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Abstract

Exposure to ionizing radiation (IR) elicits a set of complex biological responses involving gene

expression and protein turnover that ultimately manifest as dysregulation of metabolic processes

representing the cellular phenotype. Although radiation biomarkers have been reported in urine

and serum, they are not informative about IR mediated tissue or organ specific injury. In the

present study we report IR induced metabolic changes in gastrointestinal (GI) tissue of CD2F1

mice using ultra-performance liquid chromatography (UPLC) coupled with electrospray time-of-

flight mass spectrometry. Post-radiation GI injury is a critical determinant of survival after

exposure to IR. Our results show a distinct dose and time dependent response to GI tissue injury.

Introduction

Increased probability of radiological or nuclear incidents due to detonation of nuclear

weapons by terrorists, accidents/sabotage of nuclear facilities, exposure/dispersal of

radioactive materials and accidents during handling of radioactive materials enhances

overall radiation risks for the civilian population. With the increasing likelihood of radiation

exposure, the first step in medical management including triage is high-throughput

assessment of the radiation dose received. Cytogenetic analysis, particularly dicentric

chromosome aberration assay of peripheral blood lymphocytes is a gold standard technique

for estimating the extent of ionizing radiation (IR) exposure; however, it is time-consuming

and labor intensive. Alternate methods including assessment of DNA damage and repair 1,

DNA-protein cross links 2, polyamine levels in red blood cells 3, serum proteomic profiles

and gene expression profiles 4, 5 have been developed to estimate the absorbed radiation

dose.

Biomarkers that can help identify exposed individuals are critically important in the event of

mass casualty incidents 6. Although early physical symptoms of acute radiation syndrome in

humans include nausea (1.4 Gy), vomiting (1.8 Gy) and erythema (3–4 Gy) 7, there is a

latent period between the end of prodromal symptoms and the onset of physiological

complications. A metabolomics approach offers to identify and quantitate global changes in

the relative levels of small molecule metabolites as a readout of the physiological status of

*These authors contributed equally Received

Disclosures
No conflicts of interest, financial or otherwise, are declared by the authors.

NIH Public Access
Author Manuscript
Mol Biosyst. Author manuscript; available in PMC 2014 April 05.

Published in final edited form as:

Mol Biosyst. 2013 April 5; 9(4): 723–731. doi:10.1039/c3mb25454b.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



an individual 8. Recent technological improvements in liquid chromatography and time of

flight mass spectrometry (TOF-MS) have enabled researchers to use a metabolomics

approach to discover and characterize predictive biomarkers for radiation dosimetry, which

has been comprehensively reviewed by us and others 9, 10. In the present study we report IR

induced metabolite changes in gastrointestinal (GI) tissue o f mice, using ultra-performance

liquid chromatography (UPLC) coupled with electrospray TOF-MS. The radiation-induced

GI syndrome results due to whole body radiation exposure to IR doses in excess of 6 Gy,

causing the death of epithelial stem and progenitor cells of the crypts. This is followed by

the shrinkage of the villus and involution of the mucosa due to metabolite and electrolyte

imbalance, resulting in severe diarrhoea, dehydration, and ultimate lethality 11. Additionally,

sepsis caused byenteric bacteria (bacterial translocation from the intestinal lumen through

the damaged mucosal barrier and into the blood stream) is an important cause of lethality

after radiation exposure 11. Hence, it is important to identify biomarkers of radiation-

induced GI injury not only to facilitate triage but also to understand organ specific response

to IR exposure.

The primary goal of the study therefore, was to identify metabolite markers of GI tissue

injury in response to two sub-lethal IR doses of 4 and 8 Gy at 1 and 4 days post-IR exposure

using a murine model. Mass spectrometry based metabolomic profiling and subsequent

multivariate analysis facilitated the identification of novel metabolites of GI injury. These

include lipids, glutamate, tryptophan, taurocholate and the dipeptide Cys-Gly. To our

knowledge; this is a first report on identification of small molecule markers of GI tissue

injury. Future follow up studies with bio-fluids will augment the development of minimally

invasive assays for evaluation of IR mediated tissue specific injury.

Materials and methods

Chemicals and reagents

LC/MS-grade acetonitrile (ACN), water and methanol were purchased from Fisher

Scientific (NJ, USA). High purity formic acid (99%) was purchased from Thermo Scientific

(Rockford, IL). Cys-Gly, hypoxanthine, methionine, inosine, glutamate, prostaglandin E2,

tryptophan, 5-AMP, spermidine, citrulline, tyrosine, alpha-methyl-tyrosine, taurocholic acid,

UDP-N-Acetyl-glucosamine, debrisoquine, 4-nitrobenzoic acid (4-NBA) were purchased

from Sigma Aldrich St. Louis MO (USA). 2-deoxyionsine was purchased from MP

Biomedicals (USA). Lipid standards were purchased from Avanti Polar Inc. All the reagents

and chemicals used were LC/MS grade.

