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Abstract

There is a need for research to rapidly determine an individual’s absorbed dose and its potential
health effects after a potential radiological or nuclear event that could expose large portions of a
population to ionizing radiation (IR). Studies on biomarker identification after radiation exposure
could aid in biodosimetry, identifying individual dose absorbed, as well as biologic response, and
administering immediate and proper medical care. Metabolomics on easily accessible biofluids is
an emerging field with potential for high-throughput biodosimetry. While tremendous effort has
been put into obtaining discovery based global radiation signatures from a number of biofluids and
model organisms, quantitative targeted analysis on a subset of known radiation biomarkers is
required to develop an optimized panel of biomarkers for future clinical applications. The current
study analyzes levels of several known broad chemical groups (acylcarnitines, amino acids,
phosphatidylcholines, and biogenic amines) affected by IR in serum from nonhuman primates
(NHP) 7 days after exposure through multiple reaction monitoring (MRM) analysis with a triple
quadrupole mass spectrometry (MS) platform. We identified several novel metabolites affected by
IR exposure through univariate and unsupervised multivariate analyses. Levels of acylcarnitines,
amino acids, and phospholipids were perturbed indicating altered protein metabolism, fatty acid 8-
oxidation, and inflammation. Fold changes in carnitine and short-chain acylcarnitines
(acetylcarnitine, propionylcarnitine, butyrylcarnitine, and valerylcarnitine) complement previous
global radiation signatures on NHP; notably, the levels of change were lower than previously
observed in urine. Decreased levels of glutamate, citrulline, and arginine after IR are biomarkers
indicating gastrointestinal syndrome and perturbations to the urea cycle. Sex differences were also
assessed and were more prevalent in circulating acylcarnitines and phospholipids after IR
exposure. These biomarkers may be combined with previously described compounds from DNA
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damage to develop a defined metabolomic biodosimetry panel to be analyzed by MS platforms,
which are increasingly available in clinical laboratories.
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Introduction

In 2007, the National Institute of Allergy and Infectious Diseases (NIAID) held a meeting in
Washington, DC to discuss needed research to counteract potential threats from terrorist
actions and accidents involving nuclear power plants/nuclear waste that could expose large
portions of the population to ionizing radiation (IR).1 One goal that has been established to
counteract potential threats is the development of high-throughput field based biodosimetry
methods. Ideally, instrumentation could be developed to collect easily accessible biofluids
(e.g., urine or serum) and quickly identify individuals requiring immediate medical care
(e.g., cytokine therapy, bone marrow transplant). Metabolomics has emerged as a possible
technology to aid high-throughput biodosimetry.

The field of radiation metabolomics began as initial global metabolomic discovery steps to
create a biomarker database and to assess various differences in metabolism after radiation
exposure. Immense effort has been put into developing this database using discovery
metabolomics. Studies to date include metabolic changes using murine (serum, plasma, and
urine), human (urine), and nonhuman primate (NHP) (urine, serum) models.2-21 While
nuclear magnetic resonance (NMR) spectroscopy and gas chromatography (GC) mass
spectrometry (MS) have been used in past studies, the more common analytical platform for
performing de novo untargeted global radiation metabolomics has been liquid
chromatography (LC) MS. The use of NMR suffers from lowered sensitivity and GC/MS
may require lengthy derivatization protocols. lons of interest particular to a specific disease
state or altered condition are normally picked using a combination of multivariate and
univariate statistics. In LC/MS platforms, a portion of these analytes are then ideally
validated in samples by comparing to multiple orthogonal properties, commonly comparison
of MS/MS fragmentation spectra to an authentic standard, retention time, and high accuracy
m/z using identical analytical conditions.2?

