
INTRODUCTION
There is a growing concern in the

world about the exposure of radiation
due to the threat of nuclear terrorism. A
radiological terrorist attack could involve
the dispersal of radioactive materials by
an attack on a nuclear facility, deploy-
ment of a radiation dispersal device, or,
less likely, detonation of a nuclear
weapon. In the terrorist radiation expo-
sure scenario, the amount of radiation
may not be enough to cause immediate

illness or large scale casualties, but radia-
tion victims likely will suffer from in-
juries, infection, and sepsis secondary to
the bomb blast. Infection is a major cause
of mortality in the irradiated host be-
cause of immunosuppressive effects that
result from declining lymphohematopoi-
etic elements secondary to radiation-
 induced bone marrow aplasia (1).

Infection and sepsis remain a critical
problem with significant morbidity and
mortality even in the modern era of criti-

cal care management (2–5). Severe sepsis
is the second leading cause of death
among patients in non-coronary inten-
sive care units (ICU) and the tenth lead-
ing cause of death overall in this nation
(6–9). Evidence indicates that in the
United States alone, more than 750,000
people develop sepsis each year with an
overall mortality of 28.6% (10). It is ex-
pected that both the morbidity and mor-
tality of sepsis increase after radiation ex-
posure. However, little information is
available regarding radiation exposure
followed by infection and sepsis.

Ghrelin, a novel gastrointestinal hor-
mone, was first discovered by Kojima et
al. in 1999 as an endogenous ligand for
the growth hormone secretagogue recep-
tor type 1a (GHSR-1a, ghrelin receptor)
(11). Ghrelin originally was reported to
induce growth hormone release through
pituitary GHSR-1a stimulation (12–14).
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In the terrorist radiation exposure scenario, radiation victims are likely to suffer from additional injuries such as sepsis. Our previ-
ous studies have shown that ghrelin is protective in sepsis. However, it remains unknown whether ghrelin ameliorates sepsis-induced
organ injury and mortality after radiation exposure. The purpose of this study is to determine whether human ghrelin attenuates
organ injury and improves survival in a rat model of radiation combined injury (RCI) and, if so, the potential mechanism responsi-
ble for the benefit. To study this, adult male rats were exposed to 5-Gy whole body irradiation followed by cecal ligation and punc-
ture (CLP, a model of sepsis) 48 h thereafter. Human ghrelin (30 nmol/rat) or vehicle (saline) was infused intravenously via an os-
motic minipump immediately after radiation exposure. Blood and tissue samples were collected at 20 h after RCI (68 h after
irradiation or 20 h after CLP) for various measurements. To determine the longterm effect of human ghrelin after RCI, the gan-
grenous cecum was removed at 5 h after CLP and 10-d survival was recorded. In addition, vagotomy or sham vagotomy was per-
formed in sham and RCI animals immediately prior to ghrelin administration, and various measurements were performed at 20 h
after RCI. Our results showed that serum levels of ghrelin and its gene expression in the stomach were decreased markedly at 20
h after RCI. Administration of human ghrelin attenuated tissue injury markedly, reduced proinflammatory cytokine levels, de-
creased tissue myeloperoxidase activity, and improved survival after RCI. Furthermore, elevated plasma levels of norepinephrine
(NE) after RCI were reduced significantly by ghrelin. However, vagotomy prevented ghrelin’s beneficial effects after RCI. In con-
clusion, human ghrelin is beneficial in a rat model of RCI. The protective effect of human ghrelin appears to be attributed to re-
balancing the dysregulated sympathetic/parasympathetic nervous systems.
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However, a large body of evidence has
indicated other physiological functions
of ghrelin mediated by the central and
peripheral ghrelin receptors (15). It has
been linked to the regulation of pituitary
hormone secretion, feeding, energy ho-
meostasis, gastrointestinal function, car-
diovascular system, and immune system
(16–18). Our recent studies have shown
that circulating levels of ghrelin de-
creased significantly in a rat model of
polymicrobial sepsis induced by cecal
ligation and puncture (CLP), and ghrelin
administration decreases inflammatory
responses, improves organ blood flow,
attenuates tissue injury, and reduces
mortality under such conditions (18–21).
However, it remains unknown whether
ghrelin ameliorates sepsis-induced organ
injury and mortality after radiation expo-
sure. The purpose of this study was to
determine whether human ghrelin atten-
uates organ injury and improves survival
in a rat model of radiation combined in-
jury (RCI, radiation exposure followed
by CLP) and, if so, the potential mecha-
nism responsible for its benefit.

