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Abstract
Introduction A large scale population exposure to ionizing radiation during intentional or unintentional nuclear accidents 
undoubtedly generates a complex scenario with partial-body as well as total-body irradiated victims. A high throughput 
technique based rapid assessment method is an urgent necessity for stratification of exposed subjects independent of whether 
exposure is uniform total-body or non-homogenous partial-body.
Objective Here, we used Nuclear Magnetic Resonance (NMR) based metabolomics approach to compare and identify can-
didate metabolites differentially expressed in total and partially irradiated mice model.
Methods C57BL/6 male mice (8–10 weeks) were irradiated total-body or locally to thoracic, hind limb or abdominal regions 
with 10 Gy of gamma radiation. Urine samples collected at 24 h post irradiation were examined using high resolution NMR 
spectroscopy and the datasets were analysed using multivariate analysis.
Results Multivariate and metabolic pathway analysis in urine samples collected at 24 h post-radiation exhibited segregation 
of all irradiated groups from controls. Metabolites associated with energy metabolism, gut flora metabolism and taurine were 
common to partial and total-body irradiation, thus making them potential candidates for radiation exposure. Nevertheless, a 
distinct metabolic pattern was observed in partial-body exposed groups with maximum changes observed in the hind limb 
region indicating differential tissue associated radiation sensitivity. The organ-specific changes may provide an early warning 
regarding the physiological system at risk after radiation injury.
Conclusion The study affirms potentiality of metabolite markers and comparative analysis could be an important piece of 
information for an integrated solution to a complex research question in terms of radiation biomarkers.

Keywords Total-body radiation · Partial-body radiation · 1H NMR spectroscopy · Metabolomics · Urine biomarkers

1 Introduction

With the increasing threat of terrorist activities, global com-
petition for production of nuclear warheads, and establish-
ment of nuclear reactors to meet growing energy demand, 
man has risked his life to expose to an invisible weapon 
namely, ionizing radiation (Hall and Giaccia 2018; Pomper 
and Tarini 2017; Allison 2018). Radiation accidents would 
eventually cause a mass casualty with heterogeneous expo-
sure due to partial shielding or non-uniform distance from 
the radiation exposure source resulting in either total or 
partial-body radiation exposures (Hasegawa et al. 2016; 
Ozasa et al. 2019). Heterogeneous exposure further compli-
cates the triage and management procedures as the medical 
need for total-body radiation exposure would be different 
from partially exposed victims. Therefore, mass screening 
of exposed population would be required firstly to triage 
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exposed individuals from non-exposed and thereafter to fur-
ther segregate the total-body exposed and partially exposed 
individuals. Thus, there is the utmost requirement of high 
throughput early biomarkers for triage and appropriate medi-
cal management of victims. Since the last decade, extensive 
research has been carried out in rapid biomarkers identifica-
tion for radiation exposure. With the advancement of omics 
technologies, efforts have been placed in all fields of omics, 
proteomics, transcriptomics, miRNAomics and metabo-
lomics to find biomarkers of interest (Gan et al. 2019; Kul-
tova et al. 2020; Małachowska et al. 2020; Singh et al. 2016). 
However, most of the research has been focused on identi-
fying markers of radiation injury for total-body radiation 
exposure scenario and few groups have succeeded in identi-
fication of few of biomarkers in preclinical levels (Anderson 
2019; Lacombe et al. 2018; Lee et al. 2018; Pannkuk et al. 
2016; Valente et al. 2015). None the less, estimation of sen-
sitivity and extent of radiation specificity is still a question 
of research worldwide.

Studies on partial radiation exposure are equally impor-
tant not only for the improvement in dose assessment but 
also for the discovery of organ-specific biomarkers of radia-
tion injury. There are some recent studies that have looked 
upon the importance of biomarkers identification for partial-
body irradiation models (Hérodin et al. 2014; Meadows et al. 
2010; Sproull et al. 2017; Valente et al. 2015). Radiation 
responsive plasma proteins in the cohort have been identified 
to predict radiation exposure with high accuracy (90–93%) 
in partial-body irradiation model (Sproull et  al. 2017). 
Another study on baboons has shown a clear distinction 
of total-body irradiation (TBI) from partial-body situation 
based on haematological and plasma biochemical param-
eters (Valente et al. 2015). It is agreeable that the response 
of an organism to radiation injury differs based on the type 
of exposure (partial or total-body) and radiation dose; it may 
be anticipated that partial and total-body radiation exposure 
may have some common signature.

