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General introduction

Introduction

Inflammation is the response of the immune system to noxious stimuli or conditions™.
Normally, the immune response ensures neutralization and removal of the harmful
stimulus and initiates repair of injured tissue. Therefore, inflammation is a
fundamentally protective process”’. Under certain circumstances however, the
immune response derails and can result in sepsis or related syndromes. Sepsis, defined
as an inappropriate and systemic inflammatory response to microbial infection, can be
a devastating complication of major surgery and severe trauma®. The development of
sepsis is associated with an increased susceptibility to secondary infections, multiple
organ failure and death>®. Even under optimal care, mortality rates of severe sepsis are
as high as 30-40%. Worldwide, millions of patients develop sepsis annually, which
poses a major burden on health care costs’”®, Obviously, novel therapies to control
inflammation and prevent or treat septic syndromes are needed’.

In this thesis, activation of the vagal anti-inflammatory reflex through enriched enteral
nutrition is presented as a physiologic and clinically feasible approach to modulate the
inflammatory response and preserve organ integrity. In particular, beneficial effects of
lipid-rich nutrition on early loss of gut wall integrity are shown.

Cornerstones of the immune response

The human body is surrounded and inhabited by an enormous load of microbes. The
microbe population contains both commensal bacteria that are in balance with the
host, and pathogens that challenge the host by many different mechanisms and
potentially cause severe diseases™.

An intricate immune system has evolved that mobilizes an appropriate response to
pathogens while avoiding damage to host organs or beneficial, commensal microbes. A
key function of the immune apparatus is to respond appropriately to situations of
danger, while remaining unresponsive under non-dangerous conditions™’. The immune
system is well-equipped to sense pathogen-associated molecular patterns (PAMPs)
and endogenous signals derived from stressed or damaged host tissue, which are
termed damage-associated molecular patterns (DAMPs). To these DAMPs, also called
alarmins, belong high mobility group box 1 (HMGB1), heat shock proteins, defensins,

.. 12,13
cathelicidins and more

. Also the proteolytic activity of pancreatic enzymes that
enter the body through the compromised gut wall leads to activation of the immune
system'’. PAMPs and DAMPs are recognized by specialized pattern-recognition
15-17

. PRRs located on the

cell membrane include toll-like receptors (TLRs) and C-type lectin receptors (CLRs).

receptors (PRRs) that are broadly expressed by immune cells

Cytosolic surveillance is ensured by intracellular PRR families, such as Nod-like
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receptors (NLRs) and Rig-like receptors (RLRs). Intracellularly, the transduction of PRR-
derived signals is tightly regulated, e.g. by suppressors of cytokine signaling (SOCS)lB.
Signal transduction converges on a common set of signaling modules, often including
NF-kB and AP-1 transcription factors. Several intracellular PRRs are capable to
assemble into high-molecular weight, caspase-1-activating complexes called
inflammasomes, that drive maturation and secretion of potent pro-inflammatory
cytokines like interleukin (IL)-1B and IL-18 *°.

Activation of PRRs triggers the production of a wide variety of cytokines, chemokines,
lipid mediators, proteolytic enzymes and vasoactive peptides™. Important regulatory
cytokines that characterize the onset of inflammation include tumor necrosis factor
(TNF)-a, IL-1B, IL-6 and interferons (IFN). These mediators are either produced newly
or are preformed and stored, for example in granules of mast cells or basophils®. In
addition, various mediators like complement factors, defensins and ficolins are
constitutively present in body fluids in biologically active form or as inactive
precursors. Release of vasoactive mediators promotes vascular leakage, which allows
plasma proteins and leukocytes to enter the infected or damaged site. Whereas the
initial inflammatory response is orchestrated predominantly by resident macrophages
and mast cells, rapidly recruited monocytes and in particular neutrophils are important

in final pathogen clearance and repair of damaged tissue”™

. The inflammatory
response is further regulated by leukotrienes, prostaglandins and tromboxanes.
Classically, a distinction is made between the innate and the adaptive immune
system21. The innate immune system forms the body’s first defense against invading
pathogens or tissue injury by continuous surveillance of tissue integrity and, if
appropriate, induction of a rapid and generic response. After identification by cells of
the innate immune system, pathogens are either directly destroyed or internalized,
after which pathogenic patterns are presented by antigen presenting cells (APC) to the
adaptive immune system®”. The complementary adaptive immune system forms the
second line of defense, that distinguishes itself from the innate immune system by
manifesting exquisite specificity for its target antigensu. This system is highly
adaptable due to random genetic recombination in the primary lymphoid tissue
(VDJ recombination) and, upon exposure to antigens, the programmed mutation of the
immunoglobulin genes (somatic hypermutation) and subsequent expression of
antigen-specific receptors. A second key feature of the adaptive immune system is
generating immune memory by the production of memory cells that persist in a
dormant state, but that can reactivate after another encounter with the specific
antigen. While the innate and adaptive immune responses are fundamentally different
in their mechanisms of action, synergy between them is considered essential for an
intact, fully effective immune responsem.

10



General introduction

Parallel to the pro-inflammatory process, a counterbalancing anti-inflammatory
response develops. Crucial cytokines in the limitation of pro-inflammatory signaling are
IL-6, IL-10, tumor growth factor (TGF)-B, soluble TNF receptors and the IL-1 receptor
antagonist. Interestingly, many inflammatory mediators share both pro-inflammatory
and anti-inflammatory capacities, the dominance of which depends on the
concentration, location and moment of release. Together, the components of the
immune response, for instance stimulation of the hypothalamic-pituitary-
adrenocortical (HPA)-axis, increased sympathetic output, development of fever and
release of acute phase proteins, effectively keep inflammation contained”. Usually,
homeostasis and health are restored rapidly by a balanced reaction of the immune
system.

Dysregulated inflammation: the septic syndrome

Whereas inflammation is usually a discrete local event, in surgical and critical care
settings the tightly regulated immune response can expand beyond the local
environment. Sepsis occurs when such systemic response develops in a setting of
infection®. Similar processes that take place in a non-infectious situation are referred
to as a systemic inflammatory response syndrome (SIRS). Crucial in the development of
sepsis and related syndromes is excessive immune cell activation, leading to abundant
release of bioactive mediators, including cytokines, chemokines and activation of

>7824 \Whereas both pro- and anti-inflammatory

coagulation and complement factors
mediators are released during the early phase of inflammation, it is the pro-
inflammatory response that prevails (Figure 1.1). Exposure to mediators like TNFa,
IL-1B and HMGB1 as well as gut-derived proteases, combined with the occurrence of
ischemia and an altered rate of apoptosis, contribute to the development of
generalized endothelial and parenchymal cellular injury that precedes organ
dysfunction25'27.