As these non-targeted global studies are required for initial biomarker discovery, quantitative
targeted metabolomic methodology on subsets of radiation biomarkers must be further
developed for future clinical use (Supp. Fig. 1). Once validation has been performed on a
panel of select disease- or injury-specific analytes, quantitative targeted metabolomics is
performed by adding appropriate internal standards and analyzing using selected ion
recording (SIR) or multiple reaction monitoring (MRM) using a quadrupole MS detector.
Single metabolites can often be representative of myriad disease conditions, thus
determining extent of radiation exposure by metabolomic biodosimetry will likely require
quantification of multiple analytes and biofluids or possibly computer algorithms designed
to measure ratios of perturbed metabolites for the required specificity.11:23 Furthermore, the
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response of select analytes must be of a great enough fold change to be reasonably detected
by current instrumentation. Analysis of low abundance metabolites requires additional
sample preparation, such as solid-phase microextraction (SPME), adding time and
negatively impacting a high-throughput workflow. As the current radiation biomarker library
expands we will be able to determine a subset of ions for development of a high-throughput
biodosimetry panel with optimized sample extraction and preparation, sample preservation,
and detection with MS platforms.

While targeted approaches have been performed in murine models, few studies have used
NHP models and these validated targeted studies were restricted to citrulline and retinoic
acid while animals received supportive care.®24-2” NHP models are advantageous to murine
models due to higher genetic similarity to humans, which are the target for radiation
countermeasures.28 To build upon our previous work developing metabolomic panels for
biodosimetry, we performed targeted metabolomic analysis on NHP serum for five broad
chemical classes determined through “discovery” phase experiments that are affected by IR
exposure.20-21 Since previous studies have implicated changes in concentrations of amino
acids, acylcarnitines, lipids, and biogenic amines after IR exposure, we chose the Biocrates
Absolute/DQP p180 Kit due to its specificity to quantify these broad chemical classes. We
found several novel acylcarnitine, phosphatidylcholine (PC), and amino acid compounds
perturbed by IR exposure in an NHP model 7 days post-IR. These compounds may possibly
be combined with other purine/pyrimidine analytes indicative of DNA damage to create a
panel for assessing exposure to IR. Research on radiation metabolomics for biodosimetry
directly addresses NIAID’s Radiation Biodosimetry Research and Development Goals.!

Experimental

Chemicals

All reagents were LC/MS grade (Fisher Scientific, Hanover Park, IL). All materials for the
Biocrates Absolute/DJ® p180 Kit were purchased from Biocrates Life Science AG
(Innsbruck, AUT).

NHP system

The study animals, experimental treatment, and biofluid collection have been previously
described.20:21 Briefly, Rhesus monkeys (Macaca mulatts) were maintained in an accredited
AAALAC facility. Purified water was provided ad libitum, certified chow (Tekland Certified
Hi-Fiber Primate Diet no. 7195C; Harlan Laboratories, Madison, WI) was provided twice
daily and enrichment was provided daily as per facility’s enrichment program. Room
environment was continuously controlled (21°+3 Celsius; 30-70% humidity; 12 hours light/
dark cycle) with twelve (12) air changes per hour using a HEPA system. Animals received a
single total body irradiation (TBI) (exposure dose rate: ~ 0.6 Gy/min-89Co y source).
Animals received all proper medications and animal handling procedures were approved by
the Institutional Animal Care and Use Committee. Animals per treatment received 2, 4, 6, 7,
or 10 Gy TBI and buprenorphine as analgesia (2, 6, 4, 7 Gy n=12; control, 10 Gy n=11).
Half of the animals were male and half female. Biofluids were collected on day 7. Serum
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was collected via the abdominal aorta (0.5 mL each after morning meal), aliquoted, and
stored at —70°C until shipment on dry ice to Georgetown University Medical Center.

