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Abstract: Sepsis and septic shock are the leading causes of death in intensive care units. Approxi-
mately 40%-70% of the mortality is associated with severe sepsis and septic shock. Systemic
antibiotic usage, surgical intervention, aggressive fluid resuscitation and careful monitoring
are common measures currently used to treat sepsis. Despite the advances in the understand-
ing of the pathophysiology of sepsis, very little progress has been made towards therapeutic
interventions. Recently we have shown that ghrelin, a stomach-derived peptide which is an
endogenous ligand for the growth hormone secretagogue receptor (GHSR-1a), is beneficial in
attenuating the inflammatory response, organ injury and mortality in an experimental model of
polymicrobial sepsis induced by cecal ligation and puncture (CLP). In this review, we describe
the mechanism of action of ghrelin in sepsis, highlight the role ghrelin plays in attenuating the
hepatic dysfunction induced by sepsis and septic shock and suggest in developing ghrelin as a
potential therapy for sepsis.
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Introduction

Sepsis and septic shock continue to be common causes of death in intensive care units.
Septic shock and multi-organ dysfunction are the predominant causes of death in patients
with sepsis. The incidence of severe sepsis in the United States is estimated to be 750,000
cases per year and continues to increase at a rate of 1.5% annually.! Approximately
40%-70% of the mortality rate is associated with severe sepsis and septic shock.? Despite
advances in the understanding of the pathophysiology of sepsis, very little improvement
has been made in therapeutic interventions. In this review, we provide a brief overview
of the pathophysiology of sepsis as it relates to hepatic dysfunction and describe the
preclinical studies detailing the mechanism of action of ghrelin, a novel stomach-derived
peptide that could be developed as a potential therapy for sepsis.

Hepatic dysfunction in sepsis

Due to its integral role in metabolism and host defense mechanisms, liver is believed to
be the major organ responsible for initiating multiple organ failure during sepsis.® The
cardiovascular responses to polymicrobial sepsis induced by cecal ligation and puncture
(CLP) in rats is characterized by an early hyperdynamic phase (2—5 hours after CLP)
associated with the increased cardiac output and decreased vascular resistance followed
by a late phase (20 hours after CLP) which involved the decreased cardiac output and
increased vascular resistance.’ Previous studies have indicated that hepatic function
is depressed early after the onset of sepsis during the hyperdynamic response phase.*
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This hepatic dysfunction is a consequence of the upregulated
pro-inflammatory cytokine production by the Kupffer cells,
the resident macrophages of the liver.>”’

Upregulation of cytokines is, in part, caused by the
increased release of the sympathetic neurotransmitter,
norepinephrine (NE) from the gut during sepsis. This is evi-
denced by our studies® and others® which show that peripheral
sympathetic activity increases during sepsis resulting in the
elevation of plasma levels of NE. In addition, enterectomy
prior to onset of sepsis markedly reduced circulating levels
of NE.' This indicates that the gut is the major source of
NE release during sepsis. About 50% of the NE released in
the body is produced by the sympathetic fibers in the gut.'"!?
Interestingly, NE levels in the portal blood during sepsis are
significantly higher than those in the systemic circulation.
Intraportal infusion of NE in vivo increased TNF-o release
and was inhibited by co-infusion with yohimbine, a non-
specific antagonist of the o -adrenoceptor." Cellular levels
of TNF-o. in Kupffer cells were also significantly increased
following intraportal NE infusion and were inhibited by
co-infusion with yohimbine.

The increase in TNF-o release was abrogated by co-
administration of intraportal infusion of NE and the specific
0.,, antagonist, BRL-4408 maleate."* Kupffer cells isolated
from rats during early sepsis (2 hours after CLP) exhibited
marked increase in o.,,-adrenoceptor mRNA expression.'
Recently, we showed that mitogen activated protein kinase
(MAPK) phospatase-1 (MKP-1) is significantly decreased
in the liver during sepsis and this decrease is correlated at
least in in vitro, by the activation of NE on Kupffer cells.” In
addition, intraportal infusion with NE in vivo in normal rats
significantly decreased MKP-1 mRNA expression.'® These
studies collectively suggest that NE released from the gut
during the early stage of sepsis travels through the portal
vein, binds to o, ,-adrenoceptor on Kupffer cells, possibly
down regulates MKP-1 leading to uncontrolled activation of
MAPKSs, and facilitates the increased production of TNF-ou
thereby causes hepatic dysfunction (Figure 1).