The initial hyperinflammatory phase of sepsis is succeeded by a state of
immunosuppression that can last for prolonged periods of time (Figure 1.1). Such
immune dysfunction is characterized by leukocyte hyporeactivity, massive apoptosis-
induced depletion of neutrophils, T cells, B cells and dendritic cells and decreased

6,28-31

expression of the cell-surface antigen—presenting complex HLA-DR . Enhanced

IL-10 levels, produced by several cell lines including dendritic cells, macrophages,

regulatory T cells and in particular by cells in apoptosis, are considered crucial in the

. . . 32-34 are
sustainment of immunosuppression™ . IL-10 suppresses dendritic cells and

macrophages, thereby shifting the Th1 profile towards a Th2 type response that is less

6,35,36

effective in the eradication of pathogens . Traditionally, the severity and duration

of immunosuppression are considered to be a consequence of the magnitude of initial

11
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septic hyperinflammation. Currently, also other factors, including the amount and
virulence of the invading microorganisms, the genetic predisposition of the host and
coexistent medical conditions are regarded as contributory to the phenotype of the

. 29,37-39
Immune response

. As a result of immunosuppression, survivors of the early
period of excessive inflammation in sepsis are at risk to develop secondary and
persistent infections caused by opportunistic pathogens that are normally controlled
by a functioning immune system. Such infections are particularly hard-to-treat and are

responsible for the major part of sepsis mortality.

hyper

cytokine
levels
(red)

immune cell
reactivity (blue)

hours days weeks

hypo

Figure 1.1  Time course of the septic response. Immune cell activation leads to a rapid increase of both
pro- and anti-inflammatory mediators, such as cytokines. The initial phase of increased
immune cell reactivity is succeeded by a prolonged state of immunosuppression.

The clinical demand for immunomodulatory interventions

The excessive release of early inflammatory mediators following trauma and surgery is

3740 This notion led to numerous trials that

correlated with the development of sepsis
aimed at neutralization of cytokines and toxins that were considered crucial in the
progression to sepsis, including TNF-a, IL-1 and lipopolysaccharide (LPS). Although
promising data were obtained in experimental animal settings, these interventions

40-43

failed to improve or even decreased survival of septic patients™ . Also interventions

with platelet-activating factor inhibitors, bradykinin antagonists and ibuprofen did not

. . .. . . _44-47
increase survival of sepsis in well-designed trials

. Taken together, it is unlikely that
selective inhibition of single inflammatory mediators will be able to modulate the
entire complex septic response. Further reasons frequently given for the
discongruence between experimental success and lack of effect in septic patients are
the heterogeneity of patient cohorts and underestimation of the differences between
the biochemical and immunological responses of mostly elderly patients with a clinical

diagnosis of sepsis compared to young animals with selective bacterial infections or

12
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._9,48,49
endotoxemia

. Indeed, compared to straight-forward inflammatory models like
endotoxemia, effects of anti-inflammatory interventions were usually limited in more
complex models, such as cecal ligation and puncture that resembles the clinical
scenario of polymicrobial sepsis. Another issue that may explain the lack of effect of
anti-inflammatory therapies in sepsis is the moment at which the intervention is
initiated. Starting anti-inflammatory treatment during ongoing sepsis may be too late
to effectively prevent inflammatory complications and in addition might strengthen
immunosuppressive signaling and increase the vulnerability to infections>**".

Despite these disappointments, the outcome of sepsis has improved gradually over the
past years. In the immediate management of sepsis, early goal-directed therapies
including lung-protective ventilation and broad-spectrum antibiotics have become

>>>* The use of activated protein C, corticosteroids, vasopressin and

9,55-57

standard practice
tight glucose control remain subject of debate In addition, the growing
appreciation of immunosuppression as a determining factor in septic mortality led to
the development of interventions aimed at restoring immune competence, for
instance by administration of granulocyte and macrophage colony stimulating factor
(GM-CSF), IFN-y and inhibitors of apoptosisss'6°.

A major contributor to the recent improvement of sepsis outcome was the Surviving
Sepsis Campaign in 2002, aimed at optimizing the treatment of sepsis by developing
up-to-date and evidence-based guidelinessl. First trials indicated that implementation
of these guidelines improves survival considerably®’. Nevertheless, severe sepsis
remains the leading cause of death at intensive care units. Therefore, novel broad-
acting treatment modalities are needed that 1. attenuate initial hyperinflammation,
2. alleviate the subsequent state of immunosuppression and 3. can be initiated when
the immune response is already unfolding.

Neural responses to peripheral inflammation

The understanding is growing that the autonomic nervous system plays an important
regulatory role in the host defense against infections and tissue damage. Bidirectional

communications between the immune system and the autonomic nervous system,
that share many mediators and receptors, optimize the effectiveness of both®®.
Therefore, interference in neural signaling is a potential way to modulate the immune
response®®®

Afferent neural signals provide the brain with constant information about the immune

)67

status in the periphery (Figure 1.2)"". Activated immune cells release inflammatory

68-72
. In

mediators, such as TNF-a and IL-1B, that stimulate afferent vagus fibers
addition, sensory neurons express TLR4, which indicates that both PAMPs and DAMPs

are capable to activate the afferent vagus directly73. Next to the neural pathway,

13
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cytokines signal the brain via the circulation, although this route appears to be of
significance only in settings of excessive cytokine production’”.

The afferent sensory pathway represents a highly organized detection system that,
when activated, results in a sickness response that comprises fever, increased sleep,
anorexia and metabolic mobilization of energy substrates’. Vice versa, the brain
modulates the immune system directly via the circulation and via neural signaling. The
hypothalamic-pituitary-adrenal (HPA) axis is the well-known neuro-endocrine pathway

that regulates the immune systemm’76

. Via corticotropin releasing hormone (CRH), the
hypothalamus induces secretion of adrenocorticotropic hormone (ACTH) from the
pituitary gland. In the adrenal gland, circulatory ACTH increases the production and
release of cortisol. These glucocorticoids inhibit cytokine synthesis via intracellular

. . 64,77
signal transduction™™"".

central nervous system

(

sensory
nerves circulation

sympathetic

para-
sympathetic
nerves

peripheral immune cell

Figure 1.2  Neuroimmune interactions. Peripheral immune cells signal the brain via sensory nerves and via
the circulation. In response, the central nervous system regulates inflammation in the
periphery via mediators released in circulation as well as via sympathetic and parasympathetic
output.