Targeted metabolomic profiling

NHP serum samples were prepared for analysis by the Biocrates Absolute/DQ® p180 Kit
according to the manufacturer’s instructions. The Absolute/DJ® p180 Kit allows for
quantification of 188 metabolites from 5 broad compound classes (sphingolipids, PCs,
glucose, acylcarnitines, biogenic amines, and amino acids) and sample preparation has been
described in detail 92930 Briefly, 10 pl serum per sample was added to a 96-well plate for
derivatization (with phenylisothiocyanate) and sample cleanup by SPME. Blanks, internal
standards, quality control samples, and standard curves were all prepared per manufacturer’s
instructions and were injected with samples into a Waters ACQUITY ultra-performance
liquid chromatography (UPLC) coupled to a Xevo® TQ-S mass spectrometer (MS) (column-
BEH C18 1.7 um 2.1 x 50 mm). Samples were run in positive or negative ionization mode
and acquired in either LC MS/MS or flow injection analysis (FIA) mode as previously
described.® Data was processed with MetlQ software and analyzed with a Kruskal-Wallis
test (P value < 0.05)and a post-hoc Duncan test in SAS 9.4 (Cary, NC, USA), persistent
outliers were assessed and removed, and a singular value decomposition based principal
component analysis (PCA) was conducted. A volcano plot (with false discovery rate [FDR]
corrected Pvalues [using Benjamini-Hochberg step-up correction procedure]) and heatmap
were generated with the in-house software MetaboLyzer on complete presence ions (=70%
presence).3! Data was graphed using GraphPad Prism 6 (GraphPad Software, Inc., La Jolla,
CA). Differences in significant ion trends were compared between sexes at control vs. 10 Gy
with a Mann-Whitney U'test (P value < 0.05).

Results and discussion

Targeted metabolomics for potential high-throughput biodosimetry

In this study, we performed targeted metabolomics on NHP serum and determined changes
in several broad chemical classes (/.e., amino acids, acylcarnitines, and PCs) using the
Absolute/DQ® p180 Kit, which specifically quantifies certain chemical groups perturbed
from IR exposure. In addition, the 96-well format of the Absolute/DJ® p180 Kit lends itself
to future robotic automation of sample preparation for high-throughput analysis. Data was
initially processed with MetlQ software. Analytes flagged as below limits of quantification
or detection were removed. The remaining analytes were compared with a multivariate PCA
and Kruskal-Wallis test on individual ions to filter ions based on statistical significance (P-
value < 0.05). Groups were readily separated by an unsupervised PCA and significant
differences in circulating metabolites were highlighted with a heatmap, as represented by the
specific analysis of control compared to the 10 Gy group (Fig. 1A,B). A volcano plot
represents log, fold-change vs. significance (-logyg FDR corrected P-value) to further
illustrate significant ions (Fig. 1C). Several novel IR induced biomarkers were detected
along with markers previously identified in NHP and murine models.

Previous studies on mouse and NHP serum have indicated major shifts in lipid profiles and
increases in carnitine and acylcarnitines after IR exposure similar to the current study.:21:32
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These results complement our previous work defining global metabolomic signatures of
NHP urine and serum, which strongly indicate 7 days post-IR several perturbations to
protein metabolism, fatty acid p-oxidation, steroid hormone synthesis, purine metabolism,
and taurine metabolism.20:21 Together, these data provide a quantitative library of IR related
biomarkers that may be used for biodosimetry in the event of a nuclear or radiological
incident.

As carnitine and acylcarnitines are commonly implicated biomarkers after IR exposure, as
we have previously demonstrated!®20, we quantitatively analyzed 40 different molecular
species, of which 20 were detected. A total of 8 acylcarnitines, 9 amino acids, and 36 PCs
and ether-linked PCs (ePCs) significantly changed after exposure to IR (Fig. 2-3, Table 1,
Supp. Table 1-2). Carnitine and several short chain acylcarnitines (acetylcarnitine [C:2],
propionylcarnitine [C:3], butyrylcarnitine [C:4], and valerylcarnitine [C:5]) increased in
concentration after exposure to all doses of IR (Fig. 2). Longer chain acylcarnitines
(tetradecadienylcarnitine [C14:2], octadecenoylcarnitine [C18:1], and
octadecadienylcarnitine [C18:2]) decreased at lower levels of IR exposure, with slightly
higher concentrations at 10 Gy compared to the control.

