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Abstract

Tissue consequences of radiation exposure are dependent on radiation quality and high linear energy transfer (high-LET)
radiation, such as heavy ions in space is known to deposit higher energy in tissues and cause greater damage than low-LET
c radiation. While radiation exposure has been linked to intestinal pathologies, there are very few studies on long-term
effects of radiation, fewer involved a therapeutically relevant c radiation dose, and none explored persistent tissue
metabolomic alterations after heavy ion space radiation exposure. Using a metabolomics approach, we report long-term
metabolomic markers of radiation injury and perturbation of signaling pathways linked to metabolic alterations in mice
after heavy ion or c radiation exposure. Intestinal tissues (C57BL/6J, female, 6 to 8 wks) were analyzed using ultra
performance liquid chromatography coupled with electrospray quadrupole time-of-flight mass spectrometry (UPLC-QToF-
MS) two months after 2 Gy c radiation and results were compared to an equitoxic 56Fe (1.6 Gy) radiation dose. The biological
relevance of the metabolites was determined using Ingenuity Pathway Analysis, immunoblots, and immunohistochemistry.
Metabolic profile analysis showed radiation-type-dependent spatial separation of the groups. Decreased adenine and
guanosine and increased inosine and uridine suggested perturbed nucleotide metabolism. While both the radiation types
affected amino acid metabolism, the 56Fe radiation preferentially altered dipeptide metabolism. Furthermore, 56Fe radiation
caused upregulation of ‘prostanoid biosynthesis’ and ‘eicosanoid signaling’, which are interlinked events related to cellular
inflammation and have implications for nutrient absorption and inflammatory bowel disease during space missions and
after radiotherapy. In conclusion, our data showed for the first time that metabolomics can not only be used to distinguish
between heavy ion and c radiation exposures, but also as a radiation-risk assessment tool for intestinal pathologies through
identification of biomarkers persisting long after exposure.
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Introduction

Space travel beyond low earth orbit exposes astronauts to

radiation from solar particle events (SPE), galactic cosmic

radiation (GCR), and earth’s magnetosphere (Van Allen belt)

[1]. While high-energy protons constitute a major part of

sporadically occurring SPE, heavy ions such as 56Fe, 28Si, 16O,

and 12C are the major contributors to the dose equivalent in GCR,

which is ubiquitous in space [2]. Heavy ion radiation with its high

linear energy transfer (high-LET) characteristics is known not only

to cause dense ionization events along its primary tract but also to

generate greater numbers of secondary ionization tracts (delta

rays) in the traversed tissues relative to low-LET c radiation [3–6].

During prolonged space missions such, as a mission to Mars,

astronauts could receive a cumulative radiation dose that has the

potential for long-term deleterious effects on human health [1,7].

However, there is a paucity of in vivo long-term follow up data at

the molecular level to help understand persistent metabolic

consequences of radiation including space radiation on critical

tissues such as intestine. Indeed, current uncertainties in the

assessment of risk to gastrointestinal (GI) tissues restrain the

permissible duration of astronauts’ stay in space. Both small and

large intestine are involved in the absorption of essential nutrients

and radiation exposure has been reported to perturb intestinal cell

physiology to affect nutrient absorption and human health [8–10].

Furthermore, we have earlier shown persistent oxidative stress in

the intestinal epithelial cells even twelve months after heavy ion
56Fe radiation exposure [11]. Consequently, heavy ion radiation

due to its higher relative biological effectiveness (RBE) compared

to c and proton radiation [12,13] is expected to have greater

potential to adversely affect intestinal cell metabolic activities and

thus raising human health concern during prolong space travel.

Radiation exposure has been associated with a myriad of

cellular responses at the genomic, proteomic, as well as at the

metabolic level [14,15]. Differential metabolic responses between

radiation exposed and non-exposed cells has allowed identification
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of metabolites, which has the potential to serve as exposure-

markers in the short term and as risk-markers in the long-term for

chronic diseases such as cancer. Indeed, metabolomics is

increasingly used towards understanding radiation exposure-

associated pathophysiological changes and resultant disease

processes in human [16–20]. Also, metabolomics adds an

additional dimension to the ‘omics’ based systems biology

approach not only to estimate disease risk but also to assess

disease promotion and progression through biomarker identifica-

tion for the target tissue. Metabolomics aims to separate, identify,

and quantify small metabolites (,1800 Da) from cells, tissues, or

bio-fluids such as serum and urine by combining the enhanced

analytical technology and improved computational capacity of

bioinformatics tools [18]. Unlike transcriptomics and proteomics,

metabolomics allows insight into the ongoing biological processes

after radiation exposure and is considered an end-response to

changes at the gene and protein expression patterns. Radiation

metabolomics is a rapidly growing area of research targeted mostly

towards development of minimally invasive radiation biodosimetry

using biofluids such as serum and urine and tissues, with an aim to

discern radiation exposure and dose in a given population during a

radiological event [14,21–23]. Acute radiation exposure has been

shown to modulate intestinal cell metabolism affecting cell viability

and metabolomics studies have identified a number of metabolites

including tryptophan, glutamic acid, and taurocholic acid involved

in acute GI injury [15,20]. However, radiation-induced long-term

intestinal metabolic changes reflecting pathophysiological changes

associated with chronic human diseases have not been clearly

defined.

Radiation is known to promote oxidative stress and inflamma-

tion through alterations in biochemical pathways leading to acute

Figure 1. Intestinal tissue metabolites were differentially altered after c and 56Fe radiation. A) Percent of metabolites up or
downregulated after c and 56Fe radiation. The features were extracted using XCMS and further selected based on the p-value cut off (p#0.05) and
fold change (# 0.5 or $1.5). B) Multivariate analysis shows distinct metabolic changes in c irradiated mice in negative ionization mode. Scores plot
depicting class separation between the sham and c irradiated groups. C) Selective validated markers altered after c irradiation are presented as
normalized ion abundance relative to sham-irradiated control.
doi:10.1371/journal.pone.0087079.g001

Table 1. Total number of features extracted using XCMS.