Animals

Six to eight week old specific pathogen free (SPF) male CD2F1 mice were purchased from

Harlan Laboratories (Indiana, USA) and were housed (8 per cage) in an air-conditioned

facility at the Armed Forces Radiobiology Research Institute (AFRRI), which is accredited

by the Association for Assessment and Accreditation of Laboratory Animal Care

International (AAALAC) as described previously 12. Mice were held in quarantine for 1

week and were used after microbiology, serology, and histopathology examination to ensure

the absence of Pseudomonas aeruginosa and common murine diseases. Mice were provided

with certified rodent rations (Harlan Teklad Rodent Diet #8604, Harlan Teklad, WI, USA)

and acidified water (with HCl, pH 2.5–3.0) ad libitum13–16. All mice were kept in rooms

with a 12 hour light/dark cycle with lights on from 0600 to 1800 h. All animal procedures

were performed in accordance with a protocol approved by the AFRRI’s Institutional

Animal Care and Use Committee. Research was conducted according to the Guide for the

Care and Use of Laboratory Animals, prepared by the Institute of Laboratory Animal
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Resources, the National Research Council, and U.S. National Academy of Sciences. All

mice were 10–11 weeks old at the time of experiment.

Radiation Exposure

Mice were placed in Plexiglas boxes with 8 compartments to accommodate 8 mice per box

and irradiated bilaterally at the AFRRI’s cobalt-60 gamma radiation facility to two sub-

lethal doses, 4 and 8 Gy. The mid-line tissue dose to the animals was 3–12 Gy at a dose rate

of 0.6 Gy/min. LD50/30 (lethal dose of 50% animals in 30 days) of CD2F1 mice was found

to be 8.6 Gy (0.6 Gy/min) 17. An alanine ESR (electron spin resonance) dosimetry system

(American Society for Testing and Material Standard E 1607) was used to measure dose

rates (to water) in the cores of acrylic mouse phantoms 18, 19. Phantoms were 3 inches long

and 1 inch in diameter and were located in all other compartments of the exposure rack. The

ESR signals were measured with a calibration curve based on standard calibration

dosimeters provided by the National Institute of Standard and Technology (NIST). The

accuracy of the calibration curve was verified by inter-comparison with the National

Physical Laboratory (NPL), United Kingdom. The only corrections applied to the dose rates

in phantoms were for the decay of cobalt-60 source and for a small difference in mass

energy-absorption coefficients for water and soft tissue. The radiation field was uniform

within ±2%. After radiation, mice were returned to the cages for free access of food and

water and monitored for any sign of radiation sickness (ruffled fur, weight loss etc).

Blood and Organ Collection

Blood (0.6–1.0 ml) was drawn under anesthesia (as a terminal procedure) using isoflurane

(Abbott Laboratories, Chicago, IL) from the inferior vena cava (IVC) with a 23-G needle

and collected in serum separator tubes. It was allowed to clot for 30 min at room

temperature. After centrifugation at 1500 g for 10 min, serum was transferred to a micro-

centrifuge tube and stored at 80 °C until used20.

For organ collection, mice were humanely euthanized after blood collection. Jejunum (two 5

cm sections) were harvested on day 1 and day 4 from animals exposed to 4 and 8 Gy of IR

and from the sham treated groups (0 Gy) and cleaned by flushing with PBS. Samples were

snap frozen in liquid nitrogen and stored at −80 °C until use.

Sample preparation

Metabolomics

GI tissue samples were sectioned uniformly and 10 mg of frozen tissue samples were placed

in sterile glass vials and homogenized in 250 μl of 50% chilled methanol in water

containing internal standards. Subsequently, 600 μl of acetonitrile was added and the

samples were centrifuged after incubation on ice for 15 min, to facilitate protein

precipitation. The supernatant was transferred to a fresh tube and dried under vacuum and

re-suspended in solvent containing 98% water for MS analysis. The pellets were re-

suspended in Ripa buffer, incubated on ice for 15 min and centrifuged. Protein estimation

was performed using Bradford method 21. Total protein concentration was used to normalize

the raw data.

Metabolite extraction from serum samples was performed by mixing 5μl of sample in 195

μl of 40% ACN, 25% CH3OH, 35% H2O, and containing internal standards. The samples

were centrifuged at 13,000 rpm for 20 minutes after incubation on ice for 10 minutes. The

supernatant was transferred to a fresh tube and dried under vacuum and re-suspended in 200

μl solvent containing 5% CH3OH, 1% ACN, 94% H2O for MS analysis.
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UPLC-TOFMS based Metabolomics Analysis

Metabolomic profiling was performed using UPLC-QTOF-MS as described previously 22.

