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Exposure to ionizing radiation alone (RI) or combinedwith traumatic tissue injury (CI) is a crucial life-threatening factor in nuclear
and radiological events. In our laboratory, mice exposed to 60Co-𝛾-photon radiation (9.5 Gy, 0.4Gy/min, bilateral) followed by 15%
total-body-surface-area skin wounds (R-W CI) or burns (R-B CI) experienced an increment of ≥18% higher mortality over a 30-
day observation period compared to RI alone. CI was accompanied by severe leukocytopenia, thrombocytopenia, erythropenia,
and anemia. At the 30th day after injury, numbers of WBC and platelets still remained very low in surviving RI and CI mice. In
contrast, their RBC, hemoglobin, and hematocrit were recovered towards preirradiation levels. Only RI induced splenomegaly. RI
and CI resulted in bone-marrow cell depletion. In R-WCI mice, ghrelin (a hunger-stimulating peptide) therapy increased survival,
mitigated body-weight loss, accelerated wound healing, and increased hematocrit. In R-B CI mice, ghrelin therapy increased
survival and numbers of neutrophils, lymphocytes, and platelets and ameliorated bone-marrow cell depletion. In RI mice, this
treatment increased survival, hemoglobin, and hematocrit and inhibited splenomegaly. Our novel results are the first to suggest
that ghrelin therapy effectively improved survival by mitigating CI-induced leukocytopenia, thrombocytopenia, and bone-marrow
injury or the RI-induced decreased hemoglobin and hematocrit.

1. Introduction

Large-scale radiation exposure events in history have shown
that irradiated victims are also often subjected to other
trauma such as wounds or burns. Combined injuries (CIs)
were observed at Hiroshima and Nagasaki, Japan, where
60–70% of victims received thermal burns concurrent with
radiation injury [1, 2]. At the Chernobyl reactor meltdown,
10% of 237 victims exposed to radiation received thermal
burns as well [3]. In animal models of CI including mice [4–
12], rats [13–15], guinea pigs [16], dogs [17, 18], and swine
[19], burns, wounds, and infections usually increasemortality

after otherwise nonlethal radiation doses. In rodents, radia-
tion combined with burns, wounds, or infections decreases
survival compared to radiation alone [4–12]. Radiation injury
(RI) also delays wound closure times [4, 7, 8, 20].

Consequences of CI include expedited body-weight loss,
magnified cytokine and chemokine imbalance, systemic bac-
terial infection [4], enhanced leukocytopenia, thrombocy-
topenia, and erythropenia [5, 7, 8], acute myelosuppres-
sion, immune system inhibition, fluid imbalance, macro-
and microcirculation failure, massive cellular damage, and
disruption of vital organ functions, which, as is the case
with radiation exposure alone, can lead to multiple organ
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dysfunction and multiple organ failure, the most frequent
causes of death after CI [16, 21, 22].The LD

50/30
for radiation-

wound CI (R-W CI) is 8.95Gy, while the LD
50/30

for RI
is 9.65Gy. The dose modifying factor (DMF) is 1.08 [4].
We hypothesized that intervention addressing CI-induced
enhancements of body-weight loss, cytokine imbalance, or
systemic bacterial infection would improve the survival (see
review, [23]).

Ghrelin is a hunger-stimulating peptide and hormone
containing 28 amino acids [24]. Inui et al. [25] reported that
ghrelin is produced mainly by P/D1 cells lining the fundus of
the human stomach and epsilon cells of the pancreas. Ghrelin
levels increase before meals and decrease after meals. It is
considered a counterpart to the hormone leptin, produced by
adipose tissue [26].

It was reported that ghrelin is a potent stimulator of
growth hormone from the anterior pituitary gland [24]. The
ghrelin receptor is a G protein-coupled receptor, known as
the growth hormone secretagogue receptor that is coupled
to G-protein. Ghrelin was shown to activate the endothelial
isoformof nitric oxide synthase (eNOS) in a pathway [27] that
depended on various kinases including PI3K/Akt/eNOS/NO
signal pathway [28, 29].

