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Abstract

Intestinal barrier breakdown following traumatic brain injury (TBI) is characterized by increased intestinal per-
meability, leading to bacterial translocation, and inflammation. The hormone ghrelin may prevent intestinal injury
and have anti-inflammatory properties. We hypothesized that exogenous ghrelin prevents intestinal injury fol-
lowing TBIL. A weight-drop model created severe TBI in three groups of anesthetized Balb/c mice. Group TBI:
animals underwent TBI only; Group TBI/ghrelin: animals were given 10 ug of ghrelin intraperitoneally prior and
1h following TBI; Group sham: no TBI or ghrelin injection. Intestinal permeability was measured 6 h following TBI
by detecting serum levels of FITC-Dextran after injection into the intact ileum. The terminal ileum was harvested
for histology, expression of the tight junction protein MLCK and inflammatory cytokine TNF-o. Permeability
increased in the TBI group compared to the sham group (109.7 +21.8 ug/mL vs. 32.24+10.1 ug/mL; p < 0.002).
Ghrelin prevented TBI-induced permeability (28.3 & 4.2 ug/mL vs. 109.7 & 21.8 ug/mL; p < 0.001). The intestines of
the TBI group showed blunting and necrosis of villi compared to the sham group, while ghrelin injection preserved
intestinal architecture. Intestinal MLCK increased 73% compared to the sham group (p < 0.03). Ghrelin prevented
TBIl-induced MLCK expression to sham levels. Intestinal TNF-o increased following TBI compared to the sham
group (46.2+£7.1pg/mL vs. 24.4+22pg/mL p <0.001). Ghrelin reduced TNF-o to sham levels (29.2 £ 5.0 pg/mL;
p =NS). We therefore conclude that ghrelin prevents TBI-induced injury, as determined by intestinal permeability,
histology, and intestinal levels of TNF-a. The mechanism for ghrelin mediating intestinal protection is likely
multifactorial, and further studies are needed to delineate these possibilities.
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Introduction

ON-NEUROLOGIC PHYSIOLOGIC ALTERATIONS are known

to occur following traumatic brain injury (TBI), includ-
ing systemic inflammation, autonomic dysfunction, and end
organ dysfunction, primarily involving the cardiovascular,
respiratory, and gastrointestinal (GI) systems (Baguley et al.,
2008; Kao et al., 1998). Patients manifesting post-TBI GI dys-
function have increased morbidity and longer periods of
hospitalization; therefore, treatment modalities targeting
prevention of GI dysfunction have important clinical impli-
cations (Cook et al., 2008; Kemp et al., 2008). Previously, we,
along with others, have shown, in a mouse model, that TBI
causes GI dysfunction characterized by increased intestinal
permeability and marked mucosal injury, which was con-
firmed by intestinal histology (Bansal et al., 2009; Feighery

et al., 2008; Hang et al., 2003). Furthermore, expression of the
intestinal tight junction proteins, ZO-1 and occludin, decrease
following TBI, which may explain, at least in part, the ob-
served increase in intestinal permeability (Bansal et al., 2009).

The orexigenic hormone ghrelin, described in 1999, has
been shown to have several anti-inflammatory properties in
addition to its known effect on pituitary regulation, hunger,
and satiety (Kojima et al., 1999; Waseem et al., 2008). Wu and
colleagues (2007) have shown that exogenous ghrelin de-
creases levels of the pro-inflammatory cytokines IL-1 and IL-6
following sepsis. In another study, exogenous ghrelin has also
been shown to ameliorate intestinal barrier dysfunction in-
duced in a murine sepsis model (Wu et al., 2009). The ghrelin
receptor (GHR) has been localized to the dorsal motor nu-
cleus of the vagus (DMNV), hypothalamus, midbrain, and
brainstem of the rat, indicating that ghrelin may regulate
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autonomic function such as cardiopulmonary and GI homeo-
stasis (Qiu et al., 2008; van der Lely, 2009). The effects of ghrelin
on GI dysfunction following TBI have never been reported. We
hypothesize that exogenous ghrelin prevents intestinal injury
and inflammation, reduces intestinal permeability, and re-
stores tight junction protein alterations following TBIL

