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Abstract: A large-scale nuclear event has the ability to inflict mass casualties requiring point-of-care
and laboratory-based diagnostic and prognostic biomarkers to inform victim triage and appropriate
medical intervention. Extensive progress has been made to develop post-exposure point-of-care
biodosimetry assays and to identify biomarkers that may be used in early phase testing to predict the
course of the disease. Screening for biomarkers has recently extended to identify specific metabolomic
and lipidomic responses to radiation using animal models. The objective of this review was to
determine which metabolites or lipids most frequently experienced perturbations post-ionizing
irradiation (IR) in preclinical studies using animal models of acute radiation sickness (ARS) and
delayed effects of acute radiation exposure (DEARE). Upon review of approximately 65 manuscripts
published in the peer-reviewed literature, the most frequently referenced metabolites showing clear
changes in IR induced injury were found to be citrulline, citric acid, creatine, taurine, carnitine,
xanthine, creatinine, hypoxanthine, uric acid, and threonine. Each metabolite was evaluated by
specific study parameters to determine whether trends were in agreement across several studies.
A select few show agreement across variable animal models, IR doses and timepoints, indicating that
they may be ubiquitous and appropriate for use in diagnostic or prognostic biomarker panels.

Keywords: biomarker; radiation; metabolomic; lipidomic; citric acid; citrulline; creatine; uric acid;
ceramide; diagnostic

1. Introduction

A nuclear accident or attack has the potential to produce large-scale mass casualties by exposing
individuals to potentially life-threatening doses of ionizing irradiation (IR). Acute radiation sickness
(ARS) occurs in humans at doses of total body irradiation (TBI) in excess of 0.5 Gy, with life- threatening
bone marrow suppression occurring after exposure to 2 Gy or higher. The severity of ARS increases
with radiation dose and quality (e.g., low or high linear energy transfer radiation) and is characterized
by bone marrow suppression and/or failure, infection, hemorrhage, and severe acute anemia. Delayed
effects of acute radiation exposure (DEARE), such as radiation pneumonitis or fibrosis, may manifest
several weeks to months after exposure among individuals surviving through the ARS [1,2].

Following a nuclear event, both evacuation and evaluation of the affected population surrounding
the epicenter will require medical triage. First assessment will include the location of the incident,
radiation exposure associated symptoms, and physical examination to identify the at-risk population.
Second, a point-of-care assessment of 2 Gy or greater will be subjected to further testing to identify
those exposed to potentially-life threatening doses of radiation [3]. The timeline of testing would be
from 1 to 7 days post-exposure based on the current concept of operations and to allow sufficient
time to medically intervene in the course of the disease. Easily accessible bio-fluids, such as blood or
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urine, are essential in a mass casualty event because their collection is non-invasive, and they are easily
acquired from critically injured and non-responsive individuals [4].

While one biomarker is unlikely to reflect the physiological response to radiation induced injury,
the ideal panel of biomarkers would be diagnostic, prognostic, predictive, or pharmacodynamic.
Briefly, a diagnostic biomarker is a simple test that will identify whether a person has been exposed to
radiation. In contrast, a prognostic biomarker will determine the level of risk for injury development
and progression independent of therapy. Prognostic biomarkers may aid in determining survivability,
the severity of the injury, or even the levels of organ specific injury at the time of sampling. A predictive
biomarker will have the same characteristic as prognostic and will further discriminate whether or
how a person will respond to targeted therapy. Last, a pharmacodynamic biomarker will show a direct
pharmacological effect of a therapy with evidence [5,6].

Both diagnostic and prognostic biomarkers used during early exposure testing will guide patient
stratification gradings, such as (1) not exposed, (2) low or sublethal, (3) high or lethal exposure [7,8].
Evaluation of each individual is essential to provide the appropriate therapy; however, the panel of
biomarkers and the precise method in which this will be executed has yet to be elucidated. For this
reason, extensive effort has been made to identify biomarkers that may be used for initial testing [9].
A biodosimetry test will accurately estimate the absorbed radiation dose by quantifying key biomarkers
per individual. More specific biomarkers may indicate whether an individual has received organ
specific damage. The results, along with the duration of time from exposure will enable a more unique
and individualized therapy.

The development of accurate and precise biomarkers of radiation injury is complicated by
the understanding that an improvised nuclear device will most likely be composed of low- and
high-dose-rate photon and neutron elements. Further, ingested radionuclides and delayed exposures
due to ground shine or fallout may also result, exposing individuals to variable dose rates and
qualities of radiation. High-dose-rate photon exposures will likely result in irreparable DNA damage
with biological consequence. In contrast, delayed and sublethal photon exposures that deliver very
low-dose-rates may resultin DNA damage that is rapidly repaired [10]. In contrast to photons, neutrons
have a high relative biological effectiveness due to increased ionization density leading to clustered
DNA damage that is more difficult for the cellular machinery to repair. Even at small doses, neutron
exposure can lead to extensive physiological injury [10-12]. Further, an urban environment is likely to
result in minimal to moderate shielding resulting in total or partial body radiation exposures across
dose rates, types, and geometries. The myriad of factors to consider in the development of precise and
accurate biomarkers of radiation injury, even while omitting extrinsic determinants, such as physical
damage, are extensive.