Shah et al. [14] reported that human ghrelin treatment
significantly reduced organ injury and improved survival
by 30% above the vehicle-treated mice after RI combined
with severe sepsis in rats. Whether ghrelin therapy would
be efficacious in a R-W or R-B CI model was unknown.
Peng et al. [30] reported that ghrelin inhibited NF-𝜅B
activation, reduced TNF-𝛼 and IL-6 concentrations in lung of
septic rats, and inhibited nucleotide-binding oligomerization
domain-containing protein 2 (NOD2), also known as cas-
pase recruitment domain-containing protein 15 (CARD15)
or inflammatory bowel disease protein 1 (IBD1). NOD2
plays a role in apoptosis and the NF-𝜅B activation pathways
[31]. Dixit et al. [32] showed that ghrelin inhibited I𝜅B and
increasedTh1 cytokine and IL-17 secretion in primary T cells.
Further, it is well recognized that RI and R-W or R-B CI
induce increased production of inflammatory cytokines and
chemokines [4–6] and it is thought that interventions which
would mitigate inflammatory responses could likely improve
survival after R-WorR-BCI.We, therefore, hypothesized that
ghrelin therapy could contribute to improved survival as well
asmitigate other vital cellular and tissue parameters. To prove
our hypothesis, this report provides data from an experimen-
tal CI animal model, which was designed to demonstrate
the efficacy of ghrelin as an effective radiomitigator/therapy
agent.

2. Materials and Methods

2.1. Experimental Design. B6D2F1/J female mice were ran-
domly divided into 12 groups: (1) sham control, (2) wound
control, (3) radiation (RI) control, (4) radiation followed by
wound (CI) control, (5) sham vehicle, (6) wound vehicle,
(7) RI vehicle, (8) CI vehicle, (9) sham ghrelin, (10) wound
ghrelin, (11) RI ghrelin, and (12) CI ghrelin. Groups 6, 8, 10,
and 12 received topical gentamicin cream; groups 5–12 were
administered with oral levofloxacin. Survival experiments

were repeated 1 time with𝑁 = 10-11 mice per group. Hemato-
logical analysis, spleen weights, splenocyte counts, and bone
marrow cell counts of surviving animals were performed at
the end of survival monitoring periods.

2.2. Animals. B6D2F1/J female mice (The Jackson Labora-
tory, BarHarbor,ME)weremaintained in a facility accredited
by the Association for Assessment and Accreditation of Lab-
oratory Animal Care International in plastic microisolator
cages on hardwood chip bedding. Commercial rodent chow
and acidified tap water were provided ad libitum at 12 to
20 weeks of age. Animal holding rooms were maintained
at 21∘C ± 1∘C with 50% ± 10% relative humidity using at
least 10 changes/h of 100% conditioned fresh air. A 12-h 0600
(light) to 1800 (dark) full-spectrum lighting cycle was used.
The AFRRI Institutional Animal Care and Use Committee
reviewed and approved all animal procedures. Euthanasia
was carried out in accordancewith the recommendations and
guidance of the American Veterinary Medical Association
[33, 34].

2.3. Gamma Irradiation. Mice were given 9.5Gy [5] whole-
body bilateral 60Co 𝛾-photon radiation, delivered at a dose
rate of 0.4Gy/min, while held in vertically stacked, venti-
lated, four-compartment, acrylic plastic boxes that provided
electron equilibrium during irradiation. Empty compart-
ments within the boxes were filled with 3-inch-long × 1-
inch-diameter acrylic phantoms to ensure uniform electron
scattering. The mapping of the radiation field was performed
with alanine/EPR dosimetry [35] using standard alanine
calibration sets from US National Institute of Standards
and Technology and National Physical Laboratory of the
United Kingdom. The mapping provided dose rates to water
measured by alanine pellets placed in the hollowed core of
the acrylic phantoms in each compartment of themouse rack
on the day of the mapping. The field was uniform within
±1.8% over all of the 120 compartments. The exposure time
for each irradiation was determined from the mapping data;
corrections for the 60Co decay and the small difference in the
mass energy absorption coefficients for water and soft tissue
were applied. The accuracy of the actual dose delivery was
verified with an ionization chamber adjacent to the mouse
rack, which had been calibrated in terms of dose to the mid-
line soft tissue of mice.

