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Abstract Metabolomics has been shown to have utility in

assessing responses to exposure by ionizing radiation (IR)

in easily accessible biofluids such as urine. Most studies to

date from our laboratory and others have employed c-

irradiation at relatively high dose rates (HDR), but many

environmental exposure scenarios will probably be at rel-

atively low dose rates (LDR). There are well-documented

differences in the biologic responses to LDR compared to

HDR, so an important question is to assess LDR effects at

the metabolomics level. Our study took advantage of a

modern mass spectrometry approach in exploring the

effects of dose rate on the urinary excretion levels of

metabolites 2 days after IR in mice. A wide variety of

statistical tools were employed to further focus on metab-

olites, which showed responses to LDR IR exposure

(0.00309 Gy/min) distinguishable from those of HDR.

From a total of 709 detected spectral features, more than

100 were determined to be statistically significant when

comparing urine from mice irradiated with 1.1 or 4.45 Gy

to that of sham-irradiated mice 2 days post-exposure. The

results of this study show that LDR and HDR exposures

perturb many of the same pathways such as TCA cycle and

fatty acid metabolism, which also have been implicated in

our previous IR studies. However, it is important to note

that dose rate did affect the levels of particular metabolites.

Differences in urinary excretion levels of such metabolites

could potentially be used to assess an individual’s exposure

in a radiobiological event and thus would have utility for

both triage and injury assessment.
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Mass spectrometry

Introduction

The adverse effects of radiation exposure are well known

and have been extensively documented in radiologic

disaster cases such as Chernobyl, and more recently,

Fukushima, as well as in the earlier A-bomb nuclear

events. During nuclear catastrophic events, people in the

immediate disaster zone will incur acute exposures at high

dose rates (HDR), but many will experience exposure to

low dose rate (LDR) radiation from fallout, groundshine,

and internal emitters. In the case of radiologic events, much

of the exposure may well be categorized as LDR. Although

the damaging health effects of exposure to high doses of

radiation at HDR are well documented, more work needs to

be done to establish a biologic signature for exposure to

low dose rates (LDR). Previous studies have shown that

exposure to LDR radiation reduces cell killing compared

with a single dose of HDR radiation (Elkind and Sutton

1959; Oakberg and Clark 1961), as also shown in separate

split-dose experiments. This is probably due to the ability

of cells to continually repair damage, such as double-strand
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breaks, at lower dose rates so that the level of damage at

any one time is low (Evans et al. 1985; Nagasawa et al.

1992).

There remains the need to study the effects of LDR

exposure in vivo and to determine its distinct effects and

biologic signatures in easily obtainable fluids to more

closely mimic the potential environmental exposures of

individuals. At lower doses, it is also important to be able

to detect slight changes in the composition of biofluids,

which can potentially identify those subjects who are at

higher long-term risk of cancer and other sequela.

Advances in mass spectrometry have allowed for high-

throughput accurate detection of changes in biofluids. This

technology was employed in this study to detect distinct

and subtle changes in the urinary excretion of metabolites

from mice exposed to LDR and HDR irradiation. These

changes represent IR-induced injury, which will be mani-

fested in perturbation of metabolic pathways. In this study,

we focused on establishing a metabolomic profile for urine

obtained from mice exposed to 4.45 and 1.1 Gy at LDR

(0.00309 Gy/min) and compared it to that of mice exposed

to the same doses at HDR (1.03 Gy/min). The objective of

this study was to determine early markers for LDR expo-

sure at 4.45 Gy, which would show persistent changes even

at the lower dose of 1.1 Gy. It is important to develop early

biomarkers, as LDR exposure to fallout and internal

emitters will occur over an extended period of time. We

have already shown a clear metabolomic response to an

internal emitter (Goudarzi et al. 2013). In this study, we

focused on establishing a metabolomic profile for HDR

exposure and LDR exposure to highlight their subtle dif-

ferences, as well as similarities using a wide array of sta-

tistical tools. This may shed light on the different pathways

perturbed the most by dose rate. Our results in this initial

LDR study will help develop a more accurate predictor of

radiation injury, which in turn should impact patient triage

and treatment on an individual basis in case of a radiologic

or nuclear disaster.

Materials and methods

Chemicals

Debrisoquine sulfate, pantothenic acid, indole-3-carboxylic

acid, 5-hydroxy-L-tryptophan, kynurenic acid, riboflavin,

and 4-nitrobenzoic acid (4-NBA) were purchased from

Sigma Chemical Company (St. Louis, MO). N1-methyl-2-

pyridone-5-carboxamide and phenylacetylglycine were

obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz,

CA). The UPLC-grade solvents were purchased from

Fisher Scientific (Hampton, NH).

Animals

All animal husbandry and experimental procedures were

conducted in accordance with applicable federal and state

guidelines and approved by the Animal Care and Use

Committee of Columbia University Medical Center. Male

C57BL/6N mice, aged 8–10 weeks old, were obtained

from Charles River Laboratories, Inc. (Wilmington, MA).

Mice were housed at Columbia University animal facility

under standard 12 h light and 12 h dark cycle conditions

and given water and regular rodent chow ad libitum.