The primary objective of this review is to identify the most abundant metabolomic and lipidomic
perturbations that are observed in studies with radiation exposure, including animal models of ARS
and/or DEARE. Several animal and human studies were reviewed from approximately 65 manuscripts
published in peer-reviewed journals. The ten most referenced metabolites were evaluated for
directional trends. Those that show agreement across several studies were further evaluated for
time- and dose-dependent responses that may indicate suitability for use as diagnostic or prognostic
biomarkers. The identification of radiation specific predictive and pharmacodynamic metabolite
biomarkers requires global profiling studies with the objective of exploring short and long term
timepoints and the use of therapeutics. Both can be better understood after radiation induced
diagnostic and prognostic biomarkers are well established. Lipid biomarker candidates were less
represented in the manuscripts reviewed; however, several were detected in two or more studies.
Trends were not always described, as the focus was sometimes on the lipid detection and structure.
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2. Results

2.1. Metabolomic Biomarker Candidates

Metabolites most frequently detected and validated in both animal and patient studies were
citrulline (C¢H13N303), citric acid (C¢gHgOy), creatine (C4HgN30O5), taurine (C,HyNO3S), carnitine
(C7H15NO3), xanthine (C5H4N4O,), creatinine (C4H7N30), hypoxanthine (CsH4N4O), uric acid
(CsH4N4O3), and threonine (C4HoNO3). General study parameters of each metabolite have been
outlined in Table 1. Other metabolites that were moderately abundant among several publications
include 2’deoxyuridine (C9Hi3N,0s5), arginine (C¢H14N4O5), palmitic acid (C16H3,0;), glycine
(Co,H5NO»), uridine (C9H1,N»0g), inositol (C¢H1,0g), lactic acid (C3HgO3), leucine (C¢H13NO3),
linoleic acid (C1gH3,05), methionine (C5H;1NO,S), glutamine (CsH;gN,Os3), hippuric acid (CgHyoNO3),
tyrosine (CoH;1NO3), and sebacic acid (C19H;304) [4,13-42].
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Table 1. Metabolites most frequently detected in review of several animal and human studies.

4 0f 20

Radiation

Radiation

Timepoint(s)

Analytical

Metabolite Species Geometry Dose (Gy) Type Post-IR Sample Matrix Platform Technique Source Significance Trend
Mouse TBI 3,8 y-ray 1 day Urine LC-MS p Tyburski et al. 2008 [43] NS Inc
8 x-ray 1-7 days TH NMR Chen et al. 2011 [42] * Dec
. 1.1,4.45 y-ray 2-5 days LC-MS Goudarzi et al. 2014a [40] * Dec
Internal 1.95-9.91 . 2,5,20,30days Goudarzi et al. 2014b [41] * Dec
Citri . . 1.81-5.25 B 7-30 days . Goudarzi et al. 2015¢ [24] NS Dec
itric Acid .

. TBI 5,12 x-ray 3,14, 30 days Feces . Goudarzi et al. 2016a [44] * Inc
Rat 3 y-ray 1,2, 3 days Urine GC-MS Lanz et al. 2009 [33] * Dec
NHP 2,4,6,7,10 . 7 days . Pannkuk et al. 2017a [22] * Dec
. . 4 . 1-60 days Urine + Serum Pannkuk et al. 2019a [34] * Dec

Human PBI 2-34 x-ray 36h Tissue (brain) Wibom et al. 2010 [39] * Inc

Mouse TBI 8 x-ray 1-7 days Urine T HNMR P Chen et al. 2011 [42] * Inc

Rat 0.5-10 y-ray 6-72h . LC-MS P+T Mak et al. 2015a [45] * Inc

NHP 6.5,7.2 . 12,24 h Serum T Pannkuk et al. 2018a [18] NS Inc

Creatine 1,35,6.5,85 12-72h Urine . P+T Johnson et al. 2012 [46] * Inc
2,4,6,7,10 7 days DMS-MS T Chen et al. 2018 [8] U Inc

2,4,6,7,10 7 days . LC-MS P Pannkuk et al. 2015 [47] * Dec — Inc

. 4 1-60 days Urine + Serum P+T Pannkuk et al. 2019b [48] ** Inc
Mouse TBI 8-15 x-ray 1-6 days Plasma LC-MS T Jones et al. 2014a [5] * Dec
TBI/PBI 10, 50 y-ray 1 day GC/LC-MS P+T Kurland et al. 2015 [31] NS Dec
TBI 6-15 x-ray 1-6 days LC-MS T Jones et al. 2015a [49] ** Dec
. 13 . 1-7 days . Jones et al. 2014b [50] U Dec

Internal/TBI 2,41,44 B/y-/x-ray Up to 30 days Urine . Goudarzi et al. 2016b [51] i \'
TBI 8,8.72 y-ray 3,9 days Serum P Jones et al. 2019a [52] ** Dec
. 8,10,12, 14 x-ray 1,3 days Jejunum + Plasma T Jones et al. 2019b [35] ok Dec
Citrulline Rat 2,4,6,8 . 5,24,72h Plasma Tang et al. 2013 [19] * Dec
Pig . 10 y-ray 1-7 days Jones et al. 2014b [50] U Dec
. PBI 10, 15 . Up to 37 days . Shim et al. 2014 [53] * Dec
NHP TBI 2,4,6,7,10 7 days Serum . Pannkuk et al. 2016b [20] * Dec

. 4 . 1-60 days Saliva P Laiakis et al. 2019b [17] i \%
TBI/PBI 7.5-13 x-ray Up to 180 days Plasma T Jones et al. 2015b [54] > Dec
. TBI 10.5 1-7 days Jones et al. 2014b [50] U Dec
Human PBI 45-75.6 21-112 days Onal et al. 2011 [55] o Dec
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Table 1. Cont.
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Radiation

Radiation

Timepoint(s)

