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Abstract

Background: Irradiation-induced injury is a common fallout of radiological/nuclear ac-
cidents or therapeutic exposures to high doses of radiation at high dose rates. Currently,
there are no prophylactic drugs available to mitigate radiation injury as a result of exposure
to lethal doses of ionizing radiation. Gamma-tocotrienol (GT3) of vitamin E is a promising
radioprotector under advanced development which has been tested for efficacy in both
murine and nonhuman primate (NHP) models. Previously, we have demonstrated that
GT3 has radioprotective efficacy in intestinal epithelial and crypt cells, and restores tran-
scriptomic changes in NHPs with a supralethal dose of 12 Gy total-body irradiation (TBI).
Methods: In this study, we evaluated the effect of 12 Gy partial-body irradiation (PBI) or
TBI on metabolomic changes in serum samples and the extent to which GT3 was able to
modulate these irradiation-induced changes. A total of 32 nonhuman primates were used
for this study, and blood sample were collected 3 days (d) prior to irradiation, and 4 h, 8
h, 12 h, 1 d, 2 d, and 6 d post-irradiation. Results: Our results demonstrate that exposure
to a supralethal dose of radiation induces a complex range of metabolomic shifts with
similar degrees of dysregulation in both partial- and total-body irradiated animals. The
C21-steroid hormone biosynthesis and metabolism pathway was significantly dysregulated
in both PBI and TBI groups, with minimal protection afforded by GT3 administration.
Conclusions: GT3 offered a differential response in terms of protected metabolites and
pathways in either group that was most effective at the early post-irradiation time points.

Keywords: GT3; biomarkers; metabolomics; nonhuman primates; radioprotection;
partial-body irradiation; total-body irradiation
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1. Introduction
Individuals exposed to radiation are at risk of developing life-threatening compli-

cations. Acute exposure to radiation can lead to radiation sickness, also known as acute
radiation syndrome (ARS), which consists of a constellation of health effects that can impact
multiple tissues and organs. The lymphatic (specifically bone marrow), gastrointestinal,
pulmonary, central nervous, and cutaneous systems are very sensitive to irradiation [1–3].
Clinical indications of ARS manifest as the hematopoietic (H-ARS; 2–6 Gy), gastrointestinal
(GI-ARS; 6–8 Gy), and neurovascular (NV-ARS; >8 Gy) subsyndromes [4,5]. Individuals
exposed to radiation doses resulting in H-ARS or GI-ARS are expected to benefit from
treatment with radiation medical countermeasures (MCMs). There are nine United States
Food and Drug Administration (US FDA)-approved MCMs for the mitigation of ARS: Neu-
pogen, Neulasta, Leukine, Nplate, and five biosimilars of Neupogen and Neulasta (Nypozi,
Zarxio, Udenyca, Stimufend, and Ziextenzo) [6–15]. All nine agents are only indicated for
H-ARS and are only effective when administered soon after radiation exposure, stored in a
cold chain, and generally administered in a hospital setting. Given the events unfolding
in the current conflicts in Eastern Europe and the Middle East, the development of an
effective prophylactic radiation countermeasure would be an invaluable asset for military
and emergency preparedness, significantly enhancing the ability to protect responding
personnel from the harmful effects of radiation exposure in the event of nuclear accidents,
radiological emergencies, or acts of warfare.

During radiological emergencies, it is crucial to determine the extent of radiation
exposure to provide timely and appropriate medical intervention [16–18]. Physical and
biological dosimetry can be used in combination to determine the radiation exposure
dose, which accelerates clinical evaluation and response [19,20]. The gold standard for
biological dosimetry includes cytogenic analysis of peripheral blood lymphocytes, dicentric
chromosome assay, and other chromosomal aberration assays. However, these methods
are labor-intensive and difficult for population-based screening during a mass casualty
scenario [21]. Hence, it is imperative to develop accurate and dependable methods suit-
able for mass screening to triage radiation-exposed individuals for medical care. Assays
involving genomic, proteomic, and metabolomic markers have the potential for rapid high-
throughput screening of masses and can reliably account for population variability, but of
these methods the most promising approach for assessing these measures are metabolomic
and lipidomic profiling [22–25]. Metabolomics is an emerging field that allows researchers
to investigate downstream changes in gene expression or alterations by qualitatively and
quantitatively analyzing metabolites present in biological samples by mass spectrometry
(MS), often coupled with liquid or gas chromatography. These identified metabolites may
serve as biomarkers that are important for MCM development, particularly for dose con-
versions from animal models to humans, a critical step for MCM development as specified
by the US Food and Drug Administration (FDA) Animal Rule [26–28].

One of these radiation MCMs under development is gamma-tocotrienol (γ-tocotrienol; GT3),
a potent antioxidant and isomer of vitamin E that is currently under advanced development
as a radioprotector for pre-exposure prophylaxis [29–31]. In addition to its strong antioxidant
activity, GT3 exhibits significant anti-inflammatory effects and neuroprotective properties, making
it a promising potential radioprotectant. It has been studied in rodents and NHPs and has
demonstrated radioprotective efficacy when administered 24 h before TBI. GT3 has also been
shown to induce high levels of granulocyte colony-stimulating factor (G-CSF), mobilize
progenitors, and enhance the radioprotective efficacy of low doses of amifostine [32]. These
initial findings prompted us to initiate advanced, large animal studies using NHPs [31]. We
have also conducted studies using multiomic platforms to identify biomarkers for radiation
injury which will be helpful to obtain regulatory approval of MCMs following the US
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FDA Animal Rule [28,33,34]. It is important to note that a single injection of GT3 24 h
prior to radiation exposure without any supportive care (blood products) was equivalent,
in terms of improving hematopoietic recovery, to multiple doses of Neupogen and two
doses of Neulasta with full supportive care (including blood transfusions) in the NHP
model [7,13,31]. Additionally, GT3 is a radioprotector which can be administered prior to
exposure as a prophylaxis, can be stored at ambient temperature, and will not need to be
administered in a clinical setting. Recently, we investigated the radioprotective efficacy,
transcriptomic changes, and histopathological recovery of GT3 using supralethal doses of
12 Gy PBI and TBI in an NHP model [35,36].

In this study, we profiled metabolomic changes in the serum samples of rhesus
macaques exposed to a supralethal dose of 12 Gy partial- or total-body radiation ca-
pable of inducing severe ARS. Furthermore, we investigated the restorative changes to
metabolomic profiles induced by the promising radiation countermeasure, GT3. We posited
that metabolic alterations caused by partial- or total-body exposure will likely be reversed,
at least in part, upon GT3 treatment. To assess the radioprotective effects of GT3, therefore,
metabolite significance in both the radiation and GT3 effects comparisons was analyzed,
in addition to the change in directionality due to GT3 treatment. GT3 restored irradiation-
induced changes to metabolomic profiles to a limited extent. This may be due to the
limitation of GT3’s efficacy at high radiation doses inducing GI-ARS. Ultimately, the tar-
geted dose of 12 Gy may be somewhat more lethal than our expectation.

2. Materials and Methods
2.1. Experimental Design

The primary scope of this study was to assess gastrointestinal (GI) injury in animals ex-
posed to 12 Gy partial- or total-body radiation. Power analysis was performed to determine
the appropriate sample size needed to detect changes with a statistical power of greater
than 80% and a significance level of below 0.05, ensuring the study was both scientifically
valid and ethically justified. Based on a two-sided two-sample t-test (α = 0.05), achieving
80% power with eight animals per group requires a standardized effect size (Cohen’s d) of
approximately 1.51; under this assumption, a sample size of eight NHPs per arm provides
the intended 80% statistical power. A total of 32 NHPs (rhesus macaques) were used for
this study; 16 animals were exposed to partial-body radiation (LINAC X-ray radiation,
1.3 Gy/min) and the remaining 16 animals were exposed to total-body radiation (cobalt-60
γ-radiation, 0.6 Gy/min). In each group, eight NHPs were administered a 37.5 mg/kg dose
of GT3 via subcutaneous (sc) injection, and eight were administered the corresponding
vehicle via the same route 24 h prior to radiation exposure. Euthanasia was scheduled for
animals on day (d) 4 and 7 post-irradiation, at which time specialized tissue collection was
performed to assess GI injury [35,36]. Blood samples were also collected throughout the
course of the study, and various omics studies were performed to assess radiation-induced
changes and any protective effects offered by GT3. In detail, eight samples were collected
from vehicle or GT3-treated animals on d −3, 4 h, 8 h, 12 h, d 1, and d 2. Due to the sched-
uled euthanasia of animals on d 4, only five samples were collected from each group on d 6.
In total, 104 samples were analyzed for the PBI group, while 106 samples were analyzed for
the TBI group. Insufficient serum volume prevented two samples from being analyzed in
the PBI group. In an effort to refer to each comparison succinctly, the comparison between
pre-irradiation and the vehicle/irradiated group is referred to as the “radiation effects”
comparison, while the comparison between the GT3-treated and vehicle/irradiated group
is referred to as the “GT3 effects” or “drug effects” comparison. Overall experimental
design and metabolomics workflow can be viewed in Figure 1.
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Figure 1. Overall experimental design and metabolomics workflow for this study to assess the effect
of 12 Gy partial- or total-body irradiation and GT3 administration on serum metabolomic profiles.
Figure was created by the authors with BioRender.com.

