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Abstract

Medical treatment becomes challenging when complicated injuries arise from secondary reactive
metabolic and inflammatory products induced by initial acute ionizing radiation injury (RI) or
when combined with subsequent trauma insult(s) (CI). With such detrimental effects on many
organs, Cl exacerbates the severity of primary injuries and decreases survival. Previously, in a
novel study, we reported that ghrelin therapy significantly improved survival after CI. This study
aimed to investigate whether brain hemorrhage induced by RI and CI could be inhibited by ghrelin
therapy with pegylated G-CSF (i.e., Neulasta®, an FDA-approved drug). B6D2F1 female mice
were exposed to 9.5 Gy 0Co-y-radiation followed by 15% total-skin surface wound. Several
endpoints were measured at several days. Brain hemorrhage and platelet depletion were observed
in Rl and CI mice. Brain hemorrhage severity was significantly higher in CI mice than in RI mice.
Ghrelin therapy with pegylated G-CSF reduced the severity in brains of both Rl and CI mice. RI
and CI did not alter PARP and NF-xB but did significantly reduce PGC-1a and ghrelin receptors;
the therapy, however, was able to partially recover ghrelin receptors. Rl and ClI significantly
increased IL-6, KC, Eotaxin, G-CSF, MIP-2, MCP-1, MIP-1a, but significantly decreased IL-2,
IL-9, IL-10, MIG, IFN-vy, and PDGF-bb; the therapy inhibited these changes. Rl and Cl
significantly reduced platelet numbers, cellular ATP levels, NRF1/2, and AKT phosphorylation.
The therapy significantly mitigated these Cl-induced changes and reduced p53-mdm2 mediated
caspase-3 activation. Our data are the first to support the view that Ghrelin therapy with pegylated
G-CSF is potentially a novel therapy for treating brain hemorrhage after Rl and CI.
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Introduction

Vast volumes of literature report that ionizing radiation (IR) produces detrimental, and
potentially devastating, effects to cells, organs and systems in humans.1 These irradiated
victims often also are subjected to other trauma such as wounds or burns. These combined
radiation injuries (CIs) were observed at Hiroshima and Nagasaki, Japan, where 60-70% of
victims received thermal burns concurrent with radiation injury.12 At the Chernobyl reactor
meltdown, 10% of 237 victims exposed to radiation received thermal burns as well.3 Yet
nowadays, public health concerns relating to radiation exposure are on the rise due to
advanced development and proliferation of nuclear technologies, radiation and nuclear
medicine, and nuclear weapon systems. The growing risk of radiation incidents from
terrorist acts with mass casualties thereby warrants increased caution, attention, and study.

It is generally believed that radiation at any given dose affects biological systems, with each
biological system succumbing to acute radiation syndrome (ARS) at certain specific
“threshold” doses. The most radiosensitive organ is the first to show sickness—namely, bone
marrow, where damage occurs within hours after total-body irradiation. Consequently,
hematopoietic-ARS (H-ARS) results: low bone marrow cellularity and circulatory blood cell
depletion present first; spleen shrinkage, followed by splenomegaly, results next; and by day
7, gastrointestinal tract (GI)-ARS arises. Ultimately, impairment of sensitive tissues that
sustain crucial immunochemical and metabolic homeostasis, breach of biological barriers,
and post-irradiation sepsis leads to multiple organ failure (MOF).412

Animal studies from literature clearly indicate that wounds,*3-1% burns,15-17 sepsis, 18 and/or
hemorrhage® aggravate ARS, particularly in CI. Similar observations were found in humans
exposed to ionizing radiation and burn trauma.2? Moreover, radiation suppresses progenitor
cells in wounded tissues and bone marrow, thereby leading to complications in tissue
renewal, neovascularization for wound healing, as well as remodeling of microvascular beds.
21.22 Therefore, it is essential to develop and identify countermeasure agents or
combinations for managing Cl. We previously investigated and reported beneficial effects of
Ghrelin (a growth hormone-like peptide containing 28 amino acids), specifically
amelioration of hematopoietic syndrome of ARS and recovery from Cl-associated trauma in
mice,23 including increased survival, mitigation of bodyweight loss, wound healing
acceleration, as well as increased hematocrit values, neutrophil counts, lymphocyte counts,
platelet counts, and bone-marrow cellularity.?% These results were the first to suggest that
Ghrelin therapy effectively improved survival not only by attenuating Cl-induced
leukocytopenia, thrombocytopenia and bone-marrow damage but also by accelerating wound
healing rate.23

Our laboratory recently reported that brain hemorrhage was observed on days 13-16 after
irradiation in an experimental animal model of radiation combined with burn trauma.2 In
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that report, when mice were exposed to 15% total skin surface burn following 9.5 Gy
60Cobalt-y photon radiation, extracranial hemorrhage and intracranial hemorrhage were
found. Extracranial hemorrhage was observed in the olfactory lobe, mid-brain, and
cerebellum. The latter displayed bleeding that was distributed widely. Histological
examination showed subdural and intraparenchymal bleeding in the cerebral cortex and
cerebellar cortex. Platelet depletion concurrently occurred, suggesting a correlation between
platelet counts and brain hemorrhage.2* Radiation in combination with wound trauma causes
cellular ATP depletion in the ileum, pancreas, brain, spleen, kidney, lung, and liver.25 In that
report, we found that combined radiation with wound trauma induced cellular ATP reduction
by inhibiting pyruvate dehydrogenase and activating pyruvate dehydrogenase kinase 1. A
similar result was found in mice after hemorrhage.26

It is evident that CI increases MAPK activation.2” It was not clear whether Cl alters AKT
activation. Nevertheless, AKT and MAPK are known to be associated with apoptosis.
Caspase-3 is a critical protease in caspase-dependent apoptosis.282% Pegylated G-CSF
(Neulasta®) was approved by FDA in 2016 for hematopoietic syndrome of ARS.30
Pegylated G-CSF, which has been shown to significantly increase survival, modified
hematological profiles after irradiation in our experimental animal model.31:32 Whether RI
and CI would result in different severities of brain hemorrhage remained unclear.
Furthermore, whether Ghrelin combined with pegylated G-CSF enabling to inhibit brain
hemorrhage also remained unknown. In this report, we aim to investigate these two
questions. Because Cl is evident to amplify hematopoietic ARS and gastrointestinal ARS,*
we hypothesized that 1) CI results in greater brain hemorrhage than radiation alone, and 2)
treatment with Ghrelin in the presence of pegylated G-CSF is effective in mitigating brain
hemorrhage from RI and CI. Data presented in this report demonstrate that increases in brain
hemorrhage incidents are associated with Rl and ClI and CI induced more lesions than RI.
The increases are mitigated by Ghrelin therapy with pegylated G-CSF, thus proving the main
hypotheses.

Material and methods

Animal and experimental design

All procedures involving animals were reviewed and approved by the AFRRI Institutional
Animal Care and Use Committee. Euthanasia was carried out in accordance with the
recommendations and guidance of the American Veterinary Medical Association. Research
was conducted in a facility accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC).