2.4. Skin Injury. Skin surface injuries were performed on the
shaved dorsal surface of mice. Animals receiving skin burns
were anesthetized bymethoxyflurane inhalation. A 15% total-
body-surface-area skin burn was performed within 1 h after
irradiation using a 1 × 1-inch custom designed template posi-
tioned centrally over the shaved dorsal skin surface. A volume
of 0.25mL of 95% ethanol was applied evenly to the dorsal
skin surface, which was exposed by the template.The ethanol
was ignited and allowed to burn for 12 s [6, 9]. All mice
subjected to the skin injury were given 0.5mL sterile 0.9%
NaCl intraperitoneally (i.p.), which contained 150mg/kg of
acetaminophen (AmerisourceBergen, Glen Alen, Virginia)
and 0.05mg/kg of buprenorphine immediately after skin
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injury to alleviate pain. Four hours later, mice were given
a second dose of 150mg/kg of acetaminophen. For ani-
mals receiving skin wounds, animals were anesthetized by
isoflurane inhalation and a 15% total body-surface-area skin
wound was performed within 1 h after irradiation [6, 9].
Skin-wounded mice received only one dose of 150mg/kg of
acetaminophen immediately after skin injury.

2.5. Ghrelin. Ghrelin was purchased from Phoenix Pharma-
ceutical (Burlingame, CA). Three doses of 113 𝜇g/kg were
administered by lateral tail-vein injections [14] in a volume
of 0.2mL 24 h, 48 h, and 72 h after RI or CI.The vehicle given
to control mice was sterile 0.9% sodium chloride solution for
injection, USP.

2.6. Antimicrobial Agents. Gentamicin sulfate cream, 0.1%
(generic, E. Fougera and Co., Melville, N.Y., NDC 0168-007-
15), was applied daily for 10 days to the skin injuries on days
1–10. Levofloxacin (LVX), (generic, Aurobindo Pharma, Ltd.,
Mahaboob Nagar, India, NDC 65862-537-50), 100mg/kg in
0.2mL/mouse, was administered p.o. daily for 14 days on
days 3–16. Briefly, a 500mg tablet was crushed by mortar
and pestle. The LVX in the powder was dissolved in a
volume of sterile water approximately one-third of the total
volume required to prepare the concentration needed for the
average body mass of the mice to be treated. The mortar
was rinsed with the remaining two-thirds volume of sterile
water. The combined suspension was centrifuged to remove
the particulate filler and the supernatant solution was passed
through a 0.45𝜇mmembrane filter into a sterile amber bottle,
which was sealed with a sterile rubber stopper and stored at
4–8∘C [7].

2.7. Survival and Body Weight. Animals were monitored at
least twice daily for their general health and survival for 30
days. Their body weights were measured on days 0, 1, 3, 7, 14,
21, and 28.

2.8. Assessment of Blood Cell Profile in Peripheral Blood.
Blood sampleswere collected in EDTA tubes at day 30 after RI
or CI and assessed with the ADVIA 2120 Hematology System
(Siemens, Deerfield, IL). Differential analysis was conducted
using the peroxidase method and the light scattering tech-
niques recommended by the manufacturer.

2.9.Measurements of SpleenWeights and Splenocytes. Spleens
were collected from each euthanized mouse at day 30 after
RI or CI. Each specimen was weighed and then homog-
enized in a cell strainer (BD Falcon, Bedford, MA) with
1X Hank’s Balanced Salt Solution (Invitrogen, Grand Island,
NY). Splenocytes in the buffer were washed with 1X ACK
lysis buffer (Invitrogen) to lyse RBC, mixed by vortexing,
and centrifuged at 800×g. Splenocytes were collected and
placed in Countess cell-counting-chamber slides (Invitrogen,
Eugene, Oregon) and counted using Countess automated cell
counter (Invitrogen).