Methods
Mouse TBI model

Animal experiments, including anesthesia, TBI, and recu-
peration, were approved through the university Institutional
Animal Care and Use Committee (Approval #508110). Male
Balb/c mice (20-24g) were obtained commercially (The
Jackson Laboratory, Sacramento, CA) and placed under a 12-h
light/dark cycle. A weight-drop TBI model, as previously de-
scribed, was used to cause a right-sided cerebral contusion
(Bansal et al., 2009; Stahel et al., 2000). Briefly, animals were
anesthetized with 3% inhaled isoflurane. Each animal (n = 6-8
per group) was manually secured and its head shaved with an
electric clipper, after which a vertical incision was made over
the cranium and, using a surgical drill, a burr hole, 4mm in
diameter, 1 mm lateral and 1 mm posterior to the bregma, was
created to expose the dura mater. A 250-g metal rod was
dropped from a height of 2cm onto the exposed dura mater.
The incision was closed with vet bond, and buprenorphine
(100 uL) was injected subcutaneously for analgesia in all animal
groups. Food and water were provided ad libitum.

Ghrelin administration

Animals in the ghrelin group (1 = 8) received two doses of
ghrelin (10 ug) intraperitoneally (i.p.) immediately prior to
and 1h after TBL. The dosing and timing of ghrelin adminis-
tration was determined from previous experiments showing
that i.p. ghrelin has a rapid onset of action and its response is
potentiated by a second i.p. injection within 4h (Qiu et al,,
2008; Wren et al., 2000).

Histological evaluation

Segments of terminal ileum previously stored in formalin
were embedded in paraffin blocks. Sections were cut, placed
onto glass slides, and stained with hematoxylin-eosin (Thermo
Scientific, Portsmouth, NH). Images were later obtained using
Q-imaging software and an Olympus IX70 light microscope at
varying magnifications. A pathologist, blinded to the groups,
examined each terminal ileum specimen and scored each
specimen using a modified histopathologic score by Cuzzocrea
and colleagues (2002). A scale of 0-3 was used to assess intes-
tinal damage: 0 = normal, no damage; 1 = mild, focal epithelial
edema and necrosis; 2 = moderate, diffuse swelling or necrosis
of the villi; 3 = severe, diffuse necrosis of the villi, with evidence
of neutrophil infiltration in the submucosa/hemorrhage.

In vivo intestinal permeability assay

Animals underwent an in vivo intestinal permeability assay
at 6h following TBI according to methods previously de-
scribed (Bansal et al., 2009; Costantini et al., 2008). At 6h
following TBI + ghrelin or sham operation, animals were an-
esthetized by inhaled isoflurane. A midline laparotomy was
performed, the cecum was located, and a 5-cm segment of
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terminal ileum was isolated between silk ties. Previously
prepared FITC-Dextran (25mg 4.4kDa FITC-Dextran in
200 uL PBS) was injected into the lumen of the isolated ileum.
The eviscerated intestine was returned into the abdominal
cavity, and the abdominal wall was closed with 3-0 silk stit-
ches. At 30 min following the injection, blood was collected by
cardiac puncture. Blood samples were placed into heparin-
ized Eppendorf® tubes and centrifuged at 10,000¢ for 10 min.
Plasma was removed and subsequently assayed using a
SpectraMax M5 fluorescence spectrophotometer (Molecular
Devices, Sunnyvale, CA) to determine the concentration of
FITC-Dextran. A standard curve for the assay was obtained
through the serial dilution of FITC-Dextran in mouse serum.