B6D2F1/J female mice (10-12 weeks old, approximately 22—-26 g) obtained from Jackson
Laboratory (Bar Harbor, ME) were maintained in a facility accredited by AAALAC in
plastic microisolator cages with hardwood chip bedding and allowed to acclimate to their
surroundings for at least 7 days prior to initiation of the study. Male mice were not used in
this study because of potential problems associated with male mouse aggression, such as
fight wounds which were not desirable during the experimental period. Previous combined
injury studies?3:24:31-33 glso used female mice for this reason. As such, we continued to
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conduct this study with female mice so that data collected could be compared with previous
ones.

These mice were maintained in a facility accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International in plastic microisolator cages on
hardwood chip bedding. Commercial rodent chow (Rodent Diet #8604, Harlan Teklad,
Madison, WI) and acidified tap water (pH=2.5-2.8) were provided ad /ibitum. Animal
holding rooms were maintained at 22°C+2°C with 50%+20% relative humidity using at least
10-15 air changes/h of 100% conditioned fresh air. A 12-h 0600 (light) to 1800 (dark) full-
spectrum lighting cycle was used. Mouse tails were tattooed for individual identification
during acclimation. B6D2F1/J female mice were randomly divided into 8 groups:

a. sham+vehicle+vehicle,

b. wound+vehicle+vehicle,

C. radiation+vehicle+vehicle,

d. radiation+wound+vehicle+vehicle,

e sham+Ghrelin+pegylated G-CSF,

f. wound+Ghrelin+pegylated G-CSF,

g. Radiation+ Ghrelin+pegylated G-CSF, and

h. Radiation+wound+Ghrelin+pegylated G-CSF.

Each group received topical gentamicin cream and was administered with oral levofloxacin.
The sham-irradiated animals (equivalent to 0 Gy) were treated in the same manner but not
exposed to the radiation source.

Gamma irradiation

Skin injury

Mice were given 9.5 Gy23:24:31-33 whole-body bilateral $0Co y-photon radiation, delivered
at a dose rate of 0.4 Gy/min, as described previously.23 The dose of 9.5 Gy is the dose to
cause 50% population death over 30 days postradiation, abbreviated LDsg/39. The field was
uniform within £2%. The exposure time for each radiation was determined from the
mapping data; corrections for the °Co 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 midline soft tissue of mice.

Skin surface injuries were performed on the shaved dorsal surface of mice. Animals
receiving skin wounds were anesthetized by isoflurane inhalation. A 15% total-body-
surface-area skin wound was performed within 1h after irradiation.23 All mice subjected to
the skin injury were given 0.5 mL sterile 0.9% NaCl intraperitoneally (i.p.), which contained
150mg/kg of acetaminophen (AmerisourceBergen, Glen Alen, Virginia) immediately after
skin injury to alleviate pain. Four hours later, mice were given a second dose of 150mg/kg of
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acetaminophen. Skin-wounded mice without radiation exposure received only one dose of
150mg/kg of acetaminophen immediately after skin injury.

Ghrelin administration

Ghrelin was purchased from Phoenix Pharmaceutical (Burlingame, CA). Three doses of
113pg/kg were administered subcutaneously (s.c.) in a volume of 0.2 mL 24h, 2d, and 3d
after RI or CI. The vehicle given to control mice was sterile 0.9% sodium chloride solution
for injection, USP, based on the survival data published previously.23

Pegylated G-CSF administration

Pegylated G-CSF (Neulasta®; NDC: 555-13-019001) is a polyethylene glycol
pharmaceutical-formulated-grade drug, also known as pegfilgrastim, that was purchased
from the AmerisourceBergen Corporation (Valley Forge, PA). A dose of 1000ug/kg was
administered by s.c. injections3132 in a volume of 0.2ml 24 h, 8d, and 15d after Rl or CI,
i.e., 25ug/25-g mouse. Neulasta® was supplied in 0.6mL prefilled syringes for s.c. injection.
Each syringe contains 6mg Peg-G-CSF in a sterile, clear, colorless, preservative-free
solution containing 0.35mg acetate, 0.02mg polysorbate 20, 0.02mg sodium, and 30mg
sorbitol in water for injection, USP. The vehicle mouse received 0.2ml of vehicle containing

0.35mg acetate, 0.02mg polysorbate 20, 0.02mg sodium, and 30mg sorbitol in 0.6mL water.
31,32

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, Hi-Tech Pharmacal Co., Inc., Amityville, NY, NDC 50383-286-04),
100mg/kg in 0.2mL/mouse, was administered p. o. daily for 14 days beginning on day 3.

Platelet counts

Blood samples were collected in EDTA tubes after Sham, wound, Rl and CI and assessed
with the ADVIA 2120 Hematology System (Siemens, Deerfield, IL). Differential analysis
was conducted using the peroxidase method and the light scattering techniques
recommended by the manufacturer.

Histopathology assessment

Mouse craniums and/or the extracted brains were kept in 10% neutral buffered formalin as
above until processing by routine methods for histopathologic examinations. The formalin-
fixed tissues were embedded in paraffin, cut into 5-pm sections, stained with hematoxylin
and eosin, and examined by light microscopy. Histologic lesions were graded by number of
hemorrhage lesions.

Tissue lysates

Surviving mice were anesthetized by isoflurane followed by vertebrate dislocation on day 30
after sham, wound, R1 and CI for blood collection and brain collection. Mice with
moribundity were euthanized by CO, during the 30-day monitoring period for collecting
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their blood and brains. Their entire brains from surviving mice and moribund mice were
collected. Because the hemorrhagic lesions were dominant in small brain, the small brain
was used for further biochemical studies. The small brains were mixed with Na* Hanks’
solution containing 10ul/ml protease inhibitor cocktail, 10mM phosphatase 2 inhibitor,
10mM phosphatase 3 inhibitor, 10mM DTT, 5mM EDTA and 10mM PMSF, homogenized
using Bullet Blender Homogenizer Storm (Next Advance, Averill Park, NY) for 4 min at
speed 10 and centrifuged at 9,000 xg for 10 min (Sorvall Legend Micro 21 Centrifuge,
Thermo Electron Corp, Madison, WI). Supernatant fluids were conserved for protein
determination and stored at —80°C until use.

Cytokine/chemokine measurements

Cytokine concentrations in small brain lysates were analyzed using the Bio-Plex™ 23
Cytokine Assay kit and 9 Cytokine kit (Bio-Rad Laboratories Inc., Hercules, CA) following
the manufacturer’s protocol. Data were analyzed using the LuminexH 100™ System
(Luminex Corp.; Austin, TX) and quantified using MiraiBio MasterPlexH CT and QT
Software (Hitachi Software Engineering America Ltd.; San Francisco, CA). Data were
expressed as pg/mg protein in tissues.

