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Abstract

Exposure to total- and partial-body irradiation following a nuclear or radiological incident result in
the potentially lethal acute radiation syndromes of the gastrointestinal and hematopoietic systems
in a dose-and time-dependent manner. Radiation-induced damage to the gastrointestinal tract is
observed within days to weeks post-irradiation. Our objective in this study was to evaluate plasma
biomarker utility for the gastrointestinal acute radiation syndrome in non-human primate after
partial body irradiation with minimal bone marrow sparing through correlation with tissue and
histological analyses. Plasma and jejunum samples from non-human primates exposed to partial
body irradiation of 12 Gy with bone marrow sparing of 2.5% were evaluated at various time points
from day O to day 21 as part of a natural history study. Additionally, longitudinal plasma samples
from non-human primates exposed to 10 Gy partial body irradiation with 2.5% bone marrow
sparing were evaluated at timepoints out to 180 days post-irradiation. Plasma and jejunum
metabolites were quantified via liquid chromatography - tandem mass spectrometry and
histological analysis consisted of corrected crypt number, an established metric to assess radiation-
induced gastrointestinal damage. A positive correlation of metabolite levels in jejunum and plasma
was observed for citrulline, serotonin, acylcarnitine and multiple species of phosphatidylcholines.
Citrulline levels also correlated with injury and regeneration of crypts in the small intestine. These
results expand the characterization of the natural history of gastrointestinal acute radiation
syndrome in non-human primates exposed to partial body irradiation with minimal bone marrow
sparing and also provide additional data toward the correlation of citrulline with histological
endpoints.
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INTRODUCTION

Exposure to high dose irradiation following a nuclear or radiological incident will result in
the acute radiation syndromes (ARS) of the gastrointestinal (GI-ARS) and hematopoietic
(H-ARS) systems in a dose-and time-dependent manner. Delayed effects of acute radiation
exposure (DEARE) that includes multiorgan injury follow the ARS. Each resulting sequelae
may be associated with high morbidity and mortality (MacVittie et al. 2012, MacVittie et al.
2012). Due to its rapidly proliferating cell populations, the Gl is particularly susceptible to
ARS (Potten 1990). Characteristics of the injury include damage to the mucosal layer of the
small intestine, loss of clonogenic crypt cells, villus blunting, and barrier disruption
accompanied by weight loss, diarrhea, dehydration, reduced nutrient absorption and
intestinal infection (Booth and Potten 2002). Identification of circulating plasma biomarkers
indicative of GI-ARS can be useful for early triage and injury assessment, and in the
development of novel therapies (medical countermeasures). Currently, there is no drug
approved for the GI-ARS by the Food and Drug Administration (FDA) (Rios et al. 2014).
There also are no FDA qualified metabolite biomarkers available for any radiation injury.

Development of medical countermeasures to mitigate radiation-induced injury requires well
developed animal models and occurs according to the FDA’s animal rule. The FDA animal
rule allows approval of medical countermeasures based on well controlled animal studies,
when human clinical studies are not ethical or feasible (FDA 2015, FDA 2020). An analysis
of biomarkers is an expectation of natural history studies as defined under the FDA animal
rule. Evaluation of potential treatment triggers and/or definition of critical determinants of
the natural history include biomarkers; biomarkers are also indicated to be relevant to human
dose selection based upon biomarker levels established in well-defined animal models (FDA
2015). A key aspect of biomarkers is the biomarker-clinical endpoint relationship which is
part of defining a biomarker’s specific use and interpretable meaning during drug
development (Califf 2018). Clinical endpoints can include, but are not limited to,
histological analyses, functional assays, imaging analyses, and survival.

Biomarkers in an accessible biofluid are most desirable and practical. A variety of
approaches have been applied to the identification and quantification of radiation biomarkers
(Jones JW 2014). Studying the alterations in the metabolome at the target tissue site allows
for the study of mechanism and extent of injury as metabolites are downstream products of
cellular function and the injury to the tissues can alter metabolite levels multiple fold.
Complementary interrogation of target tissue and plasma allows for the evaluation of tissue-
plasma correlations (Jones et al. 2019). Assessment of metabolite changes at the target tissue
site in a NHP model for Gl injury is limited (Cheema et al. 2019). Citrulline is the
metabolite that has been characterized most thoroughly for the GI-ARS (Jones et al. 2015,
Jones et al. 2015, Bujold et al. 2016, Jones et al. 2019).

