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Abstract: The thrombopoietin receptor agonist romiplostim (RP) was recently approved by the US
Food and Drug Administration for improving survival in patients acutely exposed to myelosup-
pressive doses of radiation. Our previous studies with mice have shown that RP administration
after lethal irradiation not only completely rescues irradiated mice but also shows mitigative effects
on their hematopoiesis and multiple organ injury, including that of the lung, bone marrow, small
intestine, and liver. However, the mechanism by which RP functions as a radiomitigator remains
unclear. In the present study, we applied a metabolomics approach, which has the ability to reflect
the status of an organism directly and accurately, helping to elucidate the biology of treatment re-
sponses. Our results showed that the disruption of several metabolites and pathways in response to
total body irradiation was partially corrected by RP administration. Notably, RP-corrected metabo-
lites and pathways have been reported to be indicators of DNA damage and lung, bone marrow,
small intestine, and liver injury. Taken together, the present findings suggested that the radiomiti-
gative effect of RP is partially involved in the recovery of organ injury, and the identified metabo-
lites may be a useful biomarker of the survival likelihood following radiation exposure.

Keywords: metabolomics; thrombopoietin receptor agonist romiplostim; radiomitigative effect

1. Introduction

In the event of high-dose radiation exposure, death due to acute radiation syndrome
(ARS), including myelosuppression and intestinal disorders, has been reported [1,2]. To
address challenges associated with the discovery and development of medical counter-
measures (MCMs) for ARS, the development of protective/mitigative agents against
harmful effect of radiation has been ongoing for several decades [3,4].

Thus far, the US Food and Drug Administration (FDA) has approved to improve
survival in patients acutely exposed to myelosuppressive doses of radiation, such as the
granulocyte colony-stimulating factors (G-CSF) filgrastim (Neupogen®) and pegfilgrastim
(Neulasta®) in 2015, and the granulocyte-macrophage colony-stimulating factor (GM-
CSF) sargramostim (Leukine®) in 2018. These drugs are growth factors for neutrophils
and hematopoietic progenitor cells [5].

In addition, a different type of MCM known as romiplostim (RP; Nplate®), a throm-
bopoietin (TPO) receptor (TPOR; myeloproliferative leukemia protein/CD110) agonist,
was approved by the FDA in January 2021. TPO is a glycoprotein hormone, a hematopoi-
etic factor involved in platelet production that promotes the proliferation and differenti-
ation of megakaryocytes from hematopoietic progenitor cells in vivo [6]. Clinical trials of
TPO for the treatment of thrombocytopenia have been carried out in several countries
[7,8]. However, because of the discovery of induced antibodies that neutralize TPO and
cause thrombocytopenia, its clinical development was stopped immediately [9]. The de-
velopment of new types of TPO was subsequently continued, and at present, three
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drugs—romiplostim (RP), eltrombopag, and avatrombopag—are available as therapies
for idiopathic thrombocytopenic purpura (ITP) [10-12]. Our previous studies showed that
the RP completely rescued mice exposed to lethal total-body irradiation (TBI), suggesting
that RP may not only promote hematopoiesis in various organs in irradiated individuals
but also mitigate the dysfunction or regenerate the original function in multiple organs
[13]. Previous studies have reported the following mechanisms by which RP exerts its
radiation-mitigating effects on individuals exposed to radiation: restoration of the cell
count in hematopoietic tissues, such as bone marrow and spleen; enhancement of DNA
double-strand break repair and inhibition of apoptosis in hematopoietic cells [13]; and
regulation of the expression of defense genes by the Nrf2-Keapl system to regulate the
expression of defense genes [14]. Although the function of RP in acute radiation injury is
clear, the detailed mechanisms underlying how RP rescues mice exposed to lethal doses
of radiation are still unknown.

Metabolomics is a post-genomics discipline that identifies and quantifies small mol-
ecules (50-1000 Da) located downstream of genomic, transcriptomic, and proteomic pro-
cesses. The advantage of metabolomics is its ability to directly and accurately reflect the
current status of organisms, helping to elucidate the biology of treatment responses [15].
Previously, metabolomics studies have been performed to identify molecular signatures
of various pathological condition and therapies [16-18]. A growing number of studies
have shown evidence that radiation exposure disrupts the biological pathway in various
samples, such as serum and urine [19,20], providing a better understanding of the sys-
temic effects of radiation exposure. However, there is little evidence as to what metabolic
changes in exposed individuals should be targeted for mitigation of radiation damage.

In the present study, we conducted a capillary electrophoresis time-of-flight mass
spectrometry (CE-TOFMS)-based metabolomic analysis to clarify the effect of RP on the
metabolomics profile of serum derived from TBI and/or RP-treated mice.

2. Results
2.1. Effect of TBI on the Serum Metabolic Profile

In our previous report [13,21,22], lethally irradiated mice showed a decreased weight,
but the weight of RP-treated lethally irradiated mice recovered relative soon after RP ad-
ministration. As we suspected that there might be critical changes in RP-treated lethally
irradiated mice that led to the mitigation of radiation injury, we performed CE-TOFMS-
based metabolomics analyses of serum samples collected 7 days after TBI and/or RP treat-
ment to understand the radiomitigative effect of RP. Based on the m/z values and migra-
tion times, 263 metabolites (162-cation and 101-anion mode) were identified (Supplemen-
tary file).

Statistical tests revealed that the levels of 13 metabolites were significantly changed
by TBI (Table 1 and Figure 1). We observed increases in cystine, XA0019, and XA0035 and
decreases in histamine, 2'-deoxycytidine, glucosamine, aspartate (Asp), picolinic acid, thy-
midine, ribulose 5-phosphate, serotonin, ethanolamine phosphate, and tryptophan (Trp)
in the serum of TBI mice (Table 1 and Figure 1). To identify the important features of the
metabolomic profile in the serum of TBI mice, we performed a variable importance in
projection (VIP) score analysis, allowing evaluating the importance of individual metab-
olites' (from the predictors block) influence on the partial-least-squares regression model.
Figure 2A shows that cystine and histamine were the most relevant metabolites. We fur-
ther performed a pathway analysis with significantly altered metabolites to recognize the
metabolic pathways that were disturbed due to TBL. A pathway analysis showed that
three pathways (tryptophan metabolism; histidine metabolism; and pyrimidine metabo-
lism) were significantly changed in response to TBI (Figure 2B and Table S1).
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Table 1. List of TBI-induced metabolite dysregulation.