Western blot

Total protein in the small brain lysates was determined with Bio-Rad reagent (Bio-Rad,
Richmond, CA). Samples with 20pg of protein in Na* Hanks’ buffer containing 1% sodium
dodecyl sulfate (SDS) and 1% 2-mercaptoethanol were resolved on SDS-polyacrylamide
slab gels (Novex precast 4-20% gel, Invitrogen, Carlsbad, CA). After electrophoresis,
proteins were blotted onto a polyvinylidene difuoride (PVDF) membrane (0.45um,
Invitrogene) using a Tran-Blot Turbo System and the manufacturer’s protocol (Bio-Rad,
Hercules, CA). The blot was then incubated for 90min at room temperature with 5% non-fat
dried milk in tris-buffered saline-0.5% tween20 (TBST) at room temperature. After
blocking, the blot was incubated with a selected antibody against PGC-1a, NRF1, NRF2,
Mfn1, Total C1-5 Oxpho Rodent WB Antibody Cocktail (ABCAM, Cambridge, MA), Drpl
(Cell Signaling, Danver, MA), PARP (Invitrogen, Rockford, IL), Ghrelin receptors, GAPDH
(Novus Biologicals, Littleton, CO), NF-xBp65, NF-xBp50, AKT, p-AKT, ERK1/2, p-
ERK1/2, INK. P-JNK, p38, p-p38 (Santa Cruz Biotechnology, Dallas, TX), and 19gG (R & D
Systems, Minneapolis, MN) at a final concentration of 1ug/ml in TBST-5% milk. The blot
was washed 3 times (10 min each) in TBST before incubating for 60 min at room
temperature with a 1000X dilution of species-specific 1gG peroxidase conjugate (Santa
Cruz, CA) in TBST. The blot was washed 6 times (5 min each) in TBST before detection of
the peroxidase activity using the Enhanced Chemiluminescence kit (Amersham Life Science
Products, Arlington Height, IL). 1gG and GAPDH levels were not altered by radiation and
used as a control for protein loading. Protein bands of interest were quantitated using the
ImageJ program and normalized to either 1gG or GAPDH levels. Data were expressed as
intensity ratio to 19G or GAPDH levels.

Measurements of cellular ATP Levels

Cellular ATP levels were determined using the ATP Bioluminescence Assay Kit HS 11
(Roche, Mannheim, Germany). Luminescence was measured with a TD-20/20 luminometer
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(Turner Designs, Sunnyvale, CA). Data were normalized to total protein and cellular ATP
levels were expressed as fmol/ug protein.

Statistical analysis

Results

Data were expressed as meanzs.e.m. For each western blot and assay, the data were
compared using the ANOVA, Tukey post hoc test, and student’s t-test with a significance
level of 5%.

Radiation at 9.5 Gy was used to investigate the brain hemorrhage after Rl and CI. This
radiation dose is a lethal dose causing 50% population death within 30 days postirradiation
(LDsg/30) and has been used for previous publications on testing drug efficacy.23.24:31-33

Ghrelin therapy with pegylated G-CSF mitigates hemorrhagic lesions on brain surfaces
after irradiation or in combination with wound trauma

Gross pathology assessments of skulls and brains obtained from B6D2F1/J mice revealed
that all moribund animals from RI and CI experienced hemorrhages varying in extent, grade,
hemorrhage type, and depth lesions. As shown in Figure 1a, brains collected from RI and CI
mice displayed hemorrhage appearing in the cerebrum and cerebellum, with many
hemorrhage lesions shown in the cerebellum. CI induced more hemorrhage lesions than RI
(Figure 1b) at earlier time points. Gradually, brains from RI mice also reached similar
quantities of hemorrhage lesions as Cl. The brains of 30-day surviving mice showed no
observable hemorrhage lesions after Rl and 1 observable lesion after CI (data not shown).
Ghrelin therapy with pegylated G-CSF significantly reduced hemorrhage lesions on the
surface of cerebrum and cerebellum (Figure 1a-b).

Ghrelin therapy with pegylated G-CSF mitigates hemorrhagic lesions in brains after
irradiation or in combination with wound trauma

Our previous report showed the presence of hemorrhage in brains after irradiation followed
by inflicted burn trauma.24 To evaluate the presence of intracranial hemorrhage after RI and
Cl herein, histological slides with H & E staining were made. As shown in Figure 1c, Rl and
Cl induced intracranial bleeding lesions. Cl induced more lesions than RI. Ghrelin therapy
with pegylated G-CSF was effective in diminishing the lesions. As observed, massive deep
confluent lesions occurred predominantly in the hindbrain, cerebellum, brain base, and
olfactory bulbs, accompanied by subarachnoid hemorrhage in the structures as well (data not
shown). Because hemorrhagic lesions were predominant in the cerebellum, cerebellum was
collected for the following biochemical analysis including changes in cytokines, ATP, AKT
and MAPK.

Ghrelin therapy with pegylated G-CSF does not recover PGC-1a and NF-xB reduction in
cerebellum after irradiation or in combination with wound trauma

Previously, we showed that RI and CI increased nuclear factor (NF)-xB activation in ileum
and skin on days 1-7.13 The peroxisome proliferator-activated receptor (PPPAR)-y
coactivator-1a (PGC-1a.) is shown to downregulate NF-xB levels.34 Therefore, we
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measured PGC-1a and NF-xB in the cerebellum through Western blotting analysis. Rl and
Cl significantly reduced PGC-1a protein levels in cerebellum samples of mice treated with
vehicle (Figure 2a). RI and ClI significantly decreased NF-xB levels, because these are brain
samples collected from moribund mice during a period between days 12-17 after RI and
days 13-21 after Cl. Ghrelin therapy with pegylated G-CSF did not improve the reductions
(Figure 2b—c).

Ghrelin therapy with pegylated G-CSF recovers ghrelin receptors but not PARP in
cerebellum after irradiation or in combination with wound trauma

Ghrelin binds to ghrelin receptors that couple with G-protein and PLC to initiate the
following cascade reactions in cells.3® It was of interest to find out whether RI and ClI
altered ghrelin receptors. Indeed, RI and Cl decreased these receptors. Ghrelin therapy with
pegylated G-CSF was able to recover these reductions in samples of CI mice (Figure 2d).
The recovery was specific because Rl and Cl also decreased poly(ADP-ribose) polymerase
(PARP, a protein to repair DNA double strand breaks), but the therapy failed to recover
PARP (Figure 2e).

Ghrelin therapy with pegylated G-CSF inhibits RI-induced increases in proinflammatory
cytokines/chemokines in cerebellum

RI increases cytokine/chemokines in blood and tissues.19:23:33.36-38 e found similar results
in cerebellum after RI. Rl increased IL-6, KC, Eotaxin, G-CSF, MIP-2, MCP-1, and
MIP-1a, but decreased IL-18 (Figure 3a) in cerebellum lysates. Ghrelin therapy with
pegylated G-CSF significantly mitigated these increases except for those associated with G-
CSF (Figure 3a). Cl amplifies increases in concentrations of cytokines/chemokines in blood
and tissues.19:23:33.36-38 | cerebellum lysates, we found increases in IL-6, KC, Eotaxin, G-
CSF, MIP-2, MCP-1, and MIP-1a, but decreases in IL-18 (Figure 3a). Ghrelin therapy with
pegylated G-CSF did not mitigate these increases except G-CSF and MIP-2 (Figure 3a).

Ghrelin therapy with pegylated G-CSF recovers Cl-induced decreases in anti-Inflammatory
cytokines/chemokines in cerebellum

RI decreased IL-2, IL-9, MIG, and IFN-y (Figure 3b), whereas CI decreased IL-2, IL-9,
IL-10, MIG, IFN-y and PDGF-bb (Figure 3b). Ghrelin therapy with pegylated G-CSF
significantly mitigated the IL-9 decrease, and fully recovered IL-2, IL-10, MIG, IFN-y and
PDGF-bb after Cl, but not RI (Figure 3b).