Animals were 8–9 weeks of age when they were exposed

to IR. For total body acute irradiations, the mice were

placed in a box with a size of 6 cm (W), 12.5 cm (L), and

8 cm (H) containing bedding and irradiated in the X-ray

machine (X-Rad 320, Precision X-Ray Inc, Branford, CT)

with a dose rate of 1.03 Gy/min. For total body LDR

irradiations, the mice were placed in a specially designed

mouse box, consisting of four compartments with a size of

6 cm (W), 12.5 cm (L), and 8 cm (H). Each compartment

was supplied with bedding, water (from water bottle), and

food (gel-packs). Before the irradiation, the mice were

acclimated to the mouse compartments for 24 h. For irra-

diation, the box with the mice was placed in the X-ray

machine and the following conditions were maintained

during the irradiation: (1) light conditions: 12 h light/dark

cycle, (2) temperature and humidity: The temperature in

the X-ray machine was maintained at 22 �C (± 0.5 �C) and

the humidity at 30–40 % by using a portable custom air

conditioning system, (3) air exchange: A fan (Nuline, #:

04424883) mounted over one of the service ports of the

X-ray machine maintained more than 10 air exchange

volumes per hour. Mice were monitored through the door

window of the X-ray machine. The behavior of the animals

was normal, and they followed their usual cycle of sleep-

ing, feeding, and activity. LDR irradiation was at a dose

rate of 0.00309 Gy/min. This experiment was carried out in

two phases. In the first phase of the experiment, four mice

were placed in each study group (control, HDR, and LDR)

to establish a robust urinary metabolomic response to

irradiation and dose rate. In the second phase, an inde-

pendent validation experiment was carried out in the same

manner and under the same conditions with four mice per

group. The results of the first experiment were then con-

firmed in the second experiment.

This study focused on the effects of dose rate; thus, an

important requirement is that both HDR and LDR irradi-

ations should be performed using the same quality of

X-rays. This must be achieved while changing only the mA

and source-to-surface distance (SSD). The most able

manufacturer-provided filter gives *1.1 Gy/min at 50 cm

SSD but a minimum of 7 Gy/day at maximum SSD.

Therefore, we have created a custom Thoraeus filter
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(1.25 mm Sn, 0.25 mm Cu, 1.5 mm Al) that was used for

the study. This filter provides a dose rate of 1.03 Gy/min at

40 cm SSD and 3.09 mGy/min at the maximum SSD.

Urine collection

For urine collections, specifically designed metabolic cages

(Techniplast USA, Exon, PA) were used. To reduce stress,

the mice were acclimated to the metabolic cages for two

urine collections of 24 h each prior to irradiation. After

irradiation, each mouse was placed in a single metabolic

cage and urine samples were collected over a period of

24 h at day 2 and day 5 post-irradiation. Urine samples

were stored at -80 �C until further use.

Sample preparation and mass spectrometry analysis

Urine samples were prepared as described previously by

our group (Laiakis et al. 2012). Briefly, urine was diluted

1:4 in a 50 % acetonitrile solution containing 30 lM of

4-nitrobenzoic acid and 2 lM of debrisoquine. The sam-

ples were centrifuged at maximum speed to precipitate the

proteins. A 5-lL aliquot of the recovered supernatant was

then injected into a reverse-phase 50 9 2.1 mm Acquity

1.7-lm C18 column (Waters Corp, Milford, MA) coupled

to a time-of-flight mass spectrometry (TOFMS). The

10-min-long mobile-phase gradient switched from 100 %

aqueous solvent to 100 % organic at a flow rate of 0.5 mL/

min, as previously published (Laiakis et al. 2012). The

QTOF Premier mass spectrometer was operated in positive

(ESI?) and negative (ESI-) electrospray ionization modes.

The samples were run in triplicate (technical replicates) to

increase the confidence in the relative abundances of uri-

nary ions and as a measure of reproducibility. The MS data

were acquired in centroid mode and processed using

MassLynx software (Waters Corp, Milford, MA).

Data processing

As described previously (Laiakis et al. 2012), MarkerLynx

software (Waters Corp, Milford, MA) was used to con-

struct a data matrix consisting of retention time, m/z, and

the abundance value (via the normalized peak area) for

each ion using the raw MS chromatograms. In case of the

urine samples, the abundance value of each ion was nor-

malized with respect to the total ion count (TIC) of cre-

atinine at m/z of 114.0667 ([M ? H]?) and retention time

of 0.32 min in each urine sample.

An in-house statistical algorithm called Metabolyzer

(Mak et al. 2014) was used along with SIMCA-P?

(Umetrics, Umea, Sweden) and Random Forests (RF) to

determine the metabolites that contributed the most to the

differentiation between urinary profiles of irradiated

samples and that of the controls in LDR and HDR groups.

When comparing data from control versus radiation-

exposed animals, metabolites with non-zero abundance

values in at least 70 % of samples in both groups (com-

plete-presence ions) were first identified. The data were

then log-transformed and analyzed for statistical signifi-

cance via the parametric Welch’s t test for statistical sig-

nificance (p value \0.05). Statistical significance for ions

with non-zero abundance values in at least 70 % of the

samples in only one group (partial-presence ions) was

analyzed categorically for differential presence status (i.e.,

non-zero abundance) via Fisher’s exact test (p value

\0.05). Only ions that fell below the p value threshold

were chosen for further analysis. The log-transformed data

for statistically significant complete-presence ions were

then utilized for principal component analysis via singular

value decomposition after zero centering and unit variance

scaling. In addition, kernel principal component analysis

utilizing a third-degree polynomial kernel was also con-

ducted via the ‘kernlab’ package for R.

Metabolic pathway analysis

Statistically significant ions were putatively identified via

Metabolyzer, which utilizes the Human Metabolome

Database (HMDB) and the Kyoto Encyclopedia of Genes

and Genomes (KEGG) database (Kanehisa and Goto 2000).