Metabolomics is one such technique that has been 
exploited to the maximum nowadays for biomarker research 
as it has close proximity to the phenotype of an individual 
with least complexity and maximum information. And being 
lower in the order of hierarchy, it shall be called a global bio-
marker in a sense as it is the global representative of all the 
upstream (genetic, transcriptomic, proteomic) changes expe-
rienced by an individual. A metabolomic marker, if found in 
urine, would be minimally invasive, robust, and also likely 
to be reproducible. Extensive information on metabolomics 
based urinary markers for radiation exposure up to primate 
level have been available in the last few years and has been 
extensively reviewed (Pannkuk et al. 2016, 2017). However, 
the non-availability of irradiated human subject data, makes 
candidate radiation marker still a milestone to achieve. To 
continue further in this area, efforts have been made across 

the globe to generate extensive information from differ-
ent radiation exposure scenario like partial, total-body or 
organ-specific exposure and also to different animal species 
with an ultimate aim of finding a robust radiation biomarker 
(Ghandhi et al. 2018; Golla et al. 2017; Hérodin et al. 2014; 
Kultova et al. 2020; Pannkuk et al. 2017). Due to ease and 
reproducibility of technique, NMR based metabolomics 
holds great potential in biomarker discovery in radiation 
research and some of the earlier studies have attempted in 
search of radiation responsive biomarkers (Chen et al. 2011; 
Coy et al. 2011; Emwas et al. 2019; Khan et al. 2011a, b). 
Our earlier studies have been able to show radiation-induced 
changes in urine and serum on exposure to whole-body 
radiation (Khan et al. 2011b). However, to have complete 
information on radiation biomarkers, it is necessary to know 
how much similarity or disparity occurs when the same dose 
of radiation exposure happens after total or partial-body. 
Therefore, the present study was conducted to look for com-
parative changes in mouse urine on exposure to total-body 
radiation or partial radiation to different regions of the body 
using Nuclear Magnetic Resonance (NMR) metabolomics 
approach and to have comparative observations if any 
between partial and total-body radiation exposure.

2  Material and methods

2.1  Chemicals

All chemicals, trimethylsilyl-2,2,3,3-tetra deuteropropanoic 
acid (TSP), deuterium oxide  (D2O),  Na2HPO4,  NaH2PO4 
were obtained from Sigma-Aldrich (St Louis, MO, USA).

2.2  Animal handling and radiation exposure

A total of twenty seven ‘C57BL/6’ male mice (8–10 weeks 
of age) were used in this study. Animals were acclimatized 
in polypropylene cages for 48 h before group allocation and 
treatment. During the study, room condition was maintained 
at 19–23 °C of temperature, 45–65% of humidity and 12 h 
light/12 h dark cycle. Food and water were provided ad libi-
tum. After acclimatization, animals were randomly allocated 
to five different groups. Out of five groups, four groups were 
irradiated using the Tele 60Co irradiation facility (Bhabha-
tron II). One group was exposed to a single dose of 10 Gy 
TBI (n = 6) at surface to source distance (SSD) of 80 cm 
and Field of view (FOV) of 30 × 30  cm2 with a dose rate 
of 1.096 Gy/min. For partial radiation, three groups of ani-
mals were locally irradiated at different regions of the body: 
abdominal (n = 5), thoracic (n = 5), and hind limb (n = 5), 
respectively for 10 Gy of single radiation dose at SSD of 
80 cm and FOV of 20 × 2  cm2 with a dose rate of 0.66 Gy/
min. Animals were partially irradiated in a way that only 
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20 × 2  cm2 region was exposed during irradiation, rest of 
the body was lead shielded (Fig. 1). One group was kept as 
sham control (n = 6). The study was carried out following 
the guidelines of the institutional animal ethical committee 
at the Institute of Nuclear Medicine and Allied Sciences 
(INMAS), DRDO, Delhi, India (8/GO/RBI/S/99/CPCSEA/
INM/IAEC/2017/09).