Ghrelin therapy with pegylated G-CSF partially recovers cellular ATP in cerebellum
induced by radiation followed by wound trauma

Cl significantly reduces cellular ATP levels in many organs, including the whole brain.2>
Herein, we found that RI and CI also remarkably reduced cellular ATP levels in the
cerebellum (Figure 4a). Ghrelin therapy with pegylated G-CSF partially yet significantly
recovered ATP levels only after Cl (Figure 4a).
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Ghrelin therapy with pegylated G-CSF significantly recovers NRF1/2 in cerebellum induced
by radiation followed by wound trauma

NRF1/2, important enzymes for ATP production,3° were found to be significantly reduced
after Rl and CI (Figure 4b—4d). Cl reduced NRF1 (Figure 4b) and NRF2-p28 (Figure 4d)
even more than RI. Ghrelin therapy with pegylated G-CSF partially but significantly
recovered NRF1/2 levels only after CI (Figure 4b, 4d).

Ghrelin therapy with pegylated G-CSF recovers complex lll reductions in cerebellum
induced by radiation combined with wound trauma

RI1 and Cl also decreased complex I-V in electron transport chain in mitochondria using
Western blot analysis. Cl reduced complex I11-V more than RI. Ghrelin therapy with
pegylated G-CSF significantly recovered the complex Il reduction (Figure 5).

Ghrelin therapy with pegylated G-CSF decreases MAPK activation and increases AKT
phosphorylation in cerebellum induced by radiation followed by wound trauma

MAPK activation is observed after CI.1% As shown in Figure 6a, CI but not RI significantly
reduced ERK1/2 and p-ERK1/2. Ghrelin with pegylated G-CSF further reduced p-ERK1/2
after Rl and CI. In Figure 6b, Cl and RI did not alter JINK but significantly reduced p-JNK.
Ghrelin with pegylated G-CSF reduced p-JNK after RI but did not further reduce after Cl. In
Figure 6¢, CI but not RI significantly reduced p38 and only RI significantly reduced p-p38.
Ghrelin with pegylated G-CSF reduced p38 after RI but did not alter the RI-induced p-p38.
RI and ClI significantly reduced AKT (Figure 7a) and p-AKT (Figure 7b).40-43 Ghrelin
therapy with pegylated G-CSF recovered appreciable amount of p-AKT after Cl but not Rl
(Figure 7).

Ghrelin therapy with pegylated G-CSF increases mdm2-p53 complex and decreases
caspase-3 activation after irradiation and in combination with wound trauma

AKT activation?* and NRF2 increases* are known to reduce apoptosis. AKT stimulates
MDM2 and inhibits p53.# MDM2 conjugates with p53 to make less free p53 available for
triggering apoptosis.* Therefore, we measured mdm2-p53 complex using
immunoprecipitation with mdm2 and immunoblotting against p53. Figure 8a shows that
wounding, RI and ClI significantly reduced the complex. Ghrelin therapy with pegylated G-
CSF increased the complex, implying less free p53 available for initiating apoptosis.
Caspase-3 activation (an apoptotic biomarker) was measured as well. Figure 8b shows that
wound and RI and CI reduced active caspase-3 levels. Ghrelin therapy with pegylated G-
CSF significantly decreased active caspase-3 in Rl mice and CI mice.

Ghrelin therapy with pegylated G-CSF mitigates platelet depletion caused by radiation

RI and Cl are known to induce platelet depletion.23 As shown in Figure 9, in RI mice,
platelets were counted. Platelet depletion was indeed observed (in 108 cells/mL; sham
+vehicle: 875+153 vs. Rl+vehicle: 284+95; p<0.05). Ghrelin therapy with pegylated G-CSF
mitigated this depletion and significantly elevated platelet counts back to 567+86 (p<0.05).
No platelet counts were available in CI mice treated with the combinational therapy.
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Discussion

In this report, we provide evidence that in B6D2F1/J mice, brain hemorrhage is associated
with RI- and Cl-induced moribundity. CI induced brain hemorrhage earlier and more
severely than RI. Ghrelin therapy with pegylated G-CSF after Rl and CI mitigated sickness,
moribundity and impact of brain hemorrhage. Either total or partial body radiation exposure
results in damage of microvascular networks, which is one of the most important outcomes
of acute radiation sickness.?10:21.46 R concurrently induces massive release of numerous
reactive factors, coagulopathy, suppression of vascular growth factors, and vascular
remodeling and complicates the endothelial injury-associated peripheral perfusion.”:48 The
microvascular barriers (being composed of vascular endothelial cells, the basement
membrane and pericytes) sustain circulatory homeostasis. Therefore, the impact of
endothelium impairment becomes long-lasting from an acute phase to a delayed phase, and
thereafter, to a prolonged phase.22147:48 These effects of interstitial hemorrhage, cell
hypoxia, and cell necrosis are life-threatening and represent a great challenge; not only in
the development of countermeasures against radiological/nuclear accidents, but also can
complicate outcomes in radiation therapy.12:21:49.50

RI and CI reduced cerebellar NF-xB, which was different from the previous observation in
ileum and skin.13 The discrepancy is due to (1) different tissues analyzed and (2) the tissue
collection at different time points after Rl and CI. In this report, the brain of Rl and CI mice
were collected from moribund mice euthanized on days 13-21 and days 12-17, respectively.
RI and CI reduced ghrelin receptors, PGC-1a and PARP in the cerebellum. Ghrelin
administration with pegylated G-CSF partially recovered the receptors but not PGC-1a and
PARP, suggesting that the therapy effect is specific. Rl and CI increased proinflammatory
cytokines and chemokines in the cerebellum. Ghrelin therapy with pegylated G-CSF
effectively inhibited RI-induced proinflammatory cytokines and chemokines (Figure 3a) and
increased anti-inflammatory cytokines and chemokines after Cl (Figure 3b). The differential
results from Ghrelin administration with pegylated G-CSF after Rl and CI on cytokine/
chemokines imply that Rl and CI trigger different pathways to alter cytokines/chemokines in
cerebellum.

We have previously reported that CI reduces cellular ATP levels,2® such that pyruvate
dehydrogenase (PDH) is inactivated and pyruvate dehydrogenase kinase (PDK) is activated.
In this report, we showed that RI and CI significantly reduced ATP production, with CI
leading to more drastic reductions than RI in cerebellum. These reductions were mediated
by decreased levels of NRF1/2. Like ATP, Rl and Cl also reduced NRF1/2, with CI leading
to more drastic reductions than RI (Figure 4b, 4d). Similarly, mitochondrial complex I11 was
reduced by CI more than RI (Figure 5a, 5d). However, Ghrelin administration with
pegylated G-CSF partially recovered NRF1/2 and ATP but fully recovered complex I11 after
ClI. The correlation is apparent. This partial ATP recovery is important for CI mice to
recover AKT phosphorylation that plays an important role in cell survival.