The m/z values were used to putatively assign identities to

the ions considering the possible adducts, H?, and Na? in

the positive mode, and H- and Cl- in the negative mode.

The masses were then compared to the exact mass of small

molecules in the databases from which putative metabolites

were identified (with a mass error of 20 ppm or less).

KEGG annotated pathways associated with these putative

metabolites were also identified. Selected metabolites from

these pathways were later validated via MS/MS as

described below.

MS/MS validation of select metabolites

Putative identity of the selected metabolites was further

investigated using a more stringent monoisotopic mass

error window of 7 ppm to narrow down the possibilities

and increase our chance of positively identifying the

chemical structure of each of the selected metabolites. The

retention time of each metabolite was considered to narrow

down the possibilities of the putative identifications. Sev-

eral of the putatively identified metabolites (p \ 0.05,

Welch’s t test) were then chosen based on their biologic

relevance for further MS/MS validation against commer-

cially available pure standards. Q-TOFMS Premier with

ramping collision energy between 5 and 55 eV was used as

described previously (Laiakis et al. 2012) to create MS/MS
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fragmentation pattern for the selected metabolites, which

were then compared to that of pure chemicals for validation

purposes. Chemical standards were spiked in urine samples

at known concentrations against which the intensities of

urine metabolites were standardized.

Results

As described below, creatinine-normalized data were used

to establish a robust metabolomic signature for urine from

mice exposed to doses of 4.45 and 1.1 Gy LDR radiation.

Creatinine normalization has been widely accepted and

was practiced in this study because the total excretion of

this ion remained relatively unchanged in irradiated and

control mice across all samples. For instance, creatinine

relative intensity in the control mice over the course of the

study was 32.87 ± 1.87, and for the HDR and LDR mice,

these values were 34.60 ± 1.39 and 34.20 ± 1.04,

respectively. The normalized data were then analyzed

using traditional statistical tools such as SIMCA-P?,

Random Forests (RF), and Metabolyzer (Mak et al. 2014)

to determine whether the urinary metabolomic profile of

LDR-irradiated mice could be distinguished from that of

HDR-irradiated mice at matching doses. Although LDR

and HDR share many similarities in their urinary meta-

bolomic profiles, subtle and unique differences were

observed with dose rate. Furthermore, the urinary profile of

each dose rate was then studied over time to look for

persistent IR effects.

Dose rate response

Metabolyzer was initially used to determine whether the

metabolomic signature of urine from mice collected 2 days

after 4.45 Gy irradiation was distinguishable from that of

control samples in both LDR and HDR cases. We initially

chose data from mice exposed to 4.45 Gy irradiation to

establish a metabolomic signature for 4.45 Gy HDR irra-

diation and 4.45 Gy LDR irradiation. Later, we selected

metabolites that contributed most significantly to estab-

lishing the metabolomic signatures of HDR and LDR

irradiation. We also explored the robustness of responses

from the selected metabolites at a lower dose of 1.1 Gy in

both HDR and LDR.

In this analysis, we compared urine from mice exposed

to HDR 4.45 Gy irradiation to urine from respective con-

trols at 2 days post-exposure. Using Welch’s t test at

p value of\0.05, we found more than 150 ions (ESI? and

ESI- combined) whose urinary abundances change sig-

nificantly post-irradiation. Same comparative analysis was

carried out for urine collected from mice exposed to LDR

4.45 Gy. The results of this analysis yielded 90 significant

metabolites (Welch‘’s t test, p value\0.05). It is important

to note that both HDR and LDR exposures caused signif-

icant changes in the urinary metabolomic signature in

mice. This is evident in Fig. 1a, c heatmaps that show clear

separation of IR exposure metabolomic signature from that

of controls for HDR and LDR cases, respectively. Fur-

thermore, the volcano plots (Fig. 1b, d) show in red the

individual metabolites that are affected significantly post-

irradiation. As mentioned above and evident from the

volcano plots, 4.45 Gy HDR irradiation resulted in higher

number of significant metabolites than did 4.45 Gy LDR.

In a separate statistical analysis, the urinary metabolomic

signatures of 1.1 Gy HDR and LDR were studied and

compared to that of the controls. Although the number of

statistically significant metabolites was lower when com-

pared to 4.45 Gy exposure, the overall metabolomic sig-

nature of the control mice stood visibly separate from those

of 1.1 Gy HDR and 1.1 Gy LDR as shown in Fig. 2a PCA.

The separation is also evident between 1.1 Gy HDR and

1.1 Gy LDR. This PCA shows that the metabolomic pro-

files of HDR and LDR samples are easily distinguishable

even at the low dose of 1.1 Gy. This separation for the

selected metabolites is further shown in the heatmap in

Fig. 2b. Four distinct separations are seen in this heatmap.

Box 1 highlights the metabolites that contribute the most to

the separation of metabolomic profile of LDR samples

from those of HDR and the controls. Box 2 shows that

there are ions that show similar urinary excretion patterns

between HDR and LDR groups but different from the

controls. Box 3 shows examples of ions whose post-irra-

diation expression is unique to the HDR group, while box 4

shows ions with unique post-IR expression in LDR group.

Although HDR and LDR groups share many ions that show

similar patterns post-irradiation when compared to the

controls (Table 1), there are ions whose urinary excretion

is dose rate dependent (Table 2) and are unique to the HDR

group or the LDR group. These ions show robust IR

responses at 4.45 Gy as well as the lower dose of 1.1 Gy.