Carnitine was present in the highest abundance followed by acetylcarnitine (C:2),
propionylcarnitine (C:3), butyrylcarnitine (C:4), and valerylcarnitine (C:5) respectively (Fig.
2). Disturbance to short chain acylcarnitines indicate inhibition of fatty acid p-oxidation.
Free fatty acids (FFASs) are shuttled into the mitochondrial matrix through a complex series
of enzymes that convert FFAs into acyl-CoAs that bind to carnitine, thus producing longer-
chain acylcarnitines.33 In addition to being important in fatty acid p-oxidation, carnitine and
acylcarnitines play roles in ketosis and delivery of acyl groups throughout the body.3* While
short-chain acylcarnitines clearly increase in a dose-dependent manner, long-chain
acylcarnitines do not show increased levels until 10 Gy and actually decrease at lower doses
(Fig. 2). Short-chain acylcarnitines are efficient delivery mechanisms due in part to their
small size. Long-chain acylcarnitines are not readily transportable and may be unable to pass
easily through the plasma or mitochondrial membrane. Excretion of these small-chain
acylcarnitines may be more efficient, hence, their higher concentrations in serum and urine
after IR exposure compared to long-chain acylcarnitines. Conversely, increases of long-chain
acylcarnitines at higher IR doses may be due to increased IR induced apoptosis of bone
marrow during hematopoietic syndrome.3> Carnitine, acetylcarnitine, and butyrylcarnitine
were also found to increase in NHP urine.20 Carnitine and acylcarnitine fold changes in
urine were much higher than were observed in serum.2%:21 Comparing the control vs. 10 Gy
groups, carnitine (66.2 fold change urine; 2.2 fold change serum), acetylcarnitine (137.4 fold
change urine; 2.8 fold change serum), and butyrylcarnitine (4.9 fold change urine; 2.0 fold
change serum) all showed more promising increases, making urine a more suitable biofluid
to detect acylcarnitines after IR exposure (Fig. 2). A similar fold change in carnitine was
observed in a global metabolomic study of these serum samples, where carnitine had a 2.1
fold increase between the control and 10 Gy group.2

PCs are a ubiquitous group of lipids, the most abundant group of glycerophospholipids
(GPs) found circulating in blood, and a principle component of cellular membranes. PCs are
found as diacyl compounds, monoacyl compounds (lysophosphatidylcholines [LPCs]) and
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ether-linked PCs (ePCs), commonly known as plasmalogens if containing a sn-1 ether
linkage.36 Exposure to IR is known to cause perturbations to diacyl PCs and ePCs, usually
due to increased presence of reactive oxygen species (ROS) after IR exposure.3’. The most
abundant PCs and ePCs detected in NHP serum were 36 and 38 C molecules. Of the PCs
and ePCs that significantly changed, 24 were reduced in concentration after IR exposure
(Supp. Table 1-2). PCs with more than 36 C are normally components of the cell membrane
and the decrease in concentration could represent poorer membrane condition. Ten
compounds were found in lower concentration at 2, 4, 6, and 7 Gy, but increased to
concentrations equal to the control at 10 Gy exposures (Supp. Table 2). Interestingly, many
compounds that increased at 10 Gy were present in high abundance in proportion to other
lipid compounds and were relatively highly unsaturated (PC 36:4, 38:4, 38:5, 38:6, 40:6,
ePC 38:4, 38:5). Two compounds (ePC 40:3 and 40:5) significantly increased at 10 Gy
exposure compared to the other groups (Supp. Table 2). These relatively longer chain highly
unsaturated compounds have been observed to increase in the 10 Gy group in a separate
study using global metabolomics.?!