MATERIALS AND METHODS

Experimental Animals
Male Sprague-Dawley rats (250 g to

300 g), purchased from Charles River
Laboratories (Wilmington, MA, USA),
were used in this study. The rats were
housed in a temperature-controlled room
on a 12-h light/dark cycle and fed on a
standard Purina rat chow diet. Animal
experimentation was carried out in ac-
cordance with the Guide for the Care and
Use of Laboratory Animals (22). This proj-
ect was approved by the Institutional
Animal Care and Use Committee
(IACUC) of the Feinstein Institute for
Medical Research.

Animal Model of Radiation Combined
Injury

Our pilot study showed that rats died
within 2 wks after whole-body exposure
of 10-gray (Gy) γ radiation. We therefore
decided to expose the animals to a sub-
lethal 5-Gy radiation followed by sepsis

48 h later. Rats were anesthetized with
intraperitoneal pentobarbital (40 mg/kg
BW) and exposed to whole body irradia-
tion performed with Gammacell 1000 ir-
radiator (Atomic Energy of Canada Ltd)
as recently described (23). The radioac-
tive source used was Cesium-137 (Cs-
137). The irradiator was set to deliver
γ-irradiation at a dose rate of approxi-
mately 360 rad/min for 1.4 min, a total
of 5 Gray per animal. During irradiation,
the rats were restrained with plastic
wrap and placed in a fitted container in
upright position. During radiation, the
container rotated continuously in front
of the radiation source for even expo-
sure. Upon completion, rats were al-
lowed to recover and returned to their
cages; 48 h later, polymicrobial sepsis
was induced by CLP as described previ-
ously (24). Briefly, rats were fasted
overnight prior to the induction of sep-
sis, but allowed water ad libitum. The an-
imals were anesthetized by isoflurane
inhalation, and a 2-cm ventral midline
abdominal incision was made. The
cecum was then exposed, ligated just
distal to the ileocecal valve to avoid in-
testinal obstruction, punctured twice
with an 18-gauge needle, and returned
to the abdominal cavity. The incision
was closed in layers. Sham operated ani-
mals underwent the same surgical pro-
cedure except that the cecum was nei-
ther ligated nor punctured. Animals
were killed 20 h after CLP, with blood,
tissue, and organs harvested for later
analyses.

Administration of Ghrelin
Immediately after radiation exposure,

human ghrelin (2 nmol, 6.74 μg, Phoenix
Pharmaceuticals, Belmont, CA, USA)
was given intravenously as a bolus, fol-
lowed by continuous infusion by means
of an Alzet mini-osmotic pump for 68 h
(26 nmol, 87.64 μg). In addition, at the
time of CLP (48 h post radiation), an-
other intravenous bolus of human ghre-
lin (2 nmol, 6.74 μg) was given. Thus,
each animal received 30 nmol human
ghrelin (~33.71 μg/100 g BW) for the en-
tire treatment period. The dosage of

ghrelin was comparable to that used in
the rat model of sepsis which produced
significant protection (18,20,21). Vehicle
treated animals received an equivalent
volume of normal saline.

Determination of Plasma Levels of
Ghrelin

Plasma concentrations of ghrelin were
measured using enzyme immunoassay
kits according to the instructions pro-
vided by the manufacturer (Peninsula
Laboratories, San Carlos, CA, USA).

Determination of Serum Levels of
Organ Injury Markers

Serum levels of aspartate aminotrans-
ferase (AST), alanine aminotransferase
(ALT), lactate dehydrogenase (LDH), lac-
tate, and creatinine were determined by
using assay kits according to the manu-
facturer’s instructions (Pointe Scientific,
Canton, MI, USA).

Determination of Serum Levels of 
TNF-α and IL-6

The concentrations of tumor necrosis
factor-α (TNF-α) and interleukin-6 (IL-6)
in the serum were quantified by using
commercially obtained enzyme-linked
immunosorbent assay (ELISA) kits spe-
cific for rat-TNF-α and IL-6 (BD Bio-
Sciences, San Jose, CA, USA). The assay
was carried out according to the instruc-
tions provided by the manufacturer.