Name Fold Change p-Value
cystine 4.2705 0.000991
histamine 0.4549 0.001072
2’-Deoxycytidine 0.5 0.007763
XA0019 1.3864 0.01047
glucosamine 0.68444 0.012282
Asp 0.5375 0.012634

XA0035 1.7021 0.013546
picolinic acid 0.39647 0.014431
thymidine 0.50685 0.016358
ribulose 5-phosphate 0.23725 0.01874
serotonin 0.28095 0.021134
ethanolamine phosphate 0.6748 0.022919
Trp 0.70548 0.037526

Probability means the P value determined by t-test. Data are represented as the ratio of peak area in
TBI to that in control. Asp—aspartate; Trp—tryptophan.
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Figure 1. Effect of TBI on the metabolic profile in serum. Boxplots of metabolite were presented.
The black dots represent the normalized value of metabolite. The notch indicates 95% confidence
interval around the median. Asp—aspartate; Trp—tryptophan.
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Figure 2. Feature of metabolite in the serum from TBI mice. (A) Variable importance in projection
(VIP) scores of the partial-least-squares discriminant analysis (PLS-DA) in TBI and control mice.
The red and blue dots indicate the corresponding metabolite level was increased and decreased by
TBI, respectively. (B) A pathway analysis combining pathway enrichment and pathway topology
analyses of metabolites whose levels were significantly changed by TBI. The x-axis marks the
pathway impact, and the y-axis represents the pathway enrichment. Each node marks a pathway,
with larger sizes and darker colors representing higher pathway impact values and greater path-
way enrichment. Asp—aspartate; Trp—tryptophan.

2.2. Effect of RP on the Serum Metabolic Profile

Although RP has been used for ITP [23], the effect of RP on the metabolomic profile
remains unknown. Therefore, we investigated the impact in the present study. Statistical
tests revealed that more metabolites in the serum of RP mice were affected than in the TBI
mice. Overall, 26 metabolites were significantly changed upon RP treatment (Table S2 and
Figure S1). We observed particularly significant increases in adenosine and guanosine in
the serum of RP mice. We also observed that RP increased the levels of taurine, S-
methylhistamine, and O-acetylcarnitine (Table S2 and Figure S1). In addition, we per-
formed a VIP analysis and found that taurine was the most relevant metabolite (Figure
S2A). A pathway analysis showed that five pathways (phenylalanine, tyrosine and tryp-
tophan biosynthesis; taurine and hypotaurine metabolism; phenylalanine metabolism; ar-
ginine biosynthesis; and alanine, aspartate, and glutamate metabolism) were significantly
changed upon RP treatment (Figure S2B and Table S3).

2.3. RP Attenuates Metabolic Changes in Response to TBI

Given that RP administration resulted in the rescue of lethally irradiated mice
[13,21,22], we investigated whether or not this effect was mediated by attenuation of TBI-
induced metabolic profile perturbations. We used partial least square-discriminant anal-
ysis (PLS-DA) analysis to visualize group differences due to metabolic changes. PLS-DA
algorithm includes predefined treatments/classes, and thus it can maximize the separation
among treatment groups and maximize the covariance between metabolite variables to
enable better understanding of the factors driving separation [24]. Group separation for
changes can be seen (Figure 3). PLS-DA analysis showed three major clusters, where the
first two components (one and two) explained 28 and 25.4% of the variance in the data set,
respectively (Figure 3).
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Figure 3. PLS-DA plots of the serum metabolome. PLS-DA plot shows separation for study groups
control, TBI and TBI + RP based on metabolic profiles.

We performed a significant enrichment analysis of canonical pathways based on the
ingenuity pathways analysis (IPA) database and found that the insulin secretion signaling
pathway, superpathway of citrulline metabolism, citrulline biosynthesis, superpathway
of methionine degradation, and sirtuin signaling pathway were dysregulated in response
to TBI, while RP treatment following TBI restored these pathways (Figure 4A). Further-
more, a rain plot showed that some metabolites dysregulated by TBI, including histamine
and glucosamine, were partially corrected by RP (Figure 4B,C). Interestingly, RP further
increased the endogenous level of cystine, which had been increased by TBI (Figure 4B).
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Figure 4. Radiomitigative effects of RP on the disruption of metabolome profiling and pathway by
TBL (A) An IPA analysis of the top canonical pathways in TBI and TBI + RP is represented. Colors
indicate higher or lower Z scores. (B) Raindrop illustration of metabolite patterns showed fold
changes between TBI and control or TBI + RP and TBI. The scale bar represents the normalized
intensity of metabolites, where blue indicates a decrease/low and red indicates an increase/high.
The size of the drop represents the —logio(p-value); Asp— Aspartate. (C) Boxplots of metabolite were
presented. The black dots represent the normalized value of metabolite. The notch indicates 95%
confidence interval around the median.

3. Discussion

We previously demonstrated that RP completely rescued mice exposed to lethal TBI
[13,21,22]; however, the detailed mechanism by which RP rescued these mice has been
unclear. To better understand the radiomitigative effect of RP, we applied a metabolomics
approach using serum derived from TBI and/or RP-treated mice.