Analytical

Metabolite Species Geometry Dose (Gy) Type Post-IR Sample Matrix Platform Technique Source Significance Trend
Mouse TBI 3,8 y-ray 1 day Urine LC-MS P Tyburski et al. 2008 [43] o Inc
8 x-ray 1-7 days TH NMR Chen et al. 2011 [42] * Inc — Dec
. 3,8,15 y-ray Up to 15 days LC-MS Laiakis et al. 2012 [56] * Inc
Internal 1.95-9.91 . 2-30 days . Goudarzi et al. 2014b [41] * Inc
. 1.95 . 2-30 days Serum Goudarzi et al. 2015b [23] ** Dec
Taurine TBI 5,12 x-ray 3 days Feces Goudarzi et al. 2016a [44] * Inc
. 0.25,1,4 Neutron 1,7 days Urine + Serum Laiakis et al. 2017a [4] * Dec
Rat 3 y-ray Up to 3 days Urine Johnson et al. 2011 [13] ** Inc
NHP 2,4,6,7,10 . 7 days . Pannkuk et al. 2016a [29] * Inc
2,4,6,7,10 7 days Serum . Pannkuk et al. 2015 [47] * Dec — Inc
1,3.5,6.5,85 12-72h Urine P+T Johnson et al. 2012 [46] * Inc
Mouse TBI 8.0,8.72 y-ray 3,6,9 days Serum LC-MS P Jones et al. 2019a [52] * Dec
Internal 1.95-9.91 . 2-30 days Goudarzi et al. 2015b [23] * Dec
. TBI 8 1 day . . Laiakis et al. 2014b [57] * Inc
Carnitine Rat 0.5-10 6,24,48,72 h Urine + Serum P+T Mak et al. 2015a [45] * Inc
NHP 6.5 12,24 h Serum T Pannkuk et al. 2018a [18] "* Dec — Inc
2,4,6,7,10 7 days Urine P Pannkuk et al. 2015 [47] ** Inc
2,4,6,7,10 7 days Serum T Pannkuk et al. 2016b [20] i Inc
4 1-60 days Urine + Serum . P+T Pannkuk et al. 2019b [48] ** Inc
Mouse TBI 1,2,3 y-ray Up to 9 days Urine LC-MS P Tyburski et al. 2009 [14] * Inc
NHP 4 . 1-60 days Urine + Serum P+T Pannkuk et al. 2019b [48] * \%
4 1-60 days Saliva P Laiakis et al. 2019b [17] * \%
Xanthine 6.5 12,24 h Serum . T Pannkuk et al. 2018a [18] * Inc
2,4,6,7,10 7 days Urine DMS-MS . Chen et al. 2018 [8] NS Inc
1,3.5,65,85 12-72h LC-MS P+T Johnson et al. 2012 [46] * Inc
. 2,4,6,7,10 . 7 days P Pannkuk et al. 2015 [47] NS A%
Human 3.75 x-ray 4-24h Laiakis et al. 2014a [58] * Inc
Mouse TBI 8.0,8.72 y-ray 3,6,9 days Serum LC-MS P Jones et al. 2019a [52] * Dec
. 2 . 2 months Intestinal issue . . Cheema et al. 2014 [30] * Inc
Creatinine NHP 2,4,6,7,10 7 days Urine DMS-MS T Chen et al. 2018 [8] NS Dec
1,3.5,65,85 12-72h LC-MS P+T Johnson et al. 2012 [46] * Inc
. 2,4,6,7,10 . 7 days . . P Pannkuk et al. 2015 [47] * Dec
PBI 2 x-ray 1 day Serum GC-MS Moren et al. 2016 [21] * Dec
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Table 1. Cont.
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Radiation

Radiation

Timepoint(s)

Analytical

Metabolite Species Geometry Dose (Gy) Type Post-IR Sample Matrix Platform Technique Source Significance Trend
Mouse TBI 5,12 x-ray 3 days Feces LC-MS P Goudarzi et al. 2016a [44] * Inc
NHP 4 y-ray 1-60 days Saliva . Laiakis et al. 2019b [17] ** Inc
1,3.5,6.5,85 . 12-72h Urine P+T Johnson et al. 2012 [46] * Inc
Hypo-xanthine 2,4,6,7,10 7 days P Pannkuk et al. 2015 [47] *x Inc
2,4,6,7,10 7 days . . Pannkuk et al. 2016a [29] x* Dec
. 4 . 1-60 days Urine + Serum P+T Pannkuk et al. 2019b [48] o Dec
Human 3.75 x-ray 4-24h Urine P Laiakis et al. 2014a [58] > Dec
Mouse TBI 0.25,1,4 Neutron 1,7 days Urine + Serum LC-MS P Laiakis et al. 2017a [4] * Dec
. 10 (cGy) x-ray 36h Plasma GC-MS Lee et al. 2012 [36] * Inc
Internal 1.95-9.91 y-ray 2-30 days Urine LC-MS Goudarzi et al. 2015b [23] ok Inc
TBI 3,8,15 . Up to 15 days Laiakis et al. 2012 [56] * Inc
Uric Acid . Internal 1.95-9.91 2-30 days . Goudarzi et al. 2014b [41] * Inc
Rat TBI 0.5-10 6-72h P+T Mak et al. 2015a [45] * Inc
NHP 1,35,65,85 . 12-72h P+T Johnson et al. 2012 [46] * Inc
Human . 3.75 x-ray 4-24h . . P Laiakis et al. 2014a [58] o Inc
PBI 70 U Plasma LC/GC-MS T Roszkowski et al. 2008 [59] > Dec
Mouse TBI 8,10,12,14 x-ray 1,3 days Jejunum + Plasma LC-MS T Jones et al. 2019b [35] * Inc
. TBI+PBI 10, 50 y-ray 1 day Liver + Plasma LC/GC-MS P+T Kurland et al. 2015 [31] * Dec
Rat TBI 2,4,6,8 x-ray 5,24,72h Plasma LC-MS T Tang et al. 2013 [19] 18] Inc
Threonine . 0.75,3,8 y-ray 1 day Serum GC-MS P Liu et al. 2013 [27] * Inc
NHP 4 . 1-60 days Urine + Serum Pannkuk et al. 2019a [34] * Inc
. . 2,4,6,7,10 . 7 days . Pannkuk et al. 2017a [22] * Dec— Inc
Human PBI 2 (multiple) x-ray 1 day Serum . Moren et al. 2016 [21] * Dec

Table 1 abbreviations and key: Species: NHP (Non-Human Primate). Radiation Geometry: TBI (Total Body Irradiat:

ion), PBI (Partial Body I

rradiation). Analytical Platform: LC-MS (liquid

chromatography mass spectrometry), ! H NMR (hydrogen-1 nuclear magnetic resonance), GC-MS (gas chromatography mass spectrometry), DMS-MS (Differential mobility spectrometry
mass spectrometry). Technique: Metabolite identification technique P (global profiling), or T (targeted). Significance: * p-value < 0.05, ** p-value < 0.001 in at least one parameter when
comparing sham or pre- versus post-IR, NS (No significance). Trend: Inc (increase), Dec (decrease), or V (variable) is comparing sham or pre- to post-IR. All columns: U (Unknown).
Any spaces designated with a point (.) indicates the parameter is identical to the information provided above.