The partial body irradiation (PBI) with minimal, 2.5% or 5%, bone marrow (BM) sparing
NHP model was developed to mimic intentional or accidental radiation exposures in
humans. Such exposures are likely to include bone marrow sparing and to permit the
concurrent analysis of coincident short- and long-term damage to organ systems in a time
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and dose dependent manner (MacVittie et al. 2012). Previous publications by our team have
described this PBI model, the analysis of resulting tissue injury, as well as its use for
medical countermeasure development (MacVittie et al. 2012, Jones et al. 2015, MacVittie et
al. 2015, Shea-Donohue et al. 2016, Cohen et al. 2017, Prado et al. 2017, Carter et al. 2019,
Cohen et al. 2019, Farese et al. 2019, MacVittie et al. 2019, MacVittie et al. 2019, Parker et
al. 2019, Parker et al. 2019, Parker et al. 2019).

Here, we sought to further characterize the natural history of the GI-ARS in NHP via
determination of changes in the metabolite levels in jejunum and plasma. A more in-depth
characterization of the natural history of radiation-induced damage in NHPs exposed to PBI
with minimal BM sparing, including the establishment of tissue-plasma correlations of
potential biomarkers as well as correlations with histological endpoints, increases the
usefulness of the model for medical countermeasure development as understanding of the
natural history of an injury is a general expectation of drug development under the FDA
Animal Rule (FDA 2015).

MATERIALS AND METHODS

Radiation animal model.

All animal procedures were conducted in accordance with the NIH guidelines for the care
and use of laboratory animals and experiments were performed with prior approval from the
University of Maryland Institutional Animal Care and Use Committee (IACUC). Plasma
was obtained from EDTA- anticoagulated peripheral blood of male rhesus macaques
(Macaca mulatta); tissue was collected from a similar region of the jejunum and tissues were
snap frozen in liquid nitrogen. Plasma and tissues were stored at —80 °C until assay. Samples
were provided by the laboratory of Thomas J. MacVittie, University of Maryland School of
Medicine, Department of Radiation Oncology (Baltimore, MD). Description of the animal
models, including radiation exposure and dosimetry, medical management (supportive care
and health monitoring), as well as collection of tissue have been previously described
(MacVittie et al. 2012). Briefly, NHP [5.5 — 11.3 kg body weight] were exposed to either 12
Gy partial body irradiation with 2.5% bone marrow sparing (PBI/BM 2.5) (natural history
study) or 10 Gy PBI/BM 2.5 (longitudinal study) with 6 MV LINAC-derived photons at 0.80
Gy min~L. Bone marrow sparing was accomplished with tibiae outside the beam field.
Plasma and jejunum were obtained from a natural history study (12 Gy PBI/BM 2.5) where
timed euthanasia was planned at day 4 (n=4), 8 (n=7),11 (n=3), 15(n=5), and 21(n=3) after
radiation. Additional plasma samples were obtained from animals that were euthanized
according to criteria specified in the IACUC protocol. Plasma and tissue from non-irradiated
animals (n=3) were used as baseline controls. Plasma from a longitudinal study (10 Gy
PBI/BM 2.5) drawn post radiation at day 1(n=10), day 3 (n=10), day 7 (n=9), day 15 (n=9),
day 21 (n=8), day 77 (n=5) and on day of morbidity (10) was also analyzed. Plasma from
non-irradiated animals (n=10) were used as baseline controls