2.2. Animals

A total of 32 rhesus macaques (Macaca mulatta, Chinese sub-strain, 14 males and
18 females, 3.5–5.5 years of age, weighing 3.84–5.6 kg) were used in this study. The
32 animals were obtained from the National Institutes of Health Animal Center (NIHAC,
Poolesville, MD, USA) or from an approved NHP vendor (PrimeGen, Hines, IL, USA). All
animals were maintained at Bioqual, Inc. (Rockville, MD, USA), a facility accredited by
the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)-
International. Prior to the experiment, all NHPs underwent a quarantine period of six
weeks. During the quarantine period, animals were assigned to GT3 and vehicle-treated
groups after being divided by sex and body-weight. Due to study-specific reasons, paired
housing was not possible; housing the animals individually ensured the prevention of con-
flict injuries, and as irradiated animals are more prone to infection due to immune system
suppression, this was a vital course of action in order to obtain unobstructed data. Other
details about animal feed and upkeep are described earlier [31]. All animal procedures
were approved (Protocol # 18-060 approved on 27 June 2018) by the Institutional Animal
Care and Use Committee (IACUC, Bioqual, Inc.) and the Department of Defense Animal
Care and Use Review Office. The Guide for the Care and Use of Laboratory Animals was
strictly adhered to throughout this study [37]. This study is reported in accordance with
ARRIVE guidelines.

2.3. Drug Preparation and Administration

GT3 (50 mg/mL) and the olive oil-based vehicle formulation were acquired from
Callion Pharma, LLC (Jonesborough, TN, USA). At least 48 h prior to drug injections,
the area between the shoulder blades (dorsal scapular area) was shaved so that the skin
could be easily observed for any adverse reactions such as rash/eruption, inflammation,
irritation, and abscess formation following GT3 or vehicle administration [36]. To prepare
for drug administration, the injection site was wiped with 70% isopropyl rubbing alcohol
and allowed to air dry. Once dried, the drug or vehicle was administered sc using a 3 mL
disposable luer-lock syringe with a 25-gauge 5/8-inch needle. A 37.5 mg/kg dose was
administered to each animal based on individual body weights.
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2.4. Radiation Exposure

The initial objective of this study was to investigate the effect of GT3 in NHPs ex-
posed to a radiation dose inducing GI-ARS, and hence 12 Gy partial- and total-body
radiation exposures were used. We have reported results with GI tissues and transcrip-
tomics earlier [35,36,38,39]. From the same animal samples, this study was conducted to
investigate the metabolomic changes. It is important to note that the dose rates for PBI
(1.3 Gy/min) and TBI (0.6 Gy/min) differed due to the specific experimental conditions
required for NHP irradiations. For PBI specifically, the field size to fit the head-to-knee
length of each animal in a uniform radiation field and the resulting distance from the
source yielded a dose rate of 1.3 Gy/min. In contrast, the dose rate of 0.6 Gy/min is the
standard dose rate for TBI conducted by our group and was used in this study to maintain
consistency and reliability of inter-experiment comparisons.

2.4.1. Partial-Body Radiation Exposure

NHPs were exposed to a 12 Gy partial-body radiation dose using a 4 MV photon
beam from an Elekta Infinity clinical linear accelerator (LINAC) with a dose rate of approx-
imately 1.3 Gy/min. As radiation exposure can often result in nausea and vomiting, all
animals were fasted for approximately 12–18 h prior to their scheduled exposures. Digital
calipers were used to measure the location of the absorbed dose target (the abdominal
anterior/posterior lengths) for each individual NHP. Additional measurements were also
performed, including distances from the crown of the head to the hip, knee, and foot to aid
in the accurate measurement for bone marrow sparing. After the animals were brought
to the Armed Forces Radiobiology Research Institute (AFRRI) for irradiation, they were
transferred from their transport cages into temporary housing cages. In preparation for irra-
diation, the identity of each animal was confirmed using their unique tattooed ID numbers.
Using the cage’s squeeze-back mechanism, the NHPs were administered 10–15 mg/kg
of ketamine hydrochloride (Zoetis, Inc., Kalamazoo, MI, USA; 100 mg/mL) through an
intramuscular (im) injection for sedation. After confirming that the animal was completely
sedated, NHPs were individually positioned on a custom restraint device mounted to the
LINAC couch. After placing the animal in a supine position, restraints were used to fix
the NHP’s limbs to the platform to limit possible movement in the event that the sedation
began to wean. In order to spare 5% of the bone marrow, the field positioning was adjusted
to extend from the top of the skull to the knee, excluding the tibia, ankles, and feet of the
animals from radiation exposure, having a diagonal length of approximately 80 cm with a
collimator angle of 45 degrees. Two gantry angles, 0◦ and 180◦, were used to deliver half
of the total radiation dose each; delivering the dose along both the anterior–posterior and
posterior–anterior directions ensured that the absorbed radiation dose is homogeneous. An
Advisor vital signs monitor (Smiths Medical, Dublin, OH, USA) was used to continuously
monitor heart rate and temperature throughout the duration of the procedure. Additional
details describing the PBI procedure, including LINAC calibration and dosimetry, can be
found in an earlier publication [35,36].

2.4.2. Total-Body Radiation Exposure

The high level 60Co gamma irradiator was used for TBI. To minimize the occurrence
of irradiation-induced vomiting, all animals fasted for approximately 12–18 h prior to their
scheduled exposures. Upon arrival to AFRRI, the animals were transferred into temporary
housing cages. Approximately 15 min prior to irradiation, the unique tattoo identification
numbers on the animals were confirmed, and the NHPs were sedated with an im injection of
10–15 mg/kg of ketamine hydrochloride (Zoetis, Inc., Kalamazoo, MI, USA; 100 mg/mL)
using the cage’s squeeze-back mechanism. To deliver the exact radiation dose to each
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animal, the abdominal lateral separations of the animals at the height of the dose prescrip-
tion point (core of the abdomen) were measured with a digital caliper approximately one
week prior to irradiation. Animals were paired for irradiation based on the similarity of
their lateral separations (+/−1 cm). If animals were not within 1 cm of another’s measure-
ments, they were irradiated separately. These measurements were also used to ensure an
accurate field of exposure by the facility dosimetrist [35]. Once anesthetized, the animals
were secured in custom-made Plexiglas restraint boxes to maintain the proper positioning
throughout the irradiation procedure and to limit the possibility of significant movement.
Rope restraints were tethered from the NHP’s limbs to a cleat to secure them to the box [36].
As higher doses of radiation require longer exposure times, a 0.1–0.3 mL im booster of
ketamine hydrochloride (100 mg/mL) was administered to the NHPs prior to the procedure
(if deemed necessary) to limit movement while being irradiated. After being positioned
facing away from each other on the irradiation platform, the two NHPs were exposed to a
bilateral midline dose of 12 Gy at a dose rate of 0.6 Gy/min. Once irradiation was complete,
animals were returned to the transport cart and to their cages in the holding area. They
were then evaluated for complete recovery from the sedatives and irradiation procedure.
Additional details of TBI and dosimetry are described in previous publications [35,36].

2.5. Blood Sample Collection

Blood was collected from the saphenous vein in serum-separating tubes, allowed to
clot for at least 30 min, and centrifuged for 10 min at 400× g. Serum was isolated and
stored at −70 ◦C until analysis [31].

2.6. Sample Preparation and Metabolomic Analyses

Serum was separated from whole blood using serum-separator tubes. After allowing
blood to clot for 30 min, samples were centrifuged to isolate the serum, which was then
placed into a new tube and stored at −80 ◦C until analysis. Metabolomic profiling was
performed using UPLC-QTOF-MS. Metabolites were extracted from serum using a solvent
mixture composed of methanol, isopropanol, water, and internal standards, followed by
protein precipitation with acetonitrile. Centrifugation was performed to collect super-
natants for analysis. Samples were then run on a UPLC system coupled to a Xevo G2
QTOF mass spectrometer using either a BEH or CSH C18 column for metabolomics or
lipidomics, respectively. Mass spectrometry was performed in both positive and negative
ionization modes, with regular injections of pooled quality control samples to monitor data
consistency and instrument performance. Additional details for metabolomics analysis can
be viewed in previous publications [40].