Immunoblotting

Samples of terminal ileum in the sham group or 6h fol-
lowing TBI & ghrelin were homogenized in a 500-uL solution
containing ice-cold tissue protein extraction reagent (TPER)
with 1% protease inhibitor and 1% phosphatase inhibitor
(Pierce Biotechnology, Rockford, IL). The homogenates were
centrifuged at 10,000¢ for 5min, and the supernatant was
collected. The protein concentration of each sample was de-
termined using the BCA assay kit (Pierce Biotechnology)
and Western blots were performed by separating proteins
with SDS-polyacrylamide gel electrophoresis using 8-16%
Tris-Glycine polyacrylamide gels (Invitrogen, Carlsbad, CA).
Proteins were transferred onto nitrocellulose membranes (In-
vitrogen) and blocked with 5% bovine serum albumin (BSA)
in Tris-buffered saline (TBS)/Tween 20. Membranes were in-
cubated in primary anti-mouse antibody prepared in 5% BSA
(1:500) for MLCK (Sigma-Aldrich, St. Louis, MO). Membranes
were incubated with secondary antibody, horseradish peroxi-
dase-linked anti-mouse IgG (1:2000; Cell Signaling, Danvers,
MA) prepared in 5% BSA blocking solution. The selection and
concentration of antibodies were optimized from previous
studies (Costantini et al., 2008; Costantini, Loomis, et al., 2009).
Membranes were incubated with Pierce Supersignal West Pico
Chemiluminescent Kit for 3 min prior to detection of lumines-
cence using the Xenogen IVIS Lumina imaging system (Caliper
Life Sciences, Mountain View, CA). The mean pixel density of
each gel was estimated using UN-SCAN-IT Gel Digitizing
software (Silk Scientific, Orem, UT). The relative band density
of each band was calculated by dividing the pixel density by
the mean pixel density of the sham samples.

Measuring intestinal TNF-o.

Protein was extracted from the terminal ileum by homog-
enizing tissue in 500 uL of ice-cold tissue protein extraction
reagent (T-PER) containing 1% protease inhibitor and 1%
phosphatase inhibitor (Pierce Biotechnology). Homogenates
were centrifuged at 10,000¢ for 5min. The supernatant was
obtained and stored at —70°C. Intestinal TNF-o. were mea-
sured in the sham group and at 2, 4, and 6h following
TBI + ghrelin administration using a commercially available
ELISA assay (R&D system, Minneapolis, MN). Values are
reported as pg/mL.

Statistical analysis

Values are expressed as mean = standard error of the
mean (SEM). The statistical significance among groups was



GHRELIN PREVENTS TBI-INDUCED GUT DYSFUNCTION

determined by a two-tailed ¢ test, and a p value < 0.05 was
considered statistically significant. Comparison of intestinal
histopathologic scores and Western blot band densities were
determined by the Mann-Whitney U test.

Results
Histopathologic evaluation

The terminal ileum was harvested 6 h following sham, TBI,
and TBI + ghrelin for histologic analysis using H&E staining.
Sham animals had normal-appearing villi with consistent
villous height, whereas intestinal specimens from TBI animals
were notable for marked blunting of intestinal villi with ar-
chitectural deformity, villi necrosis, and the presence of neu-
trophils at the base of the villi (Fig. 1). Ghrelin-treated TBI
animals did not have significant evidence of intestinal injury
nor architectural deformity, with an appearance consistent to
that of the sham group. The mean intestinal injury was
markedly increased in the TBI group (2.8 +0.4) when com-
pared to the TBI+ ghrelin group (1.3+0.2; p=0.01) and the
sham group (1.0 £0.0; p=0.001).

Intestinal permeability

In vivo intestinal permeability was determined 6 h follow-
ing sham, TBI, or TBI + ghrelin by spectrophotometric mea-
surement of plasma following intraluminal injection of
44kDa FITC-Dextran (Fig. 2). Serum FITC-Dextran was
markedly increased in TBI compared to the sham group
(109.7 £21.8 ug/mL vs. 22.2 £ 0.3 ug/mL; p < 0.002). Ghrelin
prevented TBI-induced intestinal permeability (28.3 4.2 ug/
mL vs. 109.7 £21.8 ug/mL; p < 0.001).

MLCK expression

Intestinal MLCK was measured 6 h following sham, TBI, or
TBI + ghrelin by Western immunoblotting. At 6h following
TBI, intestinal MLCK increased by 73% when compared to
sham animals (p <0.03). Ghrelin administration prevented
TBI-induced MLCK expression to levels of the sham group.
Graphical representation of relative band densities and rep-
resentative Western blots are shown in Figure 3.