AKT activation is important for Ghrelin therapy with pegylated G-CSF mitigating CI. The
increase in AKT phosphorylation may lead to inhibition of caspase-3 activation, a key player
in caspase-dependent apoptosis and controlled by p53 which is regulated by mdm2. Rl and
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Cl decreased mdm2-p53 complexes, indicating more free form of p53 available to trigger
apoptosis. The therapy increased mdm2-p53 complexes, suggesting less free form of p53
available. In contrast, Ghrelin therapy with pegylated G-CSF reduced p-ERK1/2 after Rl and
Cl and p-JNK after RI, suggesting MAPK is also involved in this therapy. We have
previously found increases in caspaspe-3 activation ubiquitously including kidney, heart,
lung, brain, liver, and small intestine.2% Caspapse-3 mediated apoptosis found in cerebellum
was inhibited by Ghrelin therapy with pegylated G-CSF (Figure 8b). The inhibition was
mediated by reduced p53 availability (Figure 8a). The data are in agreement with
observations in literature,44:45

The therapy was effective for RI mice as well, suggesting that a different mechanism appears
to be involved. A possible mechanism underlying Ghrelin therapy with pegylated G-CSF in
RI mice lies in platelet production. RI remarkably decreased platelet counts on day 7 and
remained below the baseline even through day 30.33 Ghrelin therapy with pegylated G-CSF
in Rl mice increased platelets (Figure 9). Platelet sizes are about 2 pm in dimeter, whereas
megakaryocyte sizes are about 100 um in dimeter. Decreases in platelet counts stimulate
thrombopoietin (TPO) production by the liver. Consequently, the number of megakaryocytes
in bone marrow increases. The time required for megakaryocytes to complete
polyploidization, mature, and release platelets is about 5 days in humans and 2-3 days in
rodents.51-53 Once released into the bloodstream, human platelets survive 7-10 days,
whereas rodent platelets in peripheral blood survive 4-5 days.5*-56 The osteoblastic niche
provides an environment that allows megakaryocytes to mature and develop, whereas the
vascular niche enhances proplatelet formation.>” Therefore, the possibility of Ghrelin
therapy with pegylated G-CSF stimulating the vascular niche cannot be excluded and should
be further explored. Furthermore, Ghrelin has also demonstrated to sustain endothelial
function and angiogenesis.18:58-62 |t needs to bear in mind that acute inflammatory
responses in both humans and rodents do not revert back to homeostasis but trigger a
previously yet unappreciated consequence of immunological events that dictate subsequent
immune response to infection.63 Whether Ghrelin therapy with pegylated G-CSF can reduce
the consequence of immunological events are not known and worthy for exploration.

It is evident that radiation combined with burn trauma increases miR-690 and miR-223 in
serum.54 Likewise, radiation combined with hemorrhage increases let-7e, miR-30e, and
miR-29b;19 radiation combined with wound increases miR-34a (Kiang et al., unpublished
data). The possibility of Ghrelin therapy with pegylated G-CSF modifies microRNAs that
are associated with thrombopoiesis also cannot be excluded and should be further explored.

In summary, Rl and CI significantly increased brain hemorrhage. CI induced more
hemorrhage lesions than RI. These lesions were mitigated by Ghrelin treatment with
pegylated G-CSF. Rl and CI decreased ghrelin receptors, increased proinflammatory
cytokines/chemokines, and decreased anti-inflammatory cytokines/chemokines in the small
brain. Ghrelin therapy with pegylated G-CSF remarkably inhibited proinflammatory
cytokines/chemokines in Rl mice and elevated anti-inflammatory cytokines/chemokines in
Cl mice. Rl and CI inhibited cellular ATP amounts by decreasing NRF1/2 and complex 1-V
proteins. Ghrelin therapy with pegylated G-CSF recovered ATP, NRF1/2 and complex Il in
Cl mice. In RI mice, the combinational therapy mitigated RI-induced platelet depletions,

Pharm Pharmacol Int J. Author manuscript; available in PMC 2021 August 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kiang et al. Page 12

which may contribute to inhibition of brain hemorrhage. These results suggest that Ghrelin
treatment with pegylated G-CSF is potentially useful for treating brain hemorrhage.

Conclusion

We demonstrate that ionizing radiation followed by skin wounds induces cerebro-vascular
impairment, intracranial hemorrhage, ghrelin receptor reduction, cytokine/chemokine
increases, cellular ATP reduction, and platelet depletion. The results suggest that ATP
reduction and platelet depletion highly likely contribute to the onset of brain hemorrhage, at
least in part; thereby, this intracranial hemorrhage partly leads to ultimate mortality. In RI
mice, Ghrelin therapy with pegylated G-CSF significantly mitigated platelet depletion,
proinflammatory cytokines/chemokines, and ERK1/2 and JNK activation (Figure 10a). In Cl
mice, it increased ghrelin receptors and anti-inflammatory cytokines/chemokines, while
mitigating cellular ATP depletion, attenuating ERK1/2 and increasing AKT activation
(Figure 10b). As a result, brain hemorrhage occurred. Taken together, Ghrelin therapy with
pegylated G-CSF is a potentially effective therapy for Rl and Cl in reducing brain
hemorrhage.

Acknowledgments

The authors gratefully acknowledge the Veterinary Sciences Department (VSD) staff for animal care, Dr. Vitaly
Nagy and Radiation Dosimetry staff for conducting whole-body irradiation, Kevin Ho for his technical assistance as
well as Ms. Lisa Meyers at the Big Instrument Center (BIC) for performing histology slides and H&E staining. This
study was funded by NIH Al080553 to JGK, NIH/NIAID IAA YI-Al-5045-04 to JGK and SJ and AFRRI
RAB33529 and RBB34363 to JGK. This report has been cleared and approved by AFRRI and USUHS leadership
management. The views, opinions, and findings contained in this report are those of the authors and do not reflect
official policy or positions of the Armed Forces Radiobiology Research Institute, the Uniformed Services
University of the Health Sciences, the National Institute of Allergy and Infectious Diseases, the Department of
Defense, or the United States government. The commercial products used in this report do not necessarily imply
recommendation or endorsement by the Federal Government and do not imply that the products used are
necessarily the best available for the purpose.

Abbreviations:

AFRRI Armed Forces Radiobiology Research Institute
AKT serine/threonine-specific protein kinase

ARS acute radiation syndrome

cl-v complex I-V

Cl combined radiation injury

Drpl dynamin-related protein 1

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

H-ARS hematopoiesis-acute radiation syndrome

IR ionizing irradiation

Pharm Pharmacol Int J. Author manuscript; available in PMC 2021 August 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kiang et al.

References

1.

Page 13
Mfnl mitofusin 1
NF-xB p50 nuclear factor-keppaB protein 50 kDa
NF-xB p65 nuclear factor-keppaB protein 65 kDa
NIH National Institute of Health
NIAID National Institute of Allergy and Infectious Diseases
I1AA Inter-agency agreement
NRF nuclear respiratory factor
PARP poly (ADP-ribose) polymerase
PGC-la peroxisome proliferator-activated receptor gamma coactivator 1-a
PM SF phenylmethanesulfonyl fluoride
p.o. per os
RI radiation injury
S.C. subcutaneously

lijima S Pathology of atomic bomb casualties. Acta Pathol Jpn. 1982;32(Suppl 2):237-270.
[PubMed: 7187578]

. Kishi HS. Effects of the “special bomb: recollection of a neurosurgeon in Hiroshima, August 8-15,

1945. Neurosurgery. 2000;47(2):441-446. [PubMed: 10942018]

. Barabanova AV. Significance of beta-radiation skin burns in Chernobyl patients for the theory and

practice of radiopathology. Vojnosanit Pregl. 2006;63(5):477-480. [PubMed: 16758799]

. Kiang JG, Olabisi AO. Poly-traumatic hit leading to multi-organ injury. Cell Biosci. 2019;9:25.