2.7. Statistical Analyses

Data acquired from the UPLC-TOFMS was processed with the XCMS R package
(version 4.4.1) (Scripps Research Institute, La Jolla, CA, USA) to produce a comprehensive
metabolic matrix containing retention time, mass to charge (m/z) values, and ion inten-
sities. The data were normalized using internal standard normalization and QC-RLSC
normalization, followed by log transformation and Pareto scaling prior to multivariate
statistical analysis, which was conducted and visualized with custom R scripts [41]. Sig-
nificantly dysregulated metabolites were identified by comparing normalized intensity
values (m/z features) between GT3-treated and vehicle-treated NHPs at each of the seven
post-irradiation time points using two-sided Mann–Whitney U tests. Because each animal
contributed one sample per time point, we performed a separate nonparametric comparison
at each time point rather than assuming a specific distribution across repeated measures.
To control for multiple hypothesis testing across all m/z features and time points, p-values
were adjusted using the Benjamini–Hochberg false discovery rate (FDR) procedure, with
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FDR < 0.05 considered significant. All statistically significant m/z values were then puta-
tively annotated via METLIN [42], CEU Mass Mediator [43], and HMDB databases [44] for
downstream pathway analysis. An all-inclusive list of metabolites assessed is provided in
Supplementary Tables S1 and S2. Summaries of the statistical analyses performed for PBI
and TBI are shown in Supplementary Tables S3 and S4. Fold changes (FC) are also included,
which assess metabolite expression between the various treatment groups. Log2(FC) calcu-
lations were also performed, which enhance interpretability of these values and allow for
easy integration into various data visualization formats. Additionally, the Python package
Mummichog (version 2.0.6) was employed to identify disrupted metabolic pathways based
on alterations in metabolite concentrations. These findings, including p-values and false
discovery rates (FDR), are presented in Supplementary Tables S5 and S6.

3. Results
Both PBI and TBI induced significant metabolomic perturbations in the serum samples

collected from the irradiated animals (Figure 1). Interestingly, the number of significantly
dysregulated pathways and metabolites was greater in PBI animals compared to TBI
animals. Principal component analysis (PCA) plots were constructed to visualize overall
group separation between radiation exposure types (PBI or TBI) and treatments (GT3 or
vehicle) (Figure 2A). Overall, radiation response was similar between radiation exposure
types and treatment groups, as suggested by the clustering in the PCA plots. Both PBI
and TBI groups experienced a majority upregulation in response to irradiation, while
a majority downregulation was observed after GT3 treatment. Significance counts and
trends of up- and downregulation can be viewed for PBI and TBI groups in Tables 1 and 2,
respectively. Although there were some similarities in terms of dysregulated pathways and
metabolites between PBI and TBI groups, some differential expression was also observed,
with significant unique metabolites and pathways dysregulated or protected in either
group. Additional figures including volcano plots for the 8 h time point to the d 6 time
point can be viewed in Supplementary Figures S1–S5.

 

Figure 2. (A). Two-dimensional (2D) principal component analyses (PCA) plots showing overall
group separation at each time point. Data was obtained in the electrospray negative ionization
mode. Volcano plots comparing NHP serum profiles 4 h post partial-body irradiation (B,C) or post
total-body irradiation (D,E).
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Table 1. An overall count of the putatively identified significantly dysregulated metabolites as well
as overall trend in directionality in partial-body irradiated animals.

Radiation
Group Time Point

Total Significant
Metabolites

(p-Value)

Metabolites
(↑ | ↓)

Total Significant
Metabolites (FDR)

Metabolites
(↑ | ↓)

PBI

Pre vs. Post-Irradiation (Vehicle-Treated)—4 h 134 (105 | 29) 122 (99 | 23)
Pre vs. Post-Irradiation (Vehicle-Treated)—8 h 102 (88 | 14) 58 (55 | 3)
Pre vs. Post-Irradiation (Vehicle-Treated)—12 h 91 (55 | 36) 58 (35 | 23)

Pre vs. Post-Irradiation (Vehicle-Treated)—Day 1 72 (38 | 34) 40 (25 | 15)
Pre vs. Post-Irradiation (Vehicle-Treated)—Day 2 45 (24 | 21) 11 (6 | 5)
Pre vs. Post-Irradiation (Vehicle-Treated)—Day 6 73 (53 | 20) 53 (39 | 14)

GT3-Treated vs. Vehicle-Treated—4 h 91 (17 | 74) 4 (1 | 3)
GT3-Treated vs. Vehicle-Treated—8 h 67 (10 | 57) 3 (1 | 2)
GT3-Treated vs. Vehicle-Treated—12 h 51 (14 | 37) 3 (3 | 0)

GT3-Treated vs. Vehicle-Treated—Day 1 36 (15 | 21) 0 (0 | 0)
GT3-Treated vs. Vehicle-Treated—Day 2 34 (7 | 27) 0 (0 | 0)
GT3-Treated vs. Vehicle-Treated—Day 6 21 (2 | 19) 0 (0 | 0)

FDR: false discovery rate, ↑: upregulated metabolites, ↓: downregulated metabolites.

Table 2. An overall count of the putatively identified significantly dysregulated metabolites as well
as overall trend in directionality in total-body irradiated animals.

Radiation
Group Time Point

Total Significant
Metabolites

(p-Value)

Metabolites
(↑ | ↓)

Total Significant
Metabolites

(FDR)

Metabolites
(↑ | ↓)

TBI

Pre vs. Post-Irradiation (Vehicle-Treated)—4 h 115 (88 | 27) 70 (57 | 13)
Pre vs. Post-Irradiation (Vehicle-Treated)—8 h 86 (41 | 45) 53 (25 | 28)
Pre vs. Post-Irradiation (Vehicle-Treated)—12 h 66 (32 | 34) 52 (28 | 24)

Pre vs. Post-Irradiation (Vehicle-Treated)—Day 1 57 (37 | 20) 37 (27 | 10)
Pre vs. Post-Irradiation (Vehicle-Treated)—Day 2 63 (53 | 10) 5 (4 | 1)
Pre vs. Post-Irradiation (Vehicle-Treated)—Day 6 60 (36 | 24) 27 (17 | 10)

GT3-Treated vs. Vehicle-Treated—4 h 74 (34 | 40) 5 (5 | 0)
GT3-Treated vs. Vehicle-Treated—8 h 54 (52 | 2) 2 (2 | 0)
GT3-Treated vs. Vehicle-Treated—12 h 39 (14 | 25) 1 (0 | 1)

GT3-Treated vs. Vehicle-Treated—Day 1 23 (4 | 19) 0 (0 | 0)
GT3-Treated vs. Vehicle-Treated—Day 2 72 (8 | 64) 19 (0 | 19)
GT3-Treated vs. Vehicle-Treated—Day 6 13 (10 | 3) 0 (0 | 0)

FDR: False discovery rate, ↑: upregulated metabolites, ↓: downregulated metabolites.

3.1. Effects of Partial-Body Radiation on Metabolomic Profiles

PBI induced significant metabolomic perturbations in irradiated animals. The num-
ber of significantly dysregulated metabolites reached its highest level 4 h after expo-
sure to 12 Gy partial-body radiation in both the radiation and drug effects comparisons
(Figure 2B,C). Alpha-pinene-oxide and octadecenoic acid were the most significantly dys-
regulated metabolites at the 4 h time point, but this dysregulation waned as the study
progressed. Overall, dysregulation gradually decreased as the study progressed for both
comparisons, but was increased slightly on d 6 in the radiation comparison. Interest-
ingly, opposite directionality was observed between the radiation effects and GT3 effects
comparisons, further confirming our hypothesis that GT3 would mitigate the irradiation-
induced dysregulation on metabolomic profiles to some extent. A majority upregulation
was observed in the radiation effects comparison during the hourly time points following
irradiation, specifically at 4, 8, and 12 h, which then fluctuated throughout the remain-
der of the study. Conversely, in the drug effects comparison, a majority downregulation
was observed in all time points analyzed, suggesting GT3 offered a modulatory effect on
irradiation-induced dysregulation. Overall significance counts and directionality for each
time point can be viewed in Table 1.