The diffuse innervation of all major organs allows the brain to sense local attacks or
injury via sensory nerves. In response, direct neural regulation of immune cell activity
in these specific areas is exerted via the sympathetic and parasympathetic arms of the
autonomic nervous system (Figure 1.2). At the onset of sepsis, sympathetic outflow,
via B-adrenergic signaling, is essential to uphold adequate cardiovascular functioning.

14
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In addition, B-adrenergic receptors play a major role in the initiation of the
hypermetabolic response that characterizes the acute phase of sepsis. Prolonged
B-adrenergic stimulation has been implicated in the development of
immunosuppression. Therefore, effects of adrenoreceptor modulation in settings of

. . . 77,78
sepsis are currently investigated'”"".

Vagal modulation of the inflammatory response

The parasympathetic nervous system has been identified as a strong inhibitor of the
inflammatory response79. In septic mice, electrical stimulation of the vagus nerve was
demonstrated to reduce circulatory TNF-a levels and improve survival. In this so-called
cholinergic anti-inflammatory pathway, binding of vagal neurotransmitter
acetylcholine to the a7-subunit of the nicotinic acetylcholine (nACh) receptor was
shown to be crucial®. This finding led to the development of specific a7nACh receptor
agonists such as GTS-21, that indeed reduced inflammation and mortality in mice®®,
The anti-inflammatory actions of a7nACh receptor activation are mediated by
inhibition of NF-kB via activation of the transcription factor STAT3, which is
8384 Recently, a4/B2 subunits of the
nACh receptor were shown to be crucial in the enhancement of phagocytosis by vagal

phosphorylated by the tyrosine kinase JAK2

nerve stimulation, implicating involvement also of non-a7 subunits of the nACh
receptor in cholinergic anti-inflammatory signalingss. At the level of the central
nervous system, intraventricularly administered agonists of the muscarinic receptor,
and the M1 receptor in particular, were shown to dampen peripheral inflammation via
stimulation of the vagus nerve®.

Following studies on vagal inhibition of cytokine release by macrophages, inhibitory
vagal effects on lymphocytes, bronchial epithelial cells and endothelium have been

87-89

demonstrated™ ™. The spleen was identified as an important effector organ in the

2091 Vagal signaling to the

anti-inflammatory effects of electrical vagus stimulation
spleen resulted in a reduction of cytokine release in the spleen and downregulation of
the surface expression of major histocompatibility complex HLA-DR molecules and
other activation markers on the cells that leave the spleen. These cellular alterations
may contribute to the inhibition of inflammation at the sites of injury and infection®”.

The experimental evidence for vagus nerve stimulation as a potent means to modulate
inflammation is compelling. Signal transduction through the nACh receptor was
demonstrated to be beneficial in murine, rat and porcine models of polymicrobial
sepsis, ischemia-reperfusion, arthritis, colitis, pancreatitis, ileus and hemorrhagic

83,85,93-97

shock . Apart from electrical and pharmacological stimulation, also behavioral

conditioning, meditation, hypnosis, acupuncture and psychoactive drugs were

proposed as triggers of the vagal anti-inflammatory pathway (Figure 1.3)%%.
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central nervous system

others:
behavioral conditioning
meditation
] hypnosis
acupuncture
psychoactive drugs
enriched
enteral
nutrition

parasympathetic

electrical
nerves —

stimulation

pharmacological
e stimulation
nACh-
receptor .

L ]
ace%lcholin

peripheral immune cell

Figure 1.3  Stimulation of the vagal anti-inflammatory pathway. Next to electrical stimulation and
pharmacological agents that bind to peripheral nicotinic acetylcholine (nACh) receptors,
various approaches have been suggested to enhance parasympathetic signaling at a central
level. Lipid-rich enteral nutrition is proposed as a physiological alternative.

In man, a standard clinical means to assess the function of the autonomic nervous
system is measurement of heart rate variability (HRV), which records both sympathetic
and parasympathetic signaling to the heart. In health and disease, an inverse
relationship between vagal output and inflammatory markers was observed ™.
Furthermore, autonomic dysfunction was associated with morbidity and mortality
following myocardial infarction and sepsis as well as disease severity in various

. . 102-108
autoimmune diseases

These data implicate restoration of the autonomic
nervous balance by vagus nerve stimulation as a potential therapeutic approach in
man. However, the effectiveness of enhancing the parasympathetic output to treat
inflammatory conditions in clinical setting remains to be elucidated. A potential side-
effect of electrical or pharmacological approaches is activation of non-associated

109
cells

. As effects of electrical vagal stimulation on cardiac function and inflammation
were demonstrated to be dissociable, a cautious approach may enable specific
stimulation of target cells or organsm. Another drawback of electrical stimulation in
man is the invasive procedure needed to gain access to the vagus nerve. Also clinical
implementation of pharmacological agents warrants caution, as detrimental effects of

selective a7nACh receptor stimulation were recently reported in a colitis model™".
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Nutritional activation of the vagal anti-inflammatory
pathway

A physiological alternative means to activate the vagal anti-inflammatory pathway is
enteral administration of nutrition enriched with lipids. Studies of the
immunomodulatory effects of lipid-rich nutrition were based upon in vitro work
showing endotoxin-binding properties of lipoproteins. Of all lipoproteins,
chylomicrons, which are formed following lipid absorption in the intestine, displayed
strongest neutralization of endotoxin''’. In a rodent model of hemorrhagic shock,
nutrition enriched with lipids strongly reduced circulatory endotoxin levels™.
Moreover, lipid-rich feeding was demonstrated to decrease systemic cytokine release

1314 “Using a second hit model of hemorrhagic

and preserve the gut barrier function
shock preceded by exposure to bacterial DNA, lipid-rich nutrition was shown to reduce
liver injury™™. Further investigations defined the vagal anti-inflammatory pathway as
the major underlying mechanism of the anti-inflammatory nutritional effects. Bilateral
vagotomy performed shortly prior to shock as well as administration of a nACh
receptor antagonist abrogated the nutritional protection™*°. With regard to the sensory
arm of the pathway, stimulation of cholecystokinin (CCK) receptors was shown to be
crucial in the activation of the autonomic nervous system by enteral lipid-rich

L. 116
nutrition

The gut-brain axis

The immunomodaulatory effects of enteral lipids shed new light upon the preservation
of homeostasis in the body during and following food intake. Profound knowledge of
the neural response to enteral nutrients is required to define the possibilities and
limits of nutritional anti-inflammatory signaling and to facilitate the translation of the
experimental findings to patient settings.