After establishing a general metabolomic profile for the

different groups in the study, we narrowed our focus to

identifying the metabolites that contributed the most to

establishing the metabolomic profiles of LDR and HDR by

calculating p values in a series of binary comparisons using

the Welch’s test. Those metabolites that fell below our

predefined statistical significance threshold (p value\0.05)

at both doses of 4.45 and 1.1 Gy were putatively identified

and mapped out to various KEGG pathways. Several

examples of urinary metabolites that display similar (top

3 bar graphs) and opposite (bottom 5 bar graphs) responses

to dose rate are shown in Fig. 3 for both 4.45 and 1.1 Gy

exposures. The y-axis in Fig. 3 represents the change in the

relative urinary excretion of a metabolite post-irradiation

with respect to its urinary excretion in control mice. The
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putative identity of each metabolite was then validated by

comparing its MS/MS fragmentation pattern to that of a

pure chemical. The confirmed identities were then used to

map out the metabolites to various metabolic pathways. For

example, the ion with m/z value of 220.1175 ([M ? H]?)

and retention time of 0.9807 was identified as pantothenic

acid (PA). PA shows an increase in mice exposed to HDR

and LDR irradiation when compared to respective controls.

Similarly, the ion at m/z of 196.0963 ([M ? H]?) was

identified as hexanoylglycine whose level increases post-

irradiation in urine from both HDR and LDR mice. The ion

at m/z of 191.0201 ([M - H]-) was identified as citrate

whose urinary excretion dropped in both HDR- and LDR-

exposed mice post-irradiation. This is in accordance with

our previous external c-irradiation study and an internal

emitter exposure study where mice were injected with
137CsCl (Goudarzi et al. 2013). Figure 3 also displays ions

with varying behavior between HDR and LDR and their

levels indicate a dose rate response. For instance, pheny-

lacetylglycine (m/z 194.0814) shows an increase in its uri-

nary excretion after HDR exposure, while it shows a

decrease after LDR exposure. The same is true for two

carnitine species, tiglylcarnitine and hexanoylcarnitine.

Hexanoylcarnitine was determined to show a similar

decreasing trend in another LDR study with 137Cs exposure

(Goudarzi et al. 2013). Table 5 compares the urinary

excretion patterns of several metabolites from this study,

which also have been mentioned in other IR studies. For

instance, the urinary excretion levels of citrate, hippuric

acid, and uric acid in this study change in a similar fashion

Fig. 1 The urinary metabolomic profile of urine after 4.45 Gy

irradiation shows a distinct separation from that of urine from control

mice at both dose rates (n = 4 per study group). a Heatmap generated

in Metabolyzer shows a clear separation between the overall

metabolomic signature of urine from mice exposed to 4.45 Gy

HDR irradiation compared to urine from control mice. b Volcano plot

created in Metabolyzer highlights in red the urinary metabolites that

show statistically significant changes in their concentrations after

4.45 Gy HDR irradiation. c Heatmap created in Metabolyzer shows

clear separation of urinary metabolomic profile of mice exposed to

4.45 Gy LDR irradiation compared to control mice. d Volcano plot

depicts metabolites whose concentrations were determined to change

statistically significantly (p value \0.05) post-4.45 Gy LDR irradi-

ation. Note that 4.45 Gy LDR irradiation shows in panels c and

d fewer metabolites whose urinary abundances changed significantly

post-irradiation than does 4.45 Gy HDR irradiation in panels A and B
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as in other IR studies. Our data show perturbations in the