High Throughput, Targeted Metabolomics

Targeted, quantitative metabolomics was performed using Biocrates AbsolutelDQ p180 kit
(Biocrates, Life Science AG,Innsbruck,Austria). The AbsolutelDQp180Kkit was prepared as
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described by the manufacturer. The Kit is a combined flow injection analysis (FIA) and
liquid chromatography (LC) tandem mass spectrometry (MS) assay. The assay quantifies up
to 188 metabolites from five metabolite classes: acylcarnitines, amino acids, biogenic
amines, glycerophospholipids, sphingolipids, and hexose. Internal standards, analyte
derivatization and metabolite extraction are integrated into a 96well plate kit. Metabolite
detection is done via pre-selected multiple reaction monitoring (MRM) transitions. Briefly,
jejunum tissue was snap frozen at the time of collection and stored at 80°C until analysis.
Tissue was homogenized in 85:15 (methanol:ethanol, v/v) with 5 mM PBS at a ratio of 5 mg
mL~1. After centrifugation, 20 pL was loaded onto the 96 well kit plate and dried under a
stream of nitrogen. A 5% solution of phenylisothiocyanate in ethanol:water:pyridine (1:1:1,
viviv) was added for derivatization of biogenic amines and amino acids. Metabolite
extraction was then achieved with 5 mM ammonium acetate in methanol. The FIA and LC
tandem mass spectrometry platform consisted of a Waters I-Class UPLC coupled to a Waters
TQ-S tandem quadrupole mass spectrometer. The MetlQ software (Biocrates) controlled the
assay workflow including sample registration, calculation of metabolite concentrations, and
assay validation. In the case of plasma samples 10 pL was used. Mobile phases used were of
LC MS grade and all other reagents were of analytical grade.

Lipid annotation

PCs are phosphotidylcholines where “aa” indicates that fatty acids are bound to glycerol
backbone via ester bonds at sn-1 position and bound to glycerol backbone via ester bonds at
“sn-2” position, whereas “ae” indicates that fatty acids at sn-1 position are bound by ether
bonds and are bound to glycerol backbone via ester bonds at “sn-2" position. The total
number of carbon atoms and double bonds present in fatty acid chains are denoted as “C
x:y”, where x is the number of carbons and y is the number of double bonds.

Data analysis

Data were exported to MetaboAnalyst (v4.0) (Chong et al. 2019), autoscaled and analyzed
using statistical analysis and pathway enrichment analysis module. Box plots represent
concentrations of selected metabolites and the black dots represent concentration of each
sample. Mean concentration of each group is indicated by diamond shape and the notch
indicate median of each group. Upper and lower extremes indicate 95% confidence interval
around median of each group. Correlation analysis was performed against corrected crypt
number time-series pattern. A distance measure of Spearman rank correlation was used.
Quantitative pathway enrichment and pathway topology analysis was performed using
metabolites concentration levels. Globaltest enrichment analysis was chosen to identify most
relevant pathways in human KEGG library. Human library was chosen under the assumption
that human pathway library are similar to rhesus macaques. P value is calculated from
enrichment analysis. Lipid pathway enrichment analysis (Acevedo et al. 2018) was
performed with most altered lipids to find relevant pathways applying Fisher’s exact test.
Rhesus monkey pathway library was chosen. Enriched pathways with p — value was
obtained as results.
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Histological analyses.

RESULTS

Corrected crypt number as an index of crypt survival was measured as described previously
(MacVittie et al. 2012). Briefly, samples of small intestine were collected at necropsy and
fixed in formalin, embedded in paraffin, cut and mounted, and stained with hematoxylin and
eosin (H&E). The number of surviving and regenerating crypts per length of intestine was
scored and the average per group is calculated. The size of surviving crypts varied which
influenced the likelihood of surviving crypt in cross section, so a size correction factor was
applied to reduce this error based on widths of crypts in nonirradiated control NHPs and
surviving crypts in irradiated NHPs. The corrected number of crypts was calculated
according to the following equation: Corrected number of crypts = (mean width in control
mice / mean width in irradiated mouse) x mean number of surviving crypts in the irradiated
mouse.

Study design.