Role of ghrelin in sepsis

Ghrelin was first identified from the rat stomach about a
decade ago'® and has demonstrated to be a strong stimula-
tor of growth hormone secretion in the rat and human.!”*
Ghrelin mediates its effects by binding to the growth hormone
secretagogue receptor-la (GHSR-1a) and it is an endog-
enous ligand for this receptor. It has been also regarded as
a potent vasodilatory peptide.” Intravenous administration
of ghrelin in healthy human volunteers produced significant

reduction in peripheral vascular resistance and increased
cardiac output without any significant change in heart rate.?!
These cardiovascular responses mimic the hyperdynamic
phase that is generally observed in the early stage of sepsis.?
The primary challenge in sepsis, however, is to prevent the
transition from the early hyperdynamic phase to the late
hypodynamic phase.

Since ghrelin has vasodilatory properties, we sought to
determine whether ghrelin or its receptor, GHSR-1a, plays
any role in the cardiovascular response to sepsis. Our study
showed that while ghrelin levels decreased both at 5 hours
and 20 hours after CLP, GHSR-1a mRNA expression was
markedly elevated in early sepsis. Ghrelin-induced relaxation
was also increased significantly during early sepsis but was
not altered in late sepsis. These results suggest GHSR-1a
expression is upregulated and vascular sensitivity to ghre-
lin stimulation is increased in the hyperdynamic phase of
sepsis.? Others have also shown that plasma ghrelin levels
were significantly decreased in an animal model of endotox-
emia as well.”? Therefore, these studies imply that ghrelin
could be used as a treatment for sepsis.

Ghrelin has been reported to downregulate cytokines
in human endothelial cells.?* However, the major source of
inflammatory cytokines in sepsis are macrophages.? In this
regard, studies have demonstrated that treatment with ghrelin
in a rat model of endotoxemia significantly decreased cir-
culating levels of cytokines.?® Based on this knowledge, we
sought to determine whether ghrelin can alter cytokine levels
in CLP-induced sepsis. Our study showed that intravenous
administration of ghrelin starting at 5 hours after CLP for
15 hours, markedly reduced both TNF-o and interleukin (IL)-
6 plasma and peritoneal fluid levels.?” These studies provided
preclinical evidence that ghrelin is a beneficial therapeutic
agent for sepsis.

Mechanism of action of ghrelin in sepsis

Although the beneficial role of ghrelin in downregulating
cytokines was reported in several studies,****?7 the mecha-
nism of action of ghrelin in sepsis has only been unraveled
within the last few years. In this regard, whether the beneficial
effect of ghrelin is mediated by its receptors on macrophages
(Kupffer cells and peritoneal macrophages) was explored by
us.?” To test the hypothesis, we treated Kupffer cells and peri-
toneal macrophages with lipopolysaccharide (LPS), a potent
stimulator of cytokine production. When these cells were
treated with LPS alone, as expected, a dramatic increase in
TNF-oand IL-6 levels were observed. In contrast, when these
cells were co-incubated with ghrelin and LPS, TNF-a and
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Figure | Polymicrobial sepsis induced by cecal ligation and puncture (CLP) activates the sympathetic nervous system (SNS) and causes the release of norepinephrine (NE) from
the sympathetic fibers in the gut.The NE then enters into the circulation and travels through the portal vein into the liver. While in the liver, NE binds to the 0.,,-adrenoceptors
(0,,-AR) and activates the signaling pathway(s) responsible for the production and release of TNF-0, IL-6 and other pro-inflammatory cytokines from Kupffer cells and thereby
produces hepatic dysfunction. Ghrelin, a stomach-derived peptide, reaches the dorsal vagal complex (DVC) in the brain by crossing the blood-brain barrier, stimulates GHSR-
la receptors, activates the vagus nerve and in turn, through the cholinergic pathways, downregulates TNF-o: and IL-6 release from macrophages such as Kupffer cells in the
liver possibly by increasing cAMP levels and restoring MKP-1.While activating the cholinergic pathway, ghrelin can inhibit the SNS, decrease the release of the sympathetic
neurotransmitter, NE, and cause the downregulation of TNF-ot and IL-6 from the macrophages. Therefore, ghrelin’s beneficial effect in sepsis by inhibiting the TNF-o. and IL-6
release from Kupffer cells in the liver is mediated by the concerted efforts of the sympathetic and the parasympathetic nervous systems.

IL-6 levels remained as high as LPS alone treated samples.
This study show that ghrelin’s beneficial effect in decreasing
cytokine release in sepsis may not be directly mediated by
its receptors on the macrophages.