Metabolites 2020, 10, 259 7 of 20

2.2. Lipidomic Biomarker Candidates

Lipids were less represented in the selection of studies; however, a large selection of
lipid classes have shown perturbations when comparing sham or pre- and post-IR specimens.
Phosphatidylcholines (PCs), lysophosphatidylcholines (LPCs), triacylglycerides (TGs), sphingomyelins
(SMs), phosphotidylinositols (PIs), diacylglycerides (DGs), and cholesteryl esters (CEs) were detected
in several lipid studies, however class structures were often variable. The increase of sphingolipid
ceramide was noted in a number of studies [7,60-63]. The most common lipid structure found was
a decrease in PC (36:1) from mouse, non-human primates (NHP), and human studies [20,26,60,64].
Additional PCs and TGs that were detected in at least two different studies are: PC (34:0), PC (34:2),
PC (36:2), PC (36:5), TG (58:7), TG (52:3), TG (56:6), TG (56:8), TG (58:3), and TG (58:4) [20,26,29,60,64,65].

Trends in lipid classes such as DGs, TGs, and LPCs were observed in two studies using TBI in
animal models. Pannkuk et al., 2017c, exposed NHPs to 6.5 Gy of Cobalt-60 gamma source, predicted
to induce lethality in 50% of animals over 60 days [66]. Laiaikis et al., 2019a, exposed mice to a mixed
field sublethal dose of 3 Gy (equitoxic dose based on mixed field exposures: gamma and neutron).
The most robust responses came from the intermediate ratios that contained neutron fractions of
15 or 25%. In contrast, neutron fractions of 5 and 83% showed far fewer statistically significant ion
variations compared to control [12]. Table 2 shows lipid trends that agree between the two studies
shaded. A decrease in DGs was observed one day post-IR, while increases in TGs and LPCs were
observed from approximately 2 to 7 days post-IR [12,66]. Variability may stem from differences in the
animal models, IR dose, or radiation type. Pannkuk et al., 2017c, noted that a biphasic response that
occurred among metabolites in later time points (21-28 days) may be due to immunological bacterial
responses [66].

Table 2. A comparison of trends in two lipidomic studies.

Timepoint(s) Radiation = Dose Sample Analytical

Post-IR DG TG LPC Type (Gy) Matrix Platform Technique Source Species
Day 1 Dec Dec Dec
Day 2-6 Inc Inc *Inc g Pannkuk et al.,
Day8-12  Inc  Inc  BL Yy 65 serum LC-MS P 2017¢ [66] NHP
Day 21-28 Dec BL BL
Day 1 *Dec  BL BL y-ray/ Laiakis et al.,
Day 7 *Dec *Inc  *Inc  neutron 3 serum LEMS Pt 2019a [12] Mouse

Table 2 abbreviations and key: Agreement in lipid changes within a similar timepoint between studies have been
shaded. * p < 0.05 in at least one lipid subclass. Trend: Inc (increase), Dec (decrease), or V (variable). Baseline
concentrations (BL) Analytical Platform: LC-MS (liquid chromatography mass spectrometry). Technique: Metabolite
identification technique P (global profiling), or T (targeted). Species: NHP (Non-Human Primate).

3. Discussion

3.1. Acute Radiation Syndrome and Delayed Effects of Acute Radiation Exposure

IR exposure results in a cascade of biological events that is both time and dose dependent [52,67,68].
ARS manifests in four stages—the prodromal syndrome, the latent period, the manifestation of illness,
and either death or recovery. The onset, duration, and severity of each phase varies depending on the
dose of exposure and cell turnover kinetics of the involved tissue. The prodromal syndrome manifests
within minutes to hours and may include early symptoms such as nausea, diarrhea, fatigue, or fever
depending on the severity of exposure [67-69]. Symptoms clear during the latent period, which
may be absent altogether at supralethal doses of exposure, followed by the manifestation of illness
that is classically associated with three subsyndromes. These are the hematopoietic-subsyndrome
(~0.5-5 Gy), the gastrointestinal subsyndrome (~5-10 Gy), and the cardiovascular or central nervous
systems associated with extremely high doses of up to 100 Gy, and death within approximately
48 h [67-69]. Low linear-energy transfer radiation (e.g., photons) induces damage primarily through
the radiolytic hydrolysis of water resulting in damage to cellular macromolecules [70,71]. In contrast,
high linear energy transfer (e.g., neutrons) exacts damage through clustered DNA damage primarily
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characterized by double strand breaks and non-double strand break oxidative clustered DNA
lesions [72]. Downstream of the initial ionizing event and subsequent biological cascade of free
radical species, lipid molecules of cellular membrane are prime targets of degradation resulting lipid
peroxidation [73,74]. Lipid hydroperoxides have been shown to significantly increase in patients
receiving TBI treatment within 10 days, while patients receiving chemotherapy alone showed no
change [75].

DEARE occurs weeks to months post-exposure. Late toxicity develops with the release of cytokines
and growth factors, and perturbations in the tissue microenvironment (e.g., vascular damage, tissue
hypoxia). Although far less understood, it is believed that the long-term effects of an excessive
pro-inflammatory response coupled with immune dysregulation, and the generation of reactive
oxygen/nitrogen oxide species (RNOS) leads to organ dysfunction as well [67,70,71]. These are believed
to be the catalysts to necrosis, fibrosis, and slow wound healing; reflecting the impaired regeneration
of injured tissue due to prolonged damage of cell fractions [76]. Chronic lung injury (e.g., radiation
pneumonitis/fibrosis) presents as pulmonary fibrosis, pneumonitis, pleural effusion, edema, and
vascular leakage [77]. Chronic fibrosis takes months to years to develop, while pneumonitis manifests
in 2 to 6 months post exposure [1,2,28]. Pulmonary fibrosis among other chronic injuries lead to poor
long-term quality of life or even death [69,77]. Currently there are no diagnostic biomarkers or effective
treatments for radiation induced lung injury [28,78].