Determination of Ghrelin, TNF-α, and
IL-6 Gene Expression

Ghrelin gene expression in the stom-
ach, and TNF-α and IL-6 gene expression
in the small intestine, were determined
by real-time quantitative polymerase
chain reaction (PCR). Total RNA was ex-
tracted from the stomach and small in-
testine by Tri-Reagent (Molecular Re-
search Center, Cincinnati, OH, USA).
Real-time quantitative PCR was carried
out on cDNA samples reverse tran-
scribed from 2 μg RNA using murine
leukemia virus reverse transcriptase (Ap-
plied Biosystems, Foster City, CA, USA).
Using the QuantiTect SYBR Green PCR
kit (Qiagen, Valencia, CA, USA), reac-
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tions were carried out in 24 μL final vol-
ume containing 2 pmol of forward and
reverse primers, 12 μL QuantiTect Master
Mix, and 1 μL cDNA. Amplification was
performed according to Qiagen’s recom-
mendations with an Applied Biosystems
7300 real-time PCR. Expression amount
of rat glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) mRNA was used for nor-
malization of each sample, and analysis
of each specific mRNA was conducted in
duplicate. Relative expression of mRNA
was calculated by the 2–ΔΔCt method, and
results expressed as fold change with re-
spect to the corresponding experimental
control. The following rat primers were
used: GAPDH (AF106860): 5′-ATG ACT
CTA CCC ACG GCA AG-3′ (forward), 5′-
CTG GAA GAT GGT GAT GGG TT-3′
(reverse); ghrelin (NM_021669): 5′-GAG
CCC AGA GCA CCA GAA AG-3′ (for-
ward), 5′-GCA GTT TAG CTG GTG GCT
TCT T-3′ (reverse); TNF-α (NM_012675):
5′-TGA TCG GTC CCA ACA AGG A-3′
(forward), 5′-GGG CCA TGG AAC TGA
TGA GA-3′ (reverse); IL-6 (NM_012589):
5′-AGG GAG ATC TTG GAA ATG AGA
AAA-3′ (forward), 5′-CAT CAT CGC
TGT TCA TAC AAT CAG-3′ (reverse).

Granulocyte Myeloperoxidase
Assessment

Neutrophil accumulation in the small
intestine, lungs, and kidneys was esti-
mated using the myeloperoxidase (MPO)
activity assay as described previously
(25). Briefly, samples of 100 mg were sus-
pended in 1 mL of 0.5% hexadecyltri -
methylammonium bromide in 50 mmol/L
phosphate buffer (pH 6.0), and sonicated
90 s on ice. Homogenates were cleared
by centrifuging at 13,400g for 10 min at
4°C, and the protein concentration of
 supernatants was determined by using
Bio-Rad DC Protein Assay Kit (Bio-Rad,
Hercules, CA, USA). The reaction was
carried out in a 96-well plate by adding
290 μL of 50 mmol/L phosphate buffer
with 3 μL substrate  solution (containing
20 mg/mL o-dianisidine hydro chloride),
and 3 μL H2O2 (20 mmol/L). Sample
(10 μL) was added to each well to start
the reaction. Plates were read spec-

trophotometrically at 460 nm for 3 min
on CERES UV 900C Microplate reader
(Bio-Tek Inst Inc., Winooski, VT, USA).
MPO activity (1 unit defined as change
in absorbance of 1 per min) was ex-
pressed as units per gram of tissue.

Survival Study
A 10 d survival study was conducted

to determine if human ghrelin can affect
survival beneficially in an animal model.
In additional groups of RCI rats, human
ghrelin or vehicle was administered as
described above. At 5 h after CLP, the
necrotic cecum was excised and the ab-
dominal cavity was washed twice with
40 mL of warm, sterilized normal saline
solution. The abdominal incision was
closed in layers. The procedure of cecal
excision in CLP animals was performed
to mimic the clinical situation in which
septic focus is removed whenever possi-
ble. The animals were then returned to
their cages and allowed food and water
ad libitum. All surviving animals were
killed on d 10.

Determination of Plasma Levels of
Norepinephrine (NE)

The concentrations of NE in the
plasma were quantified by the use of
commercially obtained ELISA kit specific
for NE (IBL-America Inc., Minneapolis,
MN, USA). The assay was carried out ac-
cording to the instructions provided by
the manufacturer as we described previ-
ously (26).