Mode Total features* Radiation Significant features**

Positive 4214 c-ray 1125

56Fe 318

Negative 3668 c-ray 1222

56Fe 346

Features (metabolites) extracted using XCMS were further selected based on p-
value (p#0.05) and fold change (# 0.5 or $1.5) for further identification and
validation. *Features extracted using XCMS. **Significance was determined
based on p-value (p#0.05) and fold change (# 0.5 or $1.5). Fold change - c-
ray/control and 56Fe/control.
doi:10.1371/journal.pone.0087079.t001
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effects such as cell death and GI mucositis and chronic effects such

as persistent inflammation, cellular transformation, and cancer

[15,24]. Inflammation has been implicated not only in chronic

intestinal ailments such as Crohn’s disease and ulcerative colitis

compromising nutrient absorption but also in colorectal cancer

[25–27]. A major player in intestinal inflammation is prostaglan-

din E2 (PGE2), which unlike cytokines is an arachidonic acid

metabolite [28]. The membrane-bound cyclooxygenases (COX1

and 2) convert arachidonic acid to PGH2, which is then converted

to PGE2 by PGE synthase 1 (PGES1), and 15-hydroxy PG

dehydrogenase further metabolizes PGE2 to 13,14-dihydro-15-

keto-PGE2 for excretion [28,29]. While COX1 is constitutively

expressed to produce prostaglandins required for a number of

physiological functions through its action on smooth muscle, bone,

ovary, brain, and GI tract, COX2 and PGES1 are induced by

inflammatory cytokines such as interleukin 1b (IL1b) and higher

expression of COX2 and PGES1 has been reported in inflamma-

tory bowl disease as well as in CRC [28]. Apart from PGE2,

PGH2 also acts as a precursor molecule for PGD2 and

thromboxane A2 (TXA2) both of which have been reported to

play roles in inflammatory processes via their respective G-protein

coupled receptors [28,30,31]. On the contrary PGE2 acting via

four different G-protein coupled E prostanoid (EP) receptors

activate a number of kinases such as extracellular signal regulated

kinase (ERK), c-Jun NH2-terminal kinase (JNK), and PI3K/Akt to

promote cell proliferation [28]. Low-LET c radiation exposure has

been shown to upregulate COX2 and consequently PGE2, which

have been implicated in cell survival and tumor recurrence

[32,32]. Considering lack of in vivo molecular pathway data and

risk-prediction model for GI tissues after heavy ion radiation

exposure, the current study undertakes a systems biology approach

through metabolomics and proteomics to assess long-term changes

in the murine GI tract two months after exposure to 1.6 Gy of

heavy ion 56Fe radiation and results were compared to a dose of (2

Gy) c radiation commonly used in fractionated radiotherapy. We

show that the metabolic profile of each study group was distinct

and principal component analysis (PCA) showed spatial separation

of the control, c, and 56Fe irradiated groups. While c radiation

exposure led to upregulation of ‘bile acid biosynthesis’ and

‘lanosterol biosynthesis’, 56Fe radiation exposure caused increased

‘prostanoid biosynthesis’ and ‘ecosanoid signaling’, which are

implicated in inflammation. Immunoblot and immunohistochem-

istry analysis showed greater effects on proliferative pathways after
56Fe radiation relative to c radiation.

Materials and Methods

Ethics statement
Animal facilities at Brookhaven National Laboratory (BNL) and

Georgetown University (GU) are AAALACI (Association for

Assessment and Accreditation of Laboratory and Animal Care

International) accredited facilities. All animal procedures were

performed as per protocol approved by the BNL and GU animal

care and use committee. The full name of the animal protocol

approval committee at Georgetown is Georgetown University

Animal Care and Use Committee (GUACUC) and the approved

protocol number is #13-021. The full name of the animal protocol

approval committee at BNL is BNL Animal Care and Use

Committee (BNLACUC) and the approved protocol number is

#345. Mice were housed in autoclaved cages and bedding

materials in a separate room with 12-h dark and light cycle

maintained at 22 uC in 50% humidity. All animals were provided

certified rodent diet with filtered water ad libitum and CO2

asphyxiation was used for euthanasia. Any mouse with declining

health determined by using the parameters such as hunched

posture, ruffled fur, diarrhea, reduced activity, and weight loss

(.15%) was euthanized by CO2 asphyxiation and was excluded

from the specific study group. Our research followed Guide for the

Care and Use of Laboratory Animals, prepared by the Institute of

Laboratory Animal Resources, National Research Council, and

U.S. National Academy of Sciences.

Table 2. Mass spectrometry confirmed identify of selected metabolites from c irradiation.

Metabolites (Kegg ID) Mode m/z RT p-value Major CID fragments

Phenylalanine (C02057) POS 166.087 2.1 q (0.03) 149.0315, 120.0793,

77.0384

Glutathione (C12392) POS 308.092 0.3 q (0.02) 233.0577, 84.0439,

76.0240

Guanosine (C00387) POS 284.099 0.4 Q (0.02) 110.0362, 135.0317,

152.0589

Adenine (C00147) NEG 134.049 0.3 Q (0.03) 65.0159, 92.0268,

107.0375

D-Aspartate (C16433) NEG 132.036 0.3 Q (0.04) 71.0152, 88.0405,

115.0040

17-OH progesterone (C01176) POS 331.244 6.7 q (0.05) 313.2296, 123.0854,

109.0683

Glutathione (C00051) POS 308.092 0.4 q (0.05) 233.0625, 162.0262,

84.0478

Creatinine (C00791) POS 114.067 0.3 q (0.05) 86.0700, 72.0526

5-Hydroxytryptophan (C01017) NEG 219.077 0.6 q (0.03) 144.0480, 158.0646

Identity of biologically relevant selected metabolites from positive and negative ionization mode were confirmed using tandem mass spectrometry wherein the
fragmentation pattern and retention times of the parent ions in the tissue extract were matched with the standard compound. CID – collision-induced dissociation.
doi:10.1371/journal.pone.0087079.t002
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Chemicals and reagents
Liquid chromatography/mass spectrometry (LC/MS)-grade

acetonitrile (ACN), water, and methanol were purchased from

Fisher Scientific (Pittsburg, PA, USA). High purity formic acid

(99%) was purchased from Thermo Scientific (Rockford, IL,

USA). Phenylalanine, glutathione, guanosine, adenine, asparatate,

5-hyroxytryptophan, leucyl-leucine, uridine, dethiobiotin, oxidized

glutathione, glycyl-leucine, S-ATPA, PGE2, 17-hydroxyprogester-

one, creatinine, pyruvate, debrisoquine, 4-nitrobenzoic acid (4-

NBA) were purchased from Sigma Aldrich (St. Louis, MO, USA).