Briefly, 5 μl of each sample was injected onto a reverse-phase 2.1 × 50 mm Acquity 1.7 μm

C18 column (Waters Corporation, Milford, MA) using an Acquity UPLC system with a

gradient mobile phase consisting of 2% acetonitrile in water containing 0.1% formic acid

(A) and 2% water in acetonitrile containing 0.1% formic acid (B). Each sample was resolved

for 10 min at a flow rate of 0.5 ml/min. The gradient consisted of 100% A for 0.5 min then a

ramp of curve 6 to 60% B from 0.5 min to 4.0 min, then a ramp of curve 6 to 100% B from

4.0–8.0 min, hold at 100% B until 9.0 min, then a ramp of curve 6 to 100% A from 9.0 min

to 9.2 min, followed by a hold at 100% A until 10 min. The column eluent was introduced

directly into the mass spectrometer by electrospray. Mass spectrometry was performed on a

Q-TOF instrument (QTOF Premiere, Waters), operating in either negative (ESI−) or positive

(ESI+) electrospray ionization mode with a capillary voltage of 3200 V and a sampling cone

voltage of 20 V in negative mode and 35 V in positive mode. The desolvation gas flow was

set to 800 liters/h and the temperature was set to 350 °C. The cone gas flow was 25 liters/h,

and the source temperature was 120 °C. Accurate mass was maintained by introduction of

lock spray interface of sulfa-dimethoxine (m/z = 311.0814 [M+H]+ or 309.0658 [M-H]−) at

a concentration of 250 pg/μl in 50% aqueous acetonitrile and a rate of 150 μl/min. Data

were acquired in centroid mode from 50 to 850 m/z in MS scanning.

UPLC-QTOF-MS based metabolomic profiling of serum samples was performed by

injecting 5 μl of each sample onto a reverse-phase 2.1 × 50 mm Acquity 1.7 μm C18

column (Waters Corporation, Milford, MA) using an Acquity UPLC system with a gradient

mobile phase consisting of 100% water containing 0.1% formic acid (A) and 100% ACN

(B). Each sample was resolved for 13 min at a flow rate of 0.5 ml/min. The gradient

consisted of 99% A for 0.5 min then a ramp of curve 6 to 60% B from 0.5 min to 4.0 min,

then a ramp of curve 6 to 99% B from 4.0–9.0 min, hold at 99% B until 10.0 min, then a

ramp of curve 6 to 99% A from 11.0 min to 12.0 min, followed by a hold at 99% A until 13

min. The column eluent was introduced directly into the mass spectrometer by electrospray.

The other Q-TOF instrument operating were as described previously.

Lipidomics

GI tissue samples were homogenized with extraction buffer containing 50% methanol and

20% IPA in water with 10 pmoles of 14:0 LPA and 5 pmoles of 17:0 Ceramide as internal

standards. To facilitate protein precipitation, 600 μl of chilled acetonitrile was added and the

samples were incubated on ice for 15 min. The samples were centrifuged at 13,000 rpm at 4

°C for ten minutes. The supernatant was transferred to a fresh tube and dried under vacuum

and re-suspended in solvent containing 25:30:45 (water: acetonitrile: IPA v/v) for MS

analysis.

G2-TOFMS based Lipidomics Analysis

Samples were injected onto a reverse-phase 100 × 2.1 mm Acquity 1.7 μm C18 CSH

column (Waters Corp, Milford, MA) using an Acquity H Class UPLC system (Waters) with

a gradient mobile phase consisting of 50% acetonitrile in water containing 0.1% formic acid

10 mM ammonium formate (A) and 10% acetonitrile in isopropanol containing 0.1% formic

acid and 10 mM of ammonium formate (B). Each sample was resolved for 10 min at a flow

rate of 0.5 ml/min. The gradient consisted of 60% A for 0.5 min then a ramp of curve 6 to

100% B from 0.5 min to 8 min, then the gradient held at 100% B for 0.5 min and back to

60% A at 10 min. The column eluent was introduced directly into the mass spectrometer by

electrospray. Mass spectrometry was performed on a Q-TOF instrument (Xevo G2 QTOF,

Waters Corp, USA) operating in either negative (ESI−) or positive (ESI+) electrospray

ionization mode with a capillary voltage of 3200 V in positive and 2600 V in negative, and a
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sampling cone voltage of 40 V in negative mode and 30 V in positive mode. The desolvation

gas flow was set to 700 liters/h and the temperature was set to 300 °C and the source

temperature was 120 °C. Accurate mass was maintained by introduction of lock spray

interface of leucine enkephalin (556.2771 [M+H] + or 554.2615 [M-H]−) at a concentration

of 2 pg/μl in 50% aqueous acetonitrile and a rate of 2 μl/min. Data were acquired in

continuum MSe mode from 50 to 1200 m/z. The high energy employed a 10–40 volts

collision energy ramp and the low energy without collision energy as a MS scan.

Data pre-processing and Data Analysis

LC-MS data were pre-processed using XCMS software 23. The data were normalized to the

ion intensity of the internal standards and protein concentration. The normalized data sets

were analyzed by Principal Component Analysis (PCA) and Orthogonal Projections to

Latent Structures (OPLS). OPLS analysis was considered best fit to determine the separation

in the sham and irradiated mice. Candidate features with high correlation values and

positioned furthest from the point of origin in the upper right and lower left quadrants of the

S-plot were deemed significantly altered in the two groups and were chosen for further

characterization. Clustering analysis using Radom Forests (RF) was also performed to

interrogate the top 50 discriminant features in the two study groups 24. The OPLS-DA

models were run using SIMCA-P version 12 (Umetrics, Inc.) and the Random Forests

methods were run using several R packages with specific use of the G plot library for heat

map graphics within R. 2.11.0 25. Quantitative descriptors of model quality for the OPLS-

DA models included R2 (explained variation of the binary outcome: sham vs irradiated) and

Q2 (cross-validation based predicted variation of the binary outcome). We used score plots

to visualize the discriminating properties of the OPLS-DA models, and also S-plots for

putative biomarker identification by visualization of the OPLS-DA loadings on the

predictive score. Selection of features based on the OPLS-DA model used a p (corr) cut-off

of 0.8, as reported previously26, 27. The features selected via OPLS-DA together with those

selected by the RF method were used for accurate mass based data base search.