Vagotomy and Sham Vagotomy
In additional groups of animals, the

trunks of the subdiaphragmatic vagus
were transected as described previously
(18). Briefly, immediately after radiation
exposure, prior to the administration of
ghrelin, a 2-cm ventral midline abdomi-
nal incision was made. The dorsal and
ventral branches of the vagus nerve
were dissected from the esophagus.
Each branch of the nerve was tied with
surgical sutures at two points separated
by approximately 1 cm, and then sev-
ered between the sutures. Sham-
 vagotomized animals underwent the

same surgical procedure with the excep-
tion that their vagus nerves were neither
tied nor severed. After the surgery, the
animals from both vagotomy and sham
vagotomy were allowed food and water
ad libitum. Human ghrelin or vehicle was
administrated immediately following
vagotomy as described above in the
vagus nerve intact animals; 48 h later,
polymicrobial sepsis was induced by
CLP. Serum concentrations of AST, ALT,
LDH, lactate, creatinine, TNF-α, IL-6, as
well as MPO activities in the small intes-
tine, lungs, and kidneys were deter-
mined at 20 h after CLP as described
above.

Statistical Analysis
All data were expressed as means ± SE

and compared by one-way analysis of
variance (ANOVA) and Student-Newman-
Keuls method for multiple group analy-
sis or Student t test for two group analy-
sis. Survival study was estimated by the
Kaplan–Meier method and compared by
using the log-rank test. Differences in
values were considered significant at 
P < 0.05.

RESULTS

Ghrelin Levels Decrease after RCI
As shown in Figure 1A, serum levels

of ghrelin in sham operated animals
were 134 ± 31 pg/mL. Similar to CLP
alone animals (19), serum levels of
 ghrelin in RCI animals decreased to 
87 ± 20 pg/mL (P < 0.05), representing a
35% reduction at 20 h after RCI (68 h
after irradiation or 20 h after CLP). And
ghrelin gene expression in the stomach
(the major source of ghrelin in the circu-
lation [11]) was decreased by 87% at 20 h
after RCI (P < 0.05, Figure 1B).

Human Ghrelin Attenuates Organ
Injury after RCI

Compared with sham operated ani-
mals, marked increase in liver enzymes
(AST, ALT) was observed at 20 h after RCI
(Figure 2A, B), indicating hepatic injury.
Human ghrelin treatment significantly re-
duced serum levels of AST and ALT by
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54% and 41%, respectively. Similarly,
serum levels of LDH increased by 407% at
20 h after RCI in vehicle treated animals
(Figure 3A). Human ghrelin treatment de-
creased serum LDH levels by 57% (P <
0.05). Serum levels of lactate, a marker for
systemic hypoxia, increased dramatically
at 20 h after RCI, and administration of
human ghrelin decreased lactate levels
significantly by 32% (P < 0.05, Figure 3B).
As shown in Figure 3C, serum creatinine
levels, a marker of renal dysfunction, in-
creased by 608% at 20 h after RCI in vehi-
cle treated animals (P < 0.05). Treatment
with human ghrelin decreased serum cre-
atinine levels by 41% (P < 0.05).

Human Ghrelin Inhibits
Proinflammatory Responses after RCI

As indicated in Figure 4A, serum levels
of TNF-α were doubled at 20 h after RCI
(P < 0.05). Treatment with human ghrelin
reduced serum TNF-α levels by 50% in
RCI animals (P < 0.05), and there was no
significant difference in serum TNF-α
levels between sham operated and
human ghrelin treated RCI animals. Simi-
larly, TNF-α gene expression in the small

intestine increased by eleven-fold at 20 h
after RCI, and human ghrelin treatment
decreased it by 48% (P < 0.05, Figure 4B).
As shown in Figure 4C, serum levels of
IL-6 increased by fifty-two-fold 20 h after
RCI in vehicle treated animals (P < 0.05).
Human ghrelin treatment decreased them
by 42% (P < 0.05). IL-6 gene expression in
the small intestine increased by more
than seven-fold at 20 h after RCI, and
human ghrelin treatment decreased it by
29% (P < 0.05, Figure 4D). The level of
myelo peroxidase (MPO) activity is an in-
dicator of neutrophil infiltration. As
demonstrated in Figures 5A–C, signifi-
cant increases in intestinal, pulmonary,
and renal MPO activities were observed
in vehicle treated RCI rats as compared
with sham animals. Treatment with
human ghrelin significantly inhibited the
increases in MPO activities in the small
intestine (Figure 5A), lungs (Figure 5B),

and kidneys (Figure 5C) after RCI (P <
0.05). These results show that ghrelin
downregulates proinflammatory cytokines
and attenuates the influx of neutrophils
into the small intestine, lungs, and kid-
neys after RCI.