2.3  Urine collection, preparation and NMR 
experiments

Urine samples were collected in tubes containing 1% sodium 
azide in cold condition at 24 h from all 4 irradiated and con-
trol groups. Following centrifugation, the supernatant was 
stored at − 80 °C for NMR spectroscopic analysis. Urine 
samples were centrifuged at 5000 rpm at 4 °C for 10 min. 
Three hundred fifty microliter of centrifuged urine was 
diluted with 250 μl of deuterated phosphate buffer (pH 7.4) 
containing TSP, chemical shift reference. All 1H NMR spec-
tra were acquired using a 600.33 MHz NMR spectrometer 
(Bruker, Biospin, Switzerland) at 298 K using 1D pulsed 
sequence along with water saturation (NOESYGPPR1D). 

A total of 64 scans were collected with a spectral width of 
9009 Hz and an acquisition time of 3.63 s and relaxation 
delay of 4 s was fixed to acquire the spectra.

2.4  Data processing and statistical analysis

Spectral phase, baseline correction and chemical shift ref-
erencing to TSP (chemical shift reference) were carried 
out manually using Topspin3.5.2 (Bruker, Biospin, Swit-
zerland). All processed spectra corresponding to a range 
of 0.5–9.45 ppm were segmented into consecutive “buck-
ets” (bins) to equal width of 0.02 ppm excluding water 
(4.61–5.01) and urea (5.61–6.01 ppm) resonance region 
using AMIX (Bruker, Biospin, Switzerland). Binned data 
was further analysed using MetaboAnalyst 4.0 (https ://www.
metab oanal yst.ca). Prior to analysis, data was normalised to 
total spectral area and pareto-scaling was done to remove 
inter-sample and sample handling variability. To observe 
intrinsic metabolic variations, multivariate analysis was 
commenced with principal component analysis (PCA) that 
represents a trend and identifies outlier present in the data. 
Metabolites identified based on chemical shifts information 

Fig. 1  Experimental design for radiation exposure. 10  Gy of 60Co 
gamma irradiation at dose rate of 1.096  Gy/min with field of view 
(FOV) of 30 × 30  cm2 in total-body and dose rate of 0.66 Gy/min for 

2 × 20  cm2 in partial irradiation groups with source surface distance 
(SSD) of 80 cm. Blue box represents irradiation area i.e. total-body 
(TBI), thoracic (TI), abdominal (AI) and hind limb (HI) region

https://www.metaboanalyst.ca
https://www.metaboanalyst.ca
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from PCA loading plot using the Human Metabolome 
Database (HMDB) and the Chenomx NMR Suite software 
(Chenomx, Edmonton, Canada), were integrated and rela-
tive integrals were calculated. Further, to explore clustering 
behaviour amongst the group and to detect significant metab-
olites that contribute to variation, Partial Least Squares Dis-
criminant Analysis (PLS-DA) was carried out using Meta-
boAnalyst 4.0. The model generated was further tested for 
predictive ability and overfitting using leave-one-out cross 
validation method and permutation test respectively. Model 
performance was evaluated from  Q2 (predictive ability) and 
 R2 (goodness of fit) whose values if found > 0.5, were con-
sidered acceptable.

Univariate analysis was also performed on identified 
metabolites to evaluate fold change and significant differ-
ence between groups using Student’s t-test. Shapiro–Wilk 
test for normality was performed prior to Student’s t-test 
using IBM SPSS (v 20.2) statistics (http:/www.ibm.com). 
Further, metabolites with p < 0.05 and q value (FDR) < 0.05 
were considered statistically significant. The data of rela-
tive intensity of each of the metabolites were expressed 
as Mean ± Standard deviation (SD). One way analysis of 
variance (ANOVA) with the Bonferroni post-hoc test was 
also performed to evaluate significant differences between 
control and irradiated groups. Statistical significance was 
considered at p < 0.05. To visualise alterations of identi-
fied metabolites in different groups, heatmap was generated 
using MetaboAnalyst 4.0.

2.5  Metabolic pathway analysis

To evaluate the complex relationships among various 
metabolites, pathway analysis between irradiated and con-
trol groups was performed using MetaboAnalyst 4.0. The 
significantly perturbed metabolic pathway was screened out 
on the basis of pathway impact > 0.2 and p-value of < 0.05.

3  Results

This study was performed to determine if total-body and 
partial-body irradiation (PBI) produce different metabolic 
profile characteristic of 10 Gy radiation exposure. Also, to 
determine whether thoracic, abdominal and hind limb irra-
diation results in unique metabolite change.