Verification and validation of metabolite identification

For metabolite identification, initially accurate mass based search was performed using

online database Madison Metabolomics Consortium Database (MMCD) while the MSe data

from the lipidomics experiment was used to perform s spectral library using SimLipid v3.0,

(Premier Biosoft Intl, Palo Alto CA). This enabled putative identification of the compounds

that corresponded to the accurate monoisotopic mass measurements detected using UPLC-

TOFMS analysis. The mass tolerance was kept at 5 ppm to minimize false positive

identifications.

Subsequently, the mass based putative identity of the metabolites was validated by matching

the fragmentation pattern of the parent ion to that of the standard metabolite using tandem

mass spectrometry (UPLC-TOFMS/MS) and also by comparing the retention time under the

same chromatographic conditions.

Metabolomic analysis using GEDI

The Gene Expression Dynamic Inspector (GEDI) uses Self-organizing Maps (SOMs) to

reduce data dimensionality with respect to gene number and to create characteristic visual

representations for each sample 28. We used features exhibiting the highest intensity in all of

the binary-comparison sub-sets for GEDI analysis. Each tile in the SOM corresponds to a

cluster of biomarkers that share a similar intensity pattern across conditions. Different colors

reflect the biomarker intensity of a centroid in each group29, 30.
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Results

Metabolomic and lipidomic profiling for identification of markers of acute response (day 1)
to IR

We performed metabolomic profiling of GI tissue obtained from sham treated mice or those

exposed to 4 or 8 Gy of IR, with six mice per treatment group. Pre-processing using XCMS

resulted in a three dimensional data matrix consisting of 3851 & 3333 features in the

respective modes. Lipidomic profiling yielded 1697 & 815 features respectively. A total of

6421 (4 Gy) and 6478 (8 Gy) features were used for multivariate analyses (Table 1).

Initially, we performed principal component analysis which did not result in a clear group

separation. Hence, Orthogonal Partial Least Square Discriminant Analysis (OPLS-DA) was

performed to identify discriminating features between sham treated mice and those exposed

to 4 Gy after 1 day of IR exposure. The R2 and Q2 for the OPLS model were 0.98 and 0.70

respectively, supporting the quality of the model.

The highlighted features exhibited high correlation values and were selected for further

characterization (Figure 2, Panel A). Additionally, RF analysis resulted in an unambiguous

separation of the two groups with 100% accuracy (Figure 2, Panel B). The heat map depicts

the top 50 discriminating features between the two study groups (Figure 2, Panel C).

A similar analysis was performed to compare the metabolomic profiles of sham treated mice

with those that were exposed to 8 Gy of IR and Figure S1). A total of 174 features were

selected for accurate mass based putative identifications using the MMCD data base. Taken

together, the compound identification of nine metabolites was confirmed by matching the

MS/MS fragmentation patterns with those of standard compounds (Table 2 and

Supplementary Figures S2–S8), while those without any identification are listed in

Supplementary Table ST1. The trend plot showed a time and dose dependent tissue injury

response for these markers (Figure 3 and Supplementary Figure S9).

Tryptophan was found to be up regulated in GI tissue, 1 day after IR exposure in a dose

dependent manner. Dysregulation of tryptophan metabolism has been reported to result in

gastrointestinal malfunction as well as the disruption of serotonin and kynurenine

pathways 31. Glutamic acid, Cys-Gly & methionine were also found to be down regulated 1

day post-IR exposure. The dipeptide Cys-Gly is a precursor of the anti-oxidant glutathione

which plays an important role in the detoxification of the reactive oxygen species in cells

and tissues 32. Depletion of Cys-Gly post-IR may thus result from or contribute to increased

oxidative stress that is a hallmark of radiation exposure 33. We also found a concomitant

decrease in the levels of glutamic acid in response to increasing doses of IR. Glutamate

(Glu) is formed by the hydrolysis of the amino group of glutamine (Gln) via the enzyme

glutaminase. It has been reported that the GI tract accounts for almost 80% of the total

glutaminase activity 34. Hence, decrease in the levels of glutamate in the GI tissues, post-IR

may be due to a decrease in the total enzyme activity of this enzyme. Thus GI injury is likely

to have serious implications on the overall energy metabolism and hence, availability of

markers directly indicative of tissue injury could not only aid population screening but also

aid the development of therapeutics to combat tissue specific radiation injury 35.