All the reagents and chemicals used were LC/MS grade.

Mice and radiation
Female C57BL/6J mice (6 to 8 wks) were purchased from

Jackson Laboratories (Bar Harbor, ME, USA) and were directly

shipped to BNL animal facility one week prior to radiation

exposure. Mice (n = 8 mice per group) were randomly assigned to

study groups and 56Fe-irradiated (1.6 Gy; energy-1000 MeV/

nucleon; LET-148 keV/mm) at the NASA Space Radiation

Laboratory (NSRL) in BNL and a 137Cs source was used for 2

Gy c irradiation. The 56Fe radiation dose of 1.6 Gy is equitoxic to

2 Gy c radiation and was calculated using a relative biological

effectiveness (RBE) factor of 1.25 determined earlier [12]. Mice

were irradiated in small transparent rectangular Lucite boxes

Figure 2. Multivariate analysis shows distinct metabolic changes in 56Fe-irradiated mice in negative ionization mode. A) Scores plot
depicting class separation between the sham and 56Fe irradiated groups. B) Selective validated biomarkers altered after 56Fe irradiation are presented
as normalized ion abundance relative to sham-irradiated control.
doi:10.1371/journal.pone.0087079.g002
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(7.6 cm63.8 cm63.8 cm) with multiple holes for air circulation.

The NSRL physics team determined heavy ion radiation

dosimetry and mice were exposed to constant LET by placing

them at the entrance plateau region of the Bregg curve [1,33–35].

Mice were shipped from BNL to GU animal facility on the day

after irradiation early in the morning in a temperature-controlled

environment along with the respective sham irradiated control

groups for same day delivery.

Intestinal tissue harvesting and sample preparation
Approved protocol was used to euthanize mice 2-month after

radiation exposure using CO2 asphyxiation procedure. Small

intestine was surgically removed, flushed with phosphate buffered

saline (PBS), tissue sections from the jejuno-ilial region were flash

frozen in liquid N2, and stored at –80uC for further processing. For

metabolomics analysis, intestinal tissue samples were processed as

per protocol described earlier [20]. Briefly, uniform tissue sections

were homogenized in buffer containing 50% methanol. The

protein was precipitated by the addition of acetonitrile (100%

volume/volume). The samples were centrifuged and the superna-

tant was transferred to a fresh vial and dried under vacuum and

subsequently resuspended in buffer containing 5% methanol and

95% water for mass spectrometry (MS) analysis. The pellets were

resuspended in RIPA buffer, incubated on ice for 15 min, and

centrifuged. Protein estimation was performed using Bradford

method [36]. Total protein concentration was used to normalize

the raw data.

Ultra performance liquid chromatography and
electrospray quadrupole time-of-flight mass
spectrometry (UPLC-QTOF-MS)

Metabolomic profiling was performed using UPLC-QTOF-MS

as described previously [20]. Briefly, 5 ml of each sample was

injected onto a reverse-phase 2.1650 mm Acquity 1.7 mm C18

column (Waters Corporation, Milford, MA, USA) using an

Acquity UPLC system with a gradient mobile phase consisting

of 2% acetonitrile in water containing 0.1% formic acid (solution

A) and 2% water in acetonitrile containing 0.1% formic acid

(solution 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 electro-

spray. Mass spectrometry was performed on a Q-TOF instrument

(QTOF Premiere, Waters, Columbia, MD, USA), 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 uC. The cone gas flow was 25 liters/h, and the

source temperature was 120 uC. Accurate mass was maintained by

introduction of lock spray interface of sulfa-dimethoxine (m/z =

311.0814 [M+H]+ or 309.0658 [M-H]2) at a concentration of 250

pg/ml in 50% aqueous acetonitrile and a rate of 150 ml/min. Data

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

scanning.

Metabolomics data analysis
UPLC-QTOF-MS data were pre-processed using XCMS

software. The data were normalized to the ion intensity of the

internal standards and protein concentration. The normalized

data sets were analyzed by unsupervised Principal Component

Analysis (PCA) as well as supervised Orthogonal Projections to

Latent Structures Discriminant Analysis (OPLS-DA) using the

SIMCA-P v11.5 (Umetrics Inc., Umea, Sweden). 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 chosen for further characterization. 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 group discriminat-

ing 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 (correlation) cut-off of 0.8, as reported

previously [37,38]. The features selected via OPLS-DA were

subjected to accurate mass based search using human metabolome

database (HMDB), Madison Metabolomics Consortium Database

(MMCD), and Lipid Maps databases.

Table 3. Mass spectrometry confirmed identify of selected metabolites from 56Fe irradiation.