levels of metabolites associated with energy metabolism

such as citrate and a-ketoglutarate, tryptophan metabolism

such as kynurenic acid and xanthurenic acid, and fatty acid

b-oxidation such as acylcarnitines. In other words, both

HDR and LDR exposures affect NAD? degradation,

coenzyme A synthesis, TCA cycle, and fatty acid metabo-

lisms similarly. However, LDR and HDR have opposite

effects on the urinary excretion levels of metabolites

belonging to isoleucine catabolism, tryptophan metabolism,

Fig. 2 a Principle component analysis (PCA) and b heatmap gen-

erated in Metabolyzer showing separation between controls (red

circles) and 1.1 Gy irradiated samples (blue triangles). The heatmap

highlights variations in urinary excretion levels of selected metabo-

lites with respect to dose rate. Box 1 shows the levels for metabolites

that contributed the most to the separation of metabolomic profile of

LDR samples from those of HDR and the controls. Box 2 shows that

there are ions that show similar urinary excretion patterns between

HDR and LDR groups but different from the controls. Box 3 shows

examples of ions whose post-irradiation expression is unique to the

HDR group, while box 4 shows ions with unique expression in LDR

group

Table 1 Urinary dose-rate-independent metabolites 2 days post-

4.45 Gy and 1.1 Gy irradiation

m/z_RT ID Fold

change

HDR

Fold

change

LDR

1 153.0651_0.3355 N1-methyl-2-

pyridone-5-

carboxamide**

1.212 1.141

2 174.0553_2.6009 Quinaldic acid 1.350 1.370

3 220.1175_0.9027 Pantothenic acid** 1.890 1.710

4 178.0517_1.9308 Hippuric Acid** 1.085 1.028

5 136.0407_0.4442 Homocysteine 0.743 0.595

6 118.0860_0.3189 Valine** 1.034 1.163

7 191.0201_0.3574 Citrate** 0.697 0.765

8 188.0677_1.5133 NA 1.075 1.051

9 208.0610_1.9685 4-(2-Aminophenyl)-

2,4-dioxobutanoic

acid

1.120 1.139

10 196.0953_2.7491 Hexanoylglycine** 1.139 1.242

11 180.0659_1.9660 Tiglylglycine 1.554 1.289

12 190.0501_1.8074 Kynurenic acid** 0.895 0.655

The identities of metabolites designated with (**) were validated via

MS/MS

Table 2 Urinary dose-rate-dependent metabolites 2 days post-

4.45 Gy and 1.1 Gy irradiation

m/z_RT Putative ID Fold

change

LDR

Fold

change

HDR

1 311.1234_2.4046 Gamma-

glutamyltyrosine

0.915 2.581

2 244.1547_2.0563 Tiglylcarnitine** 0.473 2.440

3 194.0814_2.3822 Phenylacetylglycine** 0.882 1.488

4 260.1864_3.3971 Hexanoylcarnitine** 0.483 1.869

5 162.0550_2.2356 Indole-3-carboxylic

acid**

0.622 0.948

6 216.1229_2.8090 Propenoylcarnitine** 0.620 1.288

7 221.0924_2.3216 5-Hydroxy-L-

tryptophan**

0.810 3.730

8 162.0550_2.5029 Indole-3-carboxylic

acid**

0.374 0.512

The identities of metabolites designated with (**) were validated via

MS/MS
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and mitochondrial function. The last two metabolites in

Fig. 3 could not be identified and validated via MS/MS;

however, the change in their urinary abundances is sta-

tistically significant. The ion noted with m/z of 188.0745

and retention time of 2.1127 min is interesting because

at 1.1 Gy, its levels increase after exposure in both HDR

and LDR cases. However, at 4.45 Gy, its levels increase

post-exposure only in the case of LDR, but decrease in

HDR. This suggests that dose rate effects on its urinary

excretion levels are secondary to dose effects. These

results and the effects of dose rate on the urinary

excretion of metabolites in Tables 1 and 2 were further

confirmed in a separate experiment with four mice per

study group. It is notable that fewer metabolites were

found to be perturbed significantly in the urine of LDR

mice than in that of HDR mice. This is in accordance

with the understanding that LDR exposure is less toxic

than HDR exposure.

Time dependence

After establishing the effects of dose rate on the urinary

excretion of several metabolites, we set out to determine

how time could affect the urinary signatures of HDR and

LDR. For this analysis, both our Metabolyzer and RF were

employed to determine whether the urinary metabolomic

profile of urine from mice exposed to 4.45 Gy HDR radi-

ation at 2 days post-exposure can be separated from that at

5 days post-irradiation. Similar analysis was performed for

mice exposed to LDR irradiation. The graphical results of

Fig. 3 Individual metabolite responses to dose rate. On top are three

metabolites that do not show significant dose rate responses and at the

bottom are those whose urinary excretion levels change with respect

to dose rate 2 day post-irradiation. The dotted line marks fold change

of 1, which in each graph represents no change in the abundance of

the metabolite pre- and post-irradiation. The identity of pantothenic

acid, citrate, hexanoylglycine, hexanoylcarnitine, tiglylcarnitine,

phenylacetylglycine were validated via MS/MS fragmentation. No

names could be assigned to metabolites at m/z of 188.0745 and

122.9251
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the analysis in RF are presented in Fig. 4 for 4.45 Gy and

in Supplemental Figure 1 for 1.1 Gy as described below.

Both HDR and LDR external c exposures as expected

created a time-dependence response in the urinary signa-

ture of exposed mice compared to that of sham-irradiated

mice. Exposure to 4.45 Gy HDR irradiation clearly shows

a progressive decrease in the levels of many metabolites at

2 and 5 days post-exposure. This time-dependent decrease

is readily evident in box 1 of Fig. 4a heatmap. Box 2 in the

same figure shows several metabolites that show an

increase in their urinary excretion levels at day 2, but these

levels fall back to the control levels by day 5. Box 3 in

Fig. 4 Random Forests generated heatmaps (a, c) and MDS plots (b,

d) show 50 metabolites, which contributed most significantly to

establishing urinary metabolomic signatures for 4.45 Gy LDR and

4.45 Gy HDR exposures based on time passed after the initial

exposure. Panel a heatmap shows a progressive decrease in the

urinary levels of more than half of the selected 50 metabolites with

respect to time post-4.45 Gy HDR exposure (box 1). Box 2 in panel

a shows several metabolites whose levels spiked at day 2 but dropped

back to the levels seen in control mice at day 5 post-4.45 Gy HDR

irradiation. Box 3 shows a few metabolites whose levels do not show

any significant changes until 5 days post-exposure. These changes

lead to distinct urinary metabolomic profiles for day 2 and day 5 post-

irradiation as depicted in panel (b). Same analysis was carried out for

4.45 Gy LDR exposure. Panel c shows a progressive decrease in IR

response for several metabolites in box 1 as seen in panel A. Box 2

shows an increase in the levels of metabolites at day 2, but these

levels drop to their respective control levels by day 5. Box 3 shows a

few metabolites whose levels do not change until day 5. Panel

d shows that these changes contribute to the differences in the overall

metabolomic signature of day 2 and day 5

Radiat Environ Biophys

123



Fig. 4a shows a few metabolites that show late responses to

IR at day 5. These changes in the metabolites’ levels

contribute to the separation of overall urinary profiles of

day 2 and day 5 samples compared to controls in Fig. 4b.