Pathway and metabolite analysis were performed to assess the effects of PBI, which
was found to induce significant dysregulation to several notable pathways and metabolites
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at several time points independent of GT3 administration. The C21-steroid hormone biosyn-
thesis and metabolism, tyrosine metabolism, porphyrin metabolism, and prostaglandin
from arachidonate pathways were the most commonly dysregulated pathways in
partial-body irradiated animals (Figure 3A). Several notable metabolites including tyra-
mine; proline; dopamine; Dehydroepiandrosterone; Tetrahydro-11-dehydrocorticosterone;
4,4-Dimethyl-5alpha-cholesta-8-en-3beta-ol; and 5alpha-Dihydrotestosterone glucuronide
were significantly dysregulated in partial-body irradiated animals despite GT3 administra-
tion (Figure 3B).

 

Figure 3. Top dysregulated pathways (A) and metabolites (B) in serum of NHPs exposed to partial-
body radiation. (C) Top significant pathways in GT3-treated animals exposed to PBI. Notably, vitamin
(A) retinol metabolism was significantly protected at 4 h and significantly activated in all time points
apart from Day 6, while porphyrin metabolism was significantly protected by GT3 administration
at the 12 h and Day 1 time points and glycerophospholipid metabolism was significantly protected
at 4 h and day 2. (D) Top significant metabolites in GT3-treated animals exposed to PBI. Pathway
analysis was performed using Mummichog.

Both comparisons were analyzed collectively to determine the protective effects af-
forded by administration of GT3 in partial-body irradiated animals. GT3 offered modest
protection to a few select pathways (Figure 3C). Notably, dysregulation to the vitamin A
(retinol) metabolism pathway was minimal in the radiation effects comparisons, but was
significant in the GT3 effects comparisons at all time points except d 6. When comparing
GT3-treated and vehicle-treated animals at the 4 h time point (“GT3 effects” compari-
son), this comparison was statistically significant, suggesting that GT3 administration
protected this pathway. Other significantly dysregulated pathways including the por-
phyrin metabolism and glycerophospholipid metabolism and were significantly protected
at varying isolated time points throughout the study, but were not consistently protected
throughout the study. One metabolite, 4-oxo-9-cis-retinoyl-beta-glucuronide (a metabolite
of vitamin A), was significantly upregulated at all time points analyzed. GT3 offered
radioprotective effects to metabolites such as 3-Hydroxy-L-tyrosine, which was signifi-
cantly protected only up until the d 1 time point. Octadecanoic acid was also significantly
protected, but only until the 12 h time point. Raindrop plots were constructed to visual-
ize the significance and directionality of these protected metabolites, which is displayed
in Figure 3D.
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3.2. Effects of Total-Body Radiation on Metabolomic Profiles

Similarly to partial-body irradiated animals, the highest degree of metabolic dysregu-
lation was 4 h post TBI (Figure 2D,E). Notably, similar to the PBI group, octadecenoic acid
was one of the most significantly dysregulated metabolites in both groups at the 4 h time
point, but dysregulation was minimal throughout the remainder of the study. Thereafter,
dysregulation in terms of significantly dysregulated metabolites gradually declined until
the d 1 time point and plateaued for the remainder of the study. No consistent trend of
up- or downregulation was observed in either comparison; a majority upregulation was
observed at 4 h, 8 h, 2 d, and 6 d post-irradiation, while a majority downregulation was
noted at the 12 h and d 1 time point. Overall significance counts and directionality for each
time point in the TBI group can be viewed in Table 2.

Pathway and metabolomic analysis were conducted to evaluate the effects of TBI
on metabolomic profiles in an effort to assess any similarities or differences in response
compared to the PBI group. As observed in the PBI group, the most significantly dys-
regulated pathway by TBI was the C21-steroid hormone biosynthesis and metabolism.
Other pathways including tyrosine metabolism, prostaglandin formation from arachi-
donate, and the androgen and estrogen biosynthesis and metabolism pathways were
significantly dysregulated beginning around the 8–12 h time points and continuing to
the d 2–d 6 time points. The top dysregulated pathways affected by TBI are detailed in
Figure 4A. Notably, irradiation-induced dysregulation to metabolic pathways was highest
at the d 2 time point. Consistent significance in several unique metabolites in the radia-
tion effects comparison was noted in the TBI group. Metabolites including androsterone
glucuronide, deoxycorticosterone, and 5-Phenyl-1,3-oxazinane-2,4-dione were consistently
upregulated at all time points in all comparisons, while platelet-activating factor was
consistently downregulated (Figure 4B).

 

Figure 4. Top dysregulated pathways (A) and metabolites (B) in serum of NHPs exposed to total-body
radiation. (C) Top significant pathways in GT3-treated animals exposed to TBI. Tyrosine metabolism
was significantly protected at 12 h and Day 1, while the valine, leucine, and isoleucine pathway
was significantly protected at Day 6. Notably, these pathways are also significant when comparing
GT3-treated to vehicle-treated animals at various time points. (D) Top significant metabolites in
GT3-treated animals exposed to TBI. Pathway analysis was performed using Mummichog.
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The protective effects of GT3 were then assessed by comparing both the radiation
effects and GT3 effects comparisons collectively. Two pathways were significant in response
to GT3 treatment at various time points, as displayed in Figure 4C. For example, the valine,
leucine, and isoleucine degradation pathway was minimally affected by radiation exposure,
but significant in the GT3 effects comparison at a few time points. As this pathway was
not directly dysregulated by radiation exposure, the significance of this pathway at several
time points in GT3-treated animals suggests GT3 may offer radioprotection via pathways
previously unknown. The tyrosine metabolism pathway was significantly protected by
GT3 administration at the 12 h and d 1 time points. A few of the metabolites followed
unique trends throughout the course of the study (Figure 4D). For example, betaine was
significantly downregulated at a majority of time points analyzed in both the radiation
effects and GT3 effects comparisons. Only one metabolite, phenylacetylglutamine, was
consistently and significantly protected by GT3 administration at all time points analyzed.
Other significantly protected metabolites were time-dependent; hippurate was significantly
protected up until the d 1 time point, while glyceraldehyde was significantly protected
up until the 12 h time point. Lastly, 6-Thioxanthine 5′-monophosphate was significantly
protected at 4 h, 8 h, 12 h, and d 6. Overall, the protective effects of GT3 were modest, but
similar in terms of the extent of affected pathways to those observed in the PBI group.

3.3. Metabolic Patterns Are Consistent Across Radiation Types

Although a greater degree of dysregulation in terms of significantly dysregulated
metabolites was expected in the PBI group due to bone marrow sparing, we observed
an overlap in terms of dysregulated metabolites and pathways between the PBI and
TBI groups. Both radiation groups generally followed similar trends in terms of the
number of significantly dysregulated metabolites as well as the trend of directionality of
metabolites. Interestingly, when comparing the post-irradiation time points to the pre-
irradiation time points, a majority upregulation was noted in these comparisons, while a
majority downregulation was observed in the GT3 comparisons, suggesting GT3 offered
a modulatory effect on irradiation-induced dysregulation in both PBI and TBI animals.
Several metabolites were consistently dysregulated by radiation exposure, regardless of
radiation exposure type or GT3 treatment, including 3-Oxo-delta4-steroid; progesterone;
3alpha,11beta,21-Trihydroxy-20-oxo-5beta-pregnan-18-al; 2beta-hydroxyprogesterone; and
21-Deoxycortisol. Notably, many of these metabolites play a role in the C21-steroid hor-
mone biosynthesis and metabolism pathway, which was the most significantly dysregulated
pathway in both PBI and TBI animals (Figure 5A,B). Other pathways including tyrosine
metabolism as well as prostaglandin formation from arachidonate were significantly dys-
regulated by either PBI or TBI, but to varying degrees.

GT3 afforded a variable radioprotective effect that was determinant on radiation
exposure type to a few notable pathways and metabolites in both PBI and TBI groups.
Somewhat unexpectedly, minimal overlap was observed in terms of significantly protected
metabolites or pathways between PBI and TBI groups. In the PBI group, dysregulation to
the porphyrin metabolism pathway was alleviated by GT3 administration at 12 h and d 1
post-irradiation. Two metabolites that participate in this pathway, dopamine and tyramine,
were significantly protected by GT3 administration at varying time points throughout the
study. In the TBI group, the tyrosine metabolism pathway was significantly protected
12 h and d 1 post-irradiation. In both the PBI and TBI groups, the glycerophospholipid
metabolism pathway was significant. However, it is important to note that these pathways
were not consistently dysregulated solely by type of radiation exposure and were only
consistently significant in the drug effects comparisons.
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Figure 5. (A) Consistent dysregulation to the C-21 steroid hormone biosynthesis and metabolism
pathway was observed in serum samples collected from both partial- and total-body irradiated
animals. (B) Steroid metabolites significantly dysregulated by both PBI and TBI.