Most of the differentially expressed metabolites in response to TBI in this study have
already been reported in previous radiation studies. For example, a decrease in the tryp-
tophan and histidine metabolism, including tryptophan, serotonin, and histamine values,
was reported in studies using mouse serum, mouse intestine, and rat urine [25-29]. These
metabolites were reported to function as radioprotectors [30-32], and we observed that a
decrease in these radioprotective metabolites helped explain the radiation-induced dam-
age. We also observed a decrease in the components of the pyrimidine metabolism path-
way, such as thymidine, in TBI mice, although several previous studies using mouse se-
rum and urine showed that TBI upregulated the levels of thymidine, reflecting DNA or
RNA damage [26,33]. This difference may have been due to the timing of sample collection
following radiation exposure, since previous studies used samples collected at an earlier
point (8-36 h) after radiation than the present study due to their aim of identifying radia-
tion biomarkers.

Regarding our aim to investigate the effect of R on metabolomic profile perturbation
by TBI, the levels of histamine and glucosamine partially recovered following RP
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administration in TBI mice. Histamine, which was downregulated after TBI and reversed
with RP in this study, reportedly protects radioresponsive tissues, such as the small intes-
tine and bone marrow [30,34,35]. Medina et al., showed that histamine reduced radiation-
induced toxicity by suppressing apoptosis of ductal and acinar cells [34], as well as the
radiation-induced severe aplasia, edema, and vascular damage in the bone marrow of
mice and rats [30]. Carabajal’s study in rats found that histamine pretreatment reduced
137Cs radiation-induced mucosal atrophy, edema, and vascular damage, increasing the
number of crypts per circumference [35]. In addition, our previous reports showed that
RP treatment recovered the decrease in the number of bone marrow cells and morpholog-
ical integrity of the small intestines in irradiated mice [13,22], supporting our findings. We
also observed a similar trend to glucosamine for histamine in the present study. Lei et al.
reported that glucosamine alleviated ®Co radiation-induced lung injury, inhibited apop-
tosis, and promoted the proliferation of normal lung epithelial cells in vitro [36]. In addi-
tion, we previously showed that there was no marked difference in the number of viable
lung cells in RP-treated mice, independent of TBI, although this value was decreased in
irradiated mice without RP treatment [13]. Although we were unable to determine the
concentration of histamine and glucosamine in serum, our findings suggest that they par-
tially mediated the radiomitigative effect of RP on small intestine, bone marrow, and lung,
thus contributing to the improvement of the survival of TBI mice.

Interestingly, the increase in the level of cystine induced by TBI was further enhanced
by RP. Cystine is well known to be associated with free-radical scavenging in response to
radiation-induced oxidative damage [37,38]. Similar to our results, an increase in cysteine
levels following X-ray irradiation in mouse serum was reported by Lee et al. [39], but no
other report has described the effect of TPOR agonists on cysteine. Vlachodimitropoulou
et al. showed that eltrombopag, a small-molecule oral TPOR agonist, reduced the reactive
oxygen species in pancreatic cells [40]. Although why a combination of TBI + RP treatment
remarkably increased cysteine levels is still unclear, this effect may have contributed to
the countering effects of RP on radiation-induced oxidative damage.

We also performed a pathway analysis using IPA to clarify the effects of RP on miti-
gating the biochemical pathway perturbations caused by TBI. Insulin secretion, which is
critical to human health, is regulated by pancreatic beta cells [41], and DNA damage in-
duces beta cell failure that impairs insulin secretion [42]. Nylander et al., reported that
insulin secretion was similarly dysregulated in skeletal muscle and adipose progenitor
cells collected from irradiated mice [43]. Vlachodimitropoulou et al. showed that eltrom-
bopag restored insulin secretion by pancreatic cells [40]. These reports supported our ob-
servation that the disruption of the insulin secretion signaling pathway by TBI was par-
tially restored by RP, reflecting its mitigative effect on radiation-induced damage. Citrul-
line is a nitrogen end product of small bowel enterocyte glutamine metabolism and ac-
counts for almost 30% of metabolized glutamine nitrogen in the small intestine [44]. Cit-
rulline is reportedly associated with radiation-induced intestinal toxicity [45,46]. Jones et
al. previously reported that citrulline was decreased at 3 days after TBI in mouse [47] and
was characterized as a biomarker for gastrointestinal ARS [47-49]. Several studies have
shown that citrulline levels positively correlate with the overall small bowel function
[50,51]. These results may suggest that recovery of citrulline metabolism and biosynthesis
reflect the mitigative effect of RP in the small intestine.

We also observed an alleviating effect of RP on the disruption of the superpathway
of methionine degradation in response to TBI (Figure 4A). Methionine plays a fundamen-
tal role in cell physiology, being involved in areas such as the methyl group supply, DNA
methylation, and nucleotide biosynthesis, and changes in its dispensation have been re-
ported to be associated with liver injury [52]. Liver injury is reportedly a harmful side
effect of radiotherapy [53]. We previously showed that liver injury and protein expression
associated with liver injury by TBI were mitigated by RP administration [13,54]. These
reports suggest that the mitigating effect of RP on radiation-induced liver injury is medi-
ated by the recovery of abnormalities in methionine metabolism. Notably, these injuries
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induced by IR have been reported to be recovered following RP administration in our
previous studies. Although lethality was observed around day 7 after TBI in mice irradi-
ated with lethal doses, limiting long-term studies, these critical changes in metabolite lev-
els in response to a combination of TBI and RP presumably mediate the radiomitigative
effect of RP on radiation injury.

Taken together, the present results showed that TBI induced disruption of several
metabolites and pathways associated with DNA damage and oxidative stress as well as
lung, bone marrow, and small intestine injury. Furthermore, RP administration following
TBI partially recovered TBI-induced metabolic disruption. Although further studies are
needed to address the role of identified metabolites in the mitigative effect of RP on radi-
ation injury, the present results may provide a better understanding of the radiomitigative
effect of RP and help improve the strategy for radioprotection/mitigation.