3.2. Metabolomic Biomarker Discovery and Evaluation

A multi-parametric approach is more likely to predict the radiation dose received and perhaps
even the tissue affected when coupled with the duration of time from exposure. While system biology
includes many approaches to biomarker discovery, metabolomics appears to have multiple promising
characteristics. Metabolites are defined as small molecules less than approximately 1 kDa. The use
of metabolomic biomarkers will reflect the real-time physiological status that results from a cascade
of cellular processes. The radiological insult triggers an epigenomic event followed by genomic,
proteomic, and transcriptomic responses. The metabolomic changes resulting from the cascade of
events reflect a real-time phenotypic and functional response [7].

The search for radiation induced metabolomic changes has utilized mass-spectrometry (MS) and
nuclear magnetic resonance (NMR) platforms in which endogenous molecules of variable physical
and chemical properties can be detected, validated, and quantified.

The first phase in biomarker discovery is an untargeted screening approach that can identify
hundreds of candidates when comparing metabolic signatures of sham or pre- and post-irradiation
samples [5,79]. This global profiling phase produces massive data sets that require extensive
computational methods for analysis. Analysis of differential metabolite expression will be performed
between sham or pre- versus post-IR animal cohorts [5]. Metabolites identified require validation
using external references [80]. Several significantly perturbed metabolites have been identified from
profiling metabolites from biofluids, all of which may provide appropriate candidates for diagnostic
biomarkers depending on the agreement among different animal models.

The second phase is a targeted approach that utilizes information gathered from the first phase
to evaluate and analyze trends [5,7]. Like other platforms, quantitative measures of metabolites
are performed with calibration curves and using normalization techniques [5]. Metabolomic trends
may include the direction of perturbation, and expand into a time- and dose-dependent response.
Significant trends may determine which metabolites are appropriate for prognostic biomarkers
depending on the agreement among different animal models. Numerous studies have utilized both
phases while evaluating different parameters such as species, radiation dose, and sampling timepoints.
This review has identified metabolomic biomarkers that are detected and validated most frequently in
current literature.

Citric acid, creatine, citrulline and uric acid exhibit largely consistent trends, with 70% or
more agreement among the studies reviewed. In contrast, taurine, carnitine, xanthine, creatinine,
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hypoxanthine, and threonine show variable trends among the studies (67% study trend agreement
or less). This indicates that multiple factors may define the metabolic response. A more defined and
systematic review may elucidate whether trends are biphasic due to differences in IR dose, sampling
time, analytical platform, or species. Further, factors that are not encompassed in this review and could
produce variability are sex, age, diet composition, the level of food and water intake, and especially in
human studies, ethnicity, prescription use, and health conditions, etc., prior to IR. Animal studies have
compared metabolic responses in male versus female cohorts, with significant differences reported
between the two [20,52]. Physiological metabolic differences between the sexes leads to dimorphic
responses in injury or disease. In addition to hormones, genes and post-translational changes differ
between men and women, indicating unique enzymatic activity and cellular signaling responses may
occur between the sexes as well [81]. Because citric acid, creatine, citrulline and uric acid show 70%
or more agreement in directional trends from several studies, they were further evaluated for use as
ubiquitous diagnostic or prognostic biomarkers.

3.3. Citric Acid

A decrease in citric acid was observed in 70% of the studies reviewed. Chen et al., 2011, Goudarzi
etal., 2014a, 2014b, 2015¢, Lanz et al., 2009, Pannkuk et al., 2017a, and 2019a observed decreases post-IR
in mouse, rat, and NHP models [22,24,33,34,40-42]. In contrast, three out of ten studies observed
an increase in citric acid. Tyburski et al., 2008, did not show a significant increase in mouse urine
at one day post exposure [43]. Goudarzi et al., 2016a, and Wibom et al., 2010, measured significant
increases in sample matrices such as feces and brain tissue [39,44]. Most citric acid decreases were
observed during early timepoints (within 5 days post-IR) [40,43], with levels returning to baseline by
day 7 [42]. In contrast, internal exposure using Cesium-137 or Strontium-90 showed decreased levels
in urine persisted, only returning to baseline levels by day 30 post-IR [24,41]. Citric acid may be an
appropriate diagnostic biomarker early after exposure (within 7 days) depending on the IR exposure
type. With more research the metabolite may serve as a prognostic biomarker because of both time
and dose dependent trends.

Citric acid is an intermediate of the tricarboxylic acid (TCA) cycle [82]. A reduction in TCA
intermediates such as citric acid indicates mitochondrial dysfunction [34,83]. The mechanism of action
for decreasing citric acid post-IR may involve the oxidative metabolism pathway in response to reactive
oxygen species (ROS). Radiation injury generates RNOS and reactive oxygen intermediates such as
hydrogen peroxide (H,O) [67,84,85]. A decrease in citric acid post-IR in the presence of oxidative
stress may involve the enzyme aconitase, responsible for reversibly converting citric acid to isocitric
acid, and the oxidative metabolism pathway [83]. Mitochondrial aconitase (ACO2) contains a cubane
cluster active site [4Fe-4S]>* required for enzymatic activity, and very susceptible to oxidative stress.
Further, the cytosolic iron regulatory protein-1 (IRP-1) contains a similar cubane cluster active site
[4Fe-4S] with comparable functions and susceptibilities to oxidative stress [83]. The induction of IRP-1
by HyO; leads to the binding of iron response elements (IREs), the destruction of the cubane cluster,
and a loss in enzymatic function [84]. Citric acid also interacts with the IRP-1 cubane cluster, resulting
in the inhibition of IRE binding. Pantopoulos et al., 1995, used B6 fibroblasts to show that citric acid
inhibits the binding of the IRP-1 and IRE complex in untreated cells, however failed to inhibit the
binding in the presence of HyO, [84]. In summary, the mechanism of a radiation induced decrease in
citric acid may result from the susceptibility of ACO2, the enzyme responsible for converting citric
acid to isocitric acid within the TCA cycle, to oxidative stress.