4. Discussion
Metabolomics is an emerging field of systems biology that we hope to leverage in

our efforts to develop radiation MCMs which can be used in various nuclear events to
protect emergency responders against the deleterious effects of radiation exposure. In
doing so, our understanding of the effects of ionizing radiation on a molecular level will
augment translation into other areas of pharmaceutical development. Our laboratory has
previously investigated metabolomic changes in serum and tissue samples of animals
exposed to Cobalt-60 gamma (60Co γ) total-body radiation, including murine and NHP
models. Studies using NHP models were performed with both 4 and 5.8 Gy total-body
γ-radiation and partial-body X-ray radiation. Additionally, metabolomic studies have
been performed with several radiation MCMs that are being developed for prophylactic
use in our lab including amifostine, BIO 300, Ex-Rad, and GT3. Amifostine studies were
completed in a murine model while Ex-Rad, BIO 300, and GT3 studies were completed in
an NHP model [33].

Several tissue types were collected from the same 32 animals used in this study, and
various analyses were performed to assess the effects of both radiation exposure and
GT3 efficacy. Transcriptomic analysis was performed on both lung and jejunum tissue in
NHPs with PBI or TBI. Significant irradiation-induced changes were observed in the lung
transcriptome for total-body exposed animals [39]. However, there was no major effect
of GT3 on irradiation-induced transcriptomic changes observed, demonstrating that this
potential MCM may not be effective in protecting against a supralethal dose of radiation.
Regardless, several signaling pathways such as growth arrest and DNA damage-inducible
(GADD45), p35, and Phosphoinositide 3-kinase/Protein Kinase B (PI3K/AKT) pathway
were upregulated following total-body radiation exposure. Similar irradiation-induced
effects were observed in jejunum tissue collected from animals exposed to partial- or total-
body radiation. Focal adhesion kinase (FAK) signaling, cAMP response element-binding
protein (CREB) signaling in the neurons, phagosome formation, and G-protein coupled
signaling pathways were found to be activated following PBI and TBI [38]. However, as
was observed in lung tissue, GT3 did not have a major effect on the transcriptome at such a
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high dose of radiation. Additionally, histopathological studies were performed to assess
GT3-mediated GI injury in TBI or PBI NHPs. Plasma citrulline, crypt cell proliferation and
apoptotic cell death, mucosal surface area, and villous height were also investigated in PBI
animals, and our data suggests that 12 Gy X-rays induce severe intestinal injury post-PBI
and GT3 provided limited radioprotection against such a high dose [35]. In TBI animals,
there were significant decreases in mucosal surface area and villous height, as observed
in the partial body exposed animals. GT3 prophylaxis induced an increase in crypt depth
and Ki-67-positive cells and caused a decline in TUNEL-positive cells in intestinal tissue of
animals exposed to total-body radiation [36]. Ultimately, based on our observations in these
previous studies, GT3 seems capable of affording pronounced radioprotection in sublethal
radiation doses, while more modest protection is observed in supralethal radiation doses.

This study compares the metabolomic serum profiles of male and female NHPs
exposed to a single supralethal radiation dose of either 12 Gy PBI or TBI. Additionally,
we also assessed the ability of GT3 to protect against the deleterious effects of radiation
on metabolomic profiles. Irradiation induced similar effects in either PBI or TBI group,
with dysregulation peaking at 4 h post-irradiation and gradually declining throughout
the course of the study. Interestingly, dysregulation was slightly greater in the PBI group,
while the opposite was expected. In assessing the effects of GT3, a similar trend was noted,
where more dysregulation/protection was observed in the PBI group compared to the TBI
group. Regardless, GT3 offered significant metabolomic protection against radiation injury
in both the PBI and TBI groups and gradually decreased as the study progressed.

Both PBI and TBI were found to induce significant inflammation in irradiated
animals, as observed by dysregulation to the C21-steroid hormone biosynthesis and
metabolism pathway. A few C21-steroid hormones were found to be consistently and
significantly dysregulated in both PBI and TBI groups despite GT3 administration, in-
cluding 21-Deoxycortisol, 2beta-hydroxyprogesterone, 3-Oxo-delta4-steroid, 3alpha,11beta,
21-Trihydroxy-20-oxo-5beta-pregnan-18-al, and progesterone. Previous studies have con-
sistently shown dysregulation in this pathway in both serum and tissue samples in animals
exposed to either partial- or total-body radiation [45–49]. This pathway is proven to be
highly sensitive to radiation exposure, both directly and indirectly. Not only is this pathway
crucial for the production of cortisol and other important C21-steroid hormones such as al-
dosterone, this pathway helps regulate cellular stress and inflammation. Of specific interest,
the presence of progesterone among the dysregulated metabolites could indicate an effect
of radiation on sex hormones and an impact on the reproductive or endocrine systems.

Minimal protective effects of GT3 were observed in either PBI or TBI group. A few
pathways were significantly protected by GT3 at a few isolated time points; however,
this protective effect was not consistent throughout the course of the study. In the PBI
group, porphyrin metabolism was protected at 12 h and d 1, while the glycerophospholipid
metabolism pathway was protected at 4 h and d 2. Notably, the vitamin (A) retinol
metabolism pathway was only significantly protected at 4 h; however, this pathway was
significant in the GT3 effects comparisons at all time points apart from d 6. As this
pathway is related to oxidative stress, this significance indicates that this pathway may
be stimulated by the administration of GT3 due to its antioxidant activity. For TBI, the
tyrosine metabolism pathway was significantly protected at 12 h and d 1, while the valine,
leucine, and isoleucine degradation pathway was significant only at d 6. As with the
PBI comparisons, these pathways were also significant in the GT3 effects comparison in
TBI animals. The protection of certain metabolites such as dopamine and tyramine in
the tyrosine metabolism pathway suggests that GT3 may offer a wider arc of protective
effects that extends to neurotransmitters and neuromodulators by neutralizing reactive
oxygen species produced by ionizing radiation exposure. These results suggest GT3
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affords radioprotection via its antioxidant activity by scavenging free radicals and reducing
radiation-induced oxidative stress.

Ultimately, our results suggest that GT3 is capable of affording modest metabolomic
protection against supralethal doses of 12 Gy PBI or TBI. However, this protection is
short-lived, and the radioprotective effects of GT3 dwindle as the time post-irradiation
increases. Similar trends were observed in irradiated animals, regardless of the type of
exposure. Ionizing radiation drives the generation of reactive oxygen species (ROS), which
can oxidize lipids, proteins, and DNA, thereby disrupting normal enzymatic function and
altering metabolite pools. For example, ROS-mediated oxidative damage to mitochon-
dria and endoplasmic reticulum can impair steroidogenic enzymes, leading to significant
dysregulation of the C21-steroid hormone biosynthesis and metabolism pathway in both
PBI and TBI groups; this suggests that perturbation of key hydroxysteroid dehydroge-
nases and cytochrome P450 enzymes underpins the observed hormonal imbalance. The
well-documented irradiation-induced imbalance to this hormonal pathway must be in-
vestigated further to fully understand the complex molecular changes caused by ionizing
radiation exposure. Differential metabolomic response attributed to GT3 administration
was observed in terms of protected pathways and metabolites when comparing PBI to
TBI. This response could be attributed to the 5% bone marrow sparing afforded to the
PBI group. Many of the pathways affected by radiation exposure and protected by GT3
administration are related to oxidative stress; radiation-induced ROS can inactivate thiol-
dependent enzymes and deplete cellular glutathione, leading to downstream metabolite
dysregulation. GT3’s potent antioxidative effects, such as direct free radical scavenging via
its chromanol ring and upregulation of endogenous antioxidant defenses (e.g., induction
of glutamate–cysteine ligase and superoxide dismutase expression), help restore redox
homeostasis and protect sensitive metabolites [50]. Additionally, a few protected pathways
were related to amino acid metabolism, suggesting GT3 may afford protective effects to
pathways previously unknown.