Non-human primates exposed to either 12 Gy PBI/BM 2.5 (natural history study) or 10 Gy
PBI/BM 2.5 (longitudinal study) were assessed to identify potential biomarkers that have
jejunum — plasma correlations and that also correlated with histological endpoints for GlI-
ARS. In the natural history study, plasma and jejunum samples were collected from various
time points between day 0 to day 21 encompassing a time period containing the GI — ARS.
In the longitudinal study, plasma samples were collected at various timepoints between day
0 and day until death, as long as 183 days. This duration included the GI-ARS and the time
period of prolonged Gl injury (Gl — DEARE). Previous publications have described this PBI
model and the analysis of resulting tissue injury (MacVittie et al. 2012, Jones et al. 2015,
Shea-Donohue et al. 2016, Cohen et al. 2017, Prado et al. 2017, Carter et al. 2019, Cohen et
al. 2019, MacVittie et al. 2019, MacVittie et al. 2019, Parker et al. 2019, Parker et al. 2019,
Parker et al. 2019). Here we sought to further characterize the natural history of the GI-ARS
in NHP via determination of differential metabolite and lipid abundance in plasma and
jejunum. Additionally, we considered the metabolites and lipids yielded by our data towards
supporting efforts to identify biomarkers that could have utility toward identification of
exposed populations, and may be useful during drug development under the FDA Animal
Rule, or inform on medical management of radiation-induced injuries post-exposure.
Histological analysis of the jejunum to assess the extent of GI damage was performed as part
of the natural history of 12 Gy PBI/BM 2.5. Corrected crypt number declined after radiation
indicating a loss of crypt cells that was maintained to three weeks (Fig. 1). Regeneration of
crypts at later time points (day 11, 15, 21) shows hyperplastic crypts that are larger than day
0. This same histological index that was used to evaluate the potential for metabolite
biomarker candidates to inform on the GI-ARS was also used to evaluate the potential for
protein biomarker candidates to inform on the GI-ARS in another manuscript in this issue
(Huang et al. 2020)(Huang, et al.).

Plasma-tissue correlations across the natural history of the GI-ARS

Over 180 metabolite levels and relevant biological ratios were quantified in plasma and
jejunum as part of the natural history study after 12 Gy PBI/BM 2.5 (Supplemental Table
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S1, Supplemental Table S2). Metabolites were filtered for those that had correlation with the
temporal patterns of corrected crypt number (Fig. 1a) as well as a correlation between
jejunum and plasma levels (Fig. 2-4). As expected according to our previous work, citrulline
was decreased after radiation and had a similar temporal response in both jejunum and
plasma (Fig. 2). Jejunum citrulline increased in levels after day 8 and had levels higher than
baseline on day 21. Plasma citrulline also began to increase after day 8, but did not return to
baseline by day 21. Two other metabolites, serotonin, acylcarnitine C18, were also decreased
after radiation and had a similar temporal response in both jejunum and plasma (Fig. 3).
Multiple phosphotidylcholine species had similar jejunum and plasma temporal profiles that
were similar to the temporal profile of corrected crypt number. These lipids decreased after
radiation and included (PC ae C34:2, PC ae C34:3, PC ae C36:2, PC ae C36:3, PC ae C38:1,
and PC ae C38:2 (Fig. 4).

Correlation with histological endpoints

Jejunum and plasma metabolite levels were correlated with corrected crypt number, a well-
characterized histological endpoint for the GI-ARS, after 12 Gy PBI/BM 2.5. Radiation
induces loss of crypts and after four days post-irradiation, a drastic reduction in number of
crypts was observed with a nadir at day 8 (Fig. 1a). On days 11, 15, and 21 there is an
increase in corrected crypt number marking a degree of recovery of intestinal lining, albeit
corrected crypt number remains still markedly reduced from baseline (Fig. 1a). Whereas, the
corrected crypt number has been shown to be a highly effective way to assess the GI-ARS
(Booth et al. 2012, MacVittie et al. 2012), there is still a need for less invasive parameters
that have the ability to assess Gl injury with similar effectiveness to corrected crypt number.
The correlation between jejunum metabolite levels and corrected crypt number is shown in
Table 1. The correlations ranged from 0.30 (acylcarnitine C18) to 0.76 (PC ae 36:3).
Citrulline, serotonin, PC ae 34:2, PC ae 34:3, PS ae 36:2, PC ae 36:3, PC ae 38:1, and PC ae
38:2 had statistically significant jejunum-corrected crypt number correlations (Table 1). The
correlation between plasma metabolite levels and corrected crypt number is shown in Table
2. Many of the plasma metabolite levels had weaker correlations with corrected crypt
number with only citrulline having a statistically significant correlation with corrected crypt
number (0.67) (Table 2).