Sensing of nutrients enables the autonomic nervous system to regulate food intake

7

and preserve long-term energy homeostasis'"’. The gastrointestinal (Gl) tract

communicates with the brain via hard-wired neural pathways and circulatory

118,119 .y .
) . The nutritional response is

mediators, the so-called gut-brain axis (Figure 1.4
initiated by the cephalic phase that relies mainly on gustatory and olfactory input.
Taste receptors of sweet, salt, bitter, sour and umami enable evaluation of the

120 1 addition,

nutritious content and help to prevent the ingestion of toxic substances
visual and auditory cues and the mere thought and anticipation of food provide
additional neural activation. The cephalic reflexes regulate the digestion, absorption

and metabolism of nutrients in a coordinated fashion by controlling oral and gut

17
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secretions and several digestive, endocrine, thermogenic, cardiovascular and renal
responses'>"?,

Next to cephalic reflexes, the regulation of appetite and satiation by the central
nervous system depends on afferent vagus nerve input from the GI tract via
mechanoreceptors and chemoreceptors”s’lzg. Two types of mechanoreceptors have
been identified. Intraganglionic laminar endings (IGLEs), distributed globally
throughout the GI tract, are a general type of tension receptors that detect mixing
movements and peristaltic propulsion. Next, intramuscular arrays (AMls) sense muscle
stretch in regions which exhibit frequent and sustained non-rhythmic adjustments,
such as the lower esophageal sphincter and the pyloric sphincter'**.

Whereas gastric signals arise primarily from mechanical distention, those from the
intestine are derived largely from the chemical effects of food (Figure 1.4)'>. A range
of gut peptides is secreted by enteroendocrine cells in response to ingested
macronutrients carbohydrates, proteins and fat. These messengers diffuse through the

intestinal wall to activate nearby nerve fibers or enter the bloodstream to function as
hormones'".

alimentary central nervous system
tract

cephalic response

- olfactory cranial nerves
- gustatory

- visual
- auditory

mechanoreceptors
-IGLE
-AMI

-PYY
- ghrelin
- leptin

Figure 1.4 The central nervous system is informed about food intake at various levels of the
gastrointestinal tract. Cephalic reflexes are mediated by the cranial nerves. In the stomach,
and to a lesser extent more distal in the intestine, stretch or propulsion activates sensory
nerves via mechanoreceptors. Various gut hormones stimulate the autonomic nervous system
via stimulation of sensory nerves and via the circulation.

18
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Neuropeptide CCK, the receptors of which were found to be essential in the anti-
inflammatory effects of lipid-rich nutrition, is released by I-cells in the proximal small
intestine upon exposure of luminal lipids and hydrolyzed proteins''’. The release of
CCK following the uptake of lipids depends on the formation of chylomicrons, which
transport dietary lipids from the intestine to distant parts of the bodym. The CCK
receptor family consists of CCK receptor 1 (CCK-1R), which predominates in the Gl
tract, and CCK receptor 2 (CCK-2R), that is mostly localized in the brain. Hormonal
effects of CCK include stimulation of pancreatic secretion, gall bladder contraction,
inhibition of gastric emptying and promotion of intestinal motility*”’. Satiating effects
%% The CCK-1R on

the afferent vagus nerve were demonstrated to mediate the anorectic effects of
129-132

of CCK have been confirmed in numerous species, including humans
peripheral CCK . Also regulatory effects of dietary lipids on metabolic processes
such as postprandial glucose homeostasis are mediated by CCK-1R dependent
13, Although CCK-1R predominate in the
periphery, to a lesser extent CCK-1R are also found in the brain. Interestingly, CCK-1R

stimulation of the autonomic nervous system

expressed in the hindbrain and hypothalamus are involved in food intake

3413 1t remains to be clarified whether centrally located CCK-1R respond to

regulation
CCK that is locally released in the brain or to CCK released in the intestine that signals
the brain via the circulation.

CCK was demonstrated to determine the capacity of other gut peptides to influence

137-139
. However, also

food intake via vagal afferent neurons, thus acting as a gatekeeper
GLP-1 and PYY, released by L-cells in the distal intestine, were shown to affect the
intake and propulsion of food. GLP-1 and PYY are either produced directly in response
to dietary lipids and carbohydrates, or indirectly upon stimulation of the enteral
nervous system in the proximal small intestine. Both peptides are crucial in the ‘ileal
brake’, a feedback phenomenon whereby signals from ingested food in the distal
intestine inhibit proximal Gl motility**°. Neuropeptides that were reported to signal the
brain further include oxyntomodulin, enterostatin, apolipoprotein A-IV and the
pancreas-derived pancreatic polypeptide and amylin*”’. In the absence of food, ghrelin
is released, which is considered a cephalic response induced by sympathetic
signalsm'm. Ghrelin, thus far the only orexogenic peptide identified, contributes to
long-term body-weight regulation and also influences neuronal activity in several areas

of the brain. Via specific receptors, afferent vagal nerves are inhibited by ghrelin*®.

Taken together, neural and hormonal signals from various levels of the digestive tract
inform the brain about the intake, content and processing of food (Figure 1.4).
Cephalic input is projected to the primary sensory cortices and subsequently processed
and integrated with information about motivational state and information from

memory***. The hindbrain is the principal site that receives feedback signals from
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mechanoreceptors, chemoreceptors and hormones released in the stomach and
intestine. For example, vagal afferents project to the nucleus of the solitary tract,
whereas circulatory gut peptides act directly on the area postrema, which lies outside
the blood-brain barrier. Pathways relaying short-acting signals from the gut interact at
various levels with long-acting hormones involved in body-weight regulation, such as

H72181% The integrated information is used to steer bodily processes

leptin and insulin
and behavior. Although nutrient perception clearly involves higher cognitive centers,
conscious awareness of gastrointestinal feedback signals is not required for the

induction of effector mechanisms.