4. Materials and Methods
4.1. Ethics Statement

All experiments were conducted according to the legal regulations in Japan and the
Guidelines for Animal Experiments after obtaining approval from the animal experi-
mental committee (approved number: G17001), and all efforts were made to minimize the
number of animals used and their suffering in this study. All mice were housed in stand-
ard cages in a conventional clean room under a 12-h light/dark cycle. The mice had ad
libitum access to sterilized standard laboratory mouse chow diet (CLEA Rodent Diet CE-
2, CLEA Japan) and drinking water.

4.2. Exposure of Mice to a Lethal Dose of X-ray

Seven-week-old female C57BL/6]]cl mice were delivered from the breeding facilities
of Clea Japan (Tokyo, Japan). After acclimatizing for 1 week, 8-week-old mice were ran-
domly subjected to 7 Gy of X-rays (150 kVp, 20 mA, 0.5-mm aluminum and 0.3-mm cop-
per filters) at a dose rate of 1.0 Gy/min using an X-ray generator (MBR-1520R; Hitachi
Medical Co., Tokyo, Japan) at a distance of 450 mm between the focus and the target. The
air kerma was monitored with a thimble ionization chamber, which integrated the radia-
tion dose and blocked X-rays when it reached a preset dose value.

4.3. Treatment with the Human Thrombopoietin-Mimetic c-mpl agonist RP

Within 2 h after TBIL, mice were administered the human thrombopoietin-mimetic c-
mpl agonist RP (Kyowa Hakko Kirin, Co., Ltd., Tokyo, Japan). In addition to mice that
received TBI and RP (TBI + RP mice), mice treated with TBI only (TBI mice), those treated
with RP only (RP mice), and those that received neither TBI nor RP (control mice) were
also evaluated in this study. All groups consisted of three mice. RP was intraperitoneally
administered once daily for 3 days, and the applied dose of RP was 50 ug/kg of body
weight/day, which was determined based on the findings of previous reports [55-57].
Mice treated with TBI only and control mice alternatively received injections of normal
saline solution (Otsuka Pharmaceutical, Tokyo, Japan) as the vehicle used to prepare the
drug.

4.4. Sample Collection

Peripheral blood was harvested on day 7 after TBI from the orbital venous plexus of
mice following anesthesia using isoflurane (Powerful Isoful; Zoetis, London, UK) by a
capillary tube, and samples were left at room temperature for at least 30 min to allow for
clotting. Serum was collected by centrifugation at 1200 x g for 10 min and stored at —80 °C
until the analysis. The stored samples were then transported packaged on dry ice from
Hirosaki University in Aomori, Japan, to Human Metabolome Technologies Inc. (HMT)
in Yamagata, Japan.
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4.5. Metabolome Analyses

Metabolomics were performed through a facility service at HMT. In brief, 50 puL of
serum was added to 200 pL of methanol containing internal standards (H3304-1002;
HMT) at 0 °C to suppress enzymatic activity. The extract solution was thoroughly mixed
with 150 uL of Milli-Q water, after which 300 pL of the mixture was centrifugally filtered
through a Millipore 5-kDa cut-off filter (ULTRAFREE MC PLHCC; HMT) at 9100x g, 4 °C
for 120 min to remove macromolecules. The filtrate was then evaporated to dryness under
vacuum and reconstituted in 50 uL of Milli-Q water for the metabolome analysis at HMT.

The metabolome analysis was conducted according to HMT’s Basic Scan package,
using CE-TOFMS based on the methods described previously [58,59]. In brief, CE-TOFMS
analysis was carried out using an Agilent CE capillary electrophoresis system equipped
with an Agilent 6210 time-of-flight mass spectrometer (Agilent Technologies, Inc., Santa
Clara, CA, USA). The systems were controlled by Agilent G2201AA ChemStation soft-
ware program, version B.03.01 (Agilent Technologies) and connected by a fused silica ca-
pillary (50 pm i.d. x 80 cm total length) with commercial electrophoresis buffer (H3301-
1001 and 13302-1023 for cation and anion analyses, respectively; HMT) as the electrolyte.
The spectrometer was scanned from m/z 50 to 1000, and peaks were extracted using the
MasterHands, automatic integration software program (Keio University, Yamagata, Ja-
pan) to obtain peak information, including the m/z, peak area, and migration time (MT)
[60]. Signal peaks corresponding to isotopomers, adduct ions, and other product ions of
known metabolites were excluded, and the remaining peaks were annotated according to
HMT’s metabolite database based on their m/z values and MTs.

4.6. Data Analyses Using Metaboanalyst and an IPA

Statistical and metabolic pathway analyses were carried out using the MetaboAna-
lyst 5.0 software package (http://www.metaboanalyst.ca/, Last accessed 3 February 2022),
a comprehensive tool suite for metabolomics data analysis [61]. A part of data has missing
value were removed when we analyzed. Auto-scaling was performed to normalize each
compound. Two-sample t-tests was used to determine if there are differences in metabo-
lite abundances. A pathway analysis based on KEGG (http://www.genome.jp/kegg/, Last
accessed 3 February 2022) was performed to determine which pathways had been signif-
icantly perturbed. An IPA was performed with MetPA, a web-based tool for pathway
analyses and visualization metabolomics. Statistical differences were considered signifi-
cant when the test p value was <0.05.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/metabo12020161/s1, Supplementary file. xIsx: list of identified metabolites, Figure S1:
Effect of RP on metabolic profile in serum; Figure S2: Feature of metabolite in the serum from RP
mice; Table S1: TBI-induced metabolic pathway dysregulation; Table S2: List of RP-induced metab-
olite dysregulation; Table S3: List of RP-induced metabolic pathway dysregulation.

Author Contributions: Conceptualization, I.K.; methodology, I.K. and M.Y; formal analysis, Y.S.
and M.Y; investigation, Y.S. and M.Y.; writing—original draft preparation, Y.S.; writing—review
and editing, LK. and M.Y; visualization, Y.S. and M.Y.; funding acquisition, LK. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by JSPS KAKENHI Grant number JP18K07623 (1.K.).