Additionally, we found a significant dysregulation of lipid panel after IR exposure which is

consistent with previous reports 36–39. PS (16:0/0:0), PC (8:2/8:2), PC (20:1/0:0) showed a

down regulation in response to IR exposure in a dose dependent manner. Our results are

consistent with studies that have reported a depletion of phospholipids in rat thymus after

fractionated gamma irradiation 40.
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Metabolomic and Lipidomic analysis for the identification of markers of GI injury at 4 days
post-IR

In order to characterize delayed GI tissue injury response, we selected 4 days as a post-IR

exposure time point. GI tissues were profiled using UPLC-QTOF-MS in electrospray

positive and negative modes. Data pre-processing by XCMS resulted in the detection of

3851 & 3333 features for metabolomics profiling and 1697 & 815 for lipidomic profiling

respectively in the positive mode (Table 1). Feature rankings obtained by comparing profiles

of sham irradiated samples showed a clear separation at both IR doses (Figure 4 and

Supplementary Figure S10). Of these the metabolites that were unambiguously identified by

matching fragmentation patterns and retention times with standard compounds are detailed

in Table 3 and Supplementary Figure S11–S18. The unidentified markers with significant

fold change and p-value are listed in Supplementary Table T2. For many of the identified

metabolites a distinct dose dependent response was observed (Figure 3 and Supplementary

Figure S19).

The endogenous levels of metabolites spermidine, eicosenoic acid, PI (18:2/16:0) and

taurocholic acid were found to be elevated in response to 4 Gy and 8 Gy IR exposures. The

levels of UDP-N-acetyl-D-glucosamine, PE (18:2/0:0), PE (0–20:0/20:5) on the other hand

were depleted post-IR exposure.

An increase in serum levels of spermidine has been reported in mice irradiated with 6 Gy of

gamma radiation 41. Elevated bile acid levels, specifically taurocholate, have been

implicated in inducing gastric mucosal ulcers 42. The up-regulation of lipid molecules in the

present study are consistent with previous reports, wherein GC-MS analysis was performed

on rat serum collected at 1 and 24 h post-irradiation at 3 Gy radiation dose 43.

In order to obtain a global metabolome visualization of dose and time dependent response in

GI tissue, we used the gene expression dynamics inspector to plot self-organizing maps. The

results depict clusters of metabolites that exhibit differential response in a dose and time

dependent manner (Supplementary Figure S20).

Functional Pathway analysis

The Comparative canonical pathway analysis associated with GI tissue injury using murine

model at different times and doses of IR exposure included arachidonic acid metabolism,

eicosanoid signaling, and oxidative phosphorylation after 1 day of IR exposure. The pre-

dominant pathways that were dysregulated at the four day time point included glycine,

serine and threonine metabolism. Malfunction in arachidonic acid (AA) metabolism has

been reported in rat platelets after 24 h whole body radiation 44. Hahn et al 1983 45 reported

AA dysfunction in endothelial cells after gamma radiation exposure which resulted in

elevated levels of COX-2. The elevation of COX-2 is well studied in promoting

inflammation 46. Pyruvate metabolism was found to be perturbed four days post radiation

exposure, which is known to be a major indicator of disrupted central carbon

metabolism 47, 48. The participating molecules are listed in Supplementary Table ST3.

Discussion

Exposure to IR is associated with induction of acute radiation syndrome (ARS) which can

include depletion of bone marrow, internal bleeding, massive fluid and electrolyte loss from

the GI tract and death. Depending on the dose, the symptoms of ARS can appear within

hours to weeks. It is a challenge to triage individuals who are minimally exposed compared

to those who received high radiation dose and need immediate treatment 49. The current

strategy to assess individual radiation exposure is based on symptoms developed over

time 1. These methods are time-consuming and are not practical in a real time scenario. In
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addition, the latent period (from radiation exposure to symptom onset) is a critical time for

therapeutic intervention which can help save lives.

Therefore, there is an urgent need to develop biochemical or molecular biomarkers that can

help implement effective countermeasures of radiation injury to affected individuals and

provide basis for treatment decisions. Previous bio-dosimetry studies with urine or serum

samples have reported purines and pyrimidines as major markers of radiation

exposure 50–52.

Although urine and serum biomarkers of metabolomic response to gamma radiation have

been reported, these are not informative of organ specific changes 50, 53. In this study, we

report the identification of acute and delayed metabolomic profiles of GI tissue specific

radiation injury responses in CD2F1 mice exposed to different doses of gamma radiation. To

our knowledge, this is the first report on bio-dosimetry of GI tissue metabolomics. Intestinal

mucosal surface area is a well-validated, sensitive parameter of intestinal radiation injury.

Authors demonstrated nadir of mucosal surface area at 3.5 days post radiation at 8 Gy 54.