3.1  Metabolomic signature and analysis of thoracic 
region irradiated (TI) group

To determine the distinct signature of radiation exposure 
for PBI, groups irradiated to different regions were com-
pared to controls independently. PCA analysis showed 
distinct segregation of TI group from controls without any 

outlier based on binned data (Supplementary Figs. 1a and 
2a). In order to identify distinct metabolic responses to 
TI, PLS-DA was performed (Supplementary Fig. 2b) that 
clearly distinguished TI group from control group with an 
accuracy of 1,  R2 of 0.99 and  Q2 of 0.95. The metabolites 
identified through variable importance in projection (VIP) 
score of > 1, responsible for the classification were citrate, 
trimethylamine (TMA), trimethylamine N-oxide (TMAO), 
creatine, taurine and alpha-ketoglutarate (α-KG) (Supple-
mentary Fig. 2c). Univariate analysis of identified metabo-
lites showed up-regulation of two and down-regulation of 
four out of six identified metabolites in TI group compared 
to controls (Table 1). Heatmap visualisation also showed 
altered levels of metabolites in the irradiated group in com-
parison to controls (Supplementary Fig. 2d).

3.2  Metabolomic signature and analysis of hind 
limb region irradiated (HI) group

We also identified metabolic profile of HI group (Supple-
mentary Fig. 3). As observed in TI group, HI group was also 
distinctly clustered away from control group by PCA (Sup-
plementary Fig. 3a) and PLS-DA (Supplementary Fig. 3b) 
analysis and observed accuracy of 1,  R2 of 0.95 and  Q2 
of 0.89 of PLS-DA model. This group showed maximum 
changes in metabolic response in PBI groups compared to 
controls. Univariate analysis showed a total of seventeen sig-
nificantly altered metabolites out of which, ten metabolites 
were up-regulated and seven were down-regulated (Table 1). 
Amongst these significant metabolites, six metabolites were 
accounted for classification during multivariate analysis with 
VIP score > 1 (Supplementary Fig. 3c). Taurine, creatine and 
TMAO represented maximum alteration in their levels in HI 
group compared to control group. Heatmap also represented 
an obvious distinction in different metabolites levels in HI 
and control group (Supplementary Fig. 3d).

3.3  Metabolomic signature and analysis 
of abdominal region irradiated (AI) group

Similarly, for AI group, multivariate analysis was able to 
classify irradiated group and control as separate groups with 
accuracy of 1,  Q2 of 0.97 and  R2 of 0.87. Ten metabolites 
were found to be significant by univariate analysis having 
p-value and FDR < 0.05 (Table 1), out of them, five metabo-
lites had VIP > 1. Besides, TMAO also contributed to clas-
sification with VIP > 1 though it was not among significant 
metabolites (Supplementary Fig. 4).

3.4  Comparative and pooled analysis of PBI group

To identify common and unique metabolic patterns for the 
localised irradiation, all three PBI groups were together 

http://www.ibm.com
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compared with controls. PCA analysis showed clustering 
of all the three groups whereas, PLS-DA analysis showed 
separate clusters of all three partially irradiated groups from 
control. Though some overlapping was observed in TI and 
HI group, grossly irradiated groups were well segregated. 
Metabolites held responsible for this classification were 
mainly citrate, creatine, TMAO, cis-aconitate, α-KG, phos-
phocholine and allantoin which had a VIP score of > 1 (Sup-
plementary Fig. 5). The classification showed a predictive 
ability of 0.89 with the goodness of fit of 0.64. Further, all 
three groups were pooled in a single group as a pooled par-
tial-body irradiated group and analysed with respect to con-
trol. Pooled partial irradiated group was also compared with 
all three different partially irradiated groups using ANOVA 
and it was observed that dimethylamine (DMA), TMAO and 
indoxylsulfate were significantly altered in all three partially 

and pooled partially irradiated groups. Whereas, taurine, 
TMA, phenylalanine and creatine were observed in two of 
the three partially irradiated groups along with pooled par-
tially irradiated group (Supplementary Fig. 6).

3.5  Metabolomic signature and analysis 
of total‑body irradiated (TBI) group

There was an obvious distinct segregation of TBI from con-
trols based on PLS-DA. Univariate analysis showed, five 
metabolites were up-regulated and six metabolites were 
down-regulated (Table 1) whereas, 8 metabolites contrib-
uted to group segregation based on VIP > 1. Changes in each 
metabolite at individual levels have been well represented in 
heatmap (Supplementary Fig. 7).

Table 1  1H NMR spectroscopy based univariate analysis of radiation induced metabolic changes after total and partial-body radiation exposure

The statistical significance (p-value and FDR) and fold change are represented for each metabolite in all irradiated groups. FDR value < 0.05 
were considered significant by Student’s t test (*p-value < 0.05, **p-value < 0.01 and ***p-value < 0.001)

TBI TI AI HI

Metabolites HMDB p-value FDR FC p-value FDR FC p-value FDR FC p-value FDR FC

Acetate HMDB0000042 .137 – 1.18 .211 – .83 .367 – 1.11 .304 – 1.13
Pyruvate HMDB0000243 .339 – .73 .141 – 1.59 .662 – .87 .915 – 1.03
Succinate HMDB0000254 .034 – .67 .021 – .66 .219 – .85 .143 – .82
α- KG HMDB0000208 .008 0.022* .49 .009 0.025* .52 .414 – .85 .061 – .59
Citrate HMDB0000094 .001 0.005** .47 .0001 0.003** .37 .978 – 1.00 .020 0.039* .68
Methylamine HMDB0000164 .052 – 1.19 .958 – .99 .143 – 1.15 .017 0.039* .77
Dimethylamine HMDB0000087 .0001 0.001** .59 .002 0.011* .67 .003 0.012* .72 .020 0.039* .71
Trimethylamine HMDB0000906 .136 – .66 .027 – .42 .011 0.03* .28 .189 – .66
Cis-aconitate HMDB0000072 .170 – .82 .0001 0.001** .63 .003 0.011* 1.44 .357 – 1.07
Choline HMDB0000097 .011 0.027* 1.38 .495 – 1.04 .0001 0.0001*** 1.59 .927 – 1.00
Phosphocholine HMDB0001565 .0001 0.001** 1.97 .002 0.01* 1.75 .003 0.011* 3.48 .008 0.024* 1.66
TMAO HMDB0000925 .107 – .48 .009 0.025* .16 .090 – .47 .024 0.04* .32
Taurine HMDB0000251 .0001 0.0001*** 6.45 .006 0.024* 3.72 .0001 0.001** 4.65 .0001 0.003** 2.99
Glycine HMDB0000123 .041 – 1.13 .050 – .83 .500 – 1.04 .458 – 1.02
Sarcosine HMDB0000271 .518 – 1.14 .970 – 1.01 .251 – 1.33 .007 0.024* 1.80
Guanidoacetate HMDB0000128 .114 – 1.42 .164 – 1.34 .060 – 1.57 .078 – 1.45
Creatine HMDB0000064 .0001 0.0001*** 3.77 .0001 0.0001*** 4.70 .0001 0.001** 2.42 .001 0.006** 2.89
Creatinine HMDB0000562 .099 – 1.17 .008 0.025* 1.36 .009 0.029* 1.29 .022 0.039* 1.21
Trigonelline HMDB0000875 .406 – 1.16 .297 – .75 .518 – 1.14 .012 0.034* 1.65
Ascorbate HMDB0000044 .168 – 1.55 .027 – 1.71 .191 – 1.42 .021 0.039* 1.75
Allantoin HMDB0000462 .004 0.011* .73 .098 – .85 .376 – .90 .0001 0.003** .56
Transaconitate HMDB0000958 .001 0.005** 2.27 .771 – 1.09 .051 – 1.81 .0001 0.006** 2.72
Kynurenate HMDB0000715 .594 – 1.08 .023 – 1.50 .399 – 1.13 .059 – 1.38
Phenylalanine HMDB0000159 .0001 0.001** .54 .098 – .78 .0001 0.001** .47 .0001 0.006** .56
Indoxylsulfate HMDB0000682 .0001 0.0001*** .41 .001 0.008** .53 .0001 0.001** .44 .001 0.006** .56
Hippurate HMDB0000714 .112 – 1.31 .330 – .81 .348 – 1.26 .064 – 1.42
Formic-acid HMDB0000142 .100 – 1.41 .331 – 1.16 .021 – 2.06 .021 0.039* 1.44
NMN HMDB0000229 .321 – 1.24 .430 – .76 .467 – 1.21 .006 0.022* 1.95
Total 11 10 10 17
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Representative 1H NMR spectrum of urine showing iden-
tified metabolites (a) and comparative NMR spectra of con-
trol (C) and different irradiated groups (TBI, TI, AI and HI) 
(b) is shown in Supplementary Fig. 8.

3.6  Common metabolomic signature of radiation 
exposure

To extend further for any common metabolic signature for 
radiation exposure (irrespective of partial or total-body irra-
diation exposure) in urine, data from TBI, pooled partial 
radiation groups and controls were analysed for all identi-
fied metabolites in 1H NMR spectra (Fig. 2). ANOVA based 
post-hoc comparison represented significant difference in 
levels of taurine, α-KG, DMA, creatine, phenylalanine, 
indoxylsulfate, allantoin, TMAO and trans-aconitate in both 
the irradiated groups compared to controls (Fig. 3). TMA 
and creatinine are the metabolites of importance for pooled 

partial radiation as these metabolites represented significant 
change only in pooled partial radiation group (Fig. 3). How-
ever, other important energy metabolites such as citrate and 
succinate presented a similar trend in both the irradiated 
groups compared to controls but could not attain significant 
level in pooled partial radiation group.

3.7  Network visualization of metabolites 
and pathways

The biological significance of radiation exposure was evalu-
ated by pathway analysis using MetaboAnalyst software. It is 
essential for understanding the effect of radiation on cellular 
processes. Pathway analysis revealed alteration in glycine, 
serine and threonine metabolism, taurine & hypotaurine 
metabolism, phenylalanine, tyrosine and tryptophan biosyn-
thesis, phenylalanine metabolism and Tri-carboxylic acid 

Fig. 2  Multivariate analysis 
of pooled partially irradiated 
and control group a PCA score 
plot for discriminating control 
(C), TBI and pooled partially 
irradiated (PI) groups based on 
their metabolic profile. Group 
separation is seen in PC1 with 
29%, b PLS-DA score plot after 
variable selection. Group seg-
regation is seen in component 1 
with 37.8% (elliptical boundary 
shows 95% confidence interval), 
c VIP plot presenting rank-
ing of metabolites responsible 
for observed discrimination 
between the groups. Metabo-
lites having VIP score > 1 are 
considered for segregation, d 
Corresponding Heatmap show-
ing comparison of metabolites 
between the groups. (red = C, 
control; green = PI, pooled 
partial-body; blue = TBI, total-
body irradiation)
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(TCA cycle) had good hit with impact > 0.2 and –log(p) < 2 
(Fig. 4).

4  Discussion

The rise of nuclear or radiological exposure increases the 
likelihood of partial-body exposure and necessitates the 
development of appropriate evaluation strategies for non-
homogeneous radiation exposure before treating acute radia-
tion syndrome (Prasanna et al. 2010). Globally, research is 
going on to identify biomarkers for the identification of non-
homogeneous exposures using in vitro and animal models of 
partial-body exposure. Still, there is a research gap regard-
ing similarity or dissimilarity coexistence between partial 
or total-body radiation exposure. Radiation exposure leads 
to several biological effects, but the mechanism underlying 
the metabolic effects of radiation are not well known. Patho-
physiology involved during partial or total-body radiation 
further complicates the mechanism. In the present study, 
we have attempted to elucidate NMR metabolomics based 
markers common to partial or total-body radiation exposure 
and further evaluate changes pertaining to specific regions 
of the body exposed.

NMR based metabolites were evaluated to discriminate 
between different regional PBI and TBI in mice model for 
radiation exposure equivalent to 10 Gy. On visual inspection, 
PCA and PLS-DA plots showed distinct changes in both 
PBI and TBI groups. Grossly, NMR metabolomics based 
perturbations were mainly depicted in metabolites associated 
with energy metabolism, gut flora metabolism and osmolytes 
in both radiation-exposed groups (Fig. 5). Commonality of 
metabolite markers in radiation-exposed groups irrespective 
of partial-body or total-body makes them potential candi-
dates of radiation exposure.

Disturbed energy metabolism is an evident change 
observed post-radiation exposure. The molecular mechanism 
of ionizing radiation involves considerable damage to DNA 
and the indirect reactive oxygen species (ROS) so formed 
results in cellular stress and death. Mitochondrial DNA is 
known as sensitive targets to radiation-induced damage that 
leads to the generation of high levels of ROS (Datta et al. 
2012; Kawamura et al. 2018; Yoshida et al. 2012). There-
fore, perturbations in TCA intermediates may be a direct 
indication of mitochondrial dysfunction. Reduction in the 
energy metabolite (α-KG, citrate, succinate) observed in 
irradiated groups compared to control suggests mitochon-
drial dysfunction. The TCA cycle has also been identified 
as a prominent altered pathway during pathway analysis 

Fig. 3  Relative intensity levels of significantly perturbed metabo-
lites using ANOVA followed by Bonferroni post-hoc test with alpha 
correction in irradiated groups (TBI and Pooled Partial) compared 

to control group. Data is presented as mean ± standard deviation 
(*p-value < 0.05, **p-value < 0.01 and ***p-value < 0.001)
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providing another evidence of mitochondrial dysfunction 
post-irradiation (Figs. 4 and 5). Our findings of altered 
TCA intermediates are well in accordance with other recent 
available literature on identification of metabolomics based 
biomarkers in different animal models (Chen et al. 2011; 
Goudarzi et al. 2014; Pannkuk et al. 2017) (Fig. 4).

Energy metabolism associated with metabolic changes 
observed in our study could be a result of radiation-induced 
perturbations of metabolic cell signalling pathway. Radia-
tion exposure can initiate a series of complex molecular 
events involving many signalling pathways including p53 
activation that can affect metabolism including mitochon-
drial biogenesis (Berkers et al. 2013). Amongst the altered 
energy metabolites, α-KG has been found to be decreased 
in TI and TBI groups. Decreased α-KG level is suggestive 
of its increased usage during DNA repair besides an energy 
substrate intermediate. DNA repair enzymes,  Fe2+ binding 
dioxygenase, are known to be an α-KG dependent enzyme 
which is involved in removing methyl lesions present in 
DNA (Bleijlevens et al. 2012).

Another important physiological metabolic system that 
has been ascertained in our study is gut flora metabolism. 

The decrease in the urinary level of phenylalanine, indoxyl-
sulfate, TMA, TMAO and DMA in irradiated groups com-
pared to control has been shown to correlate with intestinal 
micro-biota changes (Fig. 5). Previous studies have estab-
lished that gut microbial metabolism of choline results in 
the formation of TMA which is further metabolised by Fla-
vin-monooxygenase (FMO) in host liver to produce TMAO 
(Hoyles et al. 2018; Wang et al. 2011). A study by Romano 
et al. 2015 suggests that TMAO level is affected by gut 
micro-biota composition as some of the bacterial species 
present in intestinal micro-biota are known to reduce FMO 
activity. In the present study, reduced level of TMA and 
TMAO post-irradiation could be due to direct or indirect 
effect of radiation on microbial diversity. It is evident in lit-
erature that high-dose radiation exposure leads to remarkable 
disturbances in haematopoietic tissue and intestinal mucosa 
(Ghosh et al. 2013; Shao et al. 2014; Wang et al. 2015). On 
radiation exposure, intestinal barrier collapses leading to the 
infiltration of intestinal bacteria into blood circulation. The 
alteration in the level of TMA and TMAO could be due to 
transmigration of intestinal bacterial or destruction of pro-
biotic intestinal bacterial flora on radiation exposure. Recent 

Fig. 4  Overview of metabolic pathway analysis discriminating 
between control and pooled partial body irradiated group, depict-
ing dysregulated metabolic pathways. X axis represents Pathway 
impact values whereas Y axis represents –log (p) values by pathway 
enrichment analysis. Glycine, serine and threonine metabolism (cre-
atine, guanidinoacetate, sarcosine, choline, glycine and pyruvate) 
(p-value = 0.0001), taurine and hypotaurine metabolism (taurine) 
(p-value = 0.0002), phenylalanine, tyrosine and tryptophan biosynthe-

sis (phenylalanine and hippurate) (p-value = 0.0003), phenylalanine 
metabolism (phenylalanine) (p-value = 0.0004) and TCA cycle (cit-
rate, α-KG, cis-aconitate, succinate and pyruvate) (p-value = 0.042). 
Pathways having pathway impact > 0.2 and –log (p) < 2 were consid-
ered. Every bubble represents one metabolic pathway and its area is 
proportional to the impact of pathway and color denotes the signifi-
cance from highest (red) to lowest (yellow)
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study have shown intestinal cell death along with increased 
pathogenic proteobacteria on exposure to radiation of more 
than 10 Gy in rats (Rentea et al. 2016). Also, one of the ear-
lier study have shown that metabolite associated with trypto-
phan and indole in plasma were found to be associated with 
radiation-induced gut micro-biota changes in murine model 
at 24 h after 10 Gy total-body radiation exposure (Kurland 
et al. 2015). The radiation-induced gut micro-biota changes 
have been very well supported by altered phenylalanine, 
tyrosine and tryptophan metabolism by pathway analysis 
in TBI and PBI group (Fig. 4). The study further observed 
elevated taurine levels post-irradiation in both the irradiated 
groups. Elevated level of taurine in urine has consistently 
been reported in earlier studies on radiation exposure and 
passive cellular leakage during cell damage or destruction of 
circulating lymphocytes post-radiation exposure have been 
proposed as the probable mechanism of release of taurine 