The primary pathway for PC begins through the sn-glycerol-3-phosphate pathway for the
production of diacylglyceride (DG).38-40 Diacylglycerol cholinephosphotransferase (EC:
2.7.8.2) combines cytidine diphosphate (CDP) choline with DG producing a diacyl PC.
Unlike PC synthesis, the initial synthesis of ePCs begins in peroxisomes where
dihydroxyacetone phosphate and a long-chain acyl-CoA ester are esterified. Alkylglycerone-
phosphate synthase (EC:2.5.1.26) catalyzes the reaction to replace the acyl chain with an
alcohol, thus forming an ether bond. The initial ePC pathway differs from the sr-glycerol-3-
phosphate pathway used for triacylglycerides, PC, and phosphatidylethanolamine synthesis.
The ePCs have lower disassociation energies and are oxidized more easily than diacyl PCs,
making them important antioxidants.

Radiation toxicity is principally due to ROS created from hydrolysis of water and a pro-
inflammatory host response.3” Clustered hydroxyl radicals generated by the ionization track
can damage DNA producing highly toxic double strand breaks. IR reacts with water to
induce production of ROS (O,"", H*, "OH, and H,0») that can interact with cellular lipid
bilayers leading to lipid peroxidation.#1:42 While these ROS have long been known as
damaging to DNA, lipid molecules of cellular membranes and proteins are prime targets for
degradation as well.#3:44 Increases in lipid peroxidation markers have been observed due to
ROS propagation 2-10 days post-IR, which would make the current 7 day post-IR an optimal
time point for observing ROS damage.#® Increases in select polyunsaturated lipids were
observed from global profiling and were attributed to increases in 20:4 (arachidonic acid)
and 22:6 (docosahexaenoic acid), indicating a potential enzymatic inflammatory response.?1
In addition to enzymatic products, nonenzymatic phospholipid products, such as GP
endoperoxides and hydroperoxides, can also contribute to inflammation and signal
apoptosis.*6 Clearly, the ratios and roles of PCs and ePCs are important during recovery
from IR exposure and warrant further research.

Nine amino acids decreased in concentration due to IR exposure (Fig. 2, Table 1). Similar to
DNA and lipids, proteins and amino acids are susceptible to damage by ROS generated after
IR exposure and amino acid supplements have been suggested as radiation mitigators to
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increase electrolyte absorption.#7:48 One essential and 8 non-essential amino acids decreased
in concentration (histidine, proline, ¢is-OH proline, trans-OH proline, alanine, arginine,
citrulline, asparagine, glutamate) (Fig. 3, 4). Of these, histidine is an essential amino acid
and the decrease may be diet related. While proline, methionine, and lysine are prone to
oxidation, decreases in essential amino acids such as histidine can be especially
problematic.4® Histidine is an important molecule in hemoglobin stability and decreases may
affect oxygen transport. In a previous study on mouse serum, serine and aspartic acid
significantly increased after exposure to 8 Gy IR (LDsg/3 value) and citrulline decreased.®
Altered blood and jejunum citrulline levels are an indication of gastrointestinal syndrome
and validated methodology for its detection across multiple species has been described.24-27
Decreases in glutamate, citrulline, and arginine may also indicate damage to the urea cycle
and possible liver damage.>? Other studies on mice have indicated changes in valine in
serum and isoleucine/leucine in urine.3# Decreased glutamate was observed in mouse urine
after exposure to the internal emitter %0Sr, which is a starting compound for amino acid
biosynthesis (Fig. 4).> Global metabolomics of NHP serum indicated decreased
concentrations of valine, proline, and tyrosine.2! Deficiencies in amino acid levels may lead
to decreased protein synthesis, which can negatively impact immune function, the
gastrointestinal tract, and overall metabolic syndrome,51-53