Even at lower doses of radiation, the GI tract plays a major role in the pathophysiology of

toxicity and clinical outcome. We demonstrated that intestinal epithelial cells undergo

massive apoptosis within 24 h post-radiation (6 Gy) due to severe damage to the functioning

villi14. Whole-body irradiation of mice at 4 Gy exhibited altered structures of mucosa and

sub-mucosa layers 55. GI damage responses in 4 Gy irradiated mice was evident from

epithelial crypt cell necrosis, blunting of the villi and diffused lymphatic and plasma cellular

infiltration 55. The underlying hypothesis was that the IR exposure would elicit an organ

specific injury response. Hence, we compared the metabolomics profiles of kidney and GI

tissue after 1 day of 4 Gy IR exposures. As expected the profiles were markedly different for

each tissue type (Supplementary Figure S21). The IR induced metabolomics response in GI

tissue was studied as a function of time and dose. GI tissue metabolomics profiles provided

an information rich matrix that enabled the identification of metabolites like lipids, organic

acids as well as amino acids which can impact the overall GI metabolism and in part explain

IR induced GI toxicity. In addition, our study has delineated IR mediated markers of GI

injury for the first time. Although we used 4 and 8 Gy for this initial study in order to ensure

a robust tissue response, future studies will use a larger range of radiation doses as well as

bone marrow shielding irradiation models to investigate qualitative and quantitative

differences in the metabolomic profiles and threshold doses. In order to evaluate these

markers in a minimally invasive matrix we examined the relative levels of the putative GI

markers in serum obtained from the same group of mice. We detected seven markers

displaying similar trend as that seen in GI metabolomics while those with an opposite

pattern are listed in Supplementary Table ST5. These results emphasize the applicability of

this approach to validate markers in minimally invasive matrices that were originally

discovered in a specific tissue matrix.

Conclusion

Metabolomics is a powerful tool to study post-radiation changes in metabolism even before

the onset of clinical symptoms and can augment population screening in real life scenarios.

Improvements in metabolite identification databases are likely to facilitate the development

of robust, multi-metabolite panels for potential clinical use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schema for GI metabolomics
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Figure 2. UPLC-ESI-TOFMS profiling of GI tissue in CD2F1 mice
Animals were either sham irradiated or exposed to 4Gy of γ radiation. The mice were

euthanized 1 day, post-IR exposure for blood and organ collection. Comparative

metabolomics analyses were performed as described in methods. Panel A. OPLS loadings

S-plot displaying dysregulated features in irradiated tissue samples as compared to those

from sham exposed group. Panel B. Two dimensional accuracy plot for top 50 features

interrogated using Random Forests. The X-axis (dimension 1) denotes the interclass

separation while Y-axis (dimension 2) displays the intra-class variability. Panel C. Heat

map visualization of the feature rankings comparing relative levels of metabolites in control

and irradiated GI tissue samples. Each row represents a unique feature with a characteristic

mass to charge and retention time value.
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Figure 3. Gamma radiation exposure in CD2F1 mice induces dose dependent alterations in
metabolite levels in the GI tissue
Mean normalized ion abundance for each metabolite is plotted for groups of CD2F1 mice

that were exposed to sham, 4 Gy or 8 Gy of IR at days 1 and 4.
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Figure 4. GI metabolomics shows a distinct metabolic response, 4 days post-IR exposure
Panel A. OPLS loadings S-plot displaying significantly altered features in GI tissue samples

obtained from irradiated mice as compared to sham exposed mice. Panel B. Two

dimensional accuracy plot for top 50 features interrogated using Random Forests. Panel C.
Heat map visualization of the feature rankings comparing relative levels in GI tissue samples

obtained from sham and irradiated mice.
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Figure 5. Canonical pathways associated with response of gamma radiation in GI tissue of
CD2F1 mice
The four groups were compared viz. Day1_4 Gy, Day1_8 Gy, Day4_4 Gy & Day4_8 Gy.

Each bar represents type of metabolism in particular pathway dys-regulated after radiation

exposure.
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Table 1

Statistically significant features detected for different IR doses and time points.

Radiation dose Time No of peaks

Total number of features post XCMS processing

4Gy Day 1 7184

Day 4 7184

8Gy Day 1 7184

Day 4 7184

Total number of features selected by PLS-DA based on Standard Deviation*

4Gy Day 1 6421*

Day 4 6588*

8Gy Day 1 6478*

Day 4 6378*

Total number of significantly dysregulated features for different IR doses

4Gy Day 1 133

Day 4 147

8Gy Day 1 141

Day 4 111

Total number of features used for pathway analysis by IPA**

4Gy Day 1 56

Day 4 37

8Gy Day 1 28

Day 4 41

*
Feature selection based on standard deviation cut off of 10%.

**
Top 50 metabolites from each set were putatively identified via accurate mass based search with MMCD.

Mol Biosyst. Author manuscript; available in PMC 2014 April 05.



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Ghosh et al. Page 17

T
a
b

le
 2

P
ut

at
iv

e 
bi

om
ar

ke
rs

 o
f 

ra
di

at
io

n 
in

ju
ry

 o
f 

G
I 

ti
ss

ue
 o

f 
C

D
2F

1 
m

ic
e 

at
 d

ay
 1

T
h
e 

fe
at

u
re

s 
th

at
 w

er
e 

si
g
n
if

ic
an

tl
y
 a

lt
er

ed
 i

n
 t

h
e 

ir
ra

d
ia

te
d
 G

I 
ti

ss
u
e 

(4
 &

 8
 G

y
) 

at
 d

ay
 1

 a
re

 l
is

te
d
. 
T

h
es

e 
m

et
ab

o
li

te
s 

w
er

e 
u
n
am

b
ig

u
o
u
sl

y
 i

d
en

ti
fi

ed

u
si

n
g
 t

an
d
em

 m
as

s 
sp

ec
tr

o
m

et
ry

.