There are some limitations of this study which must be considered. The metabolite
identifications discussed herein are putative, and validation will need to be performed in
the future to confirm compound identities using tandem mass spectrometry of the unknown
compounds and a known standard compound against the National Institute of Standards
and Technology spectral database. Due to the supralethal dose of radiation used, animal
health declined very quickly, and all animals were moribund and humanely euthanized by
d 7 post-irradiation. Therefore, our observations in this study are limited to early radiation-
induced metabolomic changes and early protective effects of GT3. Considering the high
lethality observed with 12 Gy, somewhat lower doses of radiation may be used in future
studies. GT3 is highly effective against H-ARS and, based on this study, we assume GT3 will
have limited efficacy against GI-ARS induced by high doses of radiation. As with all studies,
confounding factors that could potentially influence the interpretation of results should be
considered. One possible confounding factor is that the rhesus macaques are outbred, which
introduces greater genetic variability. As a result, biological responses to stress from being
handled for blood collections, irradiation, drug treatment, etc., could differ between animals.
Additional studies should be performed with varying doses and other radiation sources
including low and high linear energy transfer (LET) and mixed field (neutron/gamma)
to assess metabolomic changes induced by radiation exposure and pathways whereby
GT3 exerts its radioprotective efficacy. Notably, the difference in dose rates between PBI
(1.3 Gy/min) and TBI (0.6 Gy/min) that was required for experimental conditions may
have contributed to some of the observed differences between these groups. In the future,
work will also be needed to investigate the long-term effects of GT3 and to evaluate its
efficacy when treatment is combined with antibiotics or with other combination therapies
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under development [51]. Lastly, integrated analysis of transcriptomics, metabolomics,
and proteomics data should be performed to gain valuable insight into radiation-induced
disease progression and the mechanism of action of GT3, ultimately providing a broader
understanding of these biological mechanisms and guiding future research. We plan to
accomplish such analyses in the future.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/metabo15080546/s1, Figure S1: Volcano plots compar-
ing NHP serum profiles 8 h post partial-body irradiation (A,B) or post total-body irradiation (C,D);
Figure S2: Volcano plots comparing NHP serum profiles 12 h post partial-body irradiation (A,B)
or post total-body irradiation (C,D); Figure S3:Volcano plots comparing NHP serum profiles 1 day
post partial-body irradiation (A,B) or post total-body irradiation (C,D); Figure S4: Volcano plots
comparing NHP serum profiles 2 days post partial-body irradiation (A,B) or post total-body irra-
diation (C,D); Figure S5: Volcano plots comparing NHP serum profiles 6 days post partial-body
irradiation (A,B) or post total-body irradiation (C,D); Table S1: An exhaustive list of metabolites
screened for in the serum samples collected from partial-body irradiated animals; Table S2: An
exhaustive list of metabolites screened for in the serum samples collected from total-body irradiated
animals; Table S3:Metabolomics data of serum collected from partial-body irradiated animals com-
paring pre-irradiation and post-irradiation samples (vehicle-treated animals) to assess the effects of
radiation, as well as between samples collected from GT3-treated animals and vehicle-treated animals
at post-irradiation time points to assess the effects of GT3; Table S4: Metabolomics data of serum
collected from total-body irradiated animals comparing pre-irradiation and post-irradiation samples
(vehicle-treated animals) to assess the effects of radiation, as well as between samples collected from
GT3-treated animals and vehicle-treated animals at post-irradiation time points to assess the effects
of GT3; Table S5: Pathway analysis results to assess the effects of partial-body irradiation or GT3
treatment at various time points; Table S6: Pathway analysis results to assess the effects of total-body
irradiation or GT3 treatment at various time points.

Author Contributions: Conceptualization: V.K.S. and M.H.-J.; Data curation, A.D.C., Y.L., B.E.P.,
S.A.P., A.K.C. and V.K.S.; Formal analysis, A.D.C., Y.L., B.E.P., S.A.P., A.K.C. and V.K.S.; Funding
acquisition, V.K.S. and M.H.-J.; Investigation, O.O.F., S.Y.W. and A.D.C.; Methodology, V.K.S. and
M.H.-J.; Project administration, V.K.S.; Supervision, V.K.S.; Writing—original draft, A.D.C., Y.L.,
M.H.-J., A.K.C. and V.K.S.; Writing—review and editing, A.D.C., B.E.P., S.A.P., A.K.C. and V.K.S. All
authors have read and agreed to the published version of the manuscript.

Funding: The authors acknowledge and appreciate the research support from the Congressionally
Directed Medical Research Programs (W81XWH-15-C-0117, JW140032) of the US Department of
Defense, Defense Health Affairs (75-13266), and the Uniformed Services University of the Health
Sciences/Armed Forces Radiobiology Research Institute (AFR-B4-10978) to VKS.

Institutional Review Board Statement: All procedures were approved by BIOQUAL Institutional
Animal Care and Use Committee and Department of Defense Animal Care and Use Review Office
(ACURO). This study was carried out in strict accordance with the Guide for the Care and Use of
Laboratory Animals of the Institute of Laboratory Animal Resources, National Research Council, U.S.
National Academy of Sciences. This study is reported in accordance with ARRIVE guidelines.

Data Availability Statement: All relevant data that supports the findings of the study are within the
manuscript and Supplementary Files.

Acknowledgments: The opinions and assertions expressed herein are those of the author(s) and
do not necessarily reflect the official policy or position of the Uniformed Services University or the
Department of Defense. We would also like to thank the staff of the BIOQUAL Inc., Rockville for
animal care; and the staff of the Radiation Science Department, AFRRI, for dosimetry and radiation
exposure to the animals. The authors would like to acknowledge the Metabolomics Shared Resource
at Georgetown University (Washington, DC, USA) partially supported by NIH/NCI/CCSG grant
P30-CA051008.

https://www.mdpi.com/article/10.3390/metabo15080546/s1


Metabolites 2025, 15, 546 16 of 18

Conflicts of Interest: Authors declare no conflicts of interest and they alone are responsible for the
content and writing of this manuscript.

References
1. Williams, J.P.; Brown, S.L.; Georges, G.E.; Hauer-Jensen, M.; Hill, R.P.; Huser, A.K.; Kirsch, D.G.; MacVittie, T.J.; Mason, K.A.;

Medhora, M.M.; et al. Animal models for medical countermeasures to radiation exposure. Radiat. Res. 2010, 173, 557–578.
[CrossRef] [PubMed]

2. Cerveny, T.J.; MacVittie, T.M.; Young, R.W. Acute radiation syndrome in humans. In Medical Consequences of Nuclear War-
fare, Textbook of Military Medicine; Walker, R.I., Jan Cerveny, T., Eds.; TMM Publications, Office of the Surgeon General:
Falls Church, VA, USA, 1989; Volume 2, pp. 15–36.

3. Dorr, H.; Meineke, V. Acute radiation syndrome caused by accidental radiation exposure-therapeutic principles. BMC Med. 2011,
9, 126. [CrossRef] [PubMed]

4. McCann, D.G.C. Radiation poisoning: Current concepts in the acute radiation syndrome. Am. J. Clin. Med. 2006, 3, 13–21.
5. Hall, E.J.; Giaccia, A.J. Radiobiology for the Radiobiologist, 7th ed.; Lippincott Williams and Wilkins: Philadelphia, PA, USA, 2012.
6. Farese, A.M.; MacVittie, T.J. Filgrastim for the treatment of hematopoietic acute radiation syndrome. Drugs Today 2015, 51,

537–548. [CrossRef]
7. Hankey, K.G.; Farese, A.M.; Blaauw, E.C.; Gibbs, A.M.; Smith, C.P.; Katz, B.P.; Tong, Y.; Prado, K.L.; MacVittie, T.J. Pegfilgrastim

improves survival of lethally irradiated nonhuman primates. Radiat. Res. 2015, 183, 643–655. [CrossRef]
8. Zhong, Y.; Pouliot, M.; Downey, A.M.; Mockbee, C.; Roychowdhury, D.; Wierzbicki, W.; Authier, S. Efficacy of delayed

administration of sargramostim up to 120 hours post exposure in a nonhuman primate total body radiation model. Int. J. Radiat.
Biol. 2021, 97, S100–S116. [CrossRef]

9. Clayton, N.P.; Khan-Malek, R.C.; Dangler, C.A.; Zhang, D.; Ascah, A.; Gains, M.; Gardner, B.; Mockbee, C.; Keutzer, J.M.;
McManus, J.; et al. Sargramostim (rhu gm-csf) improves survival of non-human primates with severe bone marrow suppression
after acute, high-dose, whole-body irradiation. Radiat. Res. 2021, 195, 191–199. [CrossRef]

10. US Food and Drug Administration. Animal Rule Approvals. Available online: https://www.fda.gov/drugs/nda-and-bla-
approvals/animal-rule-approvals (accessed on 5 December 2024).