Metabolites (Kegg ID) Mode m/z RT p-value Major CID fragments

Leucyl-leucine (C11332) POS 245.186 2.3 Q (0.02) 86.0949

Pyruvic acid (C00022) POS 89.024 0.4 q (0.05) 70.0302, 66.4544

Prostaglandin E2 (C00584) NEG 351.217 4.36 q (0.05) 333.2076, 271.2061

Uridine (C00299) POS 245.078 0.4 q (0.04) 133.0439, 113.0356

Dethiobiotin (C01909) POS 215.139 0.5 Q (0.02) 197.1279, 109.1019,

179.1171

Oxidized glutathione (C00127) POS 613.162 0.4 Q (0.02) 484.1080, 355.0681,

231.0416

Glycyl-leucine (C02155) NEG 187.109 0.5 Q (0.01) 130.0872, 73.0407

*S-ATPA ( C13733) NEG 227.097 1.2 q (0.03) 72.0053, 183.1127

Identity of biologically relevant selected metabolites from positive and negative mode were confirmed using tandem mass spectrometry wherein the fragmentation
pattern and retention times of the parent ions in the tissue extract were matched with the standard compound. *(S)-a-Amino-3-hydroxy-5-t-butyl-4-isoxazolepropionic
acid. CID – collision-induced dissociation
doi:10.1371/journal.pone.0087079.t003
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Mass-based putative metabolite identification and
Ingenuity Pathway Analysis

Metabolite mass data obtained from UPLC-TOF-MS analysis

were uploaded to Metabosearch [39], which searched the

metabolomic databases for mass-based putative identification of

compounds. Significantly perturbed putative metabolites with

Kegg ID were uploaded to Ingenuity Pathway Analysis (IPA,

Ingenuity Systems Inc., Redwood City, CA, USA) for under-

standing how the dataset relates to biological functions and also for

recognizing which signaling pathways are associated with the

experimental dataset. IPA correlates the Ingenuity Pathways

Knowledge Base (IPKB) and the uploaded experimental dataset to

recognize biological functions that are significantly associated with

the metabolomics data. IPA determines level of significance

displayed as scores by right-tailed Fisher’s exact test and a score of

2 indicates that there is a 1 in 102 chance that the focus molecules

are together in a network due to random chance alone. IPA also

generates canonical signaling pathways significantly (p,0.05

presented as corresponding –log(p-value) of 1.3) associated with

the metabolomics dataset. The putative identifications of biolog-

ically relevant selected metabolites were confirmed using tandem

mass spectrometry wherein the fragmentation pattern and

retention times of the parent ions in the tissue extract were

matched with the standard compound.

Immunoblot analysis
Frozen intestinal tissue samples from 5 mice were pooled,

homogenized in ice-cold lysis buffer (0.5% sodium deoxycholate;

0.5% NP-40; 10 mM EDTA in PBS) containing protease inhibitor

cocktail (Sigma), and centrifuged at 12000xg at 4 uC for 15 min.

Protein was estimated in the supernatant, and separated by

sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE), and transferred onto polyvinylidene fluoride (PVDF)

membrane. The membrane was blocked with 5% non-fat milk

(Bio-Rad, Hercules, CA, USA) in tris-buffered saline with 0.1%

Tween (TBST), and incubated with appropriate primary antibod-

ies (anti-PGE2 receptor, Cat#MAL12677, Thermo Fisher Scien-

tific, dilution-1:500; anti-PI3K/p85, Cat#MAI74183, Thermo

Fisher Scientific, dilution-1:500; anti-COX2, Cat#sc1745, Santa

Cruz Biotechnology, Dallas, TX, dilution-1:500; anti-b-actin,

Cat#sc47778, Santa Cruz Biotechnology, dilution-1:2500; anti-

phosho-JNK, Cat#9251S, Cell Signaling Technology, Danvers,

Figure 3. Multivariate analysis shows distinct metabolic profiles in sham, c, and 56Fe irradiated mice in negative ionization mode. A)
Scores plot showing class separation among the study groups. B) Trend plot for the selective putative biomarkers altered in both c, and 56Fe
irradiated groups relative to controls. C) Trend plot for the unidentified biomarkers showing statistically significant difference in the three groups are
presented with m/z respective values.
doi:10.1371/journal.pone.0087079.g003
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MA, dilution-1:1000; anti-PGE2 synthase, Cat#160140, Cayman

Chemicals, Ann Arbor, MI, dilution-1:250). After appropriate

washing steps, the membranes were incubated with horseradish

peroxidase (HRP) conjugated secondary antibody and enhanced

chemiluminescence (ECL) detection system (Cat# 34080, Thermo

Fisher Scientific) was used for developing the immunoblots.

Photographic films were used for images capture and scanned

immunoblot images were used for densitometric quantification by

ImageJ v1.46 software and representative images are shown in the

results. Band intensity was normalized to b-actin band intensity in

respective columns and results are expressed as mean 6 standard

error of mean (SEM).

Immunohistochemistry for Ki67
Sections of intestine from the jejunal-ilial area were flushed with

phosphate buffered saline (PBS), fixed in 10% buffered formalin,

paraffin embedded, and 4 mm sections were made. Control and

experimental sections were deparaffinized, antigen retrieved in

citrate buffer (pH 6.0; 20 min boiling), and stained with anti-Ki67

antibody (Cat#sc15402; dilution 1:50; Santa Cruz Biotechnology).

Signal was detected using SuperPicture TM 3rd Gen IHC

detection kit (Cat#87-9673; Invitrogen, Carlsbad, CA, USA).

Stained sections were visualized under bright field microscopy and

twenty random fields of vision (FOV) in each experimental and

control group were captured for quantification. Images were

quantified using color deconvolution and Image-based Tool for

Counting Nuclei (ITCN) plug-ins of ImageJ v1.46 software as per

protocol described earlier [11,40,41] and six mice in each group

were used for quantification. Average number of Ki67 positive

nuclei per animal is presented graphically and a representative

image from each study group is presented in the results. Student’s

t-test was used to determine level of significance (p,0.05) between

two groups, and data is presented as mean 6 standard error of

mean (SEM).