S.
 N

o
M

et
ab

ol
it

es
K

eg
g/

P
ub

C
he

m
/L

ip
id

 I
D

E
SI

 M
od

e
m

/z
*

R
T

*
*F

ol
d 

C
ha

ng
e

M
aj

or
 C

ID
 f

ra
gm

en
ts

4 
G

y
8 

G
y

P
-v

al
ue

P
-v

al
ue

1
C

y
s-

G
ly

C
0
1
4
1
9

P
O

S
1
7
9
.0

4
9

0
.3

6
3
6
↓(

0
.0

1
)
↓(

0
.0

3
)

7
6
.0

2
2
9
, 
1
1
6
.0

1
7
2
, 
1
1
9
.0

5
9
9

2
G

lu
ta

m
ic

 a
ci

d
C

0
0
0
2
5

P
O

S
1
4
8
.0

6
1

0
.3

3
0
8
↓(

0
.0

3
)
↓(

0
.0

2
)

8
4
.0

4
5
3
, 
1
0
2
.0

5
5
9

3
D

-T
ry

p
to

p
h
an

C
0
0
5
2
5

N
E

G
2
0
3
.0

8
2

1
.4

1
8
2
↑(

0
.0

2
)
↑(

0
.0

1
)

1
1
6
.0

5
0
3
, 
7
4
.0

2
6
0
, 
1
4
2
.0

6
6
5

4
M

et
h
io

n
in

e
C

0
1
7
3
3

P
O

S
1
5
0
.0

5
9

0
.3

8
2
2
↓(

0
.0

4
)
↑(

0
.0

2
)

1
3
3
.0

3
3
2
, 
1
0
4
.0

5
5
0

5
P

E
(1

6
:0

/0
:0

)
L

M
G

P
0
2
0
5
0
0
0
2

N
E

G
4
5
2
.2

8
5

1
.2

8
8
3
↑(

0
.0

5
)
↓(

0
.0

4
)

1
4
0
.0

1
3
1
, 
1
9
6
.0

4
0
4

6
P

S
(1

6
:0

/0
:0

)
L

M
G

P
0
3
0
5
0
0
0
2

N
E

G
4
9
6
.2

7
5

1
.0

1
7
6
↓(

0
.0

5
)
↓(

0
.0

3
)

2
5
5
.2

3
6
1
, 
4
0
9
.2

4
2
1
, 
4
9
6
.2

7
5
1

7
P

E
(2

0
:1

/0
:0

)
L

M
G

P
0
2
0
5
0
0
2
0

N
E

G
5
0
6
.3

3
4

1
.3

2
6
3
↑(

0
.0

5
)
↓(

0
.0

6
)

1
4
0
.0

1
3
1
, 
1
9
6
.0

4
0
4

8
P

C
(1

6
:0

/2
:0

)
L

M
G

P
0
1
0
1
0
6
1
2

P
O

S
5
3
8
.3

8
7

2
.2

9
7
7
↓(

0
.0

4
)
↓(

0
.0

5
)

1
0
4
.1

0
6
3
, 
1
8
4
.0

7
3
4

9
P

C
(8

:2
/8

:2
)

L
M

G
P

0
1
0
1
1
2
5
4

P
O

S
5
0
2
.3

1
5

0
.6

9
1
6
↓(

0
.0

3
)
↓(

0
.0

2
)

1
8
4
.0

7
3
6

Mol Biosyst. Author manuscript; available in PMC 2014 April 05.



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Ghosh et al. Page 18

T
a
b

le
 3

P
ut

at
iv

e 
bi

om
ar

ke
rs

 o
f 

ra
di

at
io

n 
in

ju
ry

 o
f 

G
I 

ti
ss

ue
 o

f 
C

D
2F

1 
m

ic
e 

(D
ay

 4
)

T
h
e 

fe
at

u
re

s 
th

at
 w

er
e 

si
g
n
if

ic
an

tl
y
 a

lt
er

ed
 i

n
 t

h
e 

ir
ra

d
ia

te
d
 G

I 
ti

ss
u
e 

af
te

r 
4
 d

ay
s 

o
f 

IR
 e

x
p
o
su

re
 a

re
 l

is
te

d
. 
T

h
es

e 
m

et
ab

o
li

te
s 

w
er

e 
v
al

id
at

ed
 u

si
n
g

ta
n
d
em

 m
as

s 
sp

ec
tr

o
m

et
ry

.