Similar patterns are seen with 4.45 Gy LDR exposure with

the same distinct three groups shown in Fig. 4c heatmap

and 4D MDS plot. Among the metabolites that show pro-

gressive decrease over time in their levels post-4.45 Gy

irradiation are tryptophan pathway metabolites as well as a

TCA cycle metabolite (Table 3). This is consistent with our

previous observations with external beam c exposure.

Although exposure to 1.1 Gy LDR irradiation has a

more subtle effect on the urinary excretion profile of mice,

there still are metabolites that showed distinct patterns with

time as shown in supplemental Figure 1. Similar to Fig. 4,

there are metabolites that show progressive decrease from

day 2 to day 5 post-irradiation as well as metabolites that

show IR responses at day 2 only or late responses at day 5.

Box 3 in Supplemental Figure 1A and 1C shows metabo-

lites whose urinary excretion levels persistently increase

post-irradiation at day 2 and remain high by day 5. These

changes in metabolite levels amount to separation of

overall metabolomic profiles of urine from control and

irradiated mice in Supplemental Figure 1B and 1D.

As the case with both 4.45 and 1.1 Gy doses, many of

the metabolites show progressive time-dependent dimin-

ishing trends post-irradiation as highlighted in Supple-

mental Figure 1A and 1C as well as in Table 4. Riboflavin

metabolism and coenzyme A metabolism in particular

show significant drops in their urinary excretion levels of

their intermediates. This observed timedependence is in

agreement with another IR study (Johnson et al. 2011)

where urine was collected from 3 Gy c-irradiated mice

1–3 days post-IR. In particular, urinary excretion of

hexanoylglycine, alanine, and isovalerylglycine at days 2

and 3 was similar to what we observed in mice exposed to

HDR radiation.

Discussion

Mass spectrometry-based metabolomics was used to study

the often subtle yet unique changes in the urinary excretion

profile of mice exposed to HDR and LDR radiation. As

with our previous IR studies, there were no statistically

significant changes in the excretion level of creatinine in

control and irradiated mice, proof that kidney filtration was

not affected by IR at these doses. The changes in mice

body weight were comparable between the control and the

irradiated groups. Thus, any change in energy metabolism

is attributed to the systemic effects of IR.

As expected, exposure to 4.45 and 1.1 Gy irradiation

resulted in changes in the urinary excretion of many

metabolites at 2 days post-irradiation independent of dose

rate. A total of 200 urinary ions (ESI? and ESI- modes

combined) were found to be statistically significant in mice

post-HDR exposure (both 1.1 and 4.45 Gy doses com-

bined) and 107 ions post-LDR exposure when compared to

respective control mice. The excretion levels of many of

these metabolites were found to be similar between the

HDR and LDR groups (Table 1; Figs. 3, 5). For instance,

PA’s urinary excretion level displayed a dose-rate-inde-

pendent increase post-irradiation. PA has been associated

with fatty acid b-oxidation and has been used as an oxi-

dative stress marker. In addition, the TCA cycle metabo-

lite, citrate, showed a consistent decrease in both HDR and

LDR exposures as also noted in previous IR studies (Lanz

et al. 2009; Tyburski et al. 2008). The urinary excretion of

intermediates from valine and fatty acid metabolic path-

ways also showed a slight increase post-radiation in both

HDR- and LDR-exposed mice. This indicates that the

energy metabolism and fatty acid metabolism are general

targets of IR exposure independent of dose rate. The fact

Table 3 HDR-specific metabolites showing persistent and/or pro-

gressive IR exposure responses

m/z_RT Putative ID Day 2

fold

change

Day 5

fold

change

1 146.0826_2.9879 Isobutyrylglycine 0.745 0.271

2 194.0814_2.3822 Phenylacetylglycine** 1.488 1.664

3 297.1458_1.2573 NA 0.889 0.727

4 136.0621_1.6508 Adenine 0.367 0.029

The identity of metabolites designated with (**) was validated via

MS/MS

Fold change at each time point was calculated by dividing the nor-

malized relative urinary abundance of a metabolite at that time point

post-exposure by that of its matched control

Table 4 LDR-specific metabolites displaying progressive decrease in

their IR exposure responses

m/z_RT Putative ID Day 2

fold

change

Day 5

fold

change

1 338.0878_2.2307 2,8-

Dihydroxyquinoline-

beta-D-glucuronide

0.621 0.549

2 659.2934_7.9268 NA 0.320 0.151

3 226.1442_3.0568 NA 0.593 0.450

4 206.045_1.5374 Xanthurenic acid** 0.881 0.658

5 377.1474_2.6141 Riboflavin** 0.691 0.410

The identity of metabolites designated with (**) was validated via

MS/MS

Fold change at each time point was calculated by dividing the nor-

malized relative urinary abundance of a metabolite at that time point

post-exposure by that of its matched control
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that many metabolites display a dose-rate-independent

behavior follows the findings in an earlier transcriptomic

analysis where a human myeloid cell line (ML-1) showed

dose-rate-independent induction of several genes as early

as 2 h post-irradiation (Amundson et al. 2003). These dose-

rate-independent p53-regulated genes were determined to

have roles in cell cycle progression. Although no direct

comparisons can be drawn between this study and the study

mentioned above, it is important to note that p53 and its

effector genes are known to affect carbohydrate and fatty

acid metabolism, mitochondrial function, and NAD bio-

synthesis (Berkers et al. 2013; Contractor and Harris 2012;

Hallenborg et al. 2009). These pathways do appear as

uniformly perturbed in HDR and LDR IR exposures in our

study. They point to energy metabolism as the central

network affected by IR exposure regardless of dose rate.

