swine offers certain advantages such as military
relevance, wider availability, and larger size, future studies should
use both male and female. Furthermore, while subject age is an
important consideration in the response to radiation exposure
(49), we chose to focus on sexually mature subjects. Other limi-
tations include our sample size per group (n = 5–6), a single
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terminal endpoint for control animals (7 days) and irradiated an-
imals (14 days). In addition, the broad-spectrum cephalosporin
antibiotic given to our subjects is in line with supportive thera-
pies, but we are not able to tease out the effects of irradiation or
antibiotics on the gut flora. There are also technical limitations
as such as the determination of certain circulating and tissue bio-
markers due to the scarcity and specificity of porcine-specific an-
tibodies. Blood and tissue collection were performed as sterilely
as possible, but the opportunity for bacterial contamination still
exists. Lastly, culture conditions were not supportive for the
growth of anaerobes and fastidious organisms.

Despite these limitations, we showed a dose-dependent response
in clinical outcomes consistent with GI-ARS in a Sinclair minipig
model. Prediction of survival, or rather detection of physiological
changes and intestinal epithelial injury that precede mortality, could
be a critical component of medical management following radiation
exposure. Moreover, these findings provide further evidence on the
progression of GI-ARS and associate NLRP3 inflammasome ac-
tivation and gut microbiota alterations after irradiation. The gut
microbiome profiling has provided the elucidation of particular
bacteria that are more resilient post-irradiation, and those that
are associated with increased diarrhea and mortality. In the future,
this Sinclair GI-ARS model can be useful for testing MCM effi-
cacy and evaluating strategies such as NLRP3 inhibitors and
modulation of gut microbiota as approaches to treat GI-ARS.
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