Longitudinal plasma characterization including the GI-ARS and the prolonged Gl injury

To test the repeatability of response during the GI-ARS for the metabolites identified in Fig.
2-4 as well as to determine their response during prolonged Gl injury, plasma from a
longitudinal study of 10 Gy PBI/BM 2.5 was assayed (Supplemental Table S3). Plasma
metabolite levels were assayed at timepoints up until day 183 (Fig. 5). The day of death in
the longitudinal study ranged between day 14 to day 183 (mean survival was 84 days for the
samples assayed in the longitudinal study) (Supplemental Table S4). The metabolites and
lipids from the longitudinal study of plasma samples after 10Gy PBI/BM 2.5 were selected
for a temporal pattern that matches with the response in plasma after 12 Gy PBI/BM 2.5. In
the longitudinal study, levels of citrulline and phosphotidylcholines (PC ae C38:2, PC ae
C36:2, PC ae C34:3) decreased post-irradiation similar to that observed in the 12 Gy
PBI/BM 2.5 natural history study (Fig. 5). Citrulline increased at later timepoints after
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radiation, whereas all of the lipid species (PC ae 34:3, PC ae 36:2, PC ae 36:3, and PC ae
38:2) remained depressed throughout the study (Fig. 5).

Pathway analysis to inform on the GI-ARS mechanisms of injury

In order to understand the mechanism of injury and its influence on metabolism, we
performed pathway analysis of metabolites (Fig. 6) and lipids (Table 3) by comparing day 0
and day 4 metabolite levels from the natural history study. Quantitative pathway enrichment
and topology analysis of jejunum and plasma indicates dysregulation of amino acid
metabolism and regulation consistent with dysfunction of GI homeostasis (Fig. 6). A
number of phosphotidylcholine lipids consistently and robustly changed after radiation. As
such, we performed lipid pathway enrichment analysis to gain insight into the associated
pathways that are dysregulated by altered phosphotidylcholine species after 12 Gy PBI/BM
2.5 (Table 3). These pathways included those related to choline, endocannabinoid, linolenic
acid, linoleic acid, arachidonic acid, and glycerophospholipid metabolism (Table 3).

DISCUSSION

In this study, we used liquid chromatography-tandem mass spectrometry to identify
radiation-responsive metabolites and lipids in plasma and jejunum that correlated with an
established histological endpoint for the GI-ARS. Histological analyses, including corrected
crypt number, have been rigorously developed to assess and characterize the natural history
of the GI-ARS in both mouse and NHP (Booth et al. 2012, Booth et al. 2012, MacVittie et
al. 2012, MacVittie et al. 2012, MacVittie et al. 2019). Corrected crypt number is a
histological index of Gl injury that has been used to evaluate biomarkers and their ability to
corelate with well-characterized endpoints of Gl injury (Jones et al. 2015, Jones et al. 2015).
We observed a decrease in corrected crypt number after radiation consistent with previous
assessments of radiation-induced GI damage in NHP after PBI (MacVittie et al. 2012). The
tissue-plasma correlations reported here in primate share similarities to the tissue-plasma
correlations that we observed in a mouse model of the GI-ARS previously which included
citrulline, PC ae 36:2, and PC ae 38:2 (Jones et al. 2019).