Intestinal compromise in surgical and critical care settings

Activation of the vagal anti-inflammatory pathway exerts a strong protective effect on
intestinal integrity. Lipid-rich nutrition was demonstrated to reduce bacterial
translocation from the gut lumen and decrease intestinal permeability to horseradish

113,114,116
. Van der Zanden et al.

peroxidase via stimulation of the vagus nerve
demonstrated that nACh receptor activation enhanced endocytosis and phagocytosis
in isolated intestinal and peritoneal macrophagesgs. These findings are supported by
earlier studies that reported on close anatomical and functional relationships between
nerve endings and immune cells in the gut mucosa™****’.

Intestinal integrity loss is considered to be important in the development of

. . . o . 148
inflammatory complications such as sepsis since decades .

Based on clinical
observations that the gut wall becomes more permeable following surgery and that
microbes causing sepsis are often identical to microbes cultured from mesenteric
lymph nodes, it was postulated that the barriers that prevent microbes from entering
the intestinal wall become compromised during major surgery or following severe
trauma™*®™>. In the consecutive years, this hypothesis was supported by various lines
of experimental evidence. Deitch and colleagues demonstrated in a rodent model of
hemorrhagic shock that ligation of mesenteric lymphatic ducts prevented pulmonary

14155 n line, intravenous administration of

injury and cardiac contractile dysfunction
lymph derived from animals in shock induced pulmonary injury in healthy
littermates™®. In addition, a gradual increase of intestinal permeability modulated the
level of mucosal immune activation and increased the vulnerability to subsequent

1719 These data implicated preservation of the intestinal

inflammatory triggers
barrier as a potential therapeutic target to prevent or treat dysregulated inflammation.
Indeed, interventions that specifically aim to improve intestinal integrity, including
enterocyte-specific growth factor, high-molecular weight polyethylene glycol,
inhibition of pancreatic enzyme activity in the gut lumen and modulation of the

intestinal flora, were shown to reduce distant organ damage and improve survival
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. . 14,160-164
during sepsis

inflammatory organ that contributes to the development of infections including

. Interestingly, the notion that the intestine may become a pro-

ventilator-associated pneumonias in critically ill patients has led to the implementation

. . . . . .. 165,166
of selective gut decontamination at intensive care units .

Components of the intestinal barrier

The intestine has a dual function of digestion and absorption of ingested nutrients,
while sustaining a barrier to prevent the invasion of food antigens, microbes and
toxins. This barrier between the internal milieu and the gut lumen consists of physical

167188 'Also the colonization of the gut with commensal

and immunological components
microbes is considered a mechanism of protection by limiting the growth of
pathogenic microbes.

The physical barrier is formed by an epithelial monolayer which constitutes of five
different cell types that possess different immunological functions (Figure 1.5)"°. The
majority of epithelial cells consist of enterocytes that are important for the absorption
of nutrients. Furthermore, enterocytes express PRRs, thus enabling an active role in
the development of intestinal inflammation®’®. Next, goblet cells produce mucus, that
forms an impermeable layer covering the apical side of the epithelium. The mucus is
divided in a sterile inner layer that borders the epithelium and a luminal layer that is

inhabited by commensal bacteria*”*

. Paneth cells reside at the bottom of the crypts. In
response to microbes that are actively sensed as well as constitutively, these cells
secrete lysozyme, defensins, zinc and other antimicrobial molecules'’. Finally, M-cells
and enteroendocrine cells function as important sensors of intestinal luminal content.
M-cells, overlying the Peyer’s patches and lymphoid follicles, possess receptors that
facilitate the recognition of microbes and the subsequent presentation of these
microbes to the immune system. Although the main task of enteroendocrine cells is
sensing of nutrients and secretion of neuropeptides such as CCK, GLP1 and PYY, the
expression of TLRs indicate that these cells also have immunological properties'’>. The
epithelial layer undergoes rapid and continuous renewal, which is fuelled by
pluripotent stem cells located in the crypts.

Adjacent epithelial cells are connected by tight junctions that prevent penetration of
luminal microbes and antigens through paracellular channels, while permitting passive
diffusion of solutes (Figure 1.5)"”%. These tight junctions are formed by complexes of
proteins including claudins, occludins and zonula occludens proteins. Tight junctions
are anchored in the cell via the actin skeleton, a dynamic structure that maintains cell
shape.

In addition to the immunological properties of the epithelial cells, the intestinal wall
hosts 90% of the immune cells of the body. Intestinal immune cells are found
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dispersed in the epithelium and underlying lamina propria, but also aggregated in
mesenteric lymph nodes, lymphoid follicles and Peyer’s patchesm. Dendritic cells,
macrophages and epithelial cells, in particular M-cells, continuously sense and sample
luminal antigens via PRRs and present these to T and B lymphocytes. An important
aspect of the subsequent response is the secretion of antigen-specific IgA by plasma
cells. 1gA is found in high concentrations in the mucus and plays a significant role in
preventing antigens from passing the epithelial barrier. Interestingly, 1gA deficiency
does not lead to continuous immune activation, indicating that the intestinal barrier is
a redundant system consisting of many components that are not individually crucial'”.

Figure 1.5
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The epithelium, an important barrier between the intestinal lumen and the body, consists
largely of enterocytes that are interconnected by tight junctions. Goblet cells produce the
mucus layer that covers the epithelium. Paneth cells, residing in the crypts, secrete
antimicrobial proteins that keep the crypts sterile. M-cells and dendritic cells are important in
the sensing and uptake of antigens. Diverse immune cells including macrophages reside in the

intestinal wall.
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Loss and repair of gut barrier integrity

Splanchnic hypoperfusion is an important contributor to the loss of intestinal integrity

176-178 .
. In settings of blood loss or lowered blood pressure,

during surgery and trauma
sympathetic signaling restricts perfusion of the splanchnic area in order to preserve
blood flow to vital organs such as the heart and brain'’>**°. The extent of splanchnic
hypoperfusion correlates with the development of multiple organ failure and length of
stay in the ICU™®". Diverse lines of evidence indicate that enterocyte damage, increased
gut wall permeability and local intestinal inflammation are parallel and interacting

events that develop early after hypoperfusion of the splanchnic area (Figure 1.6).

surgery, trauma

l

inadequate
splanchnic
oxygenation

l

enterocyte : local
&—> gut barrier loss €—> . .
damage 9 \I/ inflammation
systemic

inflammation

A4
inflammatory
complications

Figure 1.6  Splanchnic perfusion is considered a driving factor in early compromise of intestinal integrity
during major surgery and following trauma. Cellular damage, increased intestinal permeability
and a local inflammatory response are parallel and interdependent events that occur rapidly in
settings of hypoperfusion. Together, these events may contribute to systemic inflammation
and the development of sepsis and distant organ failure.