Human Ghrelin Improves Survival after
RCI

To use mortality as an important end-
point to test the efficacy of human ghre-
lin after RCI, the time to excise the
necrotic cecum was determined first. Our
preliminary study showed that excising
the necrotic cecum at 2 and 10 h after
CLP resulted in survival rates of 83%
and 17%, respectively. In this regard, we
have chosen to excise the necrotic cecum
at 5 h after CLP. As shown in Figure 6,
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Figure 2. Alterations in serum levels of as-
partate aminotransferase (AST) (A) and
alanine aminotransferase (ALT) (B) at 20 h
after radiation combined injury (RCI) with
treatment by normal saline (Vehicle) or
human ghrelin (Ghrelin) or sham operation
(Sham). Data are presented as means ±
SE (n = 6/group) and compared by
ANOVA and Student-Newman-Keuls
method: *P < 0.05 versus Sham group; #P <
0.05 versus Vehicle group.

Figure 3. Alterations in serum levels of lac-
tate dehydragenese (LDH) (A), lactate (B),
and creatinine (C) at 20 h after radiation
combined injury (RCI) with treatment by
normal saline (Vehicle) or human ghrelin
(Ghrelin) or sham operation (Sham). Data
are presented as means ± SE (n = 6/group)
and compared by ANOVA and Student-
Newman-Keuls method: *P < 0.05 versus
Sham group; #P < 0.05 versus Vehicle
group.

Figure 1. Alterations in serum levels of
ghrelin (A) and its gene expression in the
stomach (B) at 20 h after radiation com-
bined injury (RCI) or sham operation
(Sham). Data are presented as means ±
SE (n = 6) and compared by Student t test:
*P < 0.05 versus Sham group.



the survival rate after RCI and cecal exci-
sion at 5 h after CLP with vehicle (saline)
administration was 69% at d 1, 50% at d
2 and d 3, and decreased to 38% at d 4 to
d 10. Treatment with human ghrelin,
however, improved the survival rate to
69%, which was significantly higher than
that in RCI vehicle treated animals (P <
0.05, Figure 6).

Effects of Human Ghrelin
Administration on Plasma Levels of
Norepinephrine (NE) after RCI

The interaction between the central
nervous system and immune system
under various inflammatory diseases has
found considerable interest in the past
several decades. Our previous studies
have shown that NE, the sympathetic
neurotransmitter, upregulates proinflam-
matory cytokines by activating
α2-adrenoceptor (27–29). To determine
whether ghrelin inhibits sympathetic ac-
tivity, plasma levels of NE were measured
at 20 h after RCI. As shown in Figure 7,
plasma levels of NE increased signifi-
cantly at 20 h after RCI as compared with
those in sham operated animals (P < 0.05).

Intravenous administration of human
ghrelin decreased plasma levels of NE by
35% in RCI animals (P < 0.05).

Effects of Vagotomy on Human
Ghrelin’s Effects on Organ Injury after
RCI

To determine whether ghrelin’s benefi-
cial effects after RCI are mediated via ac-
tivation of the vagus nerve, sham vago-
tomy or vagotomy was performed in
sham and RCI animals immediately
prior to the administration of human
ghrelin. Serum levels of AST, ALT, LDH,
lactate, and creatinine were measured at
20 h after RCI in sham-vagotomized or
vagotomized animals. As shown in
Table 1, both sham-vagotomized and
vagotomized rats subjected to RCI had
significant increases in circulating levels
of AST, ALT, LDH, lactate, and creatinine
compared with sham operated animals
(P < 0.05). These results are similar to the
vagus nerve–intact animals (see Figure 2,
see Figure 3). When sham-vagotomized
septic animals were treated with ghrelin,
the levels of AST, ALT, LDH, lactate, and
creatinine were reduced markedly (P <

0.05, Table 1). However, ghrelin treat-
ment has no measurable effects on serum
levels of AST, ALT, LDH, lactate, and cre-
atinine in vagotomized RCI animals.