However, both this study and that noted above revealed a

highly complex network of gene and metabolic signaling

with many dose-rate-dependent nodules. A closer look at

the urinary metabolomic signature of mice exposed to

4.45 Gy over 24 h and 1.1 Gy over 6 h revealed that the

urinary levels of many metabolites from LDR-irradiated

mice remained unchanged or slightly modulated compared

to the urinary excretion levels of the same metabolites in

HDR-irradiated mice. For instance, among 709 metabolites

detected in the urine of 4.45 Gy exposed mice, only 90

were determined to change significantly (Welch’s t test

p \ 0.05) in LDR, while this number was 170 in the urine

from HDR-exposed mice in ESI? mode. These numbers

were substantially lower for the lower dose of 1.1 Gy: 45

for LDR and 70 for HDR. This indicates that the effects of

LDR on the overall urinary metabolomic profile of mice

were less pronounced than the effects of HDR irradiation.

This is in accordance with long-established observations

that LDR exposure is typically less toxic than an equivalent

dose delivered in HDR manner (Hall and Giaccia 2006). A

more in-depth look at the metabolites that contributed the

most to the unique metabolomic profile of LDR exposure

Fig. 5 Schematic of pathways that were determined to be affected

significantly as a result of irradiation. The pathways within the box

represent those that show similar perturbations with LDR and HDR

independent of dose rate. Pathways to the left (HDR) and right (LDR)

of the box are those whose metabolites show dose rate responses post-

irradiation. Notice that tryptophan and fatty b-oxidation pathways are

both affected; however, the levels of their indicated metabolites

changed in opposite direction post-irradiation with respect to dose

rate
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as depicted in Figs. 1, 2 revealed subtle difference with

HDR’s metabolomic signature.

Thus, we further focused on metabolites that displayed a

dose rate response at both 4.45 and 1.1 Gy doses and

contributed the most to the separation of HDR and LDR

metabolomic signatures at these two doses. This was made

possible by utilizing our in-house program, Metabolyzer,

where the irradiated mice (HDR and LDR) were grouped in

a blinded sample set and compared against appropriate

sham-irradiated mice. Those metabolites that fell within

our predefined p value (\0.05) were chosen for further

investigation and confirmation through a separate HDR/

LDR exposure experiment. Table 2 shows examples of

ions that showed unique dose rate responses. Among these

ions are those belonging to tryptophan and carnitine

metabolism. For instance, the urinary excretion of inter-

mediates in the tryptophan metabolism and isoleucine

catabolism was shown to markedly decrease in LDR-

exposed mice and increase in HDR-exposed mice. Several

carnitine species were found to be up-regulated 2 days

post-HDR irradiation but decreased after LDR irradiation.

This is in accordance with a recent study on mice exposed

to 137CsCl which mimics LDR conditions (1.95 Gy

cumulative dose 2 days post-exposure) as shown in

Table 5. It is important to note that the urinary signatures

presented in this study are from mice that were exposed to

irradiation 48 h prior to urine collection, while most uri-

nary IR studies in the literature pertain to those where urine

was typically collected just 24 h post-irradiation. This is an

interesting observation that the urinary excretion levels of

metabolites listed in Table 5 persist and remain steady

during the first 48 h of exposure. Therefore, regardless of

form of exposure and dose rate, the IR responses from

these metabolites are persistently detectable. For example,

the urinary abundance of hippuric acid and uric acid has

been detected and determined to increase post-IR exposure

in the three noted separate experiments in Table 5. The

decreasing urinary levels of isovalerylglycine and citrate

are also documented in the three cited studies. This shows

that LDR exposure to a radionuclide causes the same

perturbation in these metabolites as does exposure to

external beam either at LDR or at HDR. It is important to

note that the levels of these metabolites were confirmed in

two different species (rats and mice), which is further proof

to their persistence in IR responses (Johnson et al. 2011;

Lanz et al. 2009). As more metabolites are studied and

validated as IR exposure markers, a concrete and universal

metabolomic signature will become available to the first

responders of radiologic and nuclear events. This persistent

urinary IR signature may have utility in triaging potentially

exposed populations since access to screening may not be

immediate.

We further investigated the persistency of metabolic

signal in the urine of mice in this study by examining the

excretion of selected metabolites 5 days post-exposure in

LDR and HDR groups compared to that of metabolites

2 days post-exposure. It has been shown in previous studies

that urinary excretion of hexanoylglycine and isovaleryl-

glycine 1–3 days post-3 Gy irradiation (HDR) is time

dependent where that of isovalerylglycine decreased and

that of hexanoylglycine increased (Johnson et al. 2011).

Statistical analysis of our data revealed a similar pattern in

these ions. We also found an intermediate involved in

energy metabolism, kynurenic acid, showing diminishing

levels with time after 1 Gy HDR irradiation as well as

indole-3-carboxylic acid, which is an important player in

tryptophan metabolism. An ion at m/z of 377.1474 con-

firmed as riboflavin via MS/MS fragmentation was found

in decreasing levels in the urine of mice exposed to LDR

irradiation. The urinary level of a putatively identified

glucuronide species was also observed to grossly decrease

by time post-LDR exposure. Figure 4 shows how urine

collected 2 days post-irradiation can be distinguished from

urine collected 5 days post-exposure. In addition, Tables 3

and 4 show a few ions whose urinary excretion levels

change with time post-HDR and post-LDR irradiation,

respectively.