[PubMed: 30911370]

. Lawrence JH, Tennant R. The comparative effects of neutrons and X-rays on the whole body. J Exp

Med. 1937;66(6):667-688. [PubMed: 19870690]

. Mettler FA Jr, Upton AC. Radiation effects on cell and organ systems. In Medical Effects of

lonizing Radiation, 3rd ed.; Mettler FA, Upton WB, Ed.; Elsevier: Philadelphia, PA, USA; 2008.
17-21p.

. Potten CS, Grant HK. The relationship between ionizing radiation-induced apoptosis and stem cells

in the small and large intestine. Br J Cancer. 1998;78(8):993-1003. [PubMed: 9792141]

. Siegal T, Pfeffer MR, Meltzer A, et al. Cellular and secretory mechanisms related to delayed

radiation-induced microvessel dysfunction in the spinal cord of rats. Int J Radiat Oncol Biol
Phys.1996;36(3):649-659. [PubMed: 8948350]

. Roth NM, Sontag MR, Kiani MF. Early effects of ionizing radiation on the microvascular networks

in normal tissue. Radiat Res. 1999;151(3):270-277. [PubMed: 10073664]

10. Li YQ, Chen P, Haimovitz-Friedman A, et al. Endothelial apoptosis initiates acute blood-brain

barrier disruption after ionizing radiation. Cancer Res. 2003;63(18):5950-5956. [PubMed:
14522921]

11. Barjaktarovic Z, Schmaltz D, Shyla A, et al. Radiation-induced signaling results in mitochondrial

impairment in mouse heart at 4 weeks after exposure to X-rays. PLoS One. 2011;6(12):e27811.
[PubMed: 22174747]

Pharm Pharmacol Int J. Author manuscript; available in PMC 2021 August 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kiang et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Page 14

Cuomo JR, Sharma GK, Conger PD, et al. Novel concepts in radiation-induced cardiovascular
disease. World J Cardiol. 2016;8(9):504-519. [PubMed: 27721934]

Kiang JG, Jiao W, Cary L, et al. Wound trauma increases radiation-induced mortality by increasing
iNOS, cytokine concentrations, and bacterial infections. Radiat Res. 2010;173(3):319-332.
[PubMed: 20199217]

Kiang JG, Garrison BR, Burns TM, et al. Wound trauma alters ionizing radiation dose assessment.
Cell Biosci. 2012;2(1):20. [PubMed: 22686656]

Kiang JG, Ledney GD. Skin injuries reduce survival and modulate corticosterone, C-reactive
protein, complement component 3, IgM, and prostaglandin E2 after whole-body reactor-produced
mixed field (n + y-photons) irradiation. Oxid Med Cell Longev. 2013;2013:821541. [PubMed:
24175013]

Alpen EL, Sheline GE. The combined effects of thermal burns and whole body X irradiation on
survival time and mortality. Ann Surg. 1954;140(1):113-118. [PubMed: 13159151]

Brook I, Ledney GD, Madonna GS, et al. Therapies for radiation injuries: research perspectives.
Military Med. 1992;157(3):130-136.

Shah KG, Wu R, Jacob A, et al. Human ghrelin ameliorates organ injury and improves survival
after radiation injury combined with severe sepsis. Mol Med. 2009;15(11-12):407-414. [PubMed:
19779631]

Kiang JG, Smith JT, Anderson MN, et al. Hemorrhage exacerbates radiation effects on survival,
leukocytopenia, thrombopenia, erythropenia, bone marrow cell depletion and hematopoiesis, and
inflammation-associated microRNAs expression in kidney. PLoS One. 2015;10(9):e0139271.
[PubMed: 26422254]

DiCarlo AL, Jackson IL, Shah JR, et al. Development and licensure of medical countermeasures to
treat lung damage resulting from a radiological or nuclear incident. Radiat Res. 2012;177(5):717—
721. [PubMed: 22468704]

Murayama T, Tepper OM, Silver M, et al. Determination of bone marrow-derived endothelial
progenitor cell significance in angiogenic growth factor-induced neovascularization in vivo. Exp
Hematol. 2002;30(8):967-972. [PubMed: 12160849]

Baker DG, Krochak RJ. The response of the microvascular system to radiation: a review. Cancer
Invest. 1989;7(3):287-294. [PubMed: 2477120]

Kiang JG, Zhai M, Liao PJ, et al. Ghrelin therapy improves survival after whole-body ionizing
irradiation or combined with burn or wound: amelioration of leukocytopenia, thrombocytopenia,
splenomegaly, and bone marrow injury. Oxid Med Cell Longev. 2014;2014:215858. [PubMed:
25374650]

Gorbunov NV, Kiang JG. Ghrelin therapy decreases incidents of intracranial hemorrhage in mice
after whole-body ionizing irradiation combined with burn trauma. Int J Mol Sci. 2017;18(8):1693.
Swift JM, Smith JT, Kiang JG. Ciprofloxacin Therapy Results in Mitigation of ATP Loss after
Irradiation Combined with Wound Trauma: Preservation of Pyruvate Dehydrogenase and
Inhibition of Pyruvate Dehydrogenase Kinase 1. Radiat Res. 2015;183(6):684—-692. [PubMed:
26010714]

Kiang JG, Bowman PD, Lu X, et al. Geldanamycin prevents hemorrhage-induced ATP loss by
overexpressing inducible HSP70 and activating pyruvate dehydrogenase. Am J Physiol
Gastrointest Liver Physiol. 2006;291(1):G117-G127. [PubMed: 16565416]

Kiang JG, Smith JT, Anderson MN. Hemorrhage enhances cytokine, complement component 3,
and caspase-3, and regulates microRNAs associated with intestinal damage after whole-body
gamma-irradiation in combined injury. PLoS One. 2017;12(9):e0184393. [PubMed: 28934227]
Kiang JG. Exacerbation of mild hypoxia on acute radiation syndrome and subsequent mortality.
Adaptive Medicine. 2017;9(1):28-33.

Huang CY, Yu LC. Pathological mechanisms of death resistance in colorectal carcinoma. World J
Gastroenterol. 2015;21(41):11777-11792. [PubMed: 26557002]

FDA approves Neupogen for treatment of patients with radiation-induced myelosuppression
following a radiological/nuclear incident. FDA; 2015.