3.4. Creatine

An increase in creatine was observed in 86% of the studies reviewed. Chen et al., 2011, 2018,
Mak et al., 2015a, Johnson et al., 2012, Pannkuk et al., 2018a and 2019b, show agreement in mouse,
rat, and NHP models [8,18,42,45,46,48]. Mak et al., 2015a, showed a strong dose and time-dependent
response in rats up to 72 h post-IR. Creatine levels were normalized to creatinine [45]. Studies listed in
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Table 1 show a similar trend with levels correlating to IR dose. Pannkuk et al. 2015, showed a small
but significant drop in creatine levels at 2 Gy, followed by a dose-responsive increase up to 10 Gy [47].
Creatine levels have been shown to significantly increase within 7 days post-IR, however data does not
show extended perturbations with time. Creatine may be a candidate for a diagnostic biomarker, and
perhaps even prognostic if further research correlates early measures with survival.

Creatine is a metabolite that is gained through food intake, and synthesized from arginine,
methionine and glycine [42]. It is essential to healthy cell and tissue function and is utilized by
the amino acid pathway [86]. Elevated levels of creatine in urine are likely due to the inability
of injured muscle to take up and use the available metabolite [18,42,45,87]. IR induced myopathy
has been observed in human and animal studies, however the causative mechanism has yet to be
elucidated [87-89]. Monohydrate creatine supplementation has been tested in patients with variable
myopathies, however results were mixed [88]. Ghosh et al., 2015, measured serum creatine kinase,
an intermediate to creatine uptake, levels in adult cancer survivors with radiation-induced chronic
myopathy; however, values were normal or minimally elevated [89]. More research is needed to
determine whether intermediates to creatine uptake such as skeletal muscle creatine transporter protein,
or sarcomeric mitochondrial creatine kinase may be instrumental in myopathy [88,90].

3.5. Citrulline

A decrease in citrulline has been observed in 87% of the studies reviewed. Jones et al.,,
2014a, 2014b, 2015a, 2015b, 2019a, 2019b, Kurland et al., 2015, Tang et al., 2013, Shim et al., 2014,
Pannkuk et al., 2016b, and Onal et al., 2011, show agreement in mouse, rat, pig, NHP, and human
models [5,19,20,31,35,49,50,52-55]. Citrulline has been used as a biomarker in radiation research for
over a decade, with present day studies utilizing measures to score gastrointestinal (GI) injury in
animals post-IR [6,35,91,92]. Studies have shown a dose and time-dependent reduction of blood and
urine derived citrulline post IR exposure [5,19,49,50]. Significant correlations between the decrease in
circulating citrulline and the decrease in the number of crypts in the small intestines have been shown,
linking the biomarker with a pathological effect of radiation [49,50]. As Table 1 shows, agreement across
species, radiation doses, and analytical platforms indicate similar decreasing measures from circulating
citrulline. The time points of sampling agree extensively as well, with citrulline measures decreasing
until about day 7 post-IR, and then gradually returning to baseline upon recovery. In contrast, Goudarzi
et al., 2016b, used Strontium-90 (internal 2 Gy dose), Cesium 137 (internal 4.1 Gy dose, or X-ray
(external 4.4 Gy dose)) to evaluate the injury from variable sources of irradiation. While both internal
exposure methods measured a decrease in urine derived citrulline levels, the X-ray samples measured
an increase on day 5 of sampling [51]. Laiakis et al., 2019b, also showed an increase in citrulline day 1
post-IR. Levels returned to baseline by day 3, however gradually increased again from day 21 to 60 [17].
This study measured metabolites from NHP saliva, in contrast to blood or tissue derived measures
used in other studies. This indicates that more research may be required to determine the variability of
measuring metabolites based on the sampling matrix.

Animal data showing decreases in citrulline levels return to baseline within approximately
7 days of exposure. However, samples of patients treated with pelvic radiotherapy (45-75.6 Gy) were
measuring significantly lower levels of citrulline for as long as 4 months post-IR [55]. These measures
reflect local damage, indicating that citrulline may be appropriate for measuring organ specific injury.
However, Jones et al., 2019b, compared organ specific damage (jejunum) to circulating citrulline levels
and noted that additional biomarkers would better determine GI specific damage [35]. A dose and
time-dependent response indicates this metabolite may serve as a diagnostic and even prognostic
biomarker for acute and chronic injury. However, Jones et al., 2019b, also indicated plasma citrulline is
not appropriate for predicting survival [35].

Citrulline has been identified as an intermediate in the urea cycle, as well as an end product of
the nitrogen glutamine metabolism [93]. Small bowel enterocytes are responsible for a vast majority
citrulline released into circulation by means of the glutamine metabolism pathway [94]. The kidney is
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one of the main tissues to utilize the metabolite in a healthy physiological state [93]. A decrease in
circulating citrulline has been correlated with the other intestinal specific measures post-IR, such as
small bowel epithelial cell loss [93].