Institutional Review Board Statement: All experiments were conducted according to the legal reg-
ulations in Japan and the Guidelines for Animal Experiments after obtaining approval from the
animal experimental committee (approved number: G17001).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data supporting reported results can be found in Supplementary file.
xlsx: list of identified metabolites.

Acknowledgments: We thank Human Metabolome Technologies Inc. for their support of this pro-
ject.



Metabolites 2022, 12, 161 10 of 12

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

MacVittie, T.].; Bennett, A.W.; Farese, A.M.; Taylor-Howell, C.; Smith, C.P.; Gibbs, A.M.; Prado, K.; Jackson, W.I. The Effect of
Radiation Dose and Variation in Neupogen® Initiation Schedule on the Mitigation of Myelosuppression during the Concomitant
GI-ARS and H-ARS in a Nonhuman Primate Model of High-Dose Exposure with Marrow Sparing. Health Phys. 2015, 109, 427-
439. https://doi.org/10.1097/HP.0000000000000350.

DiCarlo, A.L.; Maher, C.; Hick, J.L.; Hanfling, D.; Dainiak, N.; Chao, N.; Bader, J.L.; Coleman, C.N.; Weinstock, D.M. Radiation
Injury after a Nuclear Detonation: Medical Consequences and the Need for Scarce Resources Allocation. Disaster Med. Public
Health Prep. 2011, 5, S32—44. https://doi.org/10.1001/dmp.2011.17.

Singh, V.K,; Garcia, M.; Seed, T.M. A Review of Radiation Countermeasures Focusing on Injury-Specific Medicinals and Regu-
latory Approval Status: Part II. Countermeasures for Limited Indications, Internalized Radionuclides, Emesis, Late Effects, and
Agents Demonstrating Efficacy in Large Animals with or without FDA IND Status. Int. | Radiat. Biol. 2017, 93, 870-884.
https://doi.org/10.1080/09553002.2017.1338782.

Singh, V.K.; Hanlon, B.K.; Santiago, P.T.; Seed, T.M. A Review of Radiation Countermeasures Focusing on Injury-Specific Me-
dicinals and Regulatory Approval Status: Part III. Countermeasures under Early Stages of Development along with “standard
of Care” Medicinal and Procedures Not Requiring Regulatory Approval for Use. Int. ]. Radiat. Biol. 2017, 93, 885-906.
https://doi.org/10.1080/09553002.2017.1332440.

Kashiwakura, I.; Yamaguchi, M. Radioprotective/Mitigative Effects of Thrombopoietin Receptor Agonists. Radiat. Environ. Med.
2021, 10, 1-8.

Kaushansky, K. Lineage-Specific Hematopoietic Growth Factors. N. Engl. ]. Med. 2006, 354, 2034-2045.
https://doi.org/10.1056/NEJMra052706.

Miyazaki, H.; Kato, T. Thrombopoietin: Biology and Clinical Potentials. Int. |. Hematol. 1999, 70, 216-225.

Vadhan-Raj, S. Clinical Experience with Recombinant Human Thrombopoietin in Chemotherapy-Induced Thrombocytopenia.
Semin. Hematol. 2000, 37, 28-34. https://doi.org/10.1053/shem.2000.7391.

Hitchcock, LS.; Kaushansky, K. Thrombopoietin from Beginning to End. Br. ]. Haematol. 2014, 165, 259-268.
https://doi.org/10.1111/bjh.12772.

Bussel, ].B. The New Thrombopoietic Agenda: Impact on Leukemias and MDS. Best Pract. Res. Clin. Haematol. 2014, 27, 288-292.
https://doi.org/10.1016/j.beha.2014.10.012.

Cines, D.B.; Wasser, J.; Rodeghiero, F.; Chong, B.H.; Steurer, M.; Provan, D.; Lyons, R.; Garcia-Chavez, ].; Carpenter, N.; Wang,
X.; et al. Safety and Efficacy of Romiplostim in Splenectomized and Nonsplenectomized Patients with Primary Immune Throm-
bocytopenia. Haematologica 2017, 102, 1342-1351. https://doi.org/10.3324/haematol.2016.161968.

Virk, Z.M.; Kuter, D.J.; Al-Samkari, H. An Evaluation of Avatrombopag for the Treatment of Thrombocytopenia. Expert Opin.
Pharmacother. 2021, 22, 273-280. https://doi.org/10.1080/14656566.2020.1841748.

Yamaguchi, M.; Hirouchi, T.; Yoshioka, H.; Watanabe, J.; Kashiwakura, I. Diverse Functions of the Thrombopoietin Receptor
Agonist Romiplostim Rescue Individuals Exposed to Lethal Radiation. Free. Radic. Biol. Med. 2019, 136, 60-75.
https://doi.org/10.1016/j.freeradbiomed.2019.03.023.

Chiba, A.; Kawabata, N.; Yamaguchi, M.; Tokonami, S.; Kashiwakura, I. Regulation of Antioxidant Stress-Responsive Tran-
scription Factor Nrf2 Target Gene in the Reduction of Radiation Damage by the Thrombocytopenia Drug Romiplostim. Biol.
Pharm. Bull. 2020, 43, 1876-1883. https://doi.org/10.1248/bpb.b20-00442.

Wishart, D.S. Emerging Applications of Metabolomics in Drug Discovery and Precision Medicine. Nat. Rev. Drug Discov. 2016,
15, 473-484. https://doi.org/10.1038/nrd.2016.32.

Chen, H.H.; Tseng, Y.J.; Wang, S.Y.; Tsai, Y.S.; Chang, C.S.; Kuo, T.C.; Yao, W.J.; Shieh, C.C.; Wu, C.H.; Kuo, P.H. The Metabo-
lome Profiling and Pathway Analysis in Metabolic Healthy and Abnormal Obesity. Int. J. Obes. 2015, 39, 1241-1248.
https://doi.org/10.1038/ij0.2015.65.