Levels of intestinal TNF-o

In order to quantify intestinal inflammation, levels of the
cytokine TNF-x were measured by ELISA in intestinal extracts
at 2, 4, and 6h following sham and TBI+ ghrelin (Fig. 4).
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Compared to the sham group (24.4+2.2pg/mL), animals
undergoing TBI had a consistent increase in intestinal TNF-o
at each time point (2h: 38.1+4.3pg/mL; 4h: 42.7 + 1.6 pg/
mL; 6h: 46.2+7.1pg/mL; p <0.001). For animals receiving
i.p. ghrelin following TBI, intestinal TNF-« initially increased
at2h (35.1+£6.6 pg/mL) and 4h (34.8 8.2 pg/mL), but lev-
els were restored to that of the sham group at 6h
(29.2+5.0pg/mL; p=NS).

Discussion

Ghrelin, a 28 amino-acid peptide, was originally purified
from the rat stomach in 1999 and was subsequently found in
humans (Kojima et al., 1999). Initially, the function of ghrelin
was thought to be limited only as an endocrine mediator,
initiating and regulating hunger and food intake. This led
several investigators to postulate that antagonizing the GR
would promote weight loss and control obesity by hunger
suppression (Gura, 2003). Later research indicated that ghre-
lin has an important role in pituitary hormone regulation and
GI homeostasis. Given the widespread anatomic and cellular
distribution of the GR, a variety of endocrine and paracrine
functions likely exist (Wu et al., 2009). For example, ghrelin
has been shown to improve intestinal motility and gastric
emptying following abdominal operations and large body
surface area burns (Sallam et al., 2007). More recently, ghrelin
has been shown to have potent anti-inflammatory properties.
In a study by Wu and colleagues (2009), intravenous ghrelin
injections in septic rats decreased intestinal permeability and
bacterial intestinal translocation. The authors also demon-
strated that High-mobility group box 1 (HMGB-1), a potent
mediator of sepsis lethality, decreased in ghrelin-treated ani-
mals. To our knowledge, the specific systemic and GI ef-
fects of ghrelin following TBI have not been previously
studied. Therefore, it was our objective to test whether ex-
ogenous ghrelin administration would prevent TBI-induced
GI dysfunction.

TBI and torso trauma cause significant alterations and im-
pairment to the GI system, illustrated by Cushing’s ulceration,
intestinal paralysis (ileus), and the breakdown of intestinal
epithelium and cellular tight junction integrity (Lenz et al.,
2007). The molecular basis explaining increased gut perme-
ability and alteration in intestinal architecture following TBI is
now being investigated. Intestinal tight junctions form the
barrier between intestinal epithelial cells, which protects
neighboring tissue from the bacterial and toxic contents lo-
cated within the intestinal lumen (Schneeberger and Lynch,

FIG. 1. Terminal ileum H&E staining (all images are 60xmagnification, bar =100 ym). (A) Sham terminal ileum showing
normal villi and consistent villous height (mean injury = 1.0 & 0.0). (B) TBI terminal ileum specimens were notable for marked
intestinal villi blunting, villi necrosis, and neutrophil infiltration (mean injury =2.8 +0.4). (C) Ghrelin-injected TBI animals
showed no evidence of intestinal necrosis nor architectural deformity, with an appearance consistent to that of the sham

group (mean injury =1.3+0.2; p=0.01).
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FIG. 2. In vivo intestinal permeability determined by in-

traluminal injection of 4.4kDa FITC-Dextran and plasma
spectrophotometric detection 6h after injury (n=6 in each
group). Intestinal permeability was increased in the TBI
group compared to the sham group (109.7 £21.8 ug/mL vs.
22.2+0.3 pug/mL; p < 0.002). Ghrelin prevented TBI-induced
intestinal permeability to that of sham levels (28.3 £4.2 ug/mL
vs. 109.7 £21.8 ug/mlL; *p < 0.001).