2.10. Measurements of Bone Marrow Cells. Bone marrow
cells from femurs were collected at day 30 after RI or CI

and washed with 10mL 1X phosphate-buffered saline (PBS).
The cells were then centrifuged at 800×g and resuspended
in 10mL 1X PBS buffer and were then placed in Countess
cell-counting-chamber slides (Invitrogen) and counted using
Countess automated cell counter (Invitrogen).

2.11. Statistical Analysis. Parametric data are expressed as the
mean ± s.e.m. For each survival experiment, 20–22 mice per
group were tested on an individual basis. Survival analyses
were performed using the log-rank test. For cell analysis, one-
way ANOVA, two-way ANOVA, studentized-range test, and
Student’s 𝑡-test were used for comparison of groups, with 5%
as a significant level.

3. Results

3.1. Survival and Body Weight. Ghrelin was tested in an R-
B CI mouse model. Irradiation was followed within 1 h by
dorsal skin burns.Micewere divided into 12 treatment groups
in a 3 × 4 design: mice (𝑛 = 10 or 11 per treatment group,
repeated once), which were given sham irradiation, skin burn
only, radiation only (RI), and combined injury (R-B CI), were
given either ghrelin, vehicle, or sham treatment only. Skin
burn following irradiation increased mortality to 70%, which
was greater than mortality observed in RI mice (45%; 𝑃 <
0.05), as shown in Figure 1(a). In RI mice, vehicle treatment
did not affect the radiation-induced mortality (Figures 1(b)
and 1(d)). Treatment with ghrelin, however, enhanced 30-day
survival from 55% to 64% (Figure 1(b); 𝑃 < 0.05). In R-B CI
mice, ghrelin treatment increased survival from 36% to 73%
after R-B CI (Figures 1(c) and 1(d); 𝑃 < 0.05). Skin burn (15%
total-body-surface area) alone resulted in 5% mortality over
a 30-day observation period [7].

Skin burn enhanced the radiation-induced body-weight
loss (Figure 2(a)) but skin burn alone did not induce body-
weight loss (Figure 2(b)). RI is known to decrease the body
weight of mice [5]. Ghrelin treatment did not reduce the
body-weight loss in the RI mice (Figure 2(c)) or the R-B CI
mice (Figure 2(d)).

Ghrelin treatment did not alter water consumption com-
pared to vehicle-treated mice (Figure 3). Each vehicle-treated
nonirradiatedmouse normally drank 3.69 ± 0.17mL/day (𝑛 =
10, repeated once). RI has been shown to suppress water
consumption, whereas R-B CI stimulates water consumption
due to the water evaporation through the burned area [36]
compared to RI mice but normal consumption resumed by
day 7 after RI or R-B CI [5].

In a separate experimental protocol, skin wound was
performed following irradiation in an experimental design
similar to that described for the skin burn model. Ghrelin
was administered i.v. daily on days 1–3. Survival in radiation-
wound combined injured (R-W CI) mice given ghrelin was
increased from 9% (vehicle-treated R-W CI mice) to 82%
(ghrelin-treated R-W CI mice, 𝑃 < 0.05) during the
30-day experimental period (Figure 4(a)). Although total
survival of RI mice treated with ghrelin or vehicle was the
same in this experiment, that is, 36%, ghrelin extended
survival by five days, a period which allows the use of other
interventions. All nonirradiated mice given ghrelin survived



4 Oxidative Medicine and Cellular Longevity

0

20

40

60

80

100

120

0 5 10 15 20 25 30

RI
R-B CI

Su
rv

iv
al

 (%
)

Time after irradiation (days)

∗

(a) Control mice

0

20

40

60

80

100

120

0 5 10 15 20 25 30

Su
rv

iv
al

 (%
)

Time after irradiation (days)