Results

Differential alterations in intestinal tissue metabolites
were observed after 56Fe radiation

Metabolomic profiling of intestinal tissue in response to c and
56Fe irradiation yielded a total of 6156 and 3082 features

respectively. These features were further selected based on a

significant fold change (# 0.5 or $1.5) and p-value (# 0.05) in the

irradiated groups as compared to the sham-irradiated control

Figure 4. Selective biomarkers differentially altered after exposure to two types of radiation. A) Five biomarkers specifically altered after
c irradiation were selected based on their relevance to radiation damage and digestive system and presented as normalized ion abundance relative
to control and 56Fe irradiated samples. B) Five biomarkers specifically altered after 56Fe irradiation were selected based on their relevance to radiation
damage and digestive system and presented as normalized ion abundance relative to control and c irradiated samples. Identity of creatinine, PGE2,
and pyruvate were confirmed using tandem mass spectrometry and standard compounds.
doi:10.1371/journal.pone.0087079.g004
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groups. In the positive mode, a total of 1125 and 318 features were

selected in c and 56Fe irradiated groups respectively. In the negative

mode, c radiation exposure led to significant perturbation of 1222

features and 56Fe radiation resulted in perturbation of 346 features

(Table 1). While in c irradiated samples most of the features were

upregulated (99.2%), in 56Fe irradiated groups 59% features were

upregulated and 41% were downregulated (Figure 1A).

Metabolic profile led to distinct grouping of c and 56Fe
irradiated mice

Distinct separation between the sham- and c-irradiated groups

was observed in the negative mode and the R2 and Q2 for the

OPLS-DA model were 0.94 and 0.77 respectively providing

statistical support to the separation model (Figure 1B). Similar

statistically significant group separation results were also observed

in the positive mode (Figure S1). Selected metabolite identifica-

tion was performed using tandem mass spectrometry wherein the

fragmentation pattern and retention time for each compound from

the tissue lysate was matched against the respective standard

(Table 2). While phenyalanine, glutathione, and 5-hydroxy-

tryptophan (5-HTP) levels were increased, the levels of guanosine,

adenine, and aspartate were found to decrease in the intestinal

tissue after c radiation exposure (Figure 1C). The features

obtained after 56Fe radiation were also subjected to OPLS-DA

Figure 5. Metabolites from c and 56Fe-irradiated groups were associated with distinctly different canonical pathways identified by
Ingenuity Pathway Analysis. A) Metabolites from c-irradiated groups were associated with four significantly perturbed canonical pathways
(p,0.05 indicated by threshold line). B) Metabolites from 56Fe-irradiated groups were associated with thirteen significantly perturbed canonical
pathways (p,0.05). Yellow line denotes –log(p-value) threshold of 1.3 which corresponds to p-value of 0.05.
doi:10.1371/journal.pone.0087079.g005
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analysis, which showed distinct separation from the control group

(Figure 2A and Figure S2). Selected metabolites from the 56Fe-

irradiated group were confirmed by comparing fragmentation

pattern and retention times against standard compounds (Figure
2B and Table 3). While tissue levels of oxidized glutathione,

dethiobiotin, and glycyl-leucine were decreased, the levels of

leucyl-leucine, S-ATPA, and uridine were significantly enriched

after 56Fe irradiation, relative to controls (Figure 2B). Further-

more, PCA comparing control, c, and 56Fe irradiated groups

showed distinct profiles for each of the three groups emphasizing

intrinsic differences in metabolic alterations (Figure 3A). A

number of biologically relevant metabolites, which were altered in

c as well as 56Fe irradiated samples relative to control, were

identified using database search for mass-based putative com-

pounds (Figure 3B). While levels of these metabolites increased

after exposure to both the radiation types, the changes were more

pronounced after 56Fe radiation. Greater alteration in the levels of

a number of unidentified metabolites was also observed after 56Fe

radiation relative to c radiation (Figure 3C). Additional

biologically relevant but differentially regulated metabolites were

also observed after c and 56Fe radiation. While metabolites,

ursodeoxycholic acid, nicotinic acid, 3-ureidopropionate, 3a,7a

Dihydroxy-5beta-cholestan-26-al, and creatinine, were significant-

ly increased after c radiation, they remain unchanged after 56Fe

radiation (Figure 4A). In contrast, PGE2, pyruvate, glutamine,

N6-acetyl-L-lysine, and L-histidine were significantly altered after
56Fe radiation relative to control and c radiation (Figure 4B).

Identity of additional metabolites, creatinine, PGE2, 17-hydroxy

progesterone, and pyruvate, were validated using tandem mass

spectrometry and standard compounds (Table 2 and 3).

Greater number of canonical pathways was perturbed
with increased number of cancer related biomarkers
upregulated after 56Fe radiation

Metabolites from the c-irradiated group mapped to four IPA

canonical pathways, which were significantly (p,0.05 which

corresponds to -log(p-value).1.3) perturbed (Figure 5A and
Table 4). However, significant (p,0.05 which corresponds to -

log(p-value).1.3) perturbation of thirteen canonical pathways was

identified by the IPA from the 56Fe irradiated dataset (Figure 5B
and top four presented in Table 4). While the top pathway

perturbed by the c radiation was related to bile acid biosynthesis

(Figure 5A), the top pathway in the 56Fe-irradiated group was

Table 4. Top four canonical pathways mapped by Ingenuity Pathway Analysis (IPA).

Canonical pathways -log(p-value) Molecules

c-ray

Bile acid biosynthesis, 2.38 7alpha-hydroxycholesterol,

Neutral Pathway 3alpha, 7alpha-dihydroxy-5beta-cholestane,

7alpha-hydroxy-5beta-cholestan-3-one,

3,7,12-trihydroxycoprostane,

3,7,12-trihydroxycholestan-26-al,

3alpha,7alpha-dihydroxy-5beta-cholestan-26-al,

3alpha,7alpha-dihydroxy-5beta-cholestanic acid,

7alpha,12alpha-dihydroxy-5beta-cholestan-3-one,

3a,7a,12a, 26-tetrahydroxy-5beta-cholestane

Lanosterol biosynthesis 2.24 (S)-2,3-epoxysqualene, lanosterol

Glycine betaine 1.89 sarcosine, betaine, L-serine, L-methionine

degradation

Phenylalanine 1.38 L-phenylalanine, phenylacetaldehyde,

degradation IV phenylpyruvic acid, 3-phenyllactic acid,

(mammalian, via side phenylacetic acid

chain)

56Fe

Prostanoid biosynthesis 7.08 prostaglandin H2, prostaglandin E2,

epoprostenol, prostaglandin D2,

thromboxane A2

Eicosanoid signaling 6.88 prostaglandin h2, prostaglandin E2, A4,

epoprostenol, prostaglandin D2, lipoxin

thromboxane A2, lipoxin B4

Glycine biosynthesis III 2.34 pyruvic acid, glyoxylic acid

Salvage pathways of 1.95 uridine, uracil, cytosine

pyrimidine

ribonucleotides

Significantly altered canonical pathways were obtained from metabolomics datasets using IPA and top four pathways are presented here along with corresponding p-
value (-log) and molecules involved.
doi:10.1371/journal.pone.0087079.t004
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prostanoid biosynthesis, which involves synthesis of prostaglandins

(Figure 5B). Top biological functions delineated by the IPA from

the c-irradiated dataset were related to GI disease, hepatic system

disease, infectious disease, and amino acid metabolism (Table 5).