In @ human ischemia and reperfusion model in which an isolated jejunal segment was
clamped and reperfused, sloughing of villus tips was observed rapidly following

ischemia’’®

. These microscopic observations were paralleled by increased venous
concentrations of intestinal fatty acid binding protein (I-FABP). I-FABP is a cytosolic
protein expressed by maturated enterocytes that are found at the tips of the villi.
Following cell damage, these proteins are readily measurable in plasmalsz. The strong

increase of plasma I-FABP in the initial phase of non-abdominal sepsis and non-
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abdominal surgery points at widespread occurrence of enterocyte damage in clinical

177,178,183

settings that are characterized by decreased splanchnic perfusion . Moreover,

the early increase of enterocyte damage was associated with the development of
complications and survival'’”*’®,
Next to the development of cellular damage, decreased intestinal blood flow leads to

increased permeability of the gut wall. The occurrence of decreased gut barrier
function has been reported in diverse clinical settings of inflammatory disease'®"¥’.
Depletion of adenosine triphosphate (ATP) resulting in disruption of the cellular actin

cytoskeleton and disconnection with the tight junctions has been postulated as a

188,189

major factor in the increase of gut wall permeability following ischemia . As a

consequence of the loss of tight junction integrity, paracellular permeability and
exposure of inflammatory cells to translocated microbes and toxins is increased™.
Next, endoplasmatic reticulum stress-related apoptosis of Paneth cells was shown to

contribute to the increase of bacterial translocation and systemic inflammation

. . . 191
following ischemia™".

190,192-194

Activated mast cells further enhance gut wall
permeability . Due to exocytosis of granules in which preformed mediators are
stored, mast cells are among the first immune cells to regulate local intestinal
inflammation®.

The loss of intestinal integrity observed in various surgical and intensive care settings is
counterbalanced by mechanisms that effectively preserve the gut barrier in situations
of intestinal ischemia. The sloughing of the villus tips during ischemia was shown to be

followed by rapid resealing of the epithelial lining"****®

. This mechanism effectively
prevents PAMPs and DAMPs from entering the subepithelial mucosa, thus limiting the
development of local inflammation and infections. The presence of such protective
reflexes have prompted several authors to question the extent to which early
intestinal cell damage, barrier loss and local inflammation contribute to the

971% |n addition, it has been suggested

development of sepsis and related syndromes
that loss of intestinal integrity should be regarded as a representation of generalized

. . . 169
epithelial barrier loss™.

Clinical application of nutritional anti-inflammatory signaling

Malnutrition in hospitalized patients is recognized as an important determinant in the
development of inflammatory complications, increased hospital stay and mortalitylgg.
Therefore, the assessment and optimization of the nutritional state has become an
integrated part of standard care in surgical and critical care patients. Although the
optimal timing to commence feeding remains subject of debate, current guidelines
advocate early delivery of nutritional support following surgery or in critically ill

200-203

patients, preferably via the enteral route . In addition, the pre-operative period of
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fasting has been shortened and pre-operative loading with carbohydrates is provided,
without leading to an increased risk of aspiration. The protective effects of enteral
feeding are attributed to the reversion of the catabolic state, preservation of
intestinal health and promotion of digestive, metabolic and immunologic

. 116,201,204-207
homeostasis .

In addition, adequate nutrition is supposed to prevent
immunodeficiency due to caloric deficits. In several patient groups, the supplemental
use of omega-3 polyunsaturated fatty acids and other immunonutrients such as
203,208,209 . . elsae

. Direct inhibition of NFkB-

mediated proinflammatory signaling and modification of the pattern of diverse lipid

arginine and glutamine was shown to be beneficial

mediators are supposed to underlie the immune-modulating effects of omega-3 fatty
acidsZIO,le.

A different mechanism via which enteral nutrition regulates the inflammatory
response is activation of the autonomic nervous system. The quantities of lipid-rich
nutrition that attenuated inflammation via vagus nerve stimulation in rodent studies
are small, consisting of as little as 10 energy percent of total rodent daily energy
intake. Interestingly, De Bruin et al. reported on protective effects of dietary restriction
in surgical settings, which is seemingly in discrepancy with the large body of literature
favoring adequate caloric intake nutrition. In rodent models of renal and hepatic
ischemia and reperfusion, benefits of restricted access to food and pre-operative

212,213 .
. Furthermore, in

fasting were described in comparison to a normal dietary intake
human live kidney donors, preoperative dietary restriction reduced the postoperative
acute phase responsem. To what extent alterations in the autonomic nervous system
are involved in the reported benefits of dietary restriction remains to be

. . 215,216
investigated

. Together, profound knowledge of the nutritional impact on the
immune system and energy homeostasis is required to define the optimal dietary
support in the individual patient. The additional value of lipid-rich nutrition as a
physiological means to attenuate the immune response and promote intestinal health
via stimulation of the autonomic nervous system in surgical and critical care settings is

subject of the current thesis.

Aims of this thesis

Insight in the neuro-immune axis that is activated by enteral nutrition is a prerequisite
to translate the experimental findings into clinical application and improve the design
of future clinical trials. Therefore the first aim of this thesis is to increase the
understanding of the afferent arm (part 1) and efferent arm (part Il) of the nutrition-
induced vagal pathway. First, the involvement of afferent vagus fibers and the role of
CCK and CCK-receptors is explored (chapter 2). Next, after investigating the presence
of compromised gut wall integrity in man and rodents (chapter 3 and 4), the impact of
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nutritional vagus signaling on early loss of intestinal integrity during inflammation is
assessed (chapter 5). Special attention is paid to nutritional regulation of mucosal mast
cell activity (chapter 6).