Kiang JG, Zhai M, Liao PJ, et al. Pegylated G-CSF inhibits blood cell depletion, increases
platelets, blocks splenomegaly, and improves survival after whole-body ionizing irradiation but not

Pharm Pharmacol Int J. Author manuscript; available in PMC 2021 August 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kiang et al.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 15

after irradiation combined with burn. Oxid Med Cell Longev. 2014;2014:481392. [PubMed:
24738019]

Kiang JG, Zhai M, Bolduc DL, et al. Combined Therapy of Pegylated G-CSF and Alxn4100TPO
Improves Survival and Mitigates Acute Radiation Syndrome after Whole-Body lonizing
Irradiation Alone and Followed by Wound Trauma. Radiat Res. 2017;188(5):476-490. [PubMed:
28850300]

Kiang JG, Anderson MN, Smith JT. Ghrelin therapy sustains granulocyte colony-stimulating factor
and keratinocyte factor to mitigate hematopoietic syndrome and spleen after whole-body ionizing
irradiation combined with wound. Cell Biosci. 2018;8:27. [PubMed: 29632660]

Puigserver P, Wu Z, Park CW, et al. A cold-inducible coactivator of nuclear receptors linked to
adaptive thermogenesis. Cell. 1998;92(6):829-839. [PubMed: 9529258]

Pradhan G, Samson SL, Sun Y. Ghrelin: much more than a hunger hormone. Curr Opin Clin Nutr
Metab Care. 2013;16(6):619-624. [PubMed: 24100676]

Kiang JG, Smith JT, Anderson MN, et al. Hemorrhage enhances cytokine, complement component
3, and caspase-3, and regulates microRNAs associated with intestinal damage after whole-body
gamma-irradiation in combined injury. PLoS One. 2017;12(9):e0184393. [PubMed: 28934227]
Kiang JG, Smith JT, Hegge SR, et al. Circulating cytokine/chemokine concentrations respond to
ionizing radiation doses but not radiation dose rates: granulocyte-colony stimulating factor and
interleukin-18. Radiat Res. 2018;189(6):634-643. [PubMed: 29652619]

Li X, Cui W, Hull L, et al. Effects of low-to-moderate doses of gamma radiation on mouse
hematopoietic system. Radiat Res. 2018;190(6):612-622. [PubMed: 30311842]

Jaiswal AK. Nrf2 signaling in coordinated activation of antioxidant gene expression. Free Radic
Biol Med. 2004;36(10):1199-1207. [PubMed: 15110384]

Smirnova E, Griparic L, Shurland DL, et al. Dynamin-related protein Drp1l is required for
mitochondrial division in mammalian cells. Mol Biol Cell. 2001;12(8):2245-2256. [PubMed:
11514614]

de Las Heras N, Klett-Mingo M, Ballesteros S, et al. Chronic Exercise Improves Mitochondrial
Function and Insulin Sensitivity in Brown Adipose Tissue. Frontier Physiol. 2018;9:1122.

Santel A, Fuller MT. Control of mitochondrial morphology by a human mitofusin. J Cell Sci.
2001;114(Pt 5):867-874. [PubMed: 11181170]

Gorbunov NV, Elliott TB, McDaniel DP, et al. Mitophagy and mitochondrial remodeling in mouse
mesenchymal stromal cells following a challenge with Staphylococcus epidermidis. J Cell Mol
Med. 2015;19(5):1133-1150. [PubMed: 25721260]

Ding L, Ding L, Wang S, et al. Tanshinone 1A Affects Autophagy and Apoptosis of Glioma Cells
by Inhibiting Phosphatidylinositol 3-Kinase/Akt/Mammalian Target of Rapamycin Signaling
Pathway. Pharmacology. 2017;99(3-4):188-195. [PubMed: 27889779]

Lu L, Jiang M, Zhu C, et al. Amelioration of whole abdominal irradiation-induced intestinal injury
in mice with 3,3”-Diindolylmethane (DIM). Free Radic Biol Med. 2018;130:244-255. [PubMed:
30352304]

Johnson KG, Yano K, Kato H. Cerebral vascular disease in Hiroshima, Japan. J Chronic Dis.
1967;20(7):545-559. [PubMed: 6028273]

Fuks Z, Persaud RS, Alfieri A, et al. Basic fibroblast growth factor protects endothelial cells
against radiation-induced programmed cell death in vitro and in vivo. Cancer Res.
1994;54(10):2582-2590. [PubMed: 8168084]

Li YQ, Ballinger JR, Nordal RA, et al. Hypoxia in Radiation-induced Blood-Spinal Cord Barrier
Breakdown. Cancer Res. 2001;61(8):3348-3354. [PubMed: 11309291]

Lyubimova N, Hopewell JW. Experimental evidence to support the hypothesis that damage to
vascular endothelium plays the primary role in the development of late radiation-induced CNS
injury. Br J Radiol. 2004;77(918):488-492. [PubMed: 15151969]

Satyamitra MM, DiCarlo AL, Taliaferro L. Understanding the Pathophysiology and Challenges of
Development of Medical Countermeasures for Radiation-Induced Vascular/Endothelial Cell
Injuries: Report of a NIAID Workshop, August 20, 2015. Radiat Res. 2016;186(2):99-111.
[PubMed: 27387859]

Pharm Pharmacol Int J. Author manuscript; available in PMC 2021 August 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kiang et al.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 16

Ebbe S, Stohlman F Jr. Megakaryocytopoiesis in the rat. Blood. 1965;26:20-35. [PubMed:
14314398]

Odell TT Jr, Jackson CW. Polyploidy and maturation of rat megakaryocytes. Blood.
1968;32(1):102-110. [PubMed: 5690593]

Odell TT Jr, Jackson CW, Friday TJ. Megakaryocytopoiesis in rats with special reference to
polyploidy. Blood. 1970;35(6):775-782. [PubMed: 5427247]

Aster RH. Studies of the mechanism of “hypersplenic” thrombocytopenia in rats. J Lab Clin Med.
1967;70(5):736-751. [PubMed: 6055761]

Harker LA, Finch CA. Thrombokinetics in man. J Clin Invest. 1969;48(6):963-974. [PubMed:
5814231]

Jackson CW, Edwards CC. Evidence that stimulation of megakaryocytopoiesis by low dose
vincristine results from an effect on platelets. Br J Haematol. 1977;36(1):97-105. [PubMed:
871429]

Machlus KR, Italiano JE Jr. The incredible journey: From megakaryocyte development to platelet
formation. J Cell Biol. 2013;201(6):785-796. [PubMed: 23751492]

Sun'Y, Wang P, Zheng H, et al. Ghrelin stimulation of growth hormone release and appetite is
mediated through the growth hormone secretagogue receptor. Proc Natl Acad Sci U S A.
2004;101(13):4679-4684. [PubMed: 15070777]

Spencer SJ, Miller AA, Andrews ZB. The Role of Ghrelin in Neuroprotection after Ischemic Brain
Injury. Brain Sci. 2013;3(1):344-359. [PubMed: 24961317]

Qi L, Cui X, Dong W, et al. Ghrelin attenuates Brain Injury after Traumatic Brain Injury and
Uncontrolled Hemorrhagic Shock in Rats. Mol Med. 2012;18:186-193. [PubMed: 22160303]
Ahluwalia A, Li A, Cheng G, et al. Reduced ghrelin in endothelial cells plays important
mechanistic role in aging-related impairment of angiogenesis. J Physiol Pharmacol.
2009;60(2):29-34.