Leitner, M.; Fragner, L.; Danner, S.; Holeschofsky, N.; Leitner, K.; Tischler, S.; Doerfler, H.; Bachmann, G.; Sun, X.; Jaeger, W.;
et al. Combined Metabolomic Analysis of Plasma and Urine Reveals AHBA, Tryptophan and Serotonin Metabolism as Potential
Risk Factors in Gestational Diabetes Mellitus (GDM). Front. Mol. Biosci. 2017, 4, 84. https://doi.org/10.3389/fmolb.2017.00084.
Zheng, H.; Ji, ].; Zhao, L.; Chen, M,; Shi, A.; Pan, L.; Huang, Y.; Zhang, H.; Dong, B.; Gao, H. Prediction and Diagnosis of Renal
Cell Carcinoma Using Nuclear Magnetic Resonance-Based Serum Metabolomics and Self-Organizing Maps. Oncotarget 2016, 7,
59189-59198. https://doi.org/10.18632/oncotarget.10830.

Pannkuk, E.L.; Fornace, A.J.; Laiakis, E.C. Metabolomic Applications in Radiation Biodosimetry: Exploring Radiation Effects
through Small Molecules. Int. ]. Radiat. Biol. 2017, 93, 1151-1176. https://doi.org/10.1080/09553002.2016.1269218.

Jelonek, K.; Pietrowska, M.; Widlak, P. Systemic Effects of Ionizing Radiation at the Proteome and Metabolome Levels in the
Blood of Cancer Patients Treated with Radiotherapy: The Influence of Inflammation and Radiation Toxicity. Int. |. Radiat. Biol.
2017, 93, 683-696. https://doi.org/10.1080/09553002.2017.1304590.

Tokuhisa, H.; Koichi, I.; Manabu, N.; Satoru, M.; Hironori, Y.; Mitsuru, C.; Masaharu, H.; Akira, N.; Junya, I.; Masaru, Y.; et al.
Mitigative Effects of a Combination of Multiple Pharmaceutical Drugs on the Survival of Mice Exposed to Lethal Ionizing Ra-
diation. Curr. Pharm. Biotechnol. 2016, 17, 190-199. https://doi.org/10.2174/1389201016666150826125331.



Metabolites 2022, 12, 161 11 of 12

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Yamaguchi, M.; Hirouchi, T.; Yokoyama, K.; Nishiyama, A.; Murakami, S.; Kashiwakura, I. The Thrombopoietin Mimetic Ro-
miplostim Leads to the Complete Rescue of Mice Exposed to Lethal Ionizing Radiation. Sci. Rep. 2018, 8, 10659.
https://doi.org/10.1038/s41598-018-29013-5.

Chouhan, ].D.; Herrington, J.D. Treatment Options for Chronic Refractory Idiopathic Thrombocytopenic Purpura in Adults:
Focus on Romiplostim and Eltrombopag. Pharmacother. ]. Hum. Pharmacol. Drug Ther. 2010, 30, 666-683.
https://doi.org/10.1592/phco.30.7.666.

Want, E.; Masson, P. Processing and Analysis of GC/LC-MS-Based Metabolomics Data. Methods Mol. Biol. 2011, 708, 277-298.
https://doi.org/10.1007/978-1-61737-985-717.

Pannkuk, E.L.; Laiakis, E.C.; Girgis, M.; Dowd, S.E.; Dhungana, S.; Nishita, D.; Bujold, K.; Bakke, J.; Gahagen, J.; Authier, S.; et
al. Temporal Effects on Radiation Responses in Nonhuman Primates: Identification of Biofluid Small Molecule Signatures by
Gas Chromatography-Mass Spectrometry Metabolomics. Metabolites 2019, 9, 98. https://doi.org/10.3390/metabo9050098.

Broin, P.O.; Vaitheesvaran, B.; Saha, S.; Hartil, K.; Chen, E.L; Goldman, D.; Fleming, W.H.; Kurland, 1.].; Guha, C.; Golden, A.
Intestinal Microbiota-Derived Metabolomic Blood Plasma Markers for Prior Radiation Injury. Int. ]. Radiat. Oncol. Biol. Phys.
2015, 91, 360-367. https://doi.org/10.1016/j.ijrobp.2014.10.023.

Kurland, L]J.; Broin, P.O.; Golden, A;; Su, G.; Meng, F.; Liu, L.; Mohney, R.; Kulkarni, S.; Guha, C. Integrative Metabolic Signa-
tures for Hepatic Radiation Injury. PLoS ONE 2015, 10, e0124795. https://doi.org/10.1371/journal.pone.0124795.

Cheema, A.K,; Suman, S.; Kaur, P.; Singh, R.; Fornace, A.J.; Datta, K. Long-Term Differential Changes in Mouse Intestinal Metab-
olomics after y and Heavy Ion Radiation Exposure. PLoS ONE 2014, 9, e87079. https://doi.org/10.1371/journal.pone.0087079.
Guo, H.; Chou, W.C,; Lai, Y.; Liang, K.; Tam, J.W.; Brickey, W.]J.; Chen, L.; Montgomery, N.D.; Li, X.; Bohannon, L.M.; et al.
Multi-Omics Analyses of Radiation Survivors Identify Radioprotective Microbes and Metabolites. Science 2020, 370, eaay9097.
https://doi.org/10.1126/science.aay9097.

Medina, V.A.; Croci, M.; Carabajal, E.; Bergoc, RM.; Rivera, E.S. Histamine Protects Bone Marrow against Cellular Damage
Induced by Ionising Radiation. Int. ]. Radiat. Biol. 2010, 86, 283-290. https://doi.org/10.3109/09553000903564067.

Langendorff, H.; Melching, H.J.; Ladner, H.A. 5-Hydroxytryptamine as a Radiation Protective Substance in Animals. Int. J.
Radiat. Biol. Relat. Stud. Phys. Chem. Med. 1959, 1, 24-27. https://doi.org/10.1080/09553005914550051.