However, exposure to 56Fe radiation led to identification of

biological functions related to inflammatory response, and cell

growth and proliferation (Table 5). Exposure to c and 56Fe

radiation resulted in upregulation of six known biomarkers of

human diseases in each radiation type (Table 6). In the c-

irradiated dataset, dysregulation of a number of metabolites

including 17-hydroxyprogesterone, creatinine, dihydrotestoster-

one, glutathione, sarcosine, and ursodeoxycholic acid was found,

which have been reported as biomarkers of a number of human

diseases including prostate cancer [42–50] (Table 6). In the 56Fe-

irradiated dataset, a number biomarkers such as 15-keto-13,14-

dihydroprostaglandin E2 and PGE2 which are known to be

associated with intestinal inflammatory disease and colon cancer

[51–53] were identified by the IPA (Table 6). Additionally, IPA

identified biomarkers epoprostenol, pyruvic acid, and thrombox-

ane A2 have previously been reported to be associated with

human cancers [54–57] (Table 6).

Metabolite alterations were associated with proliferative
pathway activation and intestinal epithelial cell
proliferation after radiation exposure

Our study revealed that exposure to 56Fe radiation caused

upregulation of ‘prostanoid biosynthesis’ and ‘ecosanoid signaling’,

and increased PGE2 levels in the intestinal tissues. Immunoblot

analysis of intestinal tissue lysate showed significantly increased

levels of PGE2 synthase as well as upregulation of PGE2 receptor

after 56Fe radiation relative to control and c radiation (Figure 6A
and B). Immunoblot analysis also showed higher levels of PI3K

(p85), phospho-JNK, and Cox2, which are all downstream to

PGE2 signaling (Figure 6A and B). We also observed, although

less than 56Fe radiation, increased levels of PGE2 synthase, PGE2

receptor, PI3K (p85), phospho-JNK, and Cox2 in c irradiated

Table 5. Top five biological functions identified using
Ingenuity Pathway Analysis.

A. Diseases and disorders

Radiation Name # Molecules

c-ray Skeletal and muscular disorders 9

Neurological disease 11

Gastrointestinal disease 11

Hepatic system disease 7

Infectious disease 7

56Fe Inflammatory response 19

Hematological disease 7

Immunological disease 6

Inflammatory disease 4

Respiratory disease 5

B. Molecular and cellular functions

c-ray Amino acid metabolism 17

Molecular transport 57

Small molecule biochemistry 54

Cell death and survival 52

Gene expression 39

56Fe Cellular movement 12

Cell morphology 14

Cellular development 23

Cellular growth and proliferation 31

Drug metabolism 3

Significantly altered biological functions associated with the experimental data
set were identified using IPA and are listed above with the number of molecules
from the data set of each radiation type significantly (p,0.05) involved in a
specific biological function.
doi:10.1371/journal.pone.0087079.t005

Table 6. Human disease related biomarkers identified in the
data set.

Molecule (Kegg ID)
Fold
Change Biomarker applications

c-ray

17-hydroxyprogesterone 1.72 Diagnosis: breast cancer, polycystic ovarian

(C01176) syndrome

Creatinine Treatment efficacy: adrenal hyperplasia

(C00791) 1.53 Diagnosis: acute renal failure, glucose

intolerance

Treatment efficacy: colorectal cancer,

Parkinson’s disease, androgenic alopecia,
Fabry

disease, osteoporosis

Prognosis: chronic kidney disease

Dihydrotestosterone 1.58 Diagnosis: polycystic ovarian syndrome

(C03917) Treatment efficacy: prostate cancer, breast

cancer, androgenic alopecia

Glutathione 308.09 Diagnosis: glaucoma, bladder cancer

(C00051) Treatment efficacy: atherosclerosis, alcoholic

liver disease

Sarcosine 1.58 Diagnosis: prostate cancer

(C00213)

Ursodeoxycholic acid 1.51 Diagnosis: colorectal cancer

(C07880)

56Fe

15-keto-13,14- 1.53 Diagnosis: ulcerative colitis

dihydroprostaglandin E2 Treatment efficacy: lung cancer

(C04671)

Epoprostenol (C01312) 1.53 Treatment efficacy: breast cancer

Prostaglandin E2 1.53 Diagnosis: Crohn’s disease

(C00584) Treatment efficacy: lung cancer, head and
neck

cancer, cervical cancer, esophageal cancer,

colorectal cancer, breast cancer

Pyruvic acid 1.68 Treatment efficacy: brain cancer

(C00022)

Sarcosine 1.55 Diagnosis: prostate cancer

(C00213)

Thromboxane A2 1.53 Treatment efficacy: breast cancer

(C02198)

Different types of radiation exposure were associated with perturbation of
metabolites known to be markers of a number of human diseases. Fold change
for each metabolite in each radiation type is presented relative to sham-
irradiated controls.
doi:10.1371/journal.pone.0087079.t006

Radiation and Intestinal Metabolomic Changes

PLOS ONE | www.plosone.org 10 January 2014 | Volume 9 | Issue 1 | e87079



samples relative to controls (Figure 6A and B). Immunostaining

of intestinal section for Ki67, a marker of cell proliferation, showed

significantly higher Ki67 positive cells in 56Fe irradiated samples

relative to control and c irradiated samples (p,0.0004 compared

to control, p,0.02 compared to c radiation; Figure 6C and D).