Effects of Vagotomy on Human
Ghrelin’s Effects on Inflammatory
Responses after RCI

To determine whether vagotomy also
eliminates ghrelin’s effects on inflam-
matory responses after RCI, proinflam-
matory cytokines (TNF-α and IL-6) in
the serum and MPO activities in the
small intestine, lungs, and kidneys were
measured at 20 h after RCI in sham-
vagotomized or vagotomized animals.
As indicated in Table 2, sham vagotomy
did not alter the antiinflammatory ef-
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Figure 4. Alterations in serum levels of TNF-α (A), TNF-α gene expression in the small intestine
(B), serum levels of IL-6 (C), and IL-6 gene expression in the small intestine (D) at 20 h after
radiation combined injury (RCI) with treatment by normal saline (Vehicle) or human ghrelin
(Ghrelin) or sham operation (Sham). Data are presented as means ± SE (n = 4–6/group)
and compared by ANOVA and Student-Newman-Keuls method: *P < 0.05 versus Sham
group; #P < 0.05 versus Vehicle group.

Figure 5. Alterations in myeloperoxidase
(MPO) activities in the intestine (A), lungs (B)
and kidneys (C) at 20 h after radiation com-
bined injury (RCI) with treatment by normal
saline (Vehicle) or human ghrelin (Ghrelin) or
sham operation (Sham). Data are presented
as means ± SE (n = 4–6/group) and com-
pared by ANOVA and Student-Newman-
Keuls method: *P < 0.05 versus Sham group;
#P < 0.05 versus Vehicle group.



fect of ghrelin at 20 h after RCI. In con-
trast, vagotomy immediately prior to
the administration of ghrelin abolished
the inhibitory effects of ghrelin on the
circulating levels of TNF-α and IL-6
(Table 2). Similarly, vagotomy com-
pletely prevented the inhibitory effect
of this agent on MPO activities in the
small intestine, lungs, and kidneys at
20 h after RCI (Table 2).

DISCUSSION
The terrorist radiation exposure sce-

nario presents a very real and dangerous
possibility. It is well recognized that radia-
tion injury is most often accompanied by
trauma, burn, infection, and sepsis. In
fact, sepsis was the primary cause of
death in several recent radiation accidents
(30). Therefore, there is a dire need for
therapy and treatments geared directly to-
ward sepsis in radiation victims. How-
ever, little information is available regard-
ing the pathophysiology of sepsis in
radiation victims and its treatment. Using
a rat model of RCI (radiation exposure
followed by cecal ligation and puncture),
the current study shows that ghrelin lev-
els were downregulated significantly after
radiation injury combined with severe
sepsis, and administration of human
ghrelin reduced sepsis-induced organ in-
jury and mortality in irradiated rats.

Ghrelin is a novel gastrointestinal hor-
mone. The biological effects of ghrelin are
mediated through the ghrelin receptor
(GHSR-1a), a 7 transmembrane domain
Gq protein coupled receptor (11,31).
Ghrelin is the only identified endogenous
ligand for this receptor. Ghrelin originally
was reported to induce growth hormone
release through pituitary GHSR-1a stimu-
lation (12–14). However, recent studies
have indicated multiple paracrine, au-
tocrine, and endocrine roles of ghrelin, re-

flecting the wide distribution of GHSR-1a
(32–35). In addition to the established ef-
fects on food intake and GH production,
ghrelin has emerged as a potent im-
munoregulatory and antiinflammatory
agent (16,17,36). An appropriate inflam-
matory response eliminates the invading
microorganisms without causing damage
to tissues and organs. However, excessive
and sustained inflammatory responses
can lead to severe tissue injury. Elevated
production/release of proinflammatory
cytokines (for example, TNF-α and IL-6)
can cause tissue injury in sepsis (37,38). It
has been shown that radiation-induced
production of proinflammatory cytokines
in the blood, peripheral lymphoid tissues,
and lungs contributed to the disorders as-
sociated with radiation injury (39–41).
Ran et al. showed that serum levels of
TNF-α and IL-6 were increased signifi-
cantly after 12-Gy γ radiation followed by
30% body surface burn in the rat (42).
Similarly, the current study also shows
that the production of TNF-α and IL-6
was elevated significantly after radiation
injury combined with severe sepsis. Since
administration of a specific ghrelin recep-
tor antagonist increased proinflammatory
cytokine release in normal animals
(21,26), the acute ghrelin deficiency after
RCI may have contributed to local and
systemic inflammatory derangements
after RCI.
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Figure 6. Alterations in the survival rate
during 10 d after radiation combined in-
jury (RCI) treatment by normal saline treat-
ment (Vehicle) or human ghrelin treat-
ment (Ghrelin). There were 16 animals in
each group. The survival rate was esti-
mated by the Kaplan–Meier method and
compared by using the log-rank test. *P <
0.05 versus Vehicle.