3.6. Uric Acid

An increase in uric acid was observed in 78% of the studies reviewed. Laiakis et al., 2012, 2014a,
Lee et al., 2012, Goudarzi et al., 2014b, 2015b, Mak et al., 2015a, and Johnson et al., 2012, show
agreement in mouse, rat, and NHP models [23,36,41,45,46,56,58]. Increases were also observed in
human patients after radiotherapy [58]. Laiakis et al., 2017a, is an exception in which uric acid levels
were significantly decreased in mouse serum at days 1 and 7 post exposure. Neutron exposure was
utilized, indicating that the type of radiation may induce variable metabolite changes when compared
to x-ray or gamma [4]. Roszkowski et al., 2008, observed significant decrease in human plasma uric
acid levels from patients treated with radiotherapy [59]. Many studies captured an early increase of
the metabolite (within days). In contrast, Goudarzi et al., 2014b and 2015b, showed internal exposure
using Cesium-137 resulted in a prolonged increase in levels until day 20 post exposure. Levels returned
to baseline by day 30 [23,41]. A similar prolonged detection of citric acid was observed after internal
exposure to Strontium-90 [24].

Uric acid is a free radical scavenger that can protect DNA in the event of damage. The metabolite
is a product of purine metabolism in which xanthine oxidoreductase (XOR) breaks down hypoxanthine
and xanthine. The oxidation is thought to result in the clearing of free oxygen radicals and the
formation of uric acid [59,95,96]. A simple purine metabolism pathway is shown in Figure 1. Xanthine
and hypoxanthine were also found to be increased in several studies as shown in Table 1, indicating
that increases in the purine metabolism pathway may be ubiquitous.

Oz + H202 02 + H202

Hypoxanthine) e —

Figure 1. Purine metabolism pathway leading to the production of Uric acid [97]. Reproduced
with permission from [L.E. Scheepers et al.], [THU0519 Xanthine Oxidase Gene Variants and Their
Association with Blood Pressure and Incident Hypertension: A Population Study]; published by [BM]
Publishing Group Ltd], [2016].

Uric acid is a potent anti-oxidant that may serve well as a diagnostic biomarker. The metabolite
has been used as a prognostic biomarker for different diseases. For example, Yang et al., 2019, showed
the metabolite to be a significant blood derived prognostic biomarker for overall survival in patients
with advanced gastric cancer [95]. Paithankar et al., 2020, utilized in-vivo and in-vitro experiments to
analyze changes in uric acid levels post-IR. Drosophila flies, which are normally radio-resistant, became
susceptible to radiation (1000 Gy) after treatment with Allopurinol, a drug that inhibits xanthine oxidase
and reduces overall uric acid levels. Further, human dermal fibroblast cells were supplemented with
uric acid post-IR (2 Gy), resulting in increased survival when compared to non-treated controls [97].
An increase in uric acid may have a protective effect post-IR, and may serve as a promising therapeutic
in higher organisms as well.

3.7. Lipidomics

Lipidomics is a large subset of metabolomics that encompasses the biochemical characterization of
lipids within an organism, tissue, or cell. Human plasma contains thousands of lipid species, providing
a rich environment to detect perturbations in sham or pre- and post-radiation exposure specimens [98].



Metabolites 2020, 10, 259 12 of 20

Glycerophospholipids, or phospholipids (PLs), are most abundant; composing biological membranes
and are fundamentally involved in cellular processes. PCs and other PL derivatives such as LPCs are
signaling molecules that take part in regulating cellular apoptosis and proliferation [60]. Several blood
derived measurements of lipids including PCs, LPCs, TGs, SMs, and CEs have shown perturbations
when comparing sham or pre- and post-irradiation specimens.

RNOS will react extensively with lipid molecules, resulting in lipid degradation, and inducing
both direct and indirect inflammatory responses [60,85,99]. Acute perturbations in specific lipid
concentrations results during early timepoints post-IR [60]. The quantification of lipid species in
radiation therapy treated patients revealed that radiation induced serum lipidome perturbations were
resolved within 1-2 months post-IR treatment [60]. In contrast, serum proteome perturbations were
still detected several months post-IR treatment [60]. This suggests that radiation induced perturbations
in the serum lipidome may reflect changes within earlier timepoints, and possibly different injury
pathways when compared to the proteomic responses [60]. However, more long-term studies may
indicate that lipid measures are appropriate biomarkers for DEARE as well [66].

The structural diversity of the mammalian lipidome is so vast that it requires systematic
nomenclature for organized and clear classifications [79,100]. Metabolomic nomenclature is first
listed by class, such as PC. Analytical platforms like mass spectrometry are sensitive enough to identify
lipid subclasses with the sum composition, or the total number of carbon in the fatty acid chain and
the number of double bonds (ratio) [79]. For example, PC (36:2) indicates the lipid structure contains
36 total carbon with 2 double bonds [52]. However, a complete structurally defined molecular lipid will
provide more information with respect to the regiochemistry, unsaturation, or stereochemistry [79]. The
studies evaluated in this review included lipids classified by sum composition only. While several lipid
classes have shown perturbations when comparing sham or pre- versus post-IR samples, the variable
sums and ratios within each metabolite class accumulate several distinct structures.

3.8. Ceramide

Ceramide is a sphingolipid that has been recognized in a number of irradiation studies including
Jones etal., 2017a, Jelonek et al., 2014, Lin et al., 2000, and Kolesnick et al., 2003 [60-63]. Jones et al., 2017a,
showed that ceramide increased in mouse lung tissue within 24 h post-IR [63]. Studies have shown
that radiation induces sphingomyelin hydrolysis to ceramide in several cell types. Ceramide then
acts as a messenger to initiate apoptosis in endothelial, lymphoid, and hematopoietic cells [61,62,101].
Anti-ceramide antibody treatment has shown to prevent radiation gastrointestinal syndrome in mice
exposed to 10-15 Gy (TBI) when compared to non-treated controls. A therapeutic dose-response was
observed when compared to the number of surviving small intestinal crypts. Ninety-day survival
increased from 0% to 80% in antibody treated animals, however treatment was administered 15 min
pre-IR [102]. Jones et al., 2017b, used the drug BIO 300 to test mitigation in radiation induced pulmonary
damage and dysfunction in the mouse model. BIO 300 is a formulation of synthetic genistein that has
demonstrated efficacy in preventing lung injury. While a direct measure of ceramide was not made,
sphingolipids such as SMs correlated with the efficacy of treatment. A radiation induced decrease in
SMs is consistent with an increase in activity of acid sphingomyelinase, the enzyme that metabolizes
SM into ceramide. The increase in ceramide then induces apoptotic signaling. BIO 300 treatment
significantly increased the levels of four SM class structures including SM 16:0, 24:0, (OH)16:1, and
(OH)24:1, and may have contributed to the biphasic reduction of ceramide induced apoptosis [28].
More research is required to determine whether ceramide would serve as a therapeutic target, however,
initial data is promising.