Citrulline, a non-essential amino acid, is an end product of glutamine metabolism by small
intestinal enterocytes. Multiple enzymes — Ornithine aminotransferase (OAT), Ornithine
Carbamoyltransferase (OCT), Carbomyl phosphate synthetase | (CPSI), Proline oxidase
(PROo0X) and Pyrroline-5-carboxylante synthase (P5cs) that are exclusively present in small
intestinal enterocytes synthesize citrulline from glutamine and/or proline. In a parallel
proteomic study after 12 Gy PBI/BM 2.5, also published in this issue, we observed
significant decrease in OAT after radiation which may contribute to the observed citrulline
deficiency (Huang et al. 2020)(Huang, et al.). Under steady state conditions, rate of citrulline
released into portal and subsequently the systemic circulation correlates with the actual
number of cell mass that is present in small bowel epithelium. Therefore, circulating plasma
citrulline can be a marker for functional epithelial mass (Lutgens and Lambin 2007). In
human, 20 pM of plasma citrulline is considered as a best threshold for permanent intestinal
failure with a sensitivity, specificity, positive predictive value (PPV) and negative predictive
value (NPV) of 92%, 90%, 95% and 85% respectively. Fig. 2 shows plasma citrulline levels
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are below this threshold in NHP after 12 Gy PBI/BM 2.5. Citrulline also serves as a marker
for intestinal absorption and function. Lower level may indicate damage to small intestinal
epithelium, small intestinal absorption and function (Fragkos and Forbes 2018). About 80%
of citrulline is transported to be metabolized by the kidney for arginine synthesis, nitric
oxide (NO) production in vascular epithelium and as well metabolized by the urea cycle
(Barzat et al. 2014). Previously, we reported the ability of citrulline as plasma biomarker in
NHP model after TBI at 13.0 Gy, 10.5 Gy, and 7.5 Gy and PBI at 11.0 Gy with 5% bone
marrow sparing (Jones et al. 2015) and correlation of tissue and plasma levels in murine
models post TBI exposure of 6 — 15 Gy (Jones et al. 2015), and developed a quantitation
method for measuring citrulline (Jones et al. 2014). In mice, after a single TBI of 1 — 12Gy
dosage, citrulline levels were most reduced at 3.5 to 4 days post radiation (Lutgens et al.
2003). Another study evaluating species differences and experimental conditions like
feeding and anesthesia on citrulline as biomarker, exposed mice and minipigs to PBI with
doses from 13-17 Gy and 8-16 Gy, respectively and NHP to TBI with doses from 6.72-13
Gy. It was reported that in NHP, plasma citrulline levels reached nadir values between days
3.5 and 7 days(Bujold et al. 2016). Here, we report tissue-plasma correlation of citrulline in
NHP model after PBI, further validating the utility and reliability of citrulline as a biomarker
for small intestinal epithelial damage. Both, plasma and jejunum citrulline levels reach nadir
levels on day 8 post radiation. Alterations in citrulline levels impact arginine biosynthesis
which is consistent with the pathway analysis (Fig. 6b).

Serotonin, a neurotransmitter and signaling molecule is synthesized from tryptophan by
tryptophan hydroxylase, which is an enzyme present in Enterochromaffin (EC) cells. About
90% of body serotonin is found in EC cells (Sikander et al. 2009). EC cells reside alongside
epithelial lining located in crypts between intestinal villi of Gl tract lumen and play a crucial
role in intestinal motility and secretion. EC cells are discriminated from other cell epithelial
crypts by the presence of basally located granulations having serotonin and other peptides
(Wade and Westfall 1985). Alterations in serotonin impacts tryptophan metabolism which is
shown in the pathway analysis of jejunum (Fig. 6a) and plasma (Fig. 6b). Previously, we
reported a study in mouse total body irradiation model, where after exposure to radiation
above 8Gy, serotonin levels decreased in jejunum(Jones et al. 2019).