RI

∗

RI + Veh
RI + ghrelin

(b) RI mice

0

20

40

60

80

100

120

0 5 10 15 20 25 30

Su
rv

iv
al

 (%
)

Time after irradiation (days)

R-B CI

∗

R-B CI +Veh
R-B CI +ghrelin

(c) R-B CI mice

Sham Burn RI

Veh
Ghrelin

30 days after RI or R-B CI
R-B CI

0

20

40

60

80

100

120

Su
rv

iv
al

 (%
)

Con

∗

∗

∗

∧

(d) Vehicle versus ghrelin

Figure 1: Ghrelin improved survival after whole-body ionizing irradiation combined with skin burn.𝑁 = 10-11 per group; experiment was
repeated once. For panel (a): ∗𝑃 < 0.05 versus RI. For panel (b): ∗𝑃 < 0.05 versus RI and RI + Veh. For panel (c): ∗𝑃 < 0.05 versus R-B CI and
R-B CI + Veh. For panel (d): representing 73% versus 36% survival in ghrelin-treated and vehicle-treated R-B CI mice, respectively. ∗𝑃 < 0.05
versus RI + Veh; ∧𝑃 < 0.05 versus RI + Ghrelin. Veh: vehicle; RI: 9.5 Gy; R-B CI: 9.5 Gy and skin burn.

(Figure 4(a)). Ghrelin reduced body-weight loss by the 14th
day in R-WCI mice (Figure 4(c)). In the ghrelin-treated R-W
CImice, the wound healed to a full closure by day 20, whereas
in the vehicle-treated R-W CI mice the wound was not fully
healed yet even by day 30 (Figure 4(b)). Each vehicle-treated
nonirradiatedmouse normally drank 3.64 ± 0.19mL/day (𝑛 =
10, repeated once). RI mice drank less water than did sham-
irradiatedmice while the R-WCImice drankmore water due
to water evaporation through the openwound [36]. However,
the water consumption was not different between vehicle-
treated and ghrelin-treated groups (Figure 4(d)).

3.2. Blood Cell Profile in Peripheral Blood. In surviving RI
mice, ghrelin treatment aggravated WBC depletion com-
pared to vehicle (Figure 5(a)), mainly in the numbers of
neutrophils (Figure 5(b)), monocytes (Figure 5(d)), and

basophils (Figure 5(f)) but not lymphocytes. In surviving R-
B CI mice, ghrelin treatment significantly mitigated WBC
depletion (Figure 5), mainly in numbers of neutrophils
(Figure 5(b)) and lymphocytes (Figure 5(c)). Skin burn alone
did not significantly alter WBC counts.

In surviving RI mice, ghrelin treatment did not alter
RBC numbers significantly (Figure 6(a)) but increased
hemoglobin (Figure 6(b)) and hematocrit (Figure 6(c)). In
surviving R-B CI mice, ghrelin therapy did not alter these
three parameters (Figures 6(a)–6(c)). In comparison, RI
alone decreased RBC, hemoglobin, and hematocrit as was
demonstrated previously [5, 7]. Skin burn alone decreased
hematocrit but not RBC or hemoglobin (Figures 6(a)–6(c)).

In vehicle-treated groups, RI significantly reduced num-
bers of platelets that were further reduced after R-B CI.
Ghrelin therapy in RI mice decreased platelets more than in
vehicle-treated mice, while the therapy significantly elevated
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Figure 2: Ghrelin did not improve body-weight loss after RI or R-B CI.𝑁 = 10-11 per group; experiment was repeated once. ∗𝑃 < 0.05 versus
RI. RI: 9.5 Gy; R-B CI: 9.5 Gy and skin burn.

platelets in R-B CI mice (Figure 7). The number of platelets
was decreased in RI and R-B CI mice as demonstrated
previously [5, 7].