The hepatic dysfunction in sepsis caused by the
upregulation of cytokines is, in part, due to the increased

sympathetic activation leading to the release of NE from the
gut during sepsis.'® Therefore, we hypothesized that the regu-
lation of the sympathetic nervous system possibly by ghrelin
can decrease the sympathetic activation, thereby inhibits
cytokine release during sepsis.”® As expected, sepsis pro-
duced a significant increase in plasma NE and TNF-a. levels
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at 2 hours after CLP. Intravenous administration of ghrelin
markedly decreased these levels at 2 hours after CLP while
administration of ghrelin in sham animals did not show any
significant changes in either NE or TNF-a levels in plasma.
In addition, intracerebroventricular (ICV) administration of
ghrelin markedly decreased circulating levels of NE at 2 hours
after CLP. Ghrelin’s inhibitory effect on plasma NE levels
was completely abolished by ICV injection of the GHSR-1a
antagonist. Interestingly, ghrelin’s inhibition on TNF-ct levels
was only partially blocked by ICV injection of GHSR-1a
antagonist. Furthermore, co-administration with NE par-
tially blocked ghrelin’s inhibitory effect on plasma TNF-o
levels as well. Ghrelin treatment in septic rats significantly
improved MKP-1 mRNA and protein levels from the vehicle
group suggesting the inhibitory effect of ghrelin on TNF-a.
in sepsis may be mediated by MKP-1."* These studies show
that ghrelin’s beneficial effect in downregulating TNF-a. in
sepsis is at least in part mediated by the inhibition of the
sympathetic nerve activation.

A large body of evidence indicated that the physiological
function of ghrelin is mediated by the central and peripheral
receptor distributions and that the wide array of GHSR
presence suggests diverse pathways for ghrelin action.?
One of these studies demonstrates the presence of GHSR in
afferent neurons of nodose ganglia, suggesting that ghrelin
signals are transmitted to the brain by the vagal afferent
nerves.* It has also been shown that central administration
of ghrelin stimulates the vagal efferent nerve in anesthetized
rats.>! These studies suggest an important role for the vagus
nerve in ghrelin’s physiological functions. Recent studies
demonstrated that electrical stimulation of the vagus nerve
subsequent to LPS administration in rats prevented the release
of TNF-o from macrophages.’*3*

To determine if the vagus nerve plays any role in the
beneficial effect of ghrelin in sepsis, the effect of ghrelin on
TNF-a and IL-6 production in septic animals that under-
went subdiaphragmatic vagotomy 5 hours after CLP were
investigated.”” Ghrelin administration immediately follow-
ing vagotomy completely prevented the inhibitory effect of
ghrelin on the circulating levels of TNF-o and IL-6 during
late sepsis. In contrast, ghrelin treatment in animals which did
not undergo vagotomy exhibited the anti-inflammatory effect
of ghrelin during late sepsis. In addition, vagotomy completely
prevented the inhibitory effect of ghrelin on the peritoneal fluid
levels of TNF-o and IL-6 during late sepsis as well. How-
ever, ghrelin treatment in non-vagotomized rats significantly
decreased peritoneal fluid levels of these cytokines during late
sepsis. Vagotomy also abrogated ghrelin’s protective effect on

sepsis-induced organ function parameters such as aspartate
aminotransferase (AST), alanine aminotransferase (ALT) and
lactate. These studies clearly indicated that ghrelin’s beneficial
effect in sepsis is mediated by the vagus nerve. These studies
collectively demonstrated that ghrelin’s beneficial effect in
inhibiting cytokine release in sepsis is mediated by a combined
action of the activation of the vagus nerve and the inhibition
of the sympathetic nervous system (Figure 1).

Mechanism of action of ghrelin

in age-related inflammation in sepsis
It is well recognized that the morbidity and mortality associ-
ated with sepsis increases with age. It has also been thought
that there is a decline in immune function in the elderly,
leading to an inadequate inflammatory response which
results in increased morbidity and mortality.>®> However,
the impairment of immune function in aging could be due
to an uncontrolled inflammatory response leading to excess
production of pro-inflammatory cytokines such as TNF-o and
IL-6. This notion is supported by our recent studies®® showing
that aging exacerbates the pro-inflammatory response and
worsens tissue injury in endotoxemia. We also examined
whether ghrelin has any role in the hyperinflammatory state
observed in septic aged rats. Our studies show that while
basal plasma ghrelin levels were significantly elevated in
the aged rats, endotoxemia produced greater decrease in
ghrelin in aged rats as compared to young rats. Similarly,
the gene and protein expressions of the ghrelin receptor were
significantly decreased in the dorsal vagal complex of aged
rats as compared to young rats. Surprisingly, administration
of ghrelin failed to protect the aged rats from endotoxemia.
Ghrelin was originally reported to induce growth hormone
(GH) release through the pituitary GHSR-1a stimulation.!™ "
In humans, GH levels decline approximately 15% per decade
after age 25.%7 The decline in GH with age is associated with
many adverse effects that occur with aging.”’** Based on this
information, we examined if GH levels were altered in aged
rats and, more importantly, whether GH levels have any role
in the hyperinflammatory state observed in the aged rats with
endotoxemia. Our results indicated that plasma GH levels
were markedly decreased in aged rats as compared to young
rats.*® Interestingly, when these rats were treated with GH, the
ghrelin receptor gene and protein expressions in the dorsal
vagal complex increased significantly in aged rats.>* How-
ever, the GH treatment did not alter either the cytokine levels
or the organ injury markers in the endotoxemic aged rats*®
suggesting GH alone is not sufficient to prevent the hyperin-
flammatory state in aged rats. In contrast, coadministration
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of ghrelin and GH significantly decreased the inflammatory
response and organ injury in the aged rats*® indicating that
ghrelin’s hyporesponsiveness due to a decrease in growth
hormone contributes to the aged related hyperinflammatory
state in sepsis.