Vasin, M.V.; Ushakov, I.B. Comparative Efficacy and the Window of Radioprotection for Adrenergic and Serotoninergic Agents
and Aminothiols in Experiments with Small and Large Animals. J. Radiat. Res. 2015, 56, 1-10. https://doi.org/10.1093/jrr/rru087.
Tyburski, J.B.; Patterson, A.D.; Krausz, K.W.; Slavik, J.; Fornace, A.]J.; Gonzalez, F.J.; Idle, J.R. Radiation Metabolomics. 2. Dose-
and Time-Dependent Urinary Excretion of Deaminated Purines and Pyrimidines after Sublethal Gamma-Radiation Exposure
in Mice. Radiat. Res. 2009, 172, 42-57. https://doi.org/10.1667/RR1703.1.

Medina, V.A.; Croci, M.; Mohamad, N.A.; Massari, N.; Garbarino, G.; Cricco, G.P.; Ntunez, M.A.; Martin, G.A.; Crescenti, E.].V.;
Bergoc, R.M.; et al. Mechanisms Underlying the Radioprotective Effect of Histamine on Small Intestine. Int. ]. Radiat. Biol. 2007,
83, 653-663. https://doi.org/10.1080/09553000701570238.

Carabajal, E.; Massari, N.; Croci, M.; Martinel Lamas, D.].; Prestifilippo, J.P.; Bergoc, R.M.; Rivera, E.S.; Medina, V.A. Radiopro-
tective Potential of Histamine on Rat Small Intestine and Uterus. Eur. J. Histochem. 2012, 56, e48.
https://doi.org/10.4081/ejh.2012.e48.

Lei, X;; Ma, N.; Liang, Y.; Liu, J.; Zhang, P.; Han, Y.; Chen, W.; Du, L.; Qu, B. Glucosamine Protects against Radiation-Induced
Lung Injury via Inhibition of Epithelial-Mesenchymal Transition. ]. Cell. Mol. Med. 2020, 24, 11018-11023.
https://doi.org/10.1111/jcmm.15662.

Patt, HM.; Clark, ].W.; Vogel, H.H. Comparative Protective Effect of Cysteine against Fat Neutron and Gamma Irradiation in
Mice. Proc. Soc. Exp. Biol. Med. 1953, 84, 189-193. https://doi.org/10.3181/00379727-84-20586.

Mirkovic, N.; Voehringer, D.W.; Story, M.D.; McConkey, D.J.; McDonnell, T.].; Meyn, R.E. Resistance to Radiation-Induced
Apoptosis in Bcl-2-Expressing Cells Is Reversed by Depleting Cellular Thiols. Oncogene 1997, 15, 1461-1470.
https://doi.org/10.1038/sj.onc.1201310.

Lee, D.Y.; Bowen, B.P.; Nguyen, D.H,; Parsa, S.; Huang, Y.; Mao, ].H.; Northen, T.R. Low-Dose Ionizing Radiation-Induced
Blood Plasma Metabolic Response in a Diverse Genetic Mouse Population. Radiat. Res. 2012, 178, 551-555.
https://doi.org/10.1667/RR2990.1.

Vlachodimitropoulou, E.; Chen, Y.L.; Garbowski, M.; Koonyosying, P.; Psaila, B.; Sola-Visner, M.; Cooper, N.; Hider, R.; Porter,
J. Eltrombopag: A Powerful Chelator of Cellular or Extracellular Iron (III) Alone or Combined with a Second Chelator. Blood
2017, 130, 1923-1933. https://doi.org/10.1182/blood-2016-10-740241.

Fu, Z; Gilbert, E.R.; Liu, D. Regulation of Insulin Synthesis and Secretion and Pancreatic Beta-Cell Dysfunction in Diabetes.
Curr. Diabetes Rev. 2013, 9, 25-53.

Shimizu, I.; Yoshida, Y.; Suda, M.; Minamino, T. DNA Damage Response and Metabolic Disease. Cell Metab. 2014, 20, 967-977.
https://doi.org/10.1016/j.cmet.2014.10.008.

Nylander, V.; Ingerslev, L.R.; Andersen, E.; Fabre, O.; Garde, C.; Rasmussen, M.; Citirikkaya, K.; Beek, J.; Christensen, G.L.;
Aznar, M; et al. Ionizing Radiation Potentiates High-Fat Diet-Induced Insulin Resistance and Reprograms Skeletal Muscle and
Adipose Progenitor Cells. Diabetes 2016, 65, 3573-3584. https://doi.org/10.2337/db16-0364.

Windmueller, H.G. Glutamine Utilization by the Small Intestine. Adv. Enzymol. Relat. Areas Mol. Biol. 1982, 53, 201-237.
https://doi.org/10.1002/9780470122983.ch6.



Metabolites 2022, 12, 161 12 of 12

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Onal, C,; Kotek, A.; Unal, B.; Arslan, G.; Yavuz, A.; Topkan, E.; Yavuz, M. Plasma Citrulline Levels Predict Intestinal Toxicity
in Patients Treated with Pelvic Radiotherapy. Acta Oncol. 2011, 50, 1167-1174. https://doi.org/10.3109/0284186X.2011.584557.
Lutgens, L.C.H.W.; Deutz, N.; Granzier-Peeters, M.; Beets-Tan, R.; De Ruysscher, D.; Gueulette, J.; Cleutjens, J.; Berger, M.;
Wouters, B.; von Meyenfeldt, M.; et al. Plasma Citrulline Concentration: A Surrogate End Point for Radiation-Induced Mucosal
Atrophy of the Small Bowel. A Feasibility Study in 23 Patients. Int. ]. Radiat. Oncol. Biol. Phys. 2004, 60, 275-285.
https://doi.org/10.1016/j.ijrobp.2004.02.052.