Statistically significant increase in Ki67 positive cells was also

observed after c radiation relative to controls (p,0.003; Figure
6C and D).

Discussion

Exposure to ionizing radiation (IR) at non-lethal doses initiates a

cascade of complex cellular response, which others and we have

reported to be a continuous process [11,58–61]. Additionally, the

chronic cellular response after radiation exposure has been

reported to be dependent on radiation quality [11,58–60]. Heavy

ion radiation in radiobiological terms is high-LET and hence is

more damaging than low-LET c-ray and x-ray radiation and is

predicted to be a major risk factor to astronauts’ health during

prolonged space missions [62–64]. Complete spectrum of long-

term metabolic alterations after heavy ion radiation exposure in

rapidly proliferating tissues such as intestine has not been

examined in detail earlier. Indeed, this is the first report on

persistent changes in intestinal tissue metabolites after heavy ion as

well as c radiation exposures. Here we demonstrate that exposure

to low-LET c and high-LET 56Fe radiation led to distinct

intestinal tissue metabolic profiles. While exposure to 56Fe

radiation was associated with increased levels of products from

metabolic pathways related to inflammation, exposure to c
radiation led to increased metabolites related to bile acid

biosynthesis. We further demonstrated, using immunoblots and

immunohistochemistry, that 56Fe radiation-induced enhanced

inflammatory metabolic pathways and consequent increased levels

of inflammatory metabolites led to activation of proliferative

signaling pathways in mouse intestine.

Metabolomics has emerged as an important tool in understand-

ing radiation-induced adverse consequences in normal tissues.

Acute metabolic response after exposure to different c radiation

doses has been reported in serum, urine, and in intestinal

tissues for biomarker identification and biodosimetry

[16,20,22,23,65,66]. Given the importance of radiotherapy in

cancer treatment and increasing interest in space travel and

ongoing plan for mission to Mars, the urgency to understand the

late effects of radiation on tissue metabolism is emerging as priority

research area in radiation biology. We demonstrate that two

months after exposure to c as well as 56Fe radiation not only led to

chronic perturbation of intestinal tissue metabolites but also led to

radiation quality-dependent spatial separation of the metabolic

Figure 6. Greater activation of PGE2 dependent signaling pathways and increased proliferation in intestinal epithelial cell after
56Fe radiation. A) Immunoblots showing increased levels of PGE2 synthase, PGE2 receptor, PI3K (p85), phospho-JNK, and Cox2 two months after
56Fe radiation exposure. B) Quantification of immunoblots by normalizing band intensity to b-actin showed greater increase of specific proteins in
56Fe irradiated samples. C) Immunostaining for Ki67 showed increased number of positively stained cells in 56Fe irradiated groups relative to control
and c radiation groups. D) Quantification of Ki67 immunostaining showed significantly higher staining in 56Fe irradiated samples relative to c
irradiation.
doi:10.1371/journal.pone.0087079.g006
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profiles from each other and from the sham-irradiated control

groups. This is suggestive of a persistent radiation response that is

distinct for a given radiation type. Maintenance of physiologic and

metabolic homeostasis in the GI tract is essential for nutritional

wellbeing of the patient undergoing radiotherapy and therapeutic

radiation exposure has been reported to cause long-term

perturbation of metabolite transport across cell membranes as

well as intracellular anabolic and catabolic pathways [67,68].

Decrease in adenine, and guanosine was observed in mouse

intestinal tissues two months after 2 Gy c radiation, a dose

commonly used is fractionated radiotherapy, is indicative of

depletion in nucleotide pool. Depleted nucleotide pool, we

envisage, could either be due to increased metabolic degradation

or be due to decreased synthesis. However, increased levels of

uridine and that of inosine support our belief of increased

metabolic degradation of nucleotides. Nonetheless, reduced

nucleotide pool not only heralds depleted energy store but it also

affects repair processes of damaged DNA leading on one hand to

diminutive effects on immune surveillance system and on the other

to increasing probability of mutagenesis [69,70]. Radiation

exposure is known to cause DNA damage and heavy ion radiation

has been shown to induce greater damage to DNA compared to c
radiation [11,12]. When considered along with the fact that an

effective nucleotide pool is essential for DNA replication and

repair especially in rapidly proliferating tissues such as intestine

[71], our results are suggestive of stress and perturbed homeostasis

in the intestinal epithelial cells after radiation exposure with

enhanced response after 56Fe radiation.

Radiation exposure has been reported to alter amino acid

metabolism; however most of these studies were short term and

none have studied heavy ion radiation [72,73]. D-amino acids

have been proposed to act as neurotransmitters in brain as well as

in peripheral nerves and D-aspartate is reported to act via N-

methyl-D-aspartate (NMDA) receptors [74–76]. Importantly,

NMDA receptors are present on entroendocrine cells as well as

on peripheral nerves involved in intestinal motility [74,77] and our

results showing decreased D-aspartate after c radiation could

affect normal intestinal function through decreased peristalsis as

well as digestive enzyme production. Furthermore, because it is an

endogenously produced amino acid, D-aspartate when decreased

could suggest lower activity of metabolic pathway such as

tricarboxylic acid (TCA) cycle and thus depleted energy source.