Collectively, the data gathered in this study suggest that

LDR and HDR external beam irradiation has common

metabolic targets in mice. In particular, energy metabolism

and fatty acid metabolism are affected in both cases as also

shown in previous studies (Johnson et al. 2011; Laiakis

et al. 2012; Tyburski et al. 2008) and further impacted by

dose rate and time lapsed between first IR exposure and

biofluid collection. Figure 5 shows several pathways whose

one or more metabolites have been determined in this study

to be statistically significantly perturbed in the urine of

mice exposed to IR at HDR and LDR. The box in the

middle of this figure displays the pathways whose metab-

olites change similarly in the case of HDR and LDR

exposure. Several of the metabolites in this box have also

been mentioned in other IR studies with external beam and

radionuclides. Hence, the metabolites specified in this box

may be persistent IR markers that can be used for deter-

mining a solid metabolomic signature for IR exposure

regardless of type of exposure or dose rate. To either side

of this center box are metabolites that showed different

urinary abundances based on dose rate. For instance, the

urinary signal from xanthurenic acid, a tryptophan pathway

metabolite, was determined to be significantly depleted

after LDR exposure as also mentioned in our previous
137Cs exposure study, while its levels remain unchanged

post-HDR exposure. The urinary excretion levels of two

other tryptophan pathway metabolites, indole-3-carboxylic
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acid and 5-hydroxy-L-tryptophan, have been shown to

decrease in this study post-1.1 Gy LDR irradiation. This is

different from what we observed with HDR 1.1 Gy irra-

diation and what has been reported in literature as shown in

Table 4. The data also indicate that the changes in the

levels of urinary metabolites are less pronounced with LDR

irradiation than with HDR. This finding is intriguing

because tryptophan metabolism is linked to the central

energy metabolic pathways and the TCA cycle through

pyruvate and is important in energy metabolism. Figure 5

also shows three acylcarnitines to be down-regulated post-

LDR exposure, while the same metabolites were found to

be at higher abundances in the urine of mice post-HDR

exposure. This result was compared to a recent human total

body irradiation study (Laiakis et al. 2014), where the

authors observed a decrease in the urinary excretion levels

of several acylcarnitines, octanoylcarnitine, acetylcarnitine,

and decanoylcarnitine, 6 h after 1.25 Gy total body irra-

diation. This decrease is consistent with what we observed

with LDR irradiation in this study. Acylcarnitines play a

crucial role in fatty acid b-oxidation. Therefore, the result

may indicate that fatty acid b-oxidation is a general target

of external beam irradiation in both mice and humans and

is further impacted by dose rate in mice. The Laiakis et al.

report also highlighted the increase in uric acid post-irra-

diation, which agrees with what we observed in mice in

this study. Uric acid is the end product of purine metabo-

lism and is found at elevated levels under increased oxi-

dative stress. The results of these two studies showed that

irradiation affected the urinary excretion of these metabo-

lites in both species similarly and independent of dose rate

in mice. Together, these results suggest that although there

exist some differences in the urinary metabolomic profiles

of LDR and HDR exposure, there are similarities across

species in terms of robust and persistent radiation-induced

metabolic responses.

Conclusion

The results of this study provide new insight into the

effects of dose rate on metabolism and its manifestation

in urinary output of C57BL/6 mice. As expected,

exposure to external beam c-irradiation regardless of

dose rate perturbed energy metabolism, fatty acid oxi-

dation, and amino acid metabolism. This is in accor-

dance with previous gene expression and transcriptomics

analysis (Amundson et al. 2003). Dose rate is speculated

to modulate the magnitude of metabolic perturbations

and the targets within metabolic pathways. It is impor-

tant to note that at low doses such as 1 Gy, the differ-

ences between the urinary metabolomic profiles of LDR-

and HDR-exposed mice are subtle. However, today’s

mass spectrometers have the sensitivity and accuracy to

measure even subtle changes in the abundance of a

metabolite. This makes mass spectrometry the platform

of choice for detecting changes in urinary excretion of

metabolites even at non-lethal doses.

Table 5 Comparison of changes in urinary excretion of several IR metabolite markers in various HDR and LDR experiments

m/z_RT Exposure Change in Urinary Excretion

LDR 1.1 Gy (3.09 mGy/

min)

HDR 1.1 Gy 137Cs Exposure 1.95 Gy

(cummulative)

c Exposure

1 Gy

Putative ID 48 h post-exposure 48 h post-

exposure

48 h post-exposure 24 h post-

exposure

1 206.045_1.5374 Xanthurenic acid ; No change ; –

2 244.1547_2.0563 Tiglylcarnitine ; : ; –

3 260.1864_3.3971 Hexanoylcarnitine ; : ; –

4 180.0659_1.966 Tiglylglycine : : : –

5 178.0517_1.9308 Hippuric acid : : : :1

6 158.0831_1.5708 Isovalerylglycine ; ; ; ;1

7 191.0201_0.3574 Citrate ; ; ; ;2,3

8 167.0215_0.326 Uric acid : : : :2,4

9 145.0153_0.3143 a-ketoglutaric

acid

; ; ; ;2

137 Cs exposure refers to a study where mice were injected intraperitoneally with 137CsCl. Urine was collected 2 days post-injection and the

body cumulative dose was counted to be at 1.95 Gy
1 Johnson et al. (2011)
2 Lanz et al. (2009)
3 Tyburski et al. (2008)
4 Laiakis et al. (2012)
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