2004). Tight junction proteins regulate the permeability of an
intact intestinal barrier. We have previously reported that TBI
decreases the expression of the tight junction proteins, ZO-1
and occludin (Bansal et al., 2009). In this study, we chose to
analyze the expression of MLCK, since injury to the intestinal
epithelial cell leads to the activation of MLCK, a key upstream
regulator of tight junction permeability. Activation and in-
creased expression of MLCK leads to cytoskeletal contraction
of peri-junctional actin, which consequently leads to increased
intestinal permeability. Previous investigators have reported
that TNF-o increases transcription and activation of MLCK, in
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FIG. 3. Intestinal MLCK expression was measured by

Western immunoblotting and quantified by relative band
densities (n=8 in each group). Following TBI, intestinal
MLCK increased by 73% when compared to sham animals
(*» <0.03). Ghrelin administration prevented TBI-induced
MLCK expression to levels of the sham group. A represen-
tative Western blot shows relative MLCK expression ac-
cordingly (S=sham, T=TBI, T+ G =TBI + ghrelin).
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FIG. 4. TNF-o as measured by ELISA in intestinal extracts
at 2-, 4-, and 6-h intervals following injury (n=6 in each
group). Intestinal TNF-a increased in TBI animals at each
hourly interval (2h: 38.1+4.3 pg/mL; 4h: 42.7+ 1.6 pg/mL;
6h: 46.2+7.1pg/mL; *p <0.001). For animals receiving i.p.
ghrelin following TBI, intestinal TNF-o initially increased at
2h (35.1+6.6pg/mL) and 4h (34.8 8.2 pg/mL), but levels
were restored to that of the sham group at 6 h (29.2 £ 5.0 pg/mL;
p=NS).

cultured intestinal epithelial cells, with a similar increase in
magnitude as detailed in our study (Graham et al., 2006).
Using a severe burn model, Costantini, Loomis, and col-
leagues (2009) and Costantini, Peterson, and colleagues (2009)
have shown that modulating inflammation by the drug pen-
toxifylline, which has been shown to decrease TNF-z, atten-
uates MLCK expression and prevents burn-induced intestinal
permeability. The authors also showed that decreased MLCK
expression correlated with a decrease in the inflammatory
cytokine IL-6. Systemic inflammation, measured by an in-
crease in inflammatory cytokines, may play a significant role
in physiologic homeostasis. Pro-inflammatory cytokines
(TNF o, IL-1, IL-6, IL-12) are increased, often immediately
following either TBI, burns, or severe torso trauma (Hang
et al., 2005; Kemp et al., 2008; Lenz et al., 2007). Unlike other
studies that examine TBI-induced intestinal and inflamma-
tory changes at later time points, we studied the early effects
of TBI on intestinal injury. For this reason, TNF-« is the ideal
inflammatory cytokine, since it rises acutely following TBI
and tends to plateau at 6 h (Bansal et al., 2010). This increased
inflammatory milieu may manifest as the set of physiologic
changes coined the systemic inflammatory response (SIRS),
which can lead to micro-thrombosis, decreased tissue perfu-
sion, tissue injury, and eventually sepsis and death (Swank
and Deitch, 1996). Our current investigative efforts focus on
how TBI acutely disrupts the neuroenteric axis, rapidly
leading to intestinal barrier dysfunction. Future studies are
being designed to elucidate TBI-induced brain edema and
inflammation, and how specific changes may lead to gastro-
intestinal dysfunction. The intestine is important in the cycle
of organ hypoperfusion, and in particular may serve as a
“window” into global body homeostasis. In an analysis of
post-TBI intestines, Hang and colleagues (2005) have shown
the importance of a localized inflammatory response medi-
ated by an increase in nuclear factor kappa B activation, and
intestinal concentrations of TNF-« and IL-6. We have also
shown an increase in intestinal TNF-u within hours following
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TBI (Bansal et al., 2010). Experiments targeted to decrease
post-TBI inflammation have been shown to prevent intestinal
injury. Recently, we have demonstrated that electric vagal
stimulation can decrease TNF-u following TBI, similar to the
decrease in sepsis first demonstrated by Tracey and colleagues
(2007). Similarly, other investigators have demonstrated that
exogenous glutamine and progesterone, administered fol-
lowing TBI, decrease IL-1, TNF-«, and IL-6 levels in both in-
testinal and brain tissue (Chen, Shi, Jin, et al., 2008; Chen, Shi,
Qi, et al.,, 2008). Since ghrelin has been shown to have anti-
inflammatory properties and ghrelin mediates intestinal ho-
meostasis, it was our hypothesis that ghrelin would protect
against GI dysfunction caused by TBI.