Frago LM, Baquedano E, Argente J, et al. Neuroprotective Actions of Ghrelin and Growth
Hormone Secretagogues. Front Mol Neurosci. 2011;4:23. [PubMed: 21994488]

Motwani MP, Newson J, Kwong S, et al. Prolonged immune alteration following resolution of
acute inflammation in humans. PLoS One. 2017;12(10):e0186964. [PubMed: 29073216]

Islam A, Ghimbovschi S, Zhai M, et al. An Exploration of Molecular Correlates Relevant to
Radiation Combined Skin-Burn Trauma. PLoS One. 2015;10(8):e0134827. [PubMed: 26247844]

Pharm Pharmacol Int J. Author manuscript; available in PMC 2021 August 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kiang et al. Page 17

(b)

W RI+Veh+Veh

25 ® Cl+Veh+Veh
ORI+P+G
O CI+P+G

(a)

Veh+Veh Ghr+p-G-CSF

Brain surface
hemorrhage count

RI
Day 13
Days after Rl and CI
(€)  veh+ven Ghr+p-G-CSF
» -
Day 12
\;ﬂ 500 umr
el
A
cl \ el Day 12

\ e ™
: 2 i 500pm
Figure 1.

Ghrelin therapy with pegylated G-CSF inhibits brain hemorrhage after irradiation alone or in
combination with wound. (a) Representative images with extracranial hemorrhage in brains
of animals exposed to radiation alone (RI, moribund animal on day 13 post RI) or in
combination with wound trauma (Cl; moribund animal on day 12 post Cl). (b) Quantitated
analysis of hemorrhage counts on the brain surface of moribund mice. Each dot represents
the number of hemorrhage lesions from each brain. (c) Representative images with
intracranial hemorrhage in animals exposed to RI or CI. Black arrows indicate the
hemorrhage lesions. RI, 9.5 Gy; Cl, 9.5 Gy+wound; Veh, vehicle; Ghr or G, Ghrelin; P,
pegylated G-CSF
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Ghrelin therapy with pegylated G-CSF does not alter RI or Cl-induced decreases in PGC-1a
(a), NF-xB (b and c), and PARP (e) but recovered ghrelin receptors (d). Representative gels
for each group and quantitative protein bands of interest are presented. Data are presented as
meanzsem. N=4 per group. *p<0.05 vs. Sham+Veh group. W, wound; RI, 9.5 Gy; CI, 9.5
Gy+wound; Veh, vehicle; Ghr, Ghrelin; p-G-CSF, pegylated G-CSF
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Figure 3.

Ghrelin therapy with pegylated G-CSF modifies RI- and Cl-induced changes in cytokine and
chemokines in the small brain. Cytokines and chemokines were measured using multiplex
kits. (a) Proinflammatory mediators. (b) Anti-inflammatory mediators. Data are presented as
meantsem. N=6 per group. *p<0.05 vs. sham+Veh group; #p<0.05 vs. RI+Veh group;
p<0.05 vs. respective vehicle group. W, wound; RI, 9.5 Gy; Cl, 9.5 Gy+wound; Veh,
vehicle; Ghr, Ghrelin; p-G-CSF, pegylated G-CSF
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Figure 4.

Ghrelin therapy with pegylated G-CSF modifies RI- and Cl-induced decreases in ATP,
NRF1 and NRP2 in the small brain. Representative gels and quantitated protein bands of
interest were presented. Data are presented as meantsem. N=4 per group. *p<0.05 vs. sham
+Veh group; #p<0.05 vs. RI+Veh group; *p<0.05 vs. Cl+Veh group. W, wound; RI, 9.5 Gy;
Cl, 9.5 Gy+wound; Veh, vehicle; Ghr, Ghrelin; p-G-CSF, pegylated G-CSF
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Figureb.
Ghrelin therapy with pegylated G-CSF recovers the Cl-induced complex 111 in mitochondria

of the small brain cells. (a) Representative gel image of complex I-V; (b-f) Quantitative
complex I-V bands. Data are presented as meansem. N=4 per group. *p<0.05 vs. sham
+Veh group; #p<0.05 vs. RI+Veh group; *p<0.05 vs. Cl+Veh group. W, wound; RI, 9.5 Gy;
Cl, 9.5 Gy+wound; Veh, vehicle; Ghr, Ghrelin; p-G-CSF or P, pegylated G-CSF
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Figure®6.

Ghrelin therapy with pegylated G-CSF modulates RI- but not Cl-induced changes in MAPK
activation in the small brain. (a) Representative gels and quantitated ERK1/2 and p-ERK1/2
bands; (b) Representative gels and quantitated JNK and p-JNK bands; (c) Representative
gels and quantitated p38 and p-p38 bands, N=4 per group. Data are presented as meantsem.
*p<0.05 vs. sham+Veh group; #p<0.05 vs. RI+Veh group; ~p<0.05 vs. Cl+Veh group. p-
ERKZ1/2, phosphorylated ERK1/2; p-JNK, phosphorylated INK; p-p38, phosphorylated p38;
W, wound; RI, 9.5 Gy; ClI, 9.5 Gy+wound; Veh, vehicle; Ghr, Ghrelin; p-G-CSF, pegylated
G-CSF
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Ghrelin therapy with pegylated G-CSF recovers Cl-induced decreases in AKT activation. (a)
Representative gels and quantitated AKT bands were presented. (b) Representative gels and
quantitated p-AKT bands were presented. N=4 per group. Data are presented as meantsem.
*p<0.05 vs. sham+Veh group; #p<0.05 vs. RI+Veh group; p<0.05 vs. Cl+Veh group. p-
AKT, phosphorylated AKT; W, wound; RI, 9.5 Gy; CI, 9.5 Gy+wound; Veh, vehicle; Ghr,

Ghrelin; p-G-CSF, pegylated G-CSF
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Ghrelin therapy with pegylated G-CSF upregulates mdm2-p53 complex and inhibits active
caspase-3 activation. (a) Representative gel and quantitative mdm2-p53 complex band; (b)
active caspase-3 levels, N=6-12 per group. Data are presented as meanxsem. *p<0.05 vs.
sham+Veh group; #p<0.05 vs. RI+Veh group; *p<0.05 vs. Cl+Veh group. IP,
immunoprecipitation; 1B, immunoblotting; W, wound; RI, 9.5 Gy; Cl, 9.5 Gy+wound; Veh,

vehicle; Ghr, Ghrelin; p-G-CSF or P, pegylated G-CSF
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Figure.
Ghrelin therapy with pegylated G-CSF recovers platelet counts after Rl. N=6-12. Data are

presented as meantsem. *p<0.05 vs. sham+Veh group; *p<0.05 vs. Cl+Veh group. W,
wound; RI, 9.5 Gy; Veh, vehicle; Ghr, Ghrelin; P, pegylated G-CSF
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Schematic presentation of possible mechanisms underlying radiation alone or in
combination with wound trauma. (a) Radiation reduces ghrelin receptors (Ghr-R), which
may lead to decreases in platelets, cellular ATP production, anti-inflammatory cytokines/
chemokines and phosphorylated AKT (p-AKT), as well as increases in pro-inflammatory
cytokine/chemokines. As a result, these collectively lead to brain hemorrhage. Ghrelin
therapy with pegylated G-CSF (Ghr+p-G-CSF) reduces brain hemorrhage lesions by
recovering platelets, further inhibiting ERK1/2 and phosphorylated JNK (p-JNK), and
blocking pro-inflammatory cytokines/chemokines. (b) Radiation combined with wound
trauma displays a similar mechanism leading to brain hemorrhage. Ghrelin therapy with

pegylated G-CSF reduces brain hemorrhage lesions by recovering Ghr-R, as well as
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