A second aim of this thesis is to explore the therapeutic window of enriched nutrition
in rodent models of trauma and sepsis (part Ill). To test the potential applicability in
trauma patients, the efficacy of lipid-rich nutrition during ongoing inflammation and
tissue damage is tested in a model of hemorrhagic shock (chapter 7). Next, the effects
of nutritional intervention and the involvement of the vagal anti-inflammatory
pathway are investigated on the acute inflammatory response and loss of organ
integrity during acute hemolysis, Gram-negative sepsis and polymicrobial sepsis
(chapter 8, 9 and 10 respectively). In addition, nutritional effects on the protracted
phase of immunosuppression during sepsis are studied (chapter 10). The third aim of
this thesis is to translate the experimental findings to a human setting of acute
inflammation (part V). The responses of circulatory CCK and vagus nerve activity to
several nutritional compositions are measured to identify a suitable feeding for further
human studies (chapter 11). Furthermore, the limitations of such surrogate
parameters is discussed (chapter 12). Finally, in a proof-of-principle study, the anti-
inflammatory potential of enriched enteral nutrition is investigated in man (chapter
13). For this, a human endotoxemia model is used in which a bolus of endotoxin is
administered to healthy volunteers. A custom-made lipid- and protein-enriched
nutrition is administered postpylorically and effects on circulatory markers of acute
inflammation are assessed.
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Abstract

Introduction: Enteral nutrition activates humoral and neural pathways to regulate
food intake and sustain energy balance. Recently, we demonstrated that enteral
nutrition and in particular lipid-rich nutrition modulates inflammation and prevents
organ damage. The current study investigates activation of the nutritional anti-
inflammatory pathway by lipid-rich nutrition.

Methods: Male rats were fasted or fed lipid-rich nutrition prior to hemorrhagic shock.
Disruption of afferent vagal fibers with capsaicin (deafferentation) was used to
investigate involvement of afferent fibers. Peripheral activation of afferent vagal fibers
via cholecystokinin (CCK)-mediated activation of CCK-1 receptors was investigated
using administration of the selectively peripheral acting CCK-1 receptor antagonist,
A70104 and PEGylated-CCK9. Tissue and blood were collected 90 minutes after shock
to assess systemic inflammation and intestinal integrity.

Results: Deafferentation reversed the inhibitory effect of lipid-rich nutrition on
systemic levels of TNF-a and IL-6 and on intestinal leakage of horseradish peroxidase
and bacterial translocation. Furthermore, the protective effects of lipid-rich nutrition
were negated by A70104, indicating that lipid-rich nutrition triggers peripheral
cholecystokinin-1 receptors on vagal afferents to modulate inflammation. These
findings were substantiated by the fact that pre-treatment of fasted rats with
PEGylated-cholecystokinin9, which acts on peripheral CCK-1 receptors, attenuated
systemic inflammation and loss of intestinal integrity.

Conclusions: These data demonstrate that enteral lipid-rich nutrition modulates
inflammation and preserves intestinal integrity via cholecystokinin release which
activates cholecystokinin-1 receptors located on afferent vagal fibers. Taken together,
the current study reveals a novel gut-brain-immune axis and provides new insight into
the applicability of enteral nutrition to treat inflammatory conditions.
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Introduction

Nutrient sensing is an essential feature of the autonomic nervous system to regulate
food intake and maintain energy homeostasis. The gastrointestinal tract communicates
with the autonomic nervous system via circulating mediators and hard-wired
connections, the so-called gut-brain axis'. Many of these physiologic processes, such as
satiety and regulation of digestive activity, depend on the vagus nerve”. In addition to
a role in nutrient sensing, the vagus nerve has an important immuno-modulatory
function. Peripheral vagal afferents are able to sense circulating cytokines, resulting in
a thermogenic and humoral anti-inflammatory response””’. Additionally, stimulation of
the vagus nerve modulates inflammation and improves outcome in several
inflammatory models via the cholinergic anti-inflammatory pathways'm.

Recently, we described that lipid-rich nutrition regulates the inflammatory response

11,12

via activation of the autonomic nervous system . Subsequently nicotinic receptors

on inflammatory cells are activated via the vagus nerve, leading to a reduction of

12,13

cytokine release and organ damage ~"". Activation of this anti-inflammatory pathway

via administration of lipid-rich nutrition is an appealing and physiologic intervention to
counteract excessive inflammation and organ damage in several diseases”™.
Furthermore, this nutritional anti-inflammatory pathway might contribute to the
largely unexplained unresponsiveness of the intestinal immune system to dietary and
bacterial antigens.

Here, we report on studies directed at the molecular mechanism responsible for the
sensing of luminal nutrients by the autonomic nervous system and the creation of a
subsequent immuno-modulatory response. First, the involvement of the afferent vagus
was assessed via vagal deafferentation with capsaicin. Next, the role of the
cholecystokinin (CCK)-1 receptor and the CCK-2 receptor was investigated using
selective receptor antagonists. In addition, activation of the nutritional pathway by
peripheral CCK-1 receptors was studied with a selective CCK-1 receptor antagonist,
which does not cross the blood-brain barrier, and administration of PEGylated-CCK9
(PEG-CCK9), a CCK-agonist that solely acts on peripheral CCK-1 receptors .

The current study reveals a novel gut-brain axis in which enteral nutrients trigger a
potent anti-inflammatory response via CCK-mediated activation of peripheral CCK-1
receptors on afferent vagal fibers. Furthermore, our data point at lipid-rich nutrition as
an effective and physiologic intervention to modulate inflammation.
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Methods

Animals and experimental groups

Male Sprague-Dawley rats, weighing 300-350 g were purchased from Charles River
Laboratories (Maastricht, the Netherlands) and housed under controlled conditions of
temperature and humidity. Prior to the experiments, rats were fed standard rodent
chow ad libitum and had free access to water. The experimental protocols were
approved by the Animal Ethics Committee of the Maastricht University Medical Center.

1216 1 short,

A non-lethal hemorrhagic shock model was used, as previously described
rats were anesthetized with isoflurane (induction 4%, maintenance 1.5%); the femoral
artery was cannulated with polyethylene tubing (PE-10) containing heparinized saline
(10 1U/ml). At the time of shock, 2.1 ml blood per 100 g body weight was withdrawn at
a rate of 1 ml/minute. In all experiments, rats were fasted overnight (18 h) or fed lipid-
rich nutrition by oral gavage prior to hemorrhagic shock. The lipid-rich liquid nutrition
contained 50.4 energy percent (en%) fat of which 30% were phospholipids, 8.7 en%
protein and 40.9 en% carbohydrates. Rats received 3 ml enteral nutrition 18 hours
before shock and 0.75 ml was given at 2 hours and at 45 minutes before hemorrhagic

shock. All rats were sacrificed 90 minutes after shock.