Differences between sexes were observed, as has been noted in other studies.18:20 In NHP
urine, males had higher fold changes of carnitine, acetylcarnitine, xanthine, and xanthosine
than females (Fig. 5, Table 2).20 As previously described, acetylcarnitine, trimethyl-L-lysine
(a precursor for carnitine synthesis), hypoxanthine, xanthine, and uric acid showed different
excretion patterns between sexes in urine from humans exposed to total body irradiation.18
Here, by utilizing a targeted metabolomic approach we identified additional acylcarnitines
that are present in low amounts in serum and show similar patterns. Butyrylcarnitine,
tetradecadienylcarnitine, and octadecenoylcarnitine all exhibit lower fold changes in females
than males (Fig. 5, Table 2). These results combined with past work indicate sex differences
in perturbations to fatty acid p-oxidation and lower concentrations of acylcarnitines in serum
after IR exposure, however, acylcarnitines have been implicated in the activation of
proinflammatory signaling pathways.>* Additionally, we determined that serum PC
concentration was significantly reduced in females, but not to the same extent in males (Fig.
6, Table 2). While fatty acid p-oxidation may be less affected in females, the effects of
oxidative stress may be greater as observed by lowered PC concentration and higher
xanthine and hypoxanthine levels seen in past studies.18:20 Differences between sexes should
be further explored for metabolomics based biodosimetry.

Conclusions

IR exposure induces a consistent change to the metabolome yielding markers indicative of
perturbations of protein metabolism, fatty acid p-oxidation, protein/ purine/ taurine
metabolism, and steroid hormone synthesis. These studies directly address NIAIDs goals set
forth by the Radiation and Nuclear Countermeasures Program, where radiation specific
biomarkers may be used for biodosimetry in the event of a nuclear disaster or radiological
event. As immense effort has been put into developing global radiation signatures and
cataloging validated biomarkers, quantitative targeted approaches are needed in the future.
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Acylcarnitines, lipids, and amino acids perturbations (with high fold changes) are commonly
implicated after IR exposure and will provide valuable clinical biomarkers in the future that
are useful for clinical applications. However, responses were determined to be different
between males and females (acetylcarnitine, butyrylcarnitine, tetradecadienylcarnitine,
octadecenoylcarnitine, and the phospholipids PC [34:2], [34:3], [36:1], [36:2], [36:5],
[38:3]) in this study, complicating biodosimetry efforts and therefore warranting the need for
development of radiation specific signatures based on sex or secondary injury.8 Previous
studies have highlighted the importance of determining sex differences on biomarker
patterns (e.g. carnitine, acetylcarnitine, xanthosine, trimethyl-I-lysine).18:20 Other
biomarkers (not yet determined to show sex differences) of DNA damage (deaminated
purines and pyrimidines)®1® and radiation exposure (e.g., retinoic acid, taurine,
acylglycines, tricarboxylic acid cycle intermediates, and oxylipins)3-2:9:19.25.32 may be
combined with reliable biomarkers identified in this study (acylcarnitines and amino
acids)®-18:20-21,24-27 jith the goal of developing a biodosimetry panel that can be analyzed
by MS platforms, in combination with previously established biodosimetry methods.27:55
While serum is an ideal candidate biofluid for detecting lipid and amino acid biomarkers by
UPLC/MS, urine may be more suitable for acylcarnitine detection. GC/MS is a
complementary analytical platform for nontargeted amino acid and organic acid detection in
both serum and urine, and remains an area for future studies.>® Further work should also
focus on development of field-deployable instrumentations to reduce processing time in the
field after a nuclear or radiological incident.>’

Supplementary Material
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Fig. 1.

M?Jltivariate data analysis of targeted metabolomics on serum from NHPs exposed to IR.
Comparison of control group to 10 Gy IR exposed NHPs. A) Unsupervised PCA scores plot
indicates groups are clearly separated along principal components 1 and 2. B) Heatmap and
C) Wolcano plot (red dots) shows statistically significant differences between the control and
10 Gy group. Heatmap and volcano plot were generated by the in-house software
MetaboLyzer and highlight differences between groups.
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Fig. 2.
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Dose response of carnitine and several acylcarnitines in NHP serum exposed to 2, 4, 6, 7, or
10 Gy v radiation (box and whisker plots). Statistical significance indicating a dose response