S.
 N

o
M

et
ab

ol
it

es
K

eg
g/

P
ub

C
he

m
/L

ip
id

 I
D

E
SI

 M
od

e
m

/z
*

R
T

*
*F

ol
d 

C
ha

ng
e

M
aj

or
 C

ID
 f

ra
gm

en
ts

4 
G

y
8 

G
y

P
-v

al
ue

P
-v

al
ue

1
S

p
er

m
id

in
e

C
0
0
3
1
5

P
O

S
1
4
6
.1

6
6

0
.2

4
3
7
↑(

0
.0

2
)
↑(

0
.0

3
)

7
2
.0

8
1
9
, 
1
1
2
.1

1
3
0
, 
8
4
.0

8
2
2

2
E

ic
o
se

n
o
ic

 a
ci

d
6
4
3
8
1
5
7

P
O

S
3
1
1
.1

6
9

0
.1

5
4
2
↑(

0
.0

4
)
↑(

0
.0

2
)

1
8
3
.0

1
1
9
, 
1
1
9
.0

5
1
5
, 
7
9
.9

5
9
4

3
T

au
ro

ch
o
li

c 
ac

id
C

0
5
1
2
2

N
E

G
5
1
4
.2

8
5

3
.1

8
8
2
↑(

0
.0

3
)
↑(

0
.0

1
)

1
2
4
.0

0
8
1
, 
7
9
.9

5
9
5
, 
4
9
6
.2

7
4
1

4
U

D
P

-N
-A

ce
ty

l-
g
lu

co
sa

m
in

e
C

0
0
0
4
3

N
E

G
6
0
6
.0

7
7

0
.3

9
9
2
↓(

0
.0

2
)
↓(

0
.0

3
)

3
8
4
.9

8
0
3
, 
1
5
8
.9

2
4
3
,7

8
.9

6
9
4

5
P

E
(O

-2
0
:0

/2
0
:5

)
L

M
G

P
0
2
0
2
0
0
8
4

N
E

G
7
7
8
.5

7
4

5
.0

3
3
8
↓(

0
.0

4
)
↓(

0
.0

2
)

7
4
2
.5

4
8
6

6
P

I(
1
8
:2

/1
6
:0

)
L

M
G

P
0
6
0
1
0
8
4
7

N
E

G
8
3
3
.5

3
4

4
.2

9
9
9
↑(

0
.0

3
)
↑(

0
.0

1
)

2
4
1
.0

1
4
9
, 
2
5
5
.2

3
6
3
, 
2
7
9
.2

3
7

7
P

I(
1
8
:1

/1
8
:1

)
L

M
G

P
0
6
0
1
0
0
0
2

N
E

G
8
6
1
.5

6
5

4
.7

9
1
2
↓(

0
.0

2
)
↓(

0
.0

5
)

2
4
1
.0

1
5
3
, 
2
8
1
.2

5
2
4

8
P

E
(1

8
:2

/0
:0

)
L

M
G

P
0
2
0
5
0
0
1
1

N
E

G
4
7
6
.2

8
7

1
.0

9
6
5
↓(

0
.0

1
)
↓(

0
.0

5
)

2
7
9
.2

3
7
8

9
P

I(
1
8
:0

/0
:0

)
L

M
G

P
0
6
0
5
0
0
0
4

N
E

G
5
9
9
.3

3
1

1
.4

0
4
2
↓(

0
.0

2
)
↓(

0
.0

4
)

2
8
3
.2

6
7
9
, 
4
3
7
.2

7
5
1
, 
5
9
9
.3

3
0
5

Mol Biosyst. Author manuscript; available in PMC 2014 April 05.



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Ghosh et al. Page 19

T
a
b

le
 4

P
u
ta

ti
v
e 

se
ru

m
 b

io
m

ar
k
er

s 
o
f 

ra
d
ia

ti
o
n
 i

n
ju

ry
 a

ft
er

 1
 a

n
d
 4

 d
ay

s 
o
f 

ir
ra

d
ia

ti
o
n
 w

it
h
 4

 &
 8

 G
y
 i

n
 C

D
2
F

1
 m

ic
e.

S.
 N

o
M

et
ab

ol
it

e
m

/z
R

T
E

SI
 M

od
e

F
ol

d 
C

ha
ng

e
p-

va
lu

e

4 
G

y
8 

G
y

4 
G

y
8 

G
y

D
ay

 1

1
C

y
s-

G
ly

1
7
9
.0

6
5

1
.2

1
4
6

P
O

S
↓

↓
0
.0

5
0
.0

4

2
M

et
h
io

n
in

e
1
5
0
.0

3
6

0
.3

1
9
8

P
O

S
↓

↑
0
.0

1
0
.0

2

3
P

C
(1

6
:0

/2
:0

)
5
3
8
.3

8
9

3
.8

1
7
4

P
O

S
↓

↓
0
.0

5
0
.0

3

D
ay

 4

4
T

au
ro

ch
o
li

c 
ac

id
5
1
4
.2

8
3

3
.1

7
4
7

N
E

G
↑

↑
0
.0

2
0
.0

5

5
U

D
P

-N
-A

ce
ty

l-
g
lu

co
sa

m
in

e
6
0
6
.0

7
1

0
.3

3
1
3

N
E

G
↓

↓
0
.0

4
0
.0

4

6
P

E
(1

8
:2

/0
:0

)
4
7
6
.2

7
7

4
.5

3
4
7

N
E

G
↓

↓
0
.0

3
0
.0

3

7
P

E
(O

-2
0
:0

/2
0
:5

)
7
7
8
.5

6
3

8
.4

7
5
1

N
E

G
↓

↓
0
.0

3
0
.0

2

Mol Biosyst. Author manuscript; available in PMC 2014 April 05.