3.3. Spleen Weight and Splenocytes. RI alone significantly
increased spleen weight (i.e., splenomegaly) as demonstrated
only in surviving mice at 30 days, which indicated recov-
ery, whereas R-B CI did not alter spleen weight but did
decrease number of splenocytes. Skin burn alone did not
alter spleen weights or the number of splenocytes (Figure 8).
Ghrelin treatment fully inhibited radiation-induced increases
in spleen weights (Figure 8(a)) and splenocyte counts
(Figure 8(b)) in RI mice. Treatment with ghrelin did not
alter spleen weights (Figure 8(a)) but reduced further already
decreased splenocyte counts in R-B CI mice (Figure 8(b)).

3.4. Bone Marrow Cells. In RI mice, irradiation significantly
decreased the bonemarrow cell count in all treatment groups.
Ghrelin treatment in RI mice decreased bone marrow cell
counts even more than vehicle treatment in RI mice. In R-B

CI mice, ghrelin treatment significantly improved the bone-
marrow cellularity, which was higher than in vehicle-treated
CI mice (Figure 9). Skin burn alone did not change the bone-
marrow cellularity.

4. Discussion

Our novel results are the first to show that ghrelin enhanced
survival in RI andCImice, reduced body-weight loss, acceler-
ated skin-wound healing, increased numbers of neutrophils,
lymphocytes, and platelets, and elevated bone marrow cells
after CI. Ghrelin therapy also increased hemoglobin levels
and hematocrit readings as well as blockade of splenomegaly
after RI. The results suggest that ghrelin is a promising
candidate therapeutic agent, which could extend survival
several days and contribute to a combination of interventions
that would modulate the complex molecular responses to
CI as well as RI. Although results of cellular parameters
revealed differences in responses between RI andCImice, the
disparities raise the opportunity for further investigation to
determine definitive explanations for the underlying reasons.
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Figure 3: Ghrelin did not modify water consumption after RI or R-B CI.𝑁 = 10-11 per group; experiment was repeated once. Each vehicle-
treated nonirradiated mouse normally drank 3.69 ± 0.17mL/day. B: burn; RI: 9.5 Gy; R-B CI: 9.5 Gy and skin burn.

Ghrelin, a stomach-derived peptide, has a half-life of
approximately 31min in plasma [37, 38]. It was reported
recently as a countermeasure against radiation combined
with sepsis [14]. It was suggested that the effect was based
on complex neurogenic effects of this peptide. Whole-body
radiation combined with polymicrobial sepsis activated the
sympathetic nervous system and led to the release of nore-
pinephrine (NE) from the sympathetic fibers in the gut [14,
39, 40]. The NE then traveled through the portal vein into
the liver. While in the liver, NE bound to 2A-adrenoceptors
(2A-AR) and activated signaling pathway(s) responsible for
the production and release of proinflammatory cytokines,
TNF-𝛼, IL-6, IL-1𝛽, and HMGB-1 (high-mobility-group B1),
from Kupffer cells. Evidence indicated that ghrelin, when
it was released from the stomach, entered the dorsal vagal
complex in the brain by crossing the blood-brain barrier and
stimulated GHSR-1a (i.e., ghrelin receptors, coupling to G
protein) and then activated the vagus nerve and, in turn,
through the cholinergic pathways, downregulated TNF-𝛼
and other proinflammatory cytokines [39]. While activating
the cholinergic pathway, ghrelin inhibited the sympathetic

nervous system (SNS), thus decreasing the release of the
sympathetic neurotransmitter, NE, and caused a downregu-
lation of the proinflammatory cytokines as well (see reviews,
[39, 41]). Ghrelin’s beneficial effects following irradiation
combined with sepsis may have been correlated with the
rebalance of the dysregulated sympathetic and parasympa-
thetic (PNS) nervous systems [39]. It is possible, therefore,
that ghrelin-induced improvement of survival in our CI
models is mediated by the rebalance of cytokines, SNS, and
PNS. This hypothesis requires confirmation.