11. Wong, K.; Chang, P.Y.; Fielden, M.; Downey, A.M.; Bunin, D.; Bakke, J.; Gahagen, J.; Iyer, L.; Doshi, S.; Wierzbicki, W.; et al.
Pharmacodynamics of romiplostim alone and in combination with pegfilgrastim on acute radiation-induced thrombocytopenia
and neutropenia in non-human primates. Int. J. Radiat. Biol. 2020, 96, 155–166. [CrossRef]

12. Gale, R.P.; Armitage, J.O. Use of molecularly-cloned haematopoietic growth factors in persons exposed to acute high-dose,
high-dose rate whole-body ionizing radiations. Blood Rev. 2020, 45, 100690. [CrossRef]

13. Farese, A.M.; Cohen, M.V.; Katz, B.P.; Smith, C.P.; Gibbs, A.; Cohen, D.M.; MacVittie, T.J. Filgrastim improves survival in lethally
irradiated nonhuman primates. Radiat. Res. 2013, 179, 89–100. [CrossRef]

14. Bunin, D.I.; Bakke, J.; Green, C.E.; Javitz, H.S.; Fielden, M.; Chang, P.Y. Romiplostim (nplate) as an effective radiation countermea-
sure to improve survival and platelet recovery in mice. Int. J. Radiat. Biol. 2020, 96, 145–154. [CrossRef] [PubMed]

15. Bunin, D.I.; Javitz, H.S.; Gahagen, J.; Bakke, J.; Lane, J.H.; Andrews, D.A.; Chang, P.Y. Survival and hematologic benefits of
romiplostim after acute radiation exposure supported fda approval under the animal rule. Int. J. Radiat. Oncol. Biol. Phys. 2023,
17, 705–717. [CrossRef] [PubMed]

16. Chaudhry, M.A. Biomarkers for human radiation exposure. J. Biomed. Sci. 2008, 15, 557–563. [CrossRef] [PubMed]
17. Whitcomb, R.C., Jr.; Ansari, A.J.; Buzzell, J.J.; McCurley, M.C.; Miller, C.W.; Smith, J.M.; Evans, D.L. A public health perspective

on the u.S. Response to the fukushima radiological emergency. Health Phys. 2015, 108, 357–363. [CrossRef]
18. Qiao, Y.L.; Dawsey, S.M.; Kamangar, F.; Fan, J.H.; Abnet, C.C.; Sun, X.D.; Johnson, L.L.; Gail, M.H.; Dong, Z.W.; Yu, B.; et al. Total

and cancer mortality after supplementation with vitamins and minerals: Follow-up of the linxian general population nutrition
intervention trial. J. Natl. Cancer Inst. 2009, 101, 507–518. [CrossRef]

19. Trompier, F.; Burbidge, C.; Bassinet, C.; Baumann, M.; Bortolin, E.; De Angelis, C.; Eakins, J.; Della Monaca, S.; Fattibene, P.;
Quattrini, M.C.; et al. Overview of physical dosimetry methods for triage application integrated in the new european network
reneb. Int. J. Radiat. Biol. 2017, 93, 65–74. [CrossRef]

20. Roch-Lefevre, S.; Mandina, T.; Voisin, P.; Gaetan, G.; Mesa, J.E.; Valente, M.; Bonnesoeur, P.; Garcia, O.; Voisin, P.; Roy, L.
Quantification of gamma-h2ax foci in human lymphocytes: A method for biological dosimetry after ionizing radiation exposure.
Radiat. Res. 2010, 174, 185–194. [CrossRef]

21. Sullivan, J.M.; Prasanna, P.G.; Grace, M.B.; Wathen, L.K.; Wallace, R.L.; Koerner, J.F.; Coleman, C.N. Assessment of biodosimetry
methods for a mass-casualty radiological incident: Medical response and management considerations. Health Phys. 2013, 105,
540–554. [CrossRef]

22. Singh, V.K.; Seed, T.M.; Cheema, A.K. Metabolomics-based predictive biomarkers of radiation injury and countermeasure efficacy:
Current status and future perspectives. Expert Rev. Mol. Diagn. 2021, 21, 641–654. [CrossRef]

https://doi.org/10.1667/RR1880.1
https://www.ncbi.nlm.nih.gov/pubmed/20334528
https://doi.org/10.1186/1741-7015-9-126
https://www.ncbi.nlm.nih.gov/pubmed/22114866
https://doi.org/10.1358/dot.2015.51.9.2386730
https://doi.org/10.1667/RR13940.1
https://doi.org/10.1080/09553002.2019.1673499
https://doi.org/10.1667/RADE-20-00131.1
https://www.fda.gov/drugs/nda-and-bla-approvals/animal-rule-approvals
https://www.fda.gov/drugs/nda-and-bla-approvals/animal-rule-approvals
https://doi.org/10.1080/09553002.2019.1625488
https://doi.org/10.1016/j.blre.2020.100690
https://doi.org/10.1667/RR3049.1
https://doi.org/10.1080/09553002.2019.1605465
https://www.ncbi.nlm.nih.gov/pubmed/31021662
https://doi.org/10.1016/j.ijrobp.2023.05.008
https://www.ncbi.nlm.nih.gov/pubmed/37224926
https://doi.org/10.1007/s11373-008-9253-z
https://www.ncbi.nlm.nih.gov/pubmed/18454354
https://doi.org/10.1097/HP.0000000000000198
https://doi.org/10.1093/jnci/djp037
https://doi.org/10.1080/09553002.2016.1221545
https://doi.org/10.1667/RR1775.1
https://doi.org/10.1097/HP.0b013e31829cf221
https://doi.org/10.1080/14737159.2021.1933448


Metabolites 2025, 15, 546 17 of 18

23. Pannkuk, E.L.; Fornace, A.J., Jr.; Laiakis, E.C. Metabolomic applications in radiation biodosimetry: Exploring radiation effects
through small molecules. Int. J. Radiat. Biol. 2017, 93, 1151–1176. [CrossRef]

24. Viant, M.R. Improved methods for the acquisition and interpretation of nmr metabolomic data. Biochem. Biophys. Res. Commun.
2003, 310, 943–948. [CrossRef] [PubMed]

25. Kell, D.B. Metabolomics and systems biology: Making sense of the soup. Curr. Opin. Microbiol. 2004, 7, 296–307. [CrossRef]
[PubMed]

26. US Food and Drug Administration. Animal Rule Information. Available online: http://www.fda.gov/EmergencyPreparedness/
Counterterrorism/MedicalCountermeasures/MCMRegulatoryScience/ucm391604.htm (accessed on 20 October 2024).

27. Nair, A.B.; Jacob, S. A simple practice guide for dose conversion between animals and human. J. Basic Clin. Pharm. 2016, 7, 27–31.
[CrossRef]

28. US Food and Drug Administration. Guidance Document: Product Development Under the Animal Rule. Available online:
http://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation/guidances/ucm399217.pdf (accessed on
20 October 2024).

29. Ghosh, S.P.; Kulkarni, S.; Hieber, K.; Toles, R.; Romanyukha, L.; Kao, T.C.; Hauer-Jensen, M.; Kumar, K.S. Gamma-tocotrienol, a
tocol antioxidant as a potent radioprotector. Int. J. Radiat. Biol. 2009, 85, 598–606. [CrossRef]

30. Kulkarni, S.; Singh, P.K.; Ghosh, S.P.; Posarac, A.; Singh, V.K. Granulocyte colony-stimulating factor antibody abrogates
radioprotective efficacy of gamma-tocotrienol, a promising radiation countermeasure. Cytokine 2013, 62, 278–285. [CrossRef]

31. Singh, V.K.; Kulkarni, S.; Fatanmi, O.O.; Wise, S.Y.; Newman, V.L.; Romaine, P.L.; Hendrickson, H.; Gulani, J.; Ghosh, S.P.;
Kumar, K.S.; et al. Radioprotective efficacy of gamma-tocotrienol in nonhuman primates. Radiat. Res. 2016, 185, 285–298.
[CrossRef]

32. Singh, V.K.; Seed, T.M. Development of gamma-tocotrienol as a radiation medical countermeasure for the acute radiation
syndrome: Current status and future perspectives. Expert Opin. Investig. Drugs 2023, 32, 25–35. [CrossRef]

33. Kaladi, M.R.; Poldy, A.; Mukherjee, S.; Carpenter, A.D.; Singh, V.K. Multi-faceted approach for identifying biomarkers for
radiation injury and regulatory approval of radiation medical countermeasures. Eur. Phys. J. Spec. Top. 2025, 233, 5. [CrossRef]

34. Rutten, E.A.; Badie, C. Radiation biomarkers: Silver bullet, or wild goose chase? J. Pers. Med. 2021, 11, 603. [CrossRef]
35. Garg, S.; Garg, T.K.; Miousse, I.R.; Wise, S.Y.; Fatanmi, O.O.; Savenka, A.V.; Basnakian, A.G.; Singh, V.K.; Hauer-Jensen, M. Effects

of gamma-tocotrienol on partial-body irradiation-induced intestinal injury in a nonhuman primate model. Antioxidants 2022,
11, 1895. [CrossRef]

36. Garg, S.; Garg, T.K.; Wise, S.Y.; Fatanmi, O.O.; Miousse, I.R.; Savenka, A.V.; Basnakian, A.G.; Singh, V.K.; Hauer-Jensen, M. Effects
of gamma-tocotrienol on intestinal injury in a gi-specific acute radiation syndrome model in nonhuman primate. Int. J. Mol. Sci.
2022, 23, 4643. [CrossRef]

37. National Research Council of the National Academy of Sciences. Guide for the Care and Use of Laboratory Animals, 8th ed.; National
Academies Press: Washington, DC, USA, 2011.