Figure 7. Alterations in plasma levels of nor-
epinephrine (NE) at 20 h after radiation
combined injury (RCI) with treatment by
normal saline (Vehicle) or human ghrelin
(Ghrelin) or sham operation (Sham). Data
are presented as means ± SE (n = 6/group)
and compared by ANOVA and Student-
Newman-Keuls method: *P < 0.05 versus
Sham group; #P < 0.05 versus Vehicle
group.

Table 1. Effects of sham vagotomy or vagotomy on serum levels of AST, ALT, LDH, lactate,
and creatinine in sham operated animals (Sham) and septic animals treated with normal
saline (Vehicle) or ghrelin (Ghrelin) at 20 h after radiation combined injury (RCI).

Sham RCI-Vehicle RCI-Ghrelin

AST (IU/L) Sham vagotomy 30 ± 2.4a 139 ± 6.0b 70 ± 5.0bc

Vagotomy 35 ± 1.4 166 ± 8.0b 166 ± 7.0b

ALT (IU/L) Sham vagotomy 18 ± 0.9 79 ± 3.3b 42 ± 2.1bc

Vagotomy 18 ± 1.0 78 ± 2.9b 75 ± 2.9b

LDH (U/L) Sham vagotomy 561±60.3 2526 ± 145.3b 1092 ± 88.5bc

Vagotomy 601 ± 36.7 2403 ± 176.6b 2198 ± 172.0b

Lactate (mg/dl) Sham vagotomy 14 ± 1.4 30 ± 2.8b 22 ± 1.2bc

Vagotomy 16 ± 1.0 30 ± 2.4b 29 ± 2.3b

Creatinine (mmol/L) Sham vagotomy 0.5 ± 0.03 2.5 ± 0.28b 1.6 ± 0.18bc

Vagotomy 0.6 ± 0.07 2.6 ± 0.21b 2.7 ± 0.09b

aData are presented as means ± SE (n = 6/group) and compared by ANOVA and Student-
Newman-Keuls method.
bP < 0.05 versus respective Sham group.
cP < 0.05 versus respective Vehicle group.



Our previous studies have shown that
rat ghrelin is beneficial in rat models of
polymicrobial sepsis (20,21). Human ghre-
lin is a 28 amino acid peptide with a fatty
acid chain modification on the N-terminal
third amino acid (17,43). Rat ghrelin dif-
fers from human ghrelin by two amino
acids (17). The antigenicity of rat proteins
in humans prevents the use of rat ghrelin
in humans. Therefore, human ghrelin
must be tested in rats before these findings
can be verified in humans. Our current re-
sults clearly demonstrated that human
ghrelin administration inhibited proin-
flammatory cytokine release, reduced neu-
trophil infiltration, attenuated organ in-
jury, and improved survival after RCI in
rats. In this regard, we have overcome one
major obstacle hampering the develop-
ment of ghrelin as a therapeutic agent for
sepsis in human radiation victims.

Although the detailed mechanism of
ghrelin’s beneficial effect after RCI war-
rants further investigation, our results
have indicated it might involve ghrelin
receptors in the central nervous system. It
is now widely accepted that the nervous
system reflexively regulates the inflam-
matory response in real time (44,45). Our
previous studies have indicated that the
release of the sympathetic neurotransmit-
ter, norepinephrine (NE), from the small
intestine is increased in sepsis, and that