Intestinal epithelium is protected by a mucus layer that is hydrophobic. Its hydrophobicity is
largely due to phospholipids (Lugea et al. 2000). About 90% of phospholipids in mucus
layer are phosphatidylcholines (Stremmel et al. 2016). It has been noted that phospholipids
can protect against apoptosis in epithelial cells (Leucht et al. 2014). Membrane
phospholipids, especially those with a more oxidatively labile ether linkage, are targets of
reactive oxygen species (ROS) formed due to ionizing radiation which may have led to
alterations in our observed ether-linked phosphatidylcholine levels (Jones et al. 2017). PC ae
36:3 and PC ae 38:2 were also reduced in the jejunum in a study of NHP exposed to gamma-
radiation (Cheema et al. 2019). The highlighted lipid species remain depressed throughout
the longitudinal study which may indicate persistent dysfunction in NHP GI at longer time
post-radiation consistent with previous reports (MacVittie et al. 2012). The impact of the
lipid depletion observed here warrants further study as the metabolic pathways that are
affected by altered phosphatidylcholine levels are important to GI homeostasis (Table 3). In
another study, mice were exposed to a dose of 8Gy and multiple ether phosphatidylcholine
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species were found to be upregulated in serum of radiated animals, on contrary to the
observation in NHP plasma and tissues in this study(Laiakis et al. 2014).

CONCLUSION

Plasma and jejunum metabolites were quantified via liquid chromatography - tandem mass
spectrometry and histological analysis consisted of corrected crypt number, an established
metric to assess radiation-induced gastrointestinal damage. A positive correlation of
metabolite levels in jejunum and plasma was observed for citrulline, serotonin, acylcarnitine
and multiple species of phosphatidylcholines. Citrulline levels also correlated with injury
and regeneration of crypts in the small intestine. Alteration in serotonin levels indicate
dysfunction of EC cells and alteration in PC levels is consistent with mucosal damage in the
jejunum. These results expand the characterization of the natural history of the GI-ARS in
NHP exposed to PBI with minimal bone marrow sparing and also provide additional data
toward the correlation of citrulline with histological endpoints.
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Figure 1. Histological analysis of NHP jegunum after 12 Gy PBI/BM 2.5 to assess G| damage.
(a) corrected crypt number, (b) representative H&E stained histology images.
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Figure 2. Temporal pattern of citrullinelevelsin jejunum and plasma after 12 Gy PBI/BM 2.5.

(a) jejunum citrulline, (b) plasma citrulline.
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Gy PBI/BM 2.5.

(a) serotonin, (b) acylcarnitine C18.
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Figure5. Selected temporal pattern of metabolites and lipids from longitudinal study of plasma
samples after 10 Gy PBI/BM 2.5.

(a) Citrulline, (b) PC ae C34:3, (c) PC ae C36:2, (d) PC ae C36:3, (e) PC ae C38:2
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Figure 6. Quantitative pathway enrichment and topology analysis of metabolite alterationsin
jgjunum and plasma after 12 Gy PBI/BM 2.5.

Analysis comparing day 0 and day 4 for (a) jejunum, (b) plasma.
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Table 1.

Correlation of jejunum levels and corrected crypt number

Correlation with corrected crypt number

Analyte R p-value

PC ae C36:2 0.62 0.0010
PC ae C38:1 0.60 0.0015
PC ae C38:2 0.52 0.0073
PC ae C34:3 0.35 0.0902
PC ae C34:2 0.66 0.0004
PC ae C36:3 0.76 <0.0001
Serotonin 0.42 0.0344
Acylcarnitine C18 0.30 0.1451
Citrulline 0.54 0.0051
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Table 2.

Correlation of plasma levels and corrected crypt number

Correlation with corrected crypt number

Analyte R p-value

PC ae C36:2 0.18 0.3850
PC ae C38:1 0.11 0.6119
PC ae C38:2 0.20 0.3481
PC ae C34:3 0.35 0.0839
PC ae C34:2 0.23 0.2783
PC ae C36:3 0.28 0.1747
Serotonin -0.07 0.7532
Acylcarnitine C18 0.05 0.7965
Citrulline 0.67 0.0003
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Pathways affected by altered phosphotidylcholine levels after 12 Gy PBI/BM 2.5.

Table 3.

Pathway name p-value Benjamini correction
Choline metabolism in cancer 0.009 0.045
Retrograde endocannabinoid signaling  0.015 0.045
alpha-Linolenic acid metabolism 0.043 0.058
Linoleic acid metabolism 0.047 0.058
Glycerophospholipid metabolism 0.049 0.058
Arachidonic acid metabolism 0.140 0.140
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