In this study, we report that exogenous ghrelin prevents
intestinal injury, as determined by histology, conserves in-
testinal barrier function, as measured by preserving intestinal
permeability and decreased MLCK expression, and decreases
local inflammation, as evidenced by decreased intestinal TNF-
a. These findings are consistent with other models of intestinal
injury. In a mouse model of colitis, Gonzalez-Rey and col-
leagues (2006) have shown that i.p. ghrelin restored intestinal
epithelium, improved survival, and increased food intake and
mouse body weight. The mechanism behind these observa-
tions may be explained by either ghrelin’s endocrine effects on
the central nervous system or by the direct anti-inflammatory
effects via GRs located on resident monocytes and T-cells of
either intestinal tissue or circulating in the blood. In a rat
sepsis model, Wu and colleagues (2007) reported that exoge-
nous ghrelin decreased inflammatory cytokines likely by
centrally stimulating the parasympathetic nervous system.
Consequently, vagotomized animals did not have a ghrelin
mediated decrease in TNF-o or IL-6 following sepsis. Simi-
larly, Zhang and colleagues (2004) have reported that ghrelin
administration increases neurogenesis and neuron prolifera-
tion of the DMNYV, suggesting that ghrelin may have potent
regulatory effects on DMNV function. Ammori and col-
leagues (2008) have shown that chemically induced colitis
decreased DMNV proliferation and that exogenous ghrelin
administration ameliorates these effects. If ghrelin effectively
promotes neuron proliferation following experimentally in-
duced intestinal inflammation, it is interesting to demonstrate
conversely that ghrelin prevents intestinal dysfunction fol-
lowing TBI. Under the neuroenteric axis paradigm, commu-
nication between the brain and the gut (or vice versa) may be
modulated by the enteric nervous system, or chemical sig-
naling through neuroendocrine hormones such as ghrelin
(Camilleri and Chang, 2008). Ghrelin readily passes through
the blood-brain barrier, and GRs have been localized
throughout brain tissue, including the hypothalamus, sub-
stantia nigra, pituitary, and other regions (Chung et al., 2007).
Miao and colleagues (2007) have shown that exogenous
ghrelin has a neuroprotective effect following cerebral ische-
mia and reperfusion, decreasing neouronal apoptosis and
reducing total infarct volume after the ischemic insult. Similar
to our study, Ersahin and colleagues (2010) have shown that
intraperitoneally injected ghrelin reduced serum TNF-o and
IL-1, brain edema, and cerebral myeloperoxidase activity
following subarrachnoid hemorrhage in a rat. We recognize
that our current study design administers ghrelin both pre-
ceding and post TBI, thus mitigating the potential relevance as
a pharmacologic treatment. However, the preexisting endo-
crine profile of a patient (or experimental animal model for
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that matter) before physiologic stress likely plays an impor-
tant role in outcomes. Recently, Koch and colleagues (2010)
demonstrated that higher endogenous ghrelin levels corre-
lated with increased survival in critically ill patients. This is in
addition to several publications showing the importance of
endocrine and metabolic profiles as a prognosticator of out-
comes following trauma or sepsis (Grimble, 2010). Given
these studies, it is plausible that ghrelin may be neuropro-
tective following TBI, which consequently prevents intestinal
dysfunction through a preserved neuroenteric axis. Future
studies including the use of ghrelin receptor knockout mice,
ghrelin receptor antagonists, and perhaps abdominal vagot-
omy preceding TBI and ghrelin administration need to be
conducted to delineate this intriguing possibility.

In summary, we have observed that exogenous ghrelin
prevents TBI-induced intestinal permeability, intestinal in-
jury, and decreased intestinal inflammation. The mechanism
for ghrelin mediating intestinal protection after TBI is com-
plex and underscores the need for further research.
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