Vagal deafferentation

To determine the role of afferent vagal fibers in the activation of the nutritional anti-
inflammatory pathway, rats were vagally deafferented 10-14 days prior to
hemorrhagic shock as previously described"’. In short, animals were anesthetized with
isoflurane (induction 4%, maintenance 2.5%) and injected with atropine (0.5 mg/kg
s.c.) to counteract the acute systemic effects of capsaicin on the respiratory and
cardiovascular system. The vagal nerve was carefully dissected from the carotid artery
at the cervical level bilaterally. Capsaicin (10 mg/ml. Sigma, St Louis, MO) was applied
via a cotton swab and added every ten minutes for a total of 30 minutes. The total
amount of capsaicin applied to each rat did not exceed 1 mg. Surrounding tissue was
protected with parafilm to prevent leakage. Sham animals were treated with vehicle
(90% olive oil, 10% Tween 80).

Assessment of deafferentation

The deafferentation procedure was functionally verified by CCK satiety test'. Rats
(n=8) were challenged with i.p. injection of either sulphated CCK-8 (CCK8s. Bachem AG,
Weil am Rhein, Germany; 4 pg/kg) or saline after 4 hours starvation. Two minutes after
i.p. injection, rats were given access to a pre-weighed amount of standard rat chow.
Food consumption was measured after a 30 minute interval. The difference in food
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intake after saline or CCK8s injection was calculated and served as a marker for CCK-
induced satiety.

The deafferentation procedure was histologically confirmed by neuronal tracing of the
afferent vaguslg. One week after deafferentation or sham operation, rats (n=6) were
injected intraperitoneally with the retrograde neuronal tracer fluorogold (Invitrogen,
Carlsbad, CA) dissolved in PBS (1 mg/ml). Three days after fluorogold administration
rats received an overdose of pentobarbital, followed by transcardial perfusion fixation
with 4% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4). Nodose ganglia
were removed, post-fixed and cryoprotected in 20% sucrose/0.1 M PB. Tissues were
sectioned at 16 um using a cryostat, air dried and coverslipped with 80% glycerol in
TBS. Sections were examined for the presence and distribution of fluorogold in the
perykaria of afferent vagal neurons using fluorescence microscopy. Photomicrographs
were recorded with a DCC camera. Per rat, three coronal sections of nodose ganglia
were used as separate values for quantitative analyses of fluorogold staining. The
number of fluorogold positive cells per square micrometer in the nodose ganglion was
counted using the computer assisted digital analysis program Leica Qwin (Leica
Microsystems Imaging solutions Ltd, Cambridge, UK).

Receptor antagonists

Rats (n=8) were fed lipid-rich nutrition and treated intravenous with receptor
antagonists 30 minutes prior to induction of shock to investigate involvement of
CCK-receptors in the nutritional anti-inflammatory pathway. To discriminate between
a CCK-1 or CCK-2 receptor dependent mechanism, either the CCK-1 receptor
antagonist devazepide or the CCK-2 receptor antagonist L365,260 (gifts from ML
Laboratories PLC, Nottingham, UK; both 500 pg/kg) or vehicle (90% saline, 5% Tween
20, 5% DMSO) were administered. Involvement of peripherally localized CCK-1
receptors was investigated using A70104%°, also known as A65186 (100 pg/kg, kindly
provided by Abbott Laboratories, Abbott Park, IL) or vehicle (99% saline, 1% DMSO).

CCK administration and measurement

Activation of the nutritional anti-inflammatory pathway by peripherally acting CCK was
studied by administration of PEG-CCK9, which solely acts on peripheral CCK-1
receptors, or vehicle?!. PEG-CCK9 was dissolved in sterile saline and administered
intravenous (6 pg/kg; bolus injection) in fasted rats 30 minutes prior to shock. The
involvement of peripheral CCK-1 receptors in activation of the vagal anti-inflammatory
pathway by PEG-CCK9 was investigated by co-administration of A70104 with
PEG-CCKO9.

To determine whether continuous infusion of exogenous CCK reaching high physiologic
arterial levels could mimic the anti-inflammatory response, CCK8s was dissolved in
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sterile saline and infused at 500 pmol/kg/h intravenous (based on previous studies®>?*

and own experiments; data not shown). The infusion-protocol started 30 minutes
before shock and was maintained until sacrifice. Systemic levels of CCK were measured
in arterial plasma at time of shock and at sacrifice using a CCK-radioimmunoassay
(Euro-diagnostica, Malmo, Sweden).

Cytokine analysis

TNF-a and IL-6 concentrations in arterial blood were measured using a standard ELISA
for rat TNF-a (kindly provided by HBT, Uden, the Netherlands) and IL-6 (BD
Biosciences, Franklin Lakes, NJ).

Intestinal permeability assay and bacterial translocation

Intestinal permeability for macromolecules was assessed by measuring translocation
of the 44-kD enzyme horseradish peroxidase (HRP) by the everted gut sac method as
previously described”. Segments of the distal ileum (8 cm) were washed, everted,
filled with 1 ml of Tris buffer (125 mmol/l NaCl, 10 mmol/I fructose, 30 mmol/| Tris,
pH 7.5) and ligated at both ends. The filled segments were incubated in Tris buffer
containing 40 ug/ml of HRP. After incubation at room temperature for 45 min, the
ileum was removed from the buffer and the content was carefully collected in a 1-ml
syringe. HRP-activity was measured spectophotometrically at 450 nm after addition of
tetramethyl benzidine as a substrate for HRP.

Bacterial translocation to distant organs was assessed as described’. In short,
mesenteric lymph nodes, the mid-section of the spleen and a liver-segment (IV) were
collected aseptically in pre-weighed thioglycolate broth tubes (Becton Dickinson,
Franklin Lakes, NJ). Tissue-fragments were weighed, homogenized and the entire
suspension was transferred to agar plates (Columbia Il blood agar base supplemented
with 5% vol/vol sheep blood (BBL, Franklin Lakes, NJ) and Chocolate PolyviteX agar
(BioMérieux, Marcy I'Etoile, France). After 48 hours of incubation, colonies were
counted, determined using conventional techniques, adjusted to tissue weight, and
expressed as number of CFU’s per gram of tissue.

Statistical analysis

Data are represented as median, range and interquartile range. A Mann-Whitney U
test was used for between-group comparisons. Differences were considered
statistically significant at P<0.05. Statistical analysis was performed using Graphpad
Prism 4.0 (GraphPad Software Inc., San Diego, CA, USA).
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Results

The nutritional anti-inflammatory pathway is mediated via afferent vagal
fibers

Involvement of the afferent vagus in the nutritional anti-inflammatory pathway was
investigated in rