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Abstract: The details of the dose-dependent response of serum proteins exposed to ionizing radiation,
especially the oxidative modification response in amino acid sequences of albumin, the most abundant
protein, are unknown. Thus, a proteomic analysis of the serum components from mice exposed to
total body X-irradiation (TBI) ranging from 0.5 Gy to 3.0 Gy was conducted using LC-MS/MS. The
analysis of oxidative modification sequences of albumin (mOMSA) in TBI mouse serum revealed
significant moderate or strong correlations between the X-irradiation exposure dose and modification
of 11 mOMSAs (especially the 97th, 267th and 499th lysine residues, 159th methionine residue and
287th tyrosine residues). In the case of X-irradiation of serum alone, significant correlations were also
found in the 14 mOMSAs. In addition, a dose-dependent variation in six proteins (Angiotensinogen,
Odorant-binding protein 1a, Serine protease inhibitor A3K, Serum paraoxonase/arylesterase 1,
Prothrombin and Epidermal growth factor receptor) was detected in the serum of mice exposed to
TBI. These findings suggest the possibility that the protein variation and serum albumin oxidative
modification responses found in exposed individuals are important indicators for considering the
effects of radiation on living organisms, along with DNA damage, and suggests their possible
application as biomarkers of radiation dose estimation.

Keywords: total body irradiation; proteomic analysis; oxidative modification profiling; serum albumin;
amino acid sequences; radiation biomarker

1. Introduction

Very recently we reported on a proteomic analysis and oxidative modification profiling
of serum collected from residents of a newly discovered high-level natural background
radiation area (HBRA, annual effective dose of approximately 50 mSv y−1) and normal-level
background radiation area (NBRA, 1.22 mSv y−1) in Mamuju, Indonesia [1]. A proteomic
analysis showed that the apolipoprotein B-100 and hemoglobin subunit α1 expression
of residents in the HBRA was significantly lower than that of residents in the NBRA. In
addition, a total of 270 oxidation-mediated modification sites were identified in the amino
acid sequence of human serum albumin (HSA) by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Among these, four specific amino acid sequences of HSA
showed a dose-dependent oxidative modifications. Notably, the 162nd and 356th tyrosine
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residues and 111th and 470th methionine residues were found. None of these findings have
been reported in humans exposed to chronic low-dose radiation. This can be used as a
biomarker not only for the assessment of the presence or absence of radiation exposure but
also for dose prediction of chronic radiation exposure in living organisms. These results
suggest that traces of radiation exposure are recorded in serum albumin and that there is a
possibility of a new methodology that can evaluate biological responses below 100 mSv.

Regarding the health effects of chronic low-dose radiation exposure, epidemiological
studies of human populations, such as occupational studies of nuclear workers, are not as
clear regarding whether low-dose-rate exposure results in lower risks than seen among
Japanese atom bomb survivors who were acutely exposed to radiation [2]. In addition,
the UNSCEAR report showed that epidemiological studies in several regions of the world
(Ramsar, Yangjiang, Kerala and Guarapari) reported no correlation between radiation
exposure and cancer rate or mortality in areas with high natural background radiation [3],
indicating that the effect of low dose rates on health and the cancer risk after exposure to
ionizing radiation is still unclear. Tang et al. also reported that the mechanisms of low-dose
ionizing radiation (≤100 mSv) or low-dose-rate ionizing radiation (<6 mSv/h)—induced
health effects are poorly understood [4]. Issues related to the health effects of low doses
require further research in the future.

The annual effective dose shown in the previous report was estimated as the accumu-
lation of the dose from external exposure (environmental gamma radiation) and internal
exposure (mainly through breathing of indoor radon) based on our previous reports. This
radioactivity was mainly derived from uranium (238U), thorium (232Th), radon (222Rn),
thoron (220Rn) and their progeny contained in soil [5,6]. However, do the proteomic changes
observed in residents living under chronic long-term low-dose radiation exposure also oc-
cur with a single acute high-dose radiation exposure, such as a radiation exposure accident?
Furthermore, the details of whether there is a dose-dependent response are unknown. In
particular, prodromal symptoms seen in patients within 1 to 2 days after acute radiation ex-
posure of ≥1 Gy may include symptoms such as loss of appetite, nausea, vomiting (>2 Gy),
and diarrhea, making it easy to confirm the biological response to radiation exposure [7].
As pointed out by Shin et al., the effects of low-dose radiation, which many experimental
studies consider to be defined as <0.5 Gy, are subtle, and the absence of reliable biological
markers has been an obstacle [8,9]. With the rapid progress of analytical techniques in
recent years, an increasing number of studies have reported on the search of the proteome
of exposed individuals [9–12], and it is expected to be utilized as a biomarker for dose
estimation in triage in the event of nuclear or radiological disasters [13–15]. However, the
details of the relationship between the radiation dose and oxidative modification of serum
albumin are unknown. Furthermore, considering its application to radiation accidents and
nuclear disasters, it is necessary to verify it in animal experimental models, as it cannot be
verified in humans.

In the present study, we analyzed the proteome and oxidative modification profile
by LC-MS/MS using mouse serum after 24 h of single total body X-irradiation (0.5–3 Gy),
assuming a nuclear disaster/radiation accident.

2. Materials and Methods
2.1. Animal Experiments

Seven-week-old female C57BL/6JJcl mice were delivered from the breeding facilities
of CLEA Japan (Tokyo, Japan). All mice were housed in a conventional clean room at an
ambient temperature of 23 ◦C with 50% relative humidity, and a 12-h light/dark cycle. The
mice had ad libitum access to sterilized standard laboratory mouse chow (CLEA Rodent
Diet CE-2, CLEA, Tokyo, Japan) and drinking water. After obtaining approval from the
animal experiment committee (approval number: G17001), all experiments were conducted
according to the legal regulations in Japan and the Guidelines for Animal Experiments,
and all efforts were made to minimize the number of animals used and their suffering in
this study. After a week of acclimatization, 8-week-old mice were randomly divided into
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4 groups with more than 8 mice per group and subjected to varying TBI doses of 0, 0.5, 1
or 3 Gy from X-rays (150 kVp, 20 mA, 0.5-mm aluminum and 0.3-mm copper filters) at a
dose rate of 1.0 Gy/min using an MBR-1520R X-ray generator (Hitachi Medical, Tokyo,
Japan) with a distance of 450 mm between the focus and the target. The air kerma was
monitored with a thimble ionization chamber, which integrated the radiation dose and
blocked X-rays when it reached a present dose value. Peripheral blood was harvested
by capillary tube 24 h after TBI from the orbital venous plexus of mice after they were
anesthetized using isoflurane (Powerful Isoful; Zoetis, London, UK). Samples were placed
at room temperature for at least 30 min to allow blood clotting. Serum was collected by
centrifugation at 1200× g for 10 min and stored at −80 ◦C until use. In addition, serum
collected from non-irradiated mice was subjected to varying TBI doses of 0, 0.5, 1 or 3 Gy
from X-rays; incubated at 37 ◦C for 24 h; and stored at −80 ◦C until use.

2.2. Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) and High-Resolution
Multiple Reaction Monitoring (MRM-HR)

The measurement was performed according to a previous report [1]. Briefly, serum
proteins were precipitated with acetone and the precipitates were dissolved and denatured
with 50% trifluoroethanol. The proteins were reduced and alkylated before trypsinization.
Tryptic peptides were analyzed using a TripleTOF6600 mass spectrometer (AB Sciex).
A non-labeled quantitative method (SWATH) was used for a serum proteome analysis.
The peak areas of peptides were normalized to the sum of the total peak area sum of
all measured peptides. The principal component analysis (PCA) and orthogonal partial
least square-discriminant analysis (OPLS-DA) were performed using the Simca software
program (Infocom Corp, Tokyo, Japan).

The high-resolution multiple reaction monitoring (MRM-HR) method was used to
profile oxidative modification of serum albumin. On the basis of the information-dependent
acquisition results (data not shown), an assay for MRM-HR experiments was developed
using the Skyline software program (MacCoss Lab, University of Washington, Seattle,
Washington, DC, USA). The transitions of MRM-HR are shown in Supplementary Table
S1. All peak pickings were manually checked after automated matching. The peak areas
obtained were normalized by calculating the relative abundance of each modified peptide
using the corresponding non-modified peptide.

2.3. Statistical Analysis

We used the Origin Pro 2020b software program (Northampton, MA, USA) for Win-
dows to perform the linear and polynomial correlation analysis. Furthermore, the data
were analyzed with a one-way ANOVA and Tukey-Kramer or Bonferroni/Dunn multiple
comparison tests. Statistical significance in the analysis was all tested using a two-sided
p value of 0.05. The oxidation modification patterns of amino acids were drawn using
BKChem, a freely available chemical drawing program.

3. Results
3.1. Multivariate Analysis of Serum Proteome of Mice with Different Irradiation Doses

Eight-week-old female C57BL/6JJcl mice were subjected to varying TBI doses of
0.5, 1 or 3 Gy from X-rays, and peripheral blood was harvested 24 h after TBI for serum
collection (in vivo model). Regarding animal conditions after 24 h of TBI, as shown in
Figure 1A, the body weights of TBI (1 Gy and 3 Gy) mice were significantly decreased
in comparison to those of the non-irradiated mice. However, haematocrit values, which
indicate the ratio of the total volume of red blood cells to the total blood, did not differ to a
statistically significant extent among all groups. To elucidate the effects of each irradiation
exposure, LC-MS/MS was used to examine the expression of proteins in the serum in each
treatment. Finally, 161 types of protein were identified. The full dataset from all serum
samples was subjected to PCA to obtain an overview of the data. The first and second
principal component scores were 16.8% and 8.81%, respectively, as shown in Figure 1B
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(the ellipse represents a 95% tolerance region for the scores based on Hotelling’s T2).
There was no evidence of separation among the four classes along the first and second
principal components. There were no major outliers. The score scatter plots of the OPLS-
DA model in Figure 1C demonstrated satisfactory separation between non-irradiated
mice and mice exposed to TBI (0.5 Gy, 1 Gy, or 3 Gy) using one predictive component
and one orthogonal component. The above groups were completely separated along the
first predictive component. These results indicate that the serum proteome profile can
be used to distinguish mice with TBI doses of 0.5 Gy, 1 Gy or 3 Gy from X-rays from
non-irradiated mice.
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Figure 1. Proteomic analysis of serum from mice exposed to single TBI in in vivo model. [A] Eight-
week-old female C57BL/6JJcl mice were randomly divided into 4 groups with more than 8 mice per
group and subjected to varying TBI doses of 0, 0.5, 1 or 3 Gy of X-rays at a dose rate of 1.0 Gy/min.
Peripheral blood was harvested 24 h after TBI from the orbital venous plexus of mice and placed at
room temperature for at least 30 min to allow blood clotting for serum collection (in vivo model).
Body weight changes and haematocrit values at the time of serum collection. Statistically significant
differences were evaluated by a one-way ANOVA and the multiple comparison tests; p < 0.05 (*).
[B] PCA score scatter plot of the serum proteome. Each dose treatment group of the samples are
represented as shown in the (left) figure, respectively. Uncharacterized samples are plotted at the
center, and those with features are plotted at a distance from the center (right) figure. Similar features
are plotted at close positions. [C] The OPLS-DA model to discriminate the serum proteome of each
irradiated mouse. The score scatter plot and S-plot are represented. The ellipse in the score scatter
plot indicates the Hotelling T2 (0.95) range for each model.
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The resultant S-plots using the OPLS-DA model revealed a significant increase in
serine protease inhibitor A3K (Serpin A3K) in TBI (1Gy and 3Gy) mice (Table 1) and a
further weak dose-dependent correlation was observed when the proteins expressed in
non-TBI and TBI mice were compared (Supplemental Figure S1). Angiotensinogen (Serpin
A8) and Odorant-binding protein 1a (Odorant-binding protein 1A) were decreased in TBI
(0.5 Gy) mice and TBI (1 Gy) mice, respectively. Further serum paraoxonase/arylesterase 1
(PON1), prothrombin, and epidermal growth factor receptor (EGFR) were identified by TBI
(3Gy) in addition to Serpin A3K (Table 1). At this time, only PON1 was decreasing.

Table 1. Proteins that varied significantly according to the dose of X-irradiation.

Radiation
Dose (Gy) Protein Name Protein

Short Name UniProt ID FC 1 Probability 2

0 vs. 0.5 Angiotensinogen Serpin A8 P11859 0.37 0.037

0 vs. 1.0
Odorant-binding protein 1a

Odorant-
binding

protein 1A
Q9D3H2 0.54 0.026

Serine protease inhibitor A3K Serpin A3K P07759 1.84 0.026

0 vs. 3.0

Serum paraoxonase/
arylesterase 1 PON1 P52430 0.38 0.00076

Prothrombin - P19221 2.04 0.0057
Epidermal growth factor

receptor FGFR Q01279 1.96 0.022

Serine protease inhibitor A3K Serpin A3K P07759 2.54 0.046
1 FC, Fold change in comparison to non-irradiated samples. 2 Probability represents the p value determined by a
t-test.

3.2. Oxidative Modification of Serum Albumin (OMSA) under Acute Single Radiation Exposure

Next, we analyzed the oxidative modification of the chemical and spatial structure of
albumin that occurred because of acute single radiation exposure. The amino acid sequence
of mouse albumin and the identified modifications are shown in Figure 2. The albumin
structural region was also totally glycated and oxidatively modified. In addition, nitration
of the tyrosine residue and oxidation of the arginine residue, proline residue, methionine
residue, and lysine residue were observed. The sequence information for 48 mouse OMSA
(mOMSAs) is listed in Supplemental Table 1. For MRM-HR profiling of mOMSA, peptides
containing each oxidatively modified amino acid residue were standardized against the
peak area value of the corresponding unmodified peptide and analyzed for correlation
with the radiation exposure dose as a relative peak area ratio. The fitting of quadratic
equations was investigated for each mOMSA; in fact, most human genes show quadratic
dose response to radiation [16,17]. In the in vivo model, eleven sequences showed signif-
icant dose-dependent correlations (r value) of >0.5 by linear or curve fitting. Especially,
significant moderate or strong correlations were found between the individual acute high
radiation exposure dose and five mOMSAs: mOMSA3 (Linear r = −0.51, p < 0.01, Poly-
nomial r = −0.65, p < 0.001), mOMSA9 (Linear r = 0.53, p < 0.01, Polynomial r = 0.54,
p < 0.01), mOMSA14 (Linear r = 0.6, p < 0.001, Polynomial r = 0.63, p < 0.001), mOMSA20
(Linear r = 0.55, p < 0.001, Polynomial r = 0.60, p < 0.01), and mOMSA41 (Linear r = 0.5,
p < 0.01, Polynomial r = 0.5, p < 0.05) (Figure 3). Furthermore, serum samples collected
from non-irradiated mice were subjected to varying TBI doses of 0, 0.5, 1, or 3 Gy of X-rays
and incubated at 37 ◦C for 24 h as an in vitro model (Figure 4A). Fourteen sequences
showed significant dose-dependent correlations (r value) of >0.5 by linear or curve fitting.
Especially, significant moderate or strong correlations were found between the individ-
ual acute high radiation exposure dose and seven mOMSAs: mOMSA9 (Linear r = −0.7,
p < 0.00001, Polynomial r = −0.74, p < 0.001), mOMSA13 (Linear r = −0.5, p < 0.01, Polyno-
mial r = −0.55, p < 0.01), mOMSA16 (Linear r = 0.5, p < 0.01, Polynomial r = 0.5, p < 0.05),
mOMSA23 (Linear r = −0.62, p < 0.001, Polynomial r = −0.65, p < 0.001), mOMSA25 (Linear
r = −0.56, p < 0.001, Polynomial r = −0.66, p < 0.001), mOMSA33 (Linear r = 0.7, p < 0.00001,
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Polynomial r = 0.7, p < 0.0001), and mOMSA36 (Linear r = −0.55, p < 0.001, Polynomial
r = −0.63, p < 0.001) (Figure 4B).
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Figure 2. Oxidative modification of SA obtained from single TBI exposure. Identified MSA se-
quences and their oxidative modification by LS-MS/MS. The modification sites are marked as follows:
pink, aminoadipic acid; light blue, oxidation; blue, dioxidation; yellow, γ-glutamyl semialdehyde;
purple, allysine; and grey, nitrotyrosine. Glycated or glycosylated amino acids are indicated with
asterisks. The peptides targeted by an MRM-HR are underlined.
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Figure 3. Correlation between the oxidative modification sequence of MSA with single TBI and
the radiation dose in vivo model. [A] Eight-week-old female C57BL/6JJcl mice were exposed to
varying TBI doses of 0, 0.5, 1 or 3 Gy of X-rays. Peripheral blood was harvested 24 h after TBI from
the orbital venous plexus of mice (in vivo model). [B] Eleven sequences that showed significant dose-
dependent correlations by linear or curve fitting are shown. Five sequences (mOMSA3, mOMSA9,
mOMSA14, mOMSA20 and mOMSA41) showed a correlation coefficient (r value) of >0.5. p values of
<0.05 were considered statistically significant.
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Figure 4. Correlation between oxidative modification sequence of MSA irradiated in vitro.
[A] Serum samples collected from non-irradiated mice were subjecting to varying TBI doses of
0, 0.5, 1, or 3 Gy of X-rays and incubated at 37 ◦C for 24 h (in vitro model). [B] Fourteen sequences
that showed significant dose-dependent correlations by linear or curve fitting are shown. Seven
sequences (mOMSA9, mOMSA13, mOMSA16, mOMSA23, mOMSA25, mOMSA33 and mOMSA36)
showed a correlation coefficient (r value) of >0.5. p values of <0.05 were considered statistically
significant.
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Based on the results of our previous report [1], the oxidative modification sites of
MSA obtained in this study were compared with the results of humans with chronic
low-dose radiation exposure (Figure 5). Among the identified amino acid sequences of
mouse albumin, lysine, methionine and tyrosine underwent dose-dependent oxidative
modification. In particular, half of the oxidative modifications occurred at lysine, unlike in
the case of human albumin (Table below in Figure 5). These results indicate that the profile
of OMSA induced by radiation exposure is quite different between mice and humans.
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Figure 5. Comparison of oxidative modification sequences of human and mouse serum albumin.
Based on the results of our previous report [1], the oxidative modification sites of the serum albumin
obtained in this study were compared. Among the identified amino acid sequences of mouse albumin,
lysine, methionine and tyrosine underwent dose-dependent oxidative modification. Oxidation-
modified amino acids in chronic low-dose radiation exposure in humans, acute single radiation
exposure in mice (in vivo), and acute single radiation exposure in mouse serum (in vitro).

4. Discussion

In the present study, a proteomic analysis of serum components from mice exposed
to 0.5 to 3.0 Gy single TBI revealed significant, dose-dependent variation in six proteins
(Table 1). Among these proteins, Serpin A8, Odorant-binding protein 1A, and PON1 were
decreased, while other proteins were increased. In particular, the expression of Serpin
A3K was found to increase in a dose-dependent manner (Supplemental Figure S1). Serpin
A3K is a member of the serine protease inhibitor family and is also known as kallikrein-
binding protein, with anti-inflammatory and anti-angiogenic activities [18]. This is a new
finding, as no previous reports have shown an association between radiation and the
expression of Serpin A3K. Similarly, Serpin A8, which is involved in blood pressure [19],
and Odorant-binding protein 1A, which is involved in the sense of smell [20], have never
been reported to be related to radiation, and this point was clarified for the first time
in this study. Numerous reports on the association with radiation have been made for
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EGFR, which is a receptor of tyrosine kinase involved in cell survival/growth signaling
that is overexpressed in several cancers [21,22]. In particular, EGFR is expressed in more
than 90% of squamous cell carcinomas of the head and neck and is one of the most
important therapeutic targets [23]. Following radiation, the activation of EGFR has been
reported, leading to downstream signaling that contributes to cancer cell survival [24].
Further, EGFR has been shown to be involved in mediating DNA repair after irradiation,
leading to the repair of damaged DNA [25]. There are also several reports on PON1 and
prothrombin. Paraoxonase (PON-1) is an antioxidant enzyme that belongs to a family of
calcium-dependent esterases that includes PON-1, PON-2 and PON-3 [26]. Serhatlioglu
et al. examined the levels of malondialdehyde (an end-product of lipid peroxidation) and
PON-1 activity/phenotypes in people, radiology workers, who were exposed to ionizing
radiation for different time periods and doses [27]. They showed that PON-1 activity was
reduced by 25–35% in subjects exposed to high-dose radiation (>3.5 mSv y−1) and in people
with long−term exposure (>5 years) to radiation in comparison to the controls. Moustafa
et al. evaluated the role of various enzymes in irradiated rats (6 Gy), demonstrating that
the PON activity was significantly declined (p < 0.05) in comparison to the control group
in both serum and the liver [26]. Similarly in this study, the PON1 value was reduced to
38% (Table 1). In addition, prothrombin, a glycoprotein (carbohydrate-protein compound)
occurring in blood plasma and an essential component of the blood-clotting mechanism, is
transformed into thrombin by a clotting factor known as factor X or prothrombinase [28].
Rithidech et al. reported an increase in prothrombin precursors in the plasma of irradiated
(3 Gy) mice on day 2, suggesting an association with radiation [29]. As shown above,
significant fluctuations in six serum proteins were observed 24 h after TBI (0.5–3.0 Gy) mice,
suggesting that these molecules may be an effective biomarker in this exposure dose range.

In our previous study, we developed an MRM-HR method targeting the 38 patterns of
hOMSA using LS-MS/MS and performed the assay on serum samples collected from the res-
idents of a newly discovered HBRA (annual effective dose approximately 50 mSv y−1) [1].
As a result, we reported a dose-dependent oxidative change in a specific sequence of human
serum albumin. Dose-dependent oxidative modification of mouse serum albumin was
observed in single total-body-irradiated mice as well as in the residents with chronic low-
dose radiation exposure. In this study, four sequences (mOMSA9, mOMSA14, mOMSA20,
and mOSMA41) in the in vivo model and two sequences (mOMSA16 and mOMSA33)
in the in vitro model showed positive dose-dependent correlations, but one sequence
(mOMSA3) in the in vivo model and five sequences (mOMSA9, mOMSA13, mOMSA23,
mOMSA25, and mOMSA36) in the in vitro model showed negative dose-dependent corre-
lations (r value) of >0.5 with p values of <0.05 by linear and curve fitting, suggesting that
the correlation between the oxidative modification of MSA and the response to radiation
differed between the in vivo and in vitro models (Figures 3 and 4). It is well known that
proteins circulating in the blood are one of the main targets of reactive oxygen species
(ROS) produced by the interaction of ionizing radiation and water molecules. In addition,
two prime suspects in the intracellular generation of ROS are also the membrane-bound
NADPH oxidase complex and the mitochondrial electron-transport chain (ETC) in vivo
model. Differences in the sources of ROS production in both models may contribute to
the responsiveness to radiation exposure. Under the action of ROS, proteins undergo
oxidative modification, leading to disruption of their structures and functions. Oxidatively
damaged proteins accumulate during the course of ageing and under various patholog-
ical conditions [30]. In particular, serum albumin, which is present in mouse blood at a
concentration of approximately 27 mg/mL, is the most abundant protein, accounting for
approximately 54% of the plasma protein weight [31], and since it is exposed to various
active chemical species at high frequency, it provides information on oxidative stress in
systemic circulation. Of these amino acid residues, the amino acid lysine in proteins is
subject to the largest variety of physiological post-translational modifications and is also
among the most frequently carbonylated amino acids [32] (Figure 6). In this study as well,
lysine carbonylation accounted for half of the identified serum albumin oxidation-modified
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sequence OMSA (Figure 5). Peroxynitrite (ONOO−) binds to the phenolic ring of tyrosine
residues to produce nitrotyrosine. In addition, the methyl thioether group of methionine
changes to a sulfoxide structure in response to increased levels of intracellular oxidative
stress (Figure 6). Oxidative modification of serum albumin was also observed in mice after
a single exposure to TBI, as it was in humans with chronic low-dose radiation exposure.
Interestingly, mOMSA14, an oxidation-mediated modification site of the 159th methionine
residue in the mouse albumin amino acid sequence, and an oxidation-mediated modifi-
cation site of the 162nd tyrosine residue in the human albumin amino acid sequence, is
located in domain IB of the albumin molecule (Figure 5). Although the profile of oxidative
modification of albumin as a whole differs between humans and mice, it is noteworthy
that the amino acid residues Met-159 in MSA and Tyr-162 in HSA, which correlate with
exposure, are both located in domain IB of albumin [33]. The common oxidative mod-
ification response of domain IB of serum albumin to radiation suggests a possible link
between the steric structure of the protein and the biological response to radiation and can
be used as a biomarker of both acute and chronic radiation exposure for living organisms.
Persistent non-physiological protein modifications, such as non-reparable oxidative protein
carbonylation, are irreversible and mostly deleterious to protein activity, and expectedly to
their interactions with partner molecules. However, the functional changes of oxidatively
modified albumin, the subsequent effects on individual health conditions, diseases, and
longevity, as well as the relationship with radiation damage, are issues to be addressed in
the future.
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Figure 6. Hypothesized mechanism of oxidative modification of mouse serum albumin after sin-
gle TBI. When tyrosine reacts with peroxynitrite or hydroxyl radicals, it becomes nitrotyrosine or
hydroxytyrosine, but the aromatic substituent pattern cannot be identified by mass spectrometry.
When methionine reacts with hydroxyl radicals, it becomes methionine sulfoxide and then methionine
sulfone. When lysine reacts with hydroxyl radicals, it becomes allysine.

Regarding the biological effects of ionizing radiation, initially, it was dominated by
target theory, which quantifies the damage caused by traversal of cellular targets such as
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DNA by ionizing tracks [34,35]. Genomic DNA is the primary target, and double-strand
breaks (DSBs) were found to be the most important radiation-induced DNA damage. DSBs
differ from base excision repair in SSBs in that their repair pathway is more complex
and requires more proteins. Later, the importance of “non-target” or “bystander” effects
became recognized with the discovery that mutagenesis, death and/or altered behavior
sometimes occur in cells that were not themselves traversed by any radiation tracks but
which merely interacted with traversed cells [35,36]. A variety of short- and long-range
cell-to-cell propagating signals have been reported, including small molecules capable
of moving through gap junctions (e.g., lipid peroxide products, nucleotides), diffusible
long-range signals such as proinflammatory cytokines (e.g., tumor necrosis factor-α) [37],
and potentially micro RNAs [35] and exosomes [38]. Thus, various proteins are involved
in radiation-induced damage and repair. On the other hand, the results of this study
demonstrated the occurrence of dose-dependent protein oxidative modification by single
TBI, revealing molecular damage to important proteins in targeting theory and non-targeted
effects. Radman et al. reported that the first bottleneck in cell recovery from radiation
damage is functional (proteome) rather than informational (DNA) [39,40]. They also
indicated that although proteins and DNA are equally important for long-term survival,
residual proteome activity after radiation stress can repair inactive damaged DNA and
make it fit again for transcription and replication, but DNA cannot restore the proteome
without pre-existing relevant protein activity. The results of this study–that single TBI
causes many oxidative modifications to serum albumin in a dose-dependent manner–
suggest that other proteins in the body undergo similar oxidative modifications. This
means that, as Rithidech et al. postulated, changes in the expression levels of proteins may
potentially be associated with late-occurring adverse effects [29]. Thus, protein variation
and serum albumin oxidative modification responses found in exposed individuals are
important indicators for considering the effects of radiation on living organisms along with
DNA damage, in addition to their use as biomarkers estimation of the radiation dose.

5. Conclusions

Our previous report suggested that biological responses to chronic low-dose radiation
in humans can be assessed by fluctuations in certain blood proteins and oxidative modifica-
tion of HSA. The present results revealed significant increases or decreases in the serum
levels of six proteins and demonstrated a dose-dependent oxidative modified region in
serum albumin prepared from acute single TBI mice. Although the dose-dependent profiles
of OMSA differed between acute single TBI in mice and chronic low-dose exposure in
humans, the amino acid residues that correlate with exposure are all located in domain IB of
albumin. It is interesting to note that the domains of albumin that are sensitive to oxidative
reactions are consistent. These radiation responses are expected to have the potential to
be used as biomarkers of acute and chronic radiation exposure in living organisms. DNA,
the genetic material that holds all of the information of life phenomena, is an important
biological target of ionizing radiation. Protein damage caused by ionizing radiation also
needs to be considered in more detail.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox11091710/s1, Figure S1: Correlation between the Serpin
A3K expression levels with single TBI and the radiation dose.; Table S1: Oxidative modification
pattern of peptide sequence consisting serum albumin in mice exposed to acute high dose/dose-rate
radiation.

Author Contributions: Conceptualization, M.Y., S.T. and I.K.; methodology, M.Y., Y.T., E.D.N., Y.S.
and T.M.; software, M.Y. and Y.T.; dose estimation, E.D.N. and M.H.; data curation, M.Y. and Y.T.;
writing—original draft preparation, M.Y. and I.K.; writing—review and editing, M.Y., Y.T. and I.K.;
visualization, Y.T.; project administration, M.S., S.T. and I.K.; funding acquisition, M.Y. and I.K. All
authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/antiox11091710/s1
https://www.mdpi.com/article/10.3390/antiox11091710/s1


Antioxidants 2022, 11, 1710 13 of 14

Funding: This research was partially supported by the Japan Society for the Promotion of Science
(JSPS) KAKENHI Grant Nos. JP16K15368, JP18KK0261, JP18K10023, JP18K18190, JP20H00556,
JP21H02860, and Hirosaki University Institutional Research Grant.

Institutional Review Board Statement: The study was approved by the animal experiment commit-
tee of the CLEA Japan (Tokyo, Japan) (approval number: G17001).

Informed Consent Statement: Not applicable.

Data Availability Statement: All raw data for proteomics experiments are provided in supplemen-
tary information Table S1. The proteomics data are also available online using accession num-
bers “PXD025948, PXD025949, PXD025950” for Proteome Xchange [41] and accession numbers
“JPST001166, JPST001167, JPST001168” for jPOST Repository [42]. Any additional data that support
the findings of this study are available from the corresponding author upon reasonable request.

Acknowledgments: The authors are grateful to Miyu Miyazaki at the Center for Scientific Equipment
Management, Hirosaki University Graduate School of Medicine, for help with the LC-MS/MS analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yamaguchi, M.; Tatara, Y.; Nugraha, E.D.; Ramadhani, D.; Tamakuma, Y.; Sato, Y.; Miura, T.; Hosoda, M.; Yoshinaga, S.; Syaifudin,

M.; et al. Detection of biological responses to low-dose radiation in humans. Free Radic. Biol. Med. 2022, 184, 196–207. [CrossRef]
[PubMed]

2. UNSCEAR. Effects of Ionizing Radiation; UNSCEAR 2006 Report, Volume I: Report to the General Assembly, Scientific Annexes A
and B; United Nations Publication: New York, NY, USA, 2006.

3. UNSCEAR. United Nations Scientific Committee on the Effects of Atomic Radiation: Sources, Effects and Risks of ionizing Radiation;
UNSCEAR 2017, Vol I. Annex B: Epidemiological Studies of cancer risk Due To Low-Dose-Rate Radiation From Environmental.
Sources Volume 1; United Nations Publication: New York, NY, USA, 2017.

4. Tang, F.R.; Loganovsky, K. Low dose or low dose rate ionizing radiation-induced health effect in the human. J. Environ. Radioact.
2018, 192, 32–47. [CrossRef] [PubMed]

5. Hosoda, M.; Nugraha, E.D.; Akata, N.; Yamada, R.; Tamakuma, Y.; Sasaki, M.; Kelleher, K.; Yoshinaga, S.; Suzuki, T.; Rattanapongs,
C.P.; et al. A unique high natural background radiation area—Dose assessment and perspectives. Sci. Total Environ. 2021, 750,
142346. [CrossRef] [PubMed]

6. Nugraha, E.D.; Hosoda, M.; Kusdiana; Untara; Mellawati, J.; Nurokhim; Tamakuma, Y.; Ikram, A.; Syaifudin, M.; Yamada, R.;
et al. Comprehensive exposure assessments from the viewpoint of health in a unique high natural background radiation area,
Mamuju, Indonesia. Sci. Rep. 2021, 11, 14578. [CrossRef] [PubMed]

7. Dainiak, N.; Sorba, S. Early identification of radiation accident victims for therapy of bone marrow failure. Stem Cells 1997, 15
(Suppl. 2), 275–285. [CrossRef]

8. Tang, F.R.; Loke, W.K.; Khoo, B.C. Low-dose or low-dose-rate ionizing radiation-induced bioeffects in animal models (Review). J.
Radiat. Res. 2017, 58, 165–182. [CrossRef]

9. Shin, E.; Lee, S.; Kang, H.; Kim, J.; Kim, K.; Youn, H.; Jin, Y.W.; Seo, S.; Youn, B. Organ-Specific Effects of Low Dose Radiation
Exposure: A Comprehensive Review. Front. Genet. 2020, 11, 566244. [CrossRef]

10. Guipaud, O.; Benderitter, M. Protein biomarkers for radiation exposure: Towards a proteomic approach as a new investigation
tool. Ann. Ist. Super. Sanità 2009, 45, 278–286.

11. Guipaud, O. Serum and plasma proteomics and its possible use as detector and predictor of radiation diseases. Adv. Exp. Med.
Biol. 2013, 990, 61–86. [CrossRef]

12. Sharma, M.; Moulder, J.E. The urine proteome as a radiation biodosimeter. Adv. Exp. Med. Biol. 2013, 990, 87–100. [CrossRef]
13. Pannkuk, E.L.; Laiakis, E.C.; Authier, S.; Wong, K.; Fornace, A.J., Jr. Gas chromatography/mass spectrometry metabolomics of

urine and serum from nonhuman primates exposed to ionizing radiation: Impacts on the tricarboxylic acid cycle and protein
metabolism. J. Proteome Res. 2017, 16, 2091–2100. [CrossRef] [PubMed]

14. Wathen, L.K.; Eder, P.S.; Horwith, G.; Wallace, R.L. Using biodosimetry to enhance the public health response to a nuclear incident
(Review). Int. J. Radiat. Biol. 2021, 97 (Suppl. 1), S6–S9. [CrossRef] [PubMed]

15. Satyamitra, M.; Turcu, F.E.R.; Pantoja-Galicia, N.; Wathen, L. Challenges and strategies in the development of radiation bio-
dosimetry tests for patient management. Radiat. Res. 2021, 196, 455–467. [CrossRef] [PubMed]

16. Saberi, A.; Khodamoradi, E.; Birgani, M.J.T.; Makvandi, M. Gene expression biodosimetry: Quantitative assessment of radiation
dose with total body exposure of rats. Asian Pac. J. Cancer Prev. 2015, 16, 8553–8557. [CrossRef] [PubMed]

17. Miura, S.; Yamaguchi, M.; Yoshino, H.; Nakai, Y.; Kashiwakura, I. Dose-dependent increase of Nrf2 target gene expression in mice
exposed to ionizing radiation. Radiat. Res. 2019, 191, 176–188. [CrossRef]

18. Yao, Y.; Li, L.; Huang, X.; Gu, X.; Xu, Z.; Zhang, Y.; Huang, L.; Li, S.; Dai, Z.; Li, C.; et al. SERPINA3K induces apoptosis in human
colorectal cancer cells via activating the Fas/FasL/caspase-8 signaling pathway. FEBS J. 2013, 280, 3244–3255. [CrossRef]

http://doi.org/10.1016/j.freeradbiomed.2022.04.006
http://www.ncbi.nlm.nih.gov/pubmed/35447332
http://doi.org/10.1016/j.jenvrad.2018.05.018
http://www.ncbi.nlm.nih.gov/pubmed/29883875
http://doi.org/10.1016/j.scitotenv.2020.142346
http://www.ncbi.nlm.nih.gov/pubmed/33182182
http://doi.org/10.1038/s41598-021-93983-2
http://www.ncbi.nlm.nih.gov/pubmed/34272409
http://doi.org/10.1002/stem.5530150737
http://doi.org/10.1093/jrr/rrw120
http://doi.org/10.3389/fgene.2020.566244
http://doi.org/10.1007/978-94-007-5896-4_4
http://doi.org/10.1007/978-94-007-5896-4_5
http://doi.org/10.1021/acs.jproteome.7b00064
http://www.ncbi.nlm.nih.gov/pubmed/28351153
http://doi.org/10.1080/09553002.2020.1820605
http://www.ncbi.nlm.nih.gov/pubmed/32909884
http://doi.org/10.1667/RADE-21-00072.1
http://www.ncbi.nlm.nih.gov/pubmed/34143223
http://doi.org/10.7314/apjcp.2015.16.18.8553
http://www.ncbi.nlm.nih.gov/pubmed/26745115
http://doi.org/10.1667/RR15203.1
http://doi.org/10.1111/febs.12303


Antioxidants 2022, 11, 1710 14 of 14

19. Shu, Z.; Wan, J.; Read, R.J.; Carrell, R.W.; Zhou, A. Angiotensinogen and the Modulation of Blood Pressure. Front. Cardiovasc.
Med. 2021, 8, 645123. [CrossRef]

20. Brito, N.F.; Oliveira, D.S.; Santos, T.C.; Moreira, M.F.; Melo, A.C.A. Current and potential biotechnological applications of
odorant-binding proteins. Appl. Microbiol. Biotechnol. 2020, 104, 8631–8648. [CrossRef]

21. Moataz, R.; Alexander, F.B.; Husam, Y.Z.; Wassana, Y. Augmenting the therapeutic window of radiotherapy: A perspective on
molecularly targeted therapies and nanomaterials. Radiother. Oncol. 2020, 150, 225–235. [CrossRef]

22. Seshacharyulu, P.; Ponnusamy, M.P.; Haridas, D.; Jain, M.; Ganti, A.K.; Batra, S.K. Targeting the EGFR signaling pathway in
cancer therapy. Expert Opin. Ther. Targets 2012, 16, 15–31. [CrossRef]

23. Dietz, A.; Boehm, A.; Mozet, C.; Wichmann, G.; Giannis, A. Current aspects of targeted therapy in head and neck tumors. Eur.
Arch. Otorhinolaryngol. 2008, 265 (Suppl. 1), 3–12. [CrossRef]

24. Lee, H.C.; An, S.; Lee, H.; Woo, S.H.; Jin, H.O.; Seo, S.K.; Choe, T.B.; Yoo, D.H.; Lee, S.J.; Hong, Y.J.; et al. Activation of epidermal
growth factor receptor and its downstream signaling pathway by nitric oxide in response to ionizing radiation. Mol. Cancer Res.
2008, 6, 996–1002. [CrossRef]

25. Chen, D.J.; Nirodi, C.S. The epidermal growth factor receptor: A role in repair of radiation-induced DNA damage. Clin. Cancer
Res. 2007, 13, 6555–6560. [CrossRef] [PubMed]

26. Moustafa, E.M.; Thabet, N.M. Beta-sitosterol upregulated paraoxonase-1 via peroxisome proliferator-activated receptor-γ in
irradiated rats. Can. J. Physiol. Pharmacol. 2017, 95, 661–666. [CrossRef] [PubMed]

27. Serhatlioglu, S.; Gursu, M.F.; Gulcu, F.; Canatan, H.; Godekmerdan, A. Levels of paraoxonase and arylesterase activities and
malondialdehyde in workers exposed to ionizing radiation. Cell Biochem. Funct. 2003, 21, 371–375. [CrossRef]

28. Schreuder, M.; Reitsma, P.H.; Bos, M.H.A. Blood coagulation factor Va’s key interactive residues and regions for prothrombinase
assembly and prothrombin binding. J. Thromb. Haemost. 2019, 17, 1229–1239. [CrossRef]

29. Rithidech, K.N.; Honikel, L.; Rieger, R.; Xie, W.; Fischer, T.; Simon, S.R. Protein-expression profiles in mouse blood-plasma
following acute whole-body exposure to 137Cs gamma rays. Int. J. Radiat. Biol. 2009, 85, 432–447. [CrossRef]

30. Roche, M.; Rondeau, P.; Singh, N.R.; Tarnus, E.; Bourdon, E. The antioxidant properties of serum albumin. FEBS Lett. 2008, 582,
1783–1787. [CrossRef]

31. Zaias, J.; Mineau, M.; Cray, C.; Yoon, D.; Altman, N.H. Reference values for serum proteins of common laboratory rodent strains.
J. Am. Assoc. Lab. Anim. Sci. 2009, 48, 387–390.

32. Gonos, E.S.; Kapetanou, M.; Sereikaite, J.; Bartosz, G.; Naparło, K.; Grzesik, M.; Sadowska-Bartosz, I. Origin and pathophysiology
of protein carbonylation, nitration and chlorination in age-related brain diseases and aging. Aging 2018, 10, 868–901. [CrossRef]

33. Zsila, F. Subdomain IB is the third major drug binding region of human serum albumin: Toward the three-sites model. Mol.
Pharm. 2013, 10, 1668–1682. [CrossRef] [PubMed]

34. Mavragani, I.V.; Laskaratou, D.A.; Frey, B.; Candéias, S.M.; Gaipl, U.S.; Lumniczky, K.; Georgakilas, A.G. Key mechanisms
involved in ionizing radiation-induced systemic effects. A current review (Review). Toxicol. Res. 2015, 5, 12–33. [CrossRef]
[PubMed]

35. Shuryak, I.; Brenner, D.J. Review of quantitative mechanistic models of radiation-induced non-targeted effects (NTE). Radiat. Prot.
Dosim. 2020, 192, 236–252. [CrossRef]

36. Morgan, W.F.; Sowa, M.B. Non-targeted bystander effects induced by ionizing radiation (Review). Mutat. Res. 2007, 616, 159–164.
[CrossRef]

37. Prise, K.M.; O’Sullivan, J.M. Radiation-induced bystander signalling in cancer therapy (Review). Nat. Rev. Cancer 2009, 9, 351–360.
[CrossRef]

38. Du, Y.; Du, S.; Liu, L.; Gan, F.; Jiang, X.; Wangrao, K.; Lyu, P.; Gong, P.; Yao, Y. Radiation-induced bystander effect can be
transmitted through exosomes using miRNAs as effector molecules. Radiat. Res. 2020, 194, 89–100. [CrossRef] [PubMed]

39. Krisko, A.; Radman, M. Phenotypic and Genetic Consequences of Protein Damage. PLos Genet. 2013, 9, e1003810. [CrossRef]
40. Krisko, A.; Radman, M. Protein damage, ageing and age-related diseases (Review). Open Biol. 2019, 9, 180249. [CrossRef]
41. Deutsch, E.W.; Csordas, A.; Sun, Z.; Jarnuczak, A.; Perez-Riverol, Y.; Ternent, T.; Campbell, D.S.; Bernal-Llinares, M.; Okuda, S.;

Kawano, S.; et al. The ProteomeXchange consortium in 2017: Supporting the cultural change in proteomics public data deposition.
Nucleic Acids Res. 2017, 45, D1100–D1106. [CrossRef]

42. Okuda, S.; Watanabe, Y.; Moriya, Y.; Kawano, S.; Yamamoto, T.; Matsumoto, M.; Takami, T.; Kobayashi, D.; Araki, N.; Yoshizawa,
A.C.; et al. jPOSTrepo: An international standard data repository for proteomes. Nucleic Acids Res. 2017, 45, D1107–D11011.
[CrossRef]

http://doi.org/10.3389/fcvm.2021.645123
http://doi.org/10.1007/s00253-020-10860-0
http://doi.org/10.1016/j.radonc.2020.06.041
http://doi.org/10.1517/14728222.2011.648617
http://doi.org/10.1007/s00405-008-0697-6
http://doi.org/10.1158/1541-7786.MCR-08-0113
http://doi.org/10.1158/1078-0432.CCR-07-1610
http://www.ncbi.nlm.nih.gov/pubmed/18006754
http://doi.org/10.1139/cjpp-2016-0397
http://www.ncbi.nlm.nih.gov/pubmed/28177669
http://doi.org/10.1002/cbf.1042
http://doi.org/10.1111/jth.14487
http://doi.org/10.1080/09553000902820390
http://doi.org/10.1016/j.febslet.2008.04.057
http://doi.org/10.18632/aging.101450
http://doi.org/10.1021/mp400027q
http://www.ncbi.nlm.nih.gov/pubmed/23473402
http://doi.org/10.1039/c5tx00222b
http://www.ncbi.nlm.nih.gov/pubmed/30090323
http://doi.org/10.1093/rpd/ncaa207
http://doi.org/10.1016/j.mrfmmm.2006.11.009
http://doi.org/10.1038/nrc2603
http://doi.org/10.1667/RADE-20-00019.1
http://www.ncbi.nlm.nih.gov/pubmed/32343639
http://doi.org/10.1371/journal.pgen.1003810
http://doi.org/10.1098/rsob.180249
http://doi.org/10.1093/nar/gkw936
http://doi.org/10.1093/nar/gkw1080

	Introduction 
	Materials and Methods 
	Animal Experiments 
	Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) and High-Resolution Multiple Reaction Monitoring (MRM-HR) 
	Statistical Analysis 

	Results 
	Multivariate Analysis of Serum Proteome of Mice with Different Irradiation Doses 
	Oxidative Modification of Serum Albumin (OMSA) under Acute Single Radiation Exposure 

	Discussion 
	Conclusions 
	References