NE potentiates endotoxin-induced TNF-α
upregulation via the A subtype of α2-
adrenoceptors expressed on the surface of
Kupffer cells (44). Ghrelin has sympa-
thoinhibitory properties. Recent studies
have shown a decrease in the sympa-
thetic nerve activity in brown adipose tis-
sues and kidneys after intravenous or in-
tracerebroventricular injection of ghrelin
(46–48). Ghrelin decreases plasma NE
levels by 42% in patients with chronic
heart failure (48). Our recent study has
shown that ghrelin reduces NE levels and
the downregulatory effect of ghrelin on
proinflammatory cytokines can be re-
versed by coadministration of NE (21,26).
In the current study, we also show that
administration of human ghrelin de-
creased plasma NE levels by 35%. In this
regard, human ghrelin’s beneficial effect
after RCI may be due partially to its mod-
ulation of the overstimulated sympathetic
nerve activation. Moreover, ghrelin acti-
vates the vagus nerve and vagal blockade
abolishes ghrelin-induced feeding and
growth hormone secretion (49). Stimula-
tion of the vagus nerve can attenuate sys-
temic inflammatory responses rapidly
through inhibiting the activation of
macrophages and endothelial cells
(44,45). Our previous studies have shown
that the antiinflammatory effect of ghre-
lin requires the intact vagus nerve, as

vagotomy prevents its beneficial effects in
sepsis and gut ischemia reperfusion in-
jury (18,50). Similarly, our present study
also indicates that the intact vagus nerve
is required for human ghrelin’s beneficial
effects after RCI. In this regard, the pro-
tective effect of human ghrelin after radi-
ation combined injury might be attrib-
uted to rebalancing the dysregulated
sympathetic/ parasympathetic nervous
systems. Since ghrelin has been shown to
increase neuronal activity dose-depend-
ently (51–53), we believe that the protec-
tive effect of ghrelin after RCI should be
in a dose-dependent manner.

In conclusion, our current results dem-
onstrate that human ghrelin has many
beneficial effects, such as reduction of
organ injury markers, attenuation of cy-
tokine release, inhibition of neutrophils
infiltration, and decrease in the mortality
rate in animals after RCI. This informa-
tion is promising, showing that the early
administration of human ghrelin has the
potential to be a safe and effective treat-
ment in individuals exposed to radiation
combined injury. The protective effect of
human ghrelin appears to be attributed to
rebalancing the dysregulated sympathetic/
parasympathetic nervous systems. With
the results we have obtained, we hope to
further pursue human ghrelin as a safe
and effective treatment against radiation
combined injury. In our future studies,
we will determine how radiation itself af-
fects the consequence of a septic insult
and the optimal dose(s) of ghrelin after
radiation combined injury.
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Table 2. Effects of sham vagotomy or vagotomy on serum levels of TNF-α, IL-6, as well as
myeloperoxidase (MPO) activities in the intestine, lungs and kidneys in sham operated
animals (Sham) and septic animals treated with normal saline (Vehicle) or ghrelin (Ghrelin)
at 20 h after radiation combined injury (RCI).

Sham RCI-Vehicle RCI-Ghrelin

TNF-α (pg/mL) Sham vagotomy 46 ± 9.0a 83 ± 5.6b 53 ± 4.2bc

Vagotomy 51 ± 6.7 83 ± 4.4b 78 ± 4.5b

IL-6 (pg/mL) Sham vagotomy 41 ± 1.9 1507 ± 120.1b 670 ± 64.0bc

Vagotomy 37 ± 4.2 1335 ± 85.3b 1417 ± 109.6b

Intestinal MPO (μU/mg) Sham vagotomy 1.2 ± 0.08 28.1 ± 3.27b 14.6 ± 1.08bc

Vagotomy 1.2 ± 0.13 29.9 ± 2.90b 31.0 ± 1.96b

Pulmonary MPO (μU/mg) Sham vagotomy 1.0 ± 0.14 23.3 ± 2.03b 15.1 ± 1.34bc

Vagotomy 1.3 ± 0.14 24.9 ± 2.49b 23.9 ± 2.41b

Renal MPO (μU/mg) Sham vagotomy 1.8 ± 0.21 11.4 ± 0.86b 5.5 ± 0.58bc

Vagotomy 1.6 ± 0.27 10.3 ± 0.95b 11.5 ± 1.39b

aData are presented as means ± SE (n = 6/group) and compared by one-way analysis of
variance (ANOVA) and Student-Newman-Keuls method.
bP ± 0.05 versus respective Sham group.
cP < 0.05 versus respective Vehicle group.



be perceived to influence the results and
discussion reported in this paper.
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