was determined with a Kruskal-Wallis test (P < 0.05; 2, 6, 4, 7 Gy =12; control, 10 Gy
n=11) and a post-hoc Duncan test. Short-chain acylcarnitines increase significantly in

concentration in a dose dependent manner while longer-chain acylcarnitines have slightly

lower concentration at 2, 4, 6, and 7 Gy, but show no change at 10 Gy with respect to

control. (* signifies significantly different from control determined by post-hoc Duncan test)
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Fig. 3.
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Dose response of amino acids in NHP serum exposed to 2, 4, 6, 7, or 10 Gy vy radiation (box

RSC Adv. Author manuscript; available in PMC 2017 May 20.

and whisker plots). Statistical significance indicating a dose response was determined with a
Kruskal-Wallis test (P < 0.05; 2, 6, 4, 7 Gy r=12; control, 10 Gy r=11) and a post-hoc
Duncan test. All amino acids decreased in concentration after IR exposure. (* signifies
significantly different from control determined by post-hoc Duncan test)
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Biochemical pathway for amino acid synthesis. Biosynthesis of non-essential amino acids

was decreased after exposure to IR.
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Fig. 5.

Dgse response of acylcarnitines between male and female NHP serum exposed to 10 Gy y
radiation (* signifies P < 0.05 by Mann-Whitney {test). Similar to urine, males have a
higher fold change of serum acetylcarnitine than females after exposure to IR. This targeted
approach indicates that other acylcarnitines present at lower concentrations (i.e., not detected
by previous nontargeted UPLC/MS methods) show similar trends to more abundant
acylcarnitines.
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Dose response of PCs between male and female NHP serum exposed to 10 Gy vy radiation (*
signifies P < 0.05 by Mann-Whitney U'test). These PCs are in relatively higher
concentration compared to other phospholipid species. Females show a greater decrease in
serum PC concentration.

RSC Adv. Author manuscript; available in PMC 2017 May 20.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Pannkuk et al.

Blood biomarker discovery (not including lipids) in NHPs after exposure to radiation.

Table 1

Broad Metabolite HMDB Trend after
Chemical Identifier IR Exposure
Class

Carnitineand  camitine * HMDB
Acylcarnitines 00062
Acetylcarnitine HMDB

00201

Propionylcarnitine HMDB

00824

Butyrylcarnitine * HMDB

02013

Valerylcarnitine HMDB

13128

Tetradecadienylcarnitine HMDB

13331

Octadecenoylcarnitine HMDB

13338

Octadecadienylcarnitine HMDB

06469

Amino Acids Glutamate ™ HMDB
03339

Histidine HMDB

00177

Proline * HMDB

00162

¢/s-OH Proline HMDB

60460

trans-OH Proline HMDB

00725

Alanine HMDB

00161

Arginine HMDB

00517

Citrulline HMDB

00904

Asparagine HMDB

00168

*
Indicates metabolites previously identified to be altered by exposure to IR,20,21,24-27
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Table 2

Page 18

Fold change and P-value for acylcarnitines and PCs that show differential response in serum after exposure to

IR (values from control vs. 10 Gy compared with a Mann-Whitney U'test).

Compound Male Female
Fold P-value Fold P-value
Change Change

Acetylcarnitine (C:2) 34 0.002 2.2 0.008
Butyrylcarnitine (C:4) 2.3 0.132 15 0.151
Tetradecadienylcarnitine (C14:2) 2.0 0.017 0.9 0.508
Octadecanoylcarnitine (C18:1) 19 0.009 11 0.944
PC (34:2) 1.0 0.909 0.7 0.004
PC (34:3) 0.6 0.015 0.4 0.004
PC (36:1) 0.6 0.009 0.4 0.004
PC (36:2) 0.9 0.788 0.7 0.004
PC (36:5) 11 0.675 0.6 0.017
PC (38:3) 0.7 0.065 0.4 0.004
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