Jones, JW.; Tudor, G, Li, F.; Tong, Y.; Katz, B.; Farese, A.M.; MacVittie, T.]J.; Booth, C.; Kane, M. A. Citrulline as a Biomarker in
the Murine Total-Body Irradiation Model: Correlation of Circulating and Tissue Citrulline to Small Intestine Epithelial Histo-
pathology. Health Phys. 2015, 109, 452—465. https://doi.org/10.1097/HP.0000000000000346.

Jones, ] W.; Bennett, A.; Carter, C.L.; Tudor, G.; Hankey, K.G.; Farese, A.M.; Booth, C.; MacVittie, T.J.; Kane, M. A. Citrulline as
a Biomarker in the Non-Human Primate Total- and Partial-Body Irradiation Models: Correlation of Circulating Citrulline to
Acute and Prolonged Gastrointestinal Injury. Health Phys. 2015, 109, 440—-451. https://doi.org/10.1097/HP.0000000000000347.
Herbers, A.H.; Feuth, T.; Donnelly, J.P.; Blijlevens, N.M. Citrulline-Based Assessment Score: First Choice for Measuring and
Monitoring Intestinal Failure after High-Dose Chemotherapy. Ann. Oncol. 2010, 21, 1706-1711. https://doi.org/10.1093/an-
nonc/mdp596.

Lutgens, L.C.H.W.; Blijlevens, N.M.A; Deutz, N.E.P.; Donnelly, ].P.; Lambin, P.; de Pauw, B.E. Monitoring Myeloablative Ther-
apy-Induced Small Bowel Toxicity by Serum Citrulline Concentration: A Comparison with Sugar Permeability Tests. Cancer
2005, 103, 191-199. https://doi.org/10.1002/cncr.20733.

Derikx, J.P.M.; Blijlevens, N.M.A_; Donnelly, J.P.; Fujii, H.; Kanda, T.; van Bijnen, A.A.; Heineman, E.; Buurman, W.A. Loss of
Enterocyte Mass Is Accompanied by Diminished Turnover of Enterocytes after Myeloablative Therapy in Haematopoietic Stem-
Cell Transplant Recipients. Ann. Oncol. 2009, 20, 337-342. https://doi.org/10.1093/annonc/mdn579.

Simile, M.M.; Latte, G.; Feo, C.F.; Feo, F.; Calvisi, D.F.; Pascale, R.M. Alterations of Methionine Metabolism in Hepatocarcino-
genesis: The Emergent Role of Glycine N-Methyltransferase in Liver Injury. Ann. Gastroenterol. 2018, 31, 552-560.
https://doi.org/10.20524/a0g.2018.0288.

LoBianco, F.V.; Krager, KJ.; Carter, G.S.; Alam, S.; Yuan, Y.; Lavoie, E.G.; Dranoff, J.A.; Aykin-Burns, N. The Role of Sirtuin 3
in Radiation-Induced Long-Term Persistent Liver Injury. Antioxidants 2020, 9, E409. https://doi.org/10.3390/antiox9050409.
Nishida, T.; Yamaguchi, M.; Tatara, Y.; Kashiwakura, I. Proteomic Changes by Radio-Mitigative Thrombopoietin Receptor Ag-
onist Romiplostim in the Blood of Mice Exposed to Lethal Total-Body Irradiation. Int. . Radiat. Biol. 2020, 96, 1125-1134.
https://doi.org/10.1080/09553002.2020.1787546.

Lok, S.; Kaushansky, K.; Holly, R.D.; Kuijper, ].L.; Lofton-Day, C.E.; Oort, P.].; Grant, F.].; Heipel, M.D.; Burkhead, S.K.; Kramer,
J.M. Cloning and Expression of Murine Thrombopoietin CDNA and Stimulation of Platelet Production In Vivo. Nature 1994,
369, 565-568. https://doi.org/10.1038/369565a0.

Mouthon, M.A; Van der Meeren, A.; Vandamme, M.; Squiban, C.; Gaugler, M.H. Thrombopoietin Protects Mice from Mortality
and Myelosuppression Following High-Dose Irradiation: Importance of Time Scheduling. Can. ]. Physiol. Pharmacol. 2002, 80,
717-721. https://doi.org/10.1139/y02-090.

Inra, C.N.; Zhou, B.O.; Acar, M.; Murphy, M.M.; Richardson, J.; Zhao, Z.; Morrison, S.]. A Perisinusoidal Niche for Extramedul-
lary Haematopoiesis in the Spleen. Nature 2015, 527, 466—471. https://doi.org/10.1038/nature15530.

Ohashi, Y.; Hirayama, A.; Ishikawa, T.; Nakamura, S.; Shimizu, K.; Ueno, Y.; Tomita, M.; Soga, T. Depiction of Metabolome
Changes in Histidine-Starved Escherichia Coli by CE-TOFMS. Mol. Biosyst. 2008, 4, 135-147. https://doi.org/10.1039/b714176a.
Ooga, T.; Sato, H.; Nagashima, A.; Sasaki, K.; Tomita, M.; Soga, T.; Ohashi, Y. Metabolomic Anatomy of an Animal Model
Revealing Homeostatic Imbalances in Dyslipidaemia. Mol. Biosyst. 2011, 7, 1217-1223. https://doi.org/10.1039/cOmb00141d.
Sugimoto, M.; Wong, D.T.; Hirayama, A.; Soga, T.; Tomita, M. Capillary Electrophoresis Mass Spectrometry-Based Saliva
Metabolomics Identified Oral, Breast and Pancreatic Cancer-Specific Profiles. Metabolomics 2010, 6, 78-95.
https://doi.org/10.1007/s11306-009-0178-y.

Pang, Z.; Chong, J.; Zhou, G.; de Lima Morais, D.A.; Chang, L.; Barrette, M.; Gauthier, C.; Jacques, P.E;Li, S.; Xia, J. MetaboAn-
alyst 5.0: Narrowing the Gap between Raw Spectra and Functional Insights. Nucleic Acids Res. 2021, 49, W388-W396.
https://doi.org/10.1093/nar/gkab382.