RI and CI significantly reduced WBC, RBC, and platelet
counts as previously reported [5, 7]. In the current study,
by day 30 after RI or R-B CI, surviving mice still dis-
played low values of WBC, mainly lymphocytes, mono-
cytes, and eosinophils (Figure 5). However, in R-B CI mice,
ghrelin therapy increased neutrophils and ameliorated loss
of lymphocytes, suggesting that ghrelin accelerates bone-
marrow cell proliferation and maturation, as confirmed in
Figure 9. Ghrelin may have acted via GHSR-1𝛼-mediated
PI3K/Akt/eNOS/NO signal pathway [29] to initiate pro-
liferation and differentiation of myeloid progenitors into
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Figure 4: Ghrelin improved survival, body weight, and wound healing after whole-body ionizing irradiation combined with skin wound.
𝑁 = 10-11 per group; experiment was repeated once. For panel (a): survival ∗𝑃 < 0.05 versus R-W CI + Veh; ∗∗𝑃 < 0.05 versus RI + Veh, RI +
Ghrelin, and R-W CI + Veh. For panel (b): wound closure ∗𝑃 < 0.05 versus R-W CI + Veh. For panel (c): body weight, ∗𝑃 < 0.05 versus R-W
CI + Veh. For panel (d): each vehicle-treated nonirradiated mouse normally drank 3.64 ± 0.19mL/day. Water consumption between vehicle
and ghrelin treatments showed no difference. Veh: vehicle; RI: 9.5 Gy; R-W CI: 9.5 Gy and skin wound.

mature granulocytes and induce hematopoietic stem-cell
mobilization from the bone marrow into the bloodstream.
These effects promote recovery from infection [42, 43] and
wound healing [44]. Moreover, ghrelin is known tomodulate
immune responses [45]. Thus, it is possible that ghrelin’s
effectiveness in survival improvement is mediated by its
ability to enhance recovery from infection, wound healing,
and immunity after CI that are major issues leading to
lethality. Because GHSR is expressed in lymphocytes, the
action of ghrelin directly to preserve lymphocytes cannot be
ruled out.

Ghrelin mitigated RI-induced decreases in hemoglobin
and hematocrit levels. This mitigation may significantly
contribute to the survival improvement after RI (Figure 1(c)).
However, it is elusive why ghrelin did notmitigate the R-BCI-
enhanced decreases in these three parameters. Nevertheless,

ghrelin treatment improved numbers of platelets in R-B
CI-mice surviving for 30 days but not in surviving RI-
mice. This differential observation might suggest that this
hormone also could stimulate megakaryocytes in the bone
marrow under certain conditions, which are not defined here,
similar to platelet recovery resulting from IL-12 treatment
[46] and pegylated G-CSF [7]. From our results, we postulate
that ghrelin mobilizes myeloid cells and megakaryocytes to
peripheral blood to mitigate the blood-cell depletion in R-B
CI surviving mice (Figures 5(b), 5(d), and 5(f), and Figure 7),
a previously unrecognized effect of ghrelin.

We observed that the RI mice but not CI mice exhibited
splenomegaly and that ghrelin mitigated the RI-induced
splenomegaly. Splenomegaly is usually associated with dis-
ease processes that involve the destruction of abnormal RBC
in the spleen. Splenomegaly may not only be caused by



8 Oxidative Medicine and Cellular Longevity

0

1

2

3

4

5

6

7

8
W

BC
 (1

0
3

ce
lls

/𝜇
L)

Con Veh Ghrelin

∗∗

∗
∧+

#
∗

#

(a)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

N
eu

tro
ph

ils
 (1

0
3

ce
lls

/𝜇
L)

∗

∗

∗
∧

Con Veh Ghrelin

(b)

0

1

2

3

4

5

6

7

8

Ly
m

ph
oc

yt
es

 (1
0
3

ce
lls

/𝜇
L)

∗
∗

∗

∗
∧

#

#

Con Veh Ghrelin

(c)

0.00

0.05

0.10

0.15

0.20

0.25

M
on

oc
yt

es
 (1

0
3

ce
lls

/𝜇
L)

∗

∗

∗

+

Con Veh Ghrelin

(d)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

Eo
sin

op
hi

ls 
(1
0
3

ce
lls

/𝜇
L)