We found the levels of 5-hydroxytrytophan (5-HTP) as well as

phenylalanine to be significantly increased after c radiation

lending credence to dysregulated amino acid metabolism. While

5-HTP is generated from tryptophan by tryptophan hydroxylase,

it is converted to serotonin by decarboxylases. Buildup of 5-HTP

in c-irradiated samples could be attributed to decreased carbox-

ylase activity leading to reduced serotonin levels. Importantly,

altered serotonin levels have been implicated in GI pathologies

[78]. Elevated phenylalanine level could result from dysregulated

phenylalanine hydroxylase activity and could lead to a deficiency

state for a number of neurotransmitters including dopamine and

serotonin as well as for the catecholamines - norepinephrine and

epinephrine [79]. It is important to note here that while c
radiation exposure affected amino acids related to neurohormonal

activity, the 56Fe radiation exposure led to altered dipeptide

absorption. Decreased glycyl-leucine and increased leucyl-leucine

dipeptides in the intestinal tissues after heavy ion radiation led us

to believe that either dipeptide transport across intestinal epithelial

cell is perturbed or function of dipeptide specific dipeptidase is

altered. Taken together, our results indicate marked perturbation

of amino acid metabolism after radiation exposure resulting in

altered intestinal movement and dysregulated nutrient absorption

[78,80–82]. Dysregulated amino acid absorption is also evident

from the fact that there are increased methionine and acetyltyr-

osne levels. Increased N-acetylmethionine (NAM) as well as L-

carnitine observed after radiation exposure, we believe, is linked to

increased methionine, which is rapidly acetylated in the cell [83]

and methionine along with amino acid lysine can be used to

synthesize L-carnitine [84]. Deficiency in aminoacylase 1, which

converts NAM to methionine, has been associated with human

diseases [83] and increased L-carnitine, which can be converted to

trimethylamine-N-oxide (TMAO), has been linked to atheroscle-

rosis in mice [85]. Importantly, although our results showed amino

acid metabolism changes in both the radiation types, exposure to
56Fe radiation led to distinct as well as pronounced changes

relative to c radiation.

Exposure to radiation not only led to metabolic profiles that

were distinct in c and 56Fe radiation and radiation type dependent

spatial separation of scores, but it also resulted in the identification

of additional important molecular markers for human health risks.

Exposure to c radiation led to increased abundance, compared to

control, of ursodeoxycholic acid, nicotinic acid, 3-ureidopropio-

nate, 3a,7a Dihydroxy-5beta-cholestan-26-al, and creatinine.

Importantly, levels of these metabolites remained unchanged in
56Fe irradiated samples relative to controls. Two of the metabo-

lites, ursodeoxycholic acid and 3a,7a Dihydroxy-5beta-cholestan-

26-al, are bile acid related and concur with increased ‘bile acid

biosynthesis’, the top IPA-identified canonical pathway. Increased

‘bile acid biosynthesis’ was further supported by increased level of

nicotinic acid observed after c radiation [86]. Increased 3-

ureidopropionate, an intermediate metabolite of uracil degrada-

tion, is consistent with decreased nucleotide pool discussed earlier.

In contrast to c radiation results, 56Fe-irradiation resulted in

identification of additional metabolites, PGE2, pyruvate, gluta-

mine, N6-acetyl-L-lysine, and L-histidine, which have profound

implications for intestinal health and hence space explorers’

nutritional wellbeing. While L-histidine has been reported to

possess anti-inflammatory function [87] and glutamine is essential

for maintenance of intestinal mucosal health [88], N6-acetyl-L-

lysine is known to play important roles in chromatin remodeling

and hence gene function [89]. We believe that decreased L-

histidine and glutamine along with increased PGE2, a pro-

inflammatory molecule, could work in tandem to promote

intestinal inflammatory response after 56Fe radiation. Further-

more, while decreased N6-acetyl-L-lysine herald heterochromatin

and decreased gene expression, increased pyruvate denotes an

altered metabolic state of acidosis [90,91] after 56Fe radiation.

Canonical pathway analysis in IPA of 56Fe dataset showed

upregulation of ‘eicosanoid signaling’ and ‘prostanoid biosynthesis’

and both are involved in inflammatory response in intestinal

mucosa [92,93]. Eicosanoids are derived from fatty acids and

consists of prostaglandins, prostacyclins, thromboxanes, lipoxins

and leukotrienes and most of the members of these families of

compounds produced by either cyclooxygenases or lipooxygenases

are involved in pro-inflammatory responses. Indeed PGE2, and

Thromboxane A2 are the two major biomarkers identified by the

IPA in the 56Fe irradiated samples and both have been implicated

in inflammatory pathologies in intestine including ulcerative colitis

[92,93]. Increased plasma levels of 15-keto-13, 14-dihydropros-

taglandin E2, a major PGE2 metabolite detected in the 56Fe

irradiated samples, have been used as a serum marker of PGE2

activity in tissues. Furthermore, elevated PGE2 due to its pro-

inflammatory role and activation of downstream proliferative

pathways such as PI3K/Akt, b-catenin, and JNK has been

implicated in colorectal carcinogenesis and blocking PGE2

production has been reported to provide protection against colon
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cancer [51,94]. Indeed, upon further probing of the metabolomic

results using immunoblots, we demonstrated activation of prolif-

erative pathways downstream of PGE2 after heavy ion radiation.

Although metabolomic analysis did not detect PGE2 after c
radiation, we did observe, albeit less than 56Fe radiation, increased

levels of molecules participating in PGE2 downstream pathways

indicating potential long-term risk after exposure to both the

radiation types. Metabolomic data showing increased PGE2 was

further supported by upregulation of PGE2 synthesizing enzyme

PGE2 synthase and we believe this is the first report showing a

validated pathway-based long-term comparative study of intestinal

tissue response after heavy ion and c radiation exposure. When

considered with our previously reported increased intestinal

tumorigenesis in APCMin/+ mice after radiation exposure [95],

our current results lead us to believe that exposures to a clinically

relevant c radiation dose and 1.6 Gy 56Fe radiation are potential

risk factors for intestinal pathologies including CRC with greater

risk after 56Fe radiation. Knowledge of molecular events occurring

long after exposure to qualitatively different types of radiation is

essential for devising strategies to minimize human health

consequences associated with radiotherapy and space travel. The

current study, while suggestive of a link between radiation

exposure and intestinal pathologies, have also identified in each

radiation type a number of key differential metabolites that can be

used as a starting point to further evaluate them as long-term

terrestrial as well as space radiation-risk biomarkers.

Supporting Information

Figure S1 Scores plot showing distinct metabolic
changes and class separation in c irradiated relative to
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(JPG)

Figure S2 Scores plot showing distinct metabolic
changes and class separation in 56Fe irradiated mice
relative to sham irradiation in positive ionization mode.
(JPG)
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