3.9. Tissue Specific Biomarkers

With the exception of citrulline, organ specific injury was under-represented in this review,
which is primarily composed of TBI animal study models. Studies using whole thorax lung irradiation
(WTLI) to induce radiation induced lung injury (RILI) measured metabolites from biopsied lung tissue
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or serum [28,64,78,103]. Although significant differences were detected in metabolomic signatures
between sham or pre- and post-IR cohorts, little agreement was found among studies. Significant
perturbations occurred in SMs [28], PCs [64], and Pls [78]; however, lipids and structures did not
overlap in detection among studies.

3.10. Creatinine Use in Normalization Techniques

Creatinine is an abundant metabolite sometimes used to normalize other metabolite measures in
urine and serum. It is also used as an indicator of kidney function by measuring kidney glomerular
filtration rate (GFR), and an indicator of kidney damage. Urine metabolites are normalized using
creatinine levels to counterbalance fluid intake levels [8,104,105]. The metabolite has also been a trusted
normalizing factor in serum because of creatinine homeostasis [8]. However, as Table 1 shows, trends
in creatinine levels vary significantly post-IR in mouse, NHP, and human studies. Jones et al., 2019a,
and Moren et al., 2016, found significant decreases in creatinine serum levels [21,52]. Chen et al., 2018,
Johnson et al., 2012, and Pannkuk et al., 2015, observed significant differences in NHP creatinine urine
levels when comparing sham or pre- to post-IR samples [8,46,47]. A decrease in creatinine is observed
in 67% of the studies reviewed, and the perturbations observed were significant in 5 out of the 6 studies
listed. Normalizing data to a single metabolite that has been shown to significantly change in several
studies could mask true values. Alternative normalization techniques that encompass a more complete
evaluation of sample concentration includes osmolality, or ‘total useful signal” using the MS platform
to calculate the sum of features that are common to all samples measured [105].

4. Materials and Methods

Approximately 65 manuscripts published in the peer-reviewed journals were screened for
metabolite and lipid changes observed when comparing sham or pre- to post-IR measures. The lipid
studies evaluated for this review included those sub-classified by sum composition only. Metabolites
and lipids (hereinafter both will be referred to as metabolite) were listed individually and linked to
source information. Without counting duplicate listings, approximately 390 variable metabolites were
observed. Once the review of all manuscripts was completed the list was sorted alphabetically, pooling
all duplicate metabolites from different studies. Those that were listed most, ranging from 6 studies
(creatinine) to 15 studies (citrulline) were included in Table 1. General study parameters such as species,
radiation geometry, dose (Gy), radiation type, timepoints post-IR, sample matrix, analytical platform,
profiling or targeted study technique, significance, and directional trends were outlined. The ten
metabolites listed in Table 1 are from 43 manuscripts. Other metabolites listed by 4-5 manuscripts
were described in the body of the results section; however, were not included in the summary table.

Metabolites were then evaluated for agreement in directional trends. Single directional trends
such as an increase or decrease in metabolites post-IR were recorded as increase (Inc) or decrease (Dec)
respectively. Bi-directional trends were recorded according to what was observed by time. For example,
‘Inc — Dec’ indicates an increase in metabolite concentration occurred, followed by a decrease post-IR.
In contrast, trends showing multiple bi-directional trends within sampling timepoints, or trends that
disagree by dose response are listed as ‘variable’ (V). An arbitrary 70% agreement in trend was utilized
to determine which metabolites would be described further, evaluated for time and dose dependent
responses, and possibly serve as diagnostic or prognostic biomarkers. The percent agreement for the
directional trend of each metabolite is as follows: citrulline (87% study agreement (SA): decrease trend
(DT)), creatine (86% SA: increase trend (IT)), uric acid (78% SA: IT), citric acid (70% SA: DT), carnitine
(63% SA: IT), xanthine (63% SA: IT), taurine (64% SA: IT), creatinine (67% SA: DT), hypoxanthine (57%
SA: IT), and threonine (57% SA: IT).

5. Conclusions

The ideal emergency response plan to a mass nuclear event includes early phase testing (within one
week) using a panel of biomarkers that would guide individualized and targeted treatment. Extensive
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progress has been made in screening for metabolite perturbation post-IR using mass spectrometry
platforms, animal models, and occasionally data collected from radiation-treated cancer patients.
Several studies have elucidated significant metabolomic changes and even trends when comparing
sham or pre- versus post-IR samples. Metabolites most frequently detected and validated post-IR
preclinical studies using animal models of ARS and DEARE were citrulline, citric acid, creatine, taurine,
carnitine, xanthine, creatinine, hypoxanthine, uric acid, and threonine. Studies show largely consistent
trends in citric acid (70% of studies reviewed), creatine (increase in 86% of studies reviewed), citrulline
(decrease in 87% of studies reviewed), and uric acid (increase in 78% of studies reviewed). Citric acid,
creatine, citrulline, and uric acid are strong candidates for diagnostic biomarkers due to time- and
dose-dependent measures. Although less represented, lipids such as PC (36:1) and sphingolipid
ceramide showed consistent trends from a number of studies. Research shows ceramide may be an
appropriate therapeutic target. Further studies and analysis will elucidate which metabolites and
lipids are appropriate candidates for prognostic, predictive, and even pharmacodynamic biomarkers.
Further, some may be appropriate for use as prognostic biomarkers to chronic IR induced injury with
continued research outlining long term disease outcomes.
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