Mechanism of action of ghrelin

in radiation combined injury (RCI)

We have recently shown that plasma ghrelin levels were
markedly decreased in a rat model of radiation combined
injury (RCI), polymicrobial sepsis induced by CLP in com-
bination with whole body radiation.** Intravenous administra-
tion of ghrelin in RCI markedly reduced plasma NE levels
as compared to RCI rats treated with vehicle.* In addition,
ghrelin treatment in RCI produced significant decrease in
plasma TNF-o and IL-6, gut tissue levels of TNF-o and
IL-6 and myeloperoxidase (MPO) activities of the gut, lungs
and kidneys demonstrating that ghrelin is indeed beneficial
in downregulating the inflammatory response induced by
RCI.* This indicates that ghrelin’s protective effect in RCI
is mediated by the sympathetic nerve activation.

To determine if ghrelin’s effect in RCI is also mediated by
the activation of the vagus nerve, vagotomized RCI rats were
examined for the inflammatory responses and organ injury
parameters. Our results indicated that both non-vagotomized
and vagotomized RCI rats exhibited increased circulating
levels of inflammatory cytokines and organ injury markers
compared to sham operated animals.* Likewise, tissue MPO
levels were also significantly increased. In contrast, ghrelin
treatment in non-vagotomized RCI rats produced markedly
reduced levels of these inflammatory parameters.’® However,
ghrelin treatment did not reduce these levels in vagotomized
RCl rats. This study indicated that ghrelin’s beneficial effect
in RCI is mediated by the vagus nerve. These studies collec-
tively suggest the protective effect of ghrelin in RCI is to be
attributed to balancing of the dysregulated sympathetic and
parasympathetic nervous system caused by the injuries.

Future studies and perspectives

Understanding the pathophysiology of sepsis as it relates to
the liver is extremely crucial because the liver is believed to
be the primary organ responsible for the multi-organ failure
in sepsis. In this regard, we have already demonstrated that
even at the early stage of sepsis, hepatic function is depressed
due to the upregulation of cytokine production from the
liver caused by the increased release of NE from the gut.
Therefore, therapy towards sepsis should be directed even
at the early stages of sepsis when cardiovascular response

appears to be rather normal. Since ghrelin is able to inhibit
the early rise in NE levels, ghrelin could be such a candidate
for therapy.

In addition, it is also well recognized that vagus nerve
stimulation could be beneficial in sepsis. Due to the fact that
ghrelin activates the vagus nerve, ghrelin can potentially
provide the benefit caused by the vagus nerve stimulation.
On the other hand, ghrelin can inhibit the sympathetic nerve
activation causing the decrease in NE release and subsequent
inhibition of the pro-inflammatory cytokines from the liver
during sepsis.

Although our in vitro studies strongly suggest that ghre-
lin’s inhibitory effect on pro-inflammatory cytokine release
from the liver and the peritoneal macrophages is not medi-
ated by ghrelin receptors on macrophages, it is not known if
ghrelin can protect against the increase in pro-inflammatory
cytokines caused by sepsis mediators other than NE. Since
ghrelin decreases the mortality of septic animals, it is plau-
sible that ghrelin can be protective against other mediators.
Future studies are needed for such a concept.

In aging, we show that ghrelin’s hyporesponsiveness
attributes to the hyperinflammatory state observed in sepsis
and that GH upregulates the ghrelin receptors in the dorsal
vagal complex and thus increase the activity of ghrelin. We
also show here ghrelin is beneficial in RCI, an experimental
model to mimic clinical situation related to the terrorist radia-
tion exposure scenario. In RCI, the protective effect of ghrelin
is balancing the dysregulated sympathetic/parasympathetic
nervous system caused by the injuries. Future studies are
needed to determine whether ghrelin can be beneficial in
other acute inflammatory conditions such as hemorrhagic
shock and ischemia/reperfusion injury. Nevertheless, the data
reviewed herein strongly indicate that ghrelin can be further
developed as a potential therapy for sepsis.
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