38. Vellichirammal, N.N.; Sethi, S.; Avuthu, N.; Wise, S.Y.; Carpenter, A.D.; Fatanmi, O.O.; Guda, C.; Singh, V.K. Transcriptome profile
changes in the jejunum of nonhuman primates exposed to supralethal dose of total- or partial-body radiation. BMC Genom. 2023,
24, 274. [CrossRef]

39. Vellichirammal, N.N.; Sethi, S.; Pandey, S.; Singh, J.; Wise, S.Y.; Carpenter, A.D.; Fatanmi, O.O.; Guda, C.; Singh, V.K. Lung
transcriptome of nonhuman primates exposed to total- and partial-body irradiation. Mol. Ther. Nucleic Acids 2022, 29, 584–598.
[CrossRef] [PubMed]

40. Carpenter, A.; Li, Y.; Wise, S.Y.; Fatanmi, O.O.; Petrus, S.A.; Fam, C.M.; Carlson, S.J.; Cox, G.N.; Cheema, A.K.; Singh, V.K.
Pharmacokinetic and metabolomic studies with a promising radiation countermeasure, bbt-059 (pegylated interleukin-11), in
rhesus nonhuman primates. Radiat. Res. 2024, 202, 26–37. [CrossRef] [PubMed]

41. R Core Team. R: A Language and Environment for Statistical Computing. Available online: https://www.R-project.org/
(accessed on 9 October 2024).

42. Smith, C.A.; O’Maille, G.; Want, E.J.; Qin, C.; Trauger, S.A.; Brandon, T.R.; Custodio, D.E.; Abagyan, R.; Siuzdak, G.
Metlin: A metabolite mass spectral database. Ther. Drug Monit. 2005, 27, 747–751. [CrossRef] [PubMed]

43. Gil-de-la-Fuente, A.; Godzien, J.; Saugar, S.; Garcia-Carmona, R.; Badran, H.; Wishart, D.S.; Barbas, C.; Otero, A. Ceu mass
mediator 3.0: A metabolite annotation tool. J. Proteome Res. 2019, 18, 797–802. [CrossRef]

44. Wishart, D.S.; Feunang, Y.D.; Marcu, A.; Guo, A.C.; Liang, K.; Vazquez-Fresno, R.; Sajed, T.; Johnson, D.; Li, C.; Karu, N.; et al.
Hmdb 4.0: The human metabolome database for 2018. Nucleic Acids Res. 2018, 46, D608–D617. [CrossRef]

45. Li, Y.; Girgis, M.; Wise, S.Y.; Fatanmi, O.O.; Seed, T.M.; Maniar, M.; Cheema, A.K.; Singh, V.K. Analysis of the metabolomic profile
in serum of irradiated nonhuman primates treated with ex-rad, a radiation countermeasure. Sci. Rep. 2021, 11, 11449. [CrossRef]

46. Unger, K.; Li, Y.; Yeh, C.; Barac, A.; Srichai, M.B.; Ballew, E.A.; Girgis, M.; Jayatilake, M.; Sridharan, V.; Boerma, M.; et al. Plasma
metabolite biomarkers predictive of radiation induced cardiotoxicity. Radiother. Oncol. 2020, 152, 133–145. [CrossRef]

https://doi.org/10.1080/09553002.2016.1269218
https://doi.org/10.1016/j.bbrc.2003.09.092
https://www.ncbi.nlm.nih.gov/pubmed/14550295
https://doi.org/10.1016/j.mib.2004.04.012
https://www.ncbi.nlm.nih.gov/pubmed/15196499
http://www.fda.gov/EmergencyPreparedness/Counterterrorism/MedicalCountermeasures/MCMRegulatoryScience/ucm391604.htm
http://www.fda.gov/EmergencyPreparedness/Counterterrorism/MedicalCountermeasures/MCMRegulatoryScience/ucm391604.htm
https://doi.org/10.4103/0976-0105.177703
http://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation/guidances/ucm399217.pdf
https://doi.org/10.1080/09553000902985128
https://doi.org/10.1016/j.cyto.2013.03.009
https://doi.org/10.1667/RR14127.1
https://doi.org/10.1080/13543784.2023.2169127
https://doi.org/10.1140/epjs/s11734-025-01475-5
https://doi.org/10.3390/jpm11070603
https://doi.org/10.3390/antiox11101895
https://doi.org/10.3390/ijms23094643
https://doi.org/10.1186/s12864-023-09385-3
https://doi.org/10.1016/j.omtn.2022.08.006
https://www.ncbi.nlm.nih.gov/pubmed/36090752
https://doi.org/10.1667/RADE-23-00194.1
https://www.ncbi.nlm.nih.gov/pubmed/38714310
https://www.R-project.org/
https://doi.org/10.1097/01.ftd.0000179845.53213.39
https://www.ncbi.nlm.nih.gov/pubmed/16404815
https://doi.org/10.1021/acs.jproteome.8b00720
https://doi.org/10.1093/nar/gkx1089
https://doi.org/10.1038/s41598-021-91067-9
https://doi.org/10.1016/j.radonc.2020.04.018


Metabolites 2025, 15, 546 18 of 18

47. Cheema, A.K.; Li, Y.; Girgis, M.; Jayatilake, M.; Simas, M.; Wise, S.Y.; Olabisi, A.O.; Seed, T.M.; Singh, V.K. Metabolomic studies in
tissues of mice treated with amifostine and exposed to gamma-radiation. Sci. Rep. 2019, 9, 15701. [CrossRef]

48. Carpenter, A.D.; Li, Y.; Fatanmi, O.O.; Wise, S.Y.; Petrus, S.A.; Janocha, B.L.; Cheema, A.K.; Singh, V.K. Metabolomic profiles in
tissues of nonhuman primates exposed to total- or partial-body radiation. Radiat. Res. 2024, 201, 371–383. [CrossRef]

49. Tichy, A.; Carpenter, A.D.; Li, Y.; Rydlova, G.; Rehulka, P.; Markova, M.; Milanova, M.; Chmil, V.; Cheema, A.K.; Singh, V.K.
Radiation signature in plasma metabolome of total-body irradiated nonhuman primates and clinical patients. Int. J. Mol. Sci.
2024, 25, 9208. [CrossRef]

50. Kulkarni, S.; Ghosh, S.P.; Satyamitra, M.; Mog, S.; Hieber, K.; Romanyukha, L.; Gambles, K.; Toles, R.; Kao, T.C.; Hauer-Jensen, M.;
et al. Gamma-tocotrienol protects hematopoietic stem and progenitor cells in mice after total-body irradiation. Radiat. Res. 2010,
173, 738–747. [CrossRef]

51. Gasperetti, T.; Miller, T.; Gao, F.; Narayanan, J.; Jacobs, E.R.; Szabo, A.; Cox, G.N.; Orschell, C.M.; Fish, B.L.; Medhora, M.
Polypharmacy to mitigate acute and delayed radiation syndrome. Front. Pharmacol. 2021, 12, 634477. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41598-019-52120-w
https://doi.org/10.1667/RADE-23-00091.1
https://doi.org/10.3390/ijms25179208
https://doi.org/10.1667/RR1824.1
https://doi.org/10.3389/fphar.2021.634477

	Introduction 
	Materials and Methods 
	Experimental Design 
	Animals 
	Drug Preparation and Administration 
	Radiation Exposure 
	Partial-Body Radiation Exposure 
	Total-Body Radiation Exposure 

	Blood Sample Collection 
	Sample Preparation and Metabolomic Analyses 
	Statistical Analyses 

	Results 
	Effects of Partial-Body Radiation on Metabolomic Profiles 
	Effects of Total-Body Radiation on Metabolomic Profiles 
	Metabolic Patterns Are Consistent Across Radiation Types 

	Discussion 
	References