∗

∗

∗

∗

∗

∗#

Con Veh Ghrelin

Sham
Burn

RI
R-B CI

(e)

0.00

0.05

0.10

0.15

0.20

0.25

Ba
so

ph
ils

 (1
0
3

ce
lls

/𝜇
L)

∗

∗
+

Con Veh Ghrelin

Sham
Burn

RI
R-B CI

(f)

Figure 5: Ghrelin mitigated WBC depletion 30 d after irradiation combined with skin burn.𝑁 = 4–6 per group. ∗𝑃 < 0.05 versus respective
sham; #𝑃 < 0.05 versus respective RI; +𝑃 < 0.05 versus RI + Veh; ∧𝑃 < 0.05 versus CI + Veh. Con: control; Veh: vehicle; RI: 9.5 Gy; CI: 9.5 Gy
and skin burn.
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Figure 6: Ghrelin elevated hemoglobin levels and hematocrit readings 30 days after irradiation. 𝑁 = 4–6 per group. ∗𝑃 < 0.05 versus
respective sham; #

𝑃 < 0.05 versus respective RI; +𝑃 < 0.05 versus RI + Veh. Con: control; Veh: vehicle; RI: 9.5 Gy; CI: 9.5 Gy and skin
burn.
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Figure 7: Ghrelin mitigated platelet depletion 30 days after irradiation combined with skin burn. 𝑁 = 4–6 per group. ∗𝑃 < 0.05 versus
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Figure 8: Ghrelin mitigated both increased spleen weights and decreased splenocyte counts 30 days after irradiation. 𝑁 = 6 per group.
∗
𝑃 < 0.05 versus respective sham and burn. Con: control; Veh: vehicle; RI: 9.5 Gy; CI: 9.5 Gy and skin burn.
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Figure 9: Ghrelin increased bone marrow cell counts 30 days after
irradiation combined with skin burn. 𝑁 = 6 per group. ∗𝑃 < 0.05
versus respective sham and burn; #

𝑃 < 0.05 versus respective RI;
∧
𝑃 < 0.05 versus CI + Veh. Con: control; veh: vehicle; RI: 9.5 Gy; CI:
9.5 Gy and skin burn.

removal of RBC after irradiation but a possible overproduc-
tion of splenic T cells might also contribute to this effect.
Ghrelin might inhibit proliferation of splenic T cells [47] so
that splenomegaly is no longer present. Further studies to
elucidate the mechanisms of RI-induced splenomegaly will
be required to explain the different responses of RI and CI
mice.

Ghrelin was found to reduce Bax (a proapoptotic protein)
and increase Bcl-2 (an anti-apoptotic protein) in a chronic
liver injurymodel [27]. Determining the differential activities
of ghrelin on Bax and Bcl-2 in RI and CI mice would be
informative, considering that mice in these models of acute
injuries do not have chronic liver disease.

We hope this report enables to stimulate interest in
advancing research on ghrelin in support of eventual approval
for treatment of CI-induced leukocytopenia, thrombocy-
topenia, or bone marrow injury by the US Food and Drug
Administration. To advance the ghrelin efficacy as a ther-
apy, the optimal dosing and the easy implementation of
administration routes (i.e., i.m. or s.c.) using autoinjectors
shall be explored. Experiments for CIP dose reduction factor
(DRF) shall be carried out and DRF shall be calculated and
determined. Furthermore, testing out with larger animals
such as minipigs or nonhuman primates shall be conducted.

In summary, skin burns or wounds increased radiation-
induced mortality and body-weight loss. Ghrelin treatment
enhanced 30-day survival after CI, significantly accelerated
wound healing, mitigated body-weight loss, leukocytopenia,
thrombocytopenia, and bone-marrow injury in CI mice.
This treatment also increased survival, hemoglobin levels,
and hematocrit readings and inhibited splenomegaly in RI-
mice. These results demonstrate efficacy of ghrelin as a
radiomitigator/therapy agent for CI and RI.
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