in urine (Dilley 1972; Fazzino et al. 2006, 2010; Christo-
phersen 2012). The perturbed taurine level has also been 
substantiated by altered taurine and hypotaurine pathway 
in the present study (Fig. 4). On a similar note, increased 
creatine level, a known radiation-induced change in urine, 
has also been observed in our study on exposure to radia-
tion (Fig. 5).

Concisely, in our study, several metabolite changes were 
observed in both PBI and TBI groups. Partial-body exposure, 
similar to total-body exposure, results in decline in blood and 
immune cell which affect metabolic activities both at cellular 
and tissue level through signalling. Comparable metabolic 
changes have been seen in partial or total-body radiation 
exposure. These familiar changes further affirm the linking of 
these metabolites associated with radiation injury. However, 
characteristic behaviour of different irradiated groups could be 
seen in terms of few metabolites which were disturbed either 

Fig. 5  Disturbed intermediary metabolism at 24 h post radiation exposure. Significantly increased and decreased metabolites are represented in 
red and green, respectively
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during TBI and PBI. For instance, citrate and succinate are 
found to be altered in TBI group only, on the contrary TMA 
and creatinine were disturbed only in PBI groups. This dif-
ference seems obvious due to a distinct level of systemic or 
localised injury. The impact of partial-body exposure varies 
with area of body exposed and is expected to be consider-
ably different from a total-body exposure at the identical dose 
(Prasanna et al. 2010).

Further, distinct degree of injury was also seen amongst 
PBI groups wherein, most changes were observed in HI irradi-
ated group followed by AI and TI irradiated group respectively. 
This could be elucidated by differential radiation sensitivity of 
the organ involved during different localised irradiation. Dur-
ing HI, bone marrow consisting of haematopoietic stem cells 
(HSC) and mesenchymal stem cells (MSC) is the immediate 
target of radiation exposure whereas in abdominal region, most 
affected part is intestinal lining (enterocytes), crypt epithelial 
stem cells (Green and Rubin 2014; Wang et al. 2015). Dif-
ferential response at 24 h time point also reflects the varia-
tion in the population kinetics of cell renewal system and the 
difference in the amount of damage that can be tolerated in 
these different tissue systems associated with different regions 
during irradiation (Hall and Giaccia 2018). It further substanti-
ates the presence of least changes in thoracic region involving 
mainly lungs which are considerably late responding critical 
organ and changes observed at 24 h time point could be due to 
radiation-induced inflammatory cytokines mediated response 
(Garofalo et al. 2014; Ghandhi et al. 2018).

Radiation dose assessment and biodosimetry is still 
a challenge in PBI exposure owing to non-homogeneity 
of exposure during radiation accident. Radiation expo-
sure of one organ system leads to multi-organ interaction 
even if they are not directly involved in radiation exposure 
(Prasanna et al. 2010). Therefore, understanding the cellular, 
organ injury and system biology may bring out comprehen-
sive information on the pathophysiology of radiation injury 
that could conclude in identifying the target as an indicator 
for radiation exposure. Moreover, with robust bioinformat-
ics, integrated approach with network interaction at all levels 
of information might overcome the gaps inherent in each 
technique and strengthen the change of getting robust marker 
of radiation exposure or develop an integrated algorithm for 
initial triage of victims. Metabolomics based outcome of 
this study could be an important node or seed point for an 
integrated solution to a complex research question in terms 
of radiation biomarkers.

5  Conclusion

In the present study, metabolomics based changes were 
observed in some metabolites irrespective of total or 
partial-body radiation exposure. Additionally, differential 

regional response was also reflected for some of the 
metabolites; exhibiting radiation sensitivity of the organs 
involved in different regions exposed during irradiation. 
In future, the authors intend to extend the study further 
with the inclusion of more parameters and to look for inte-
grated network analysis with gene expression or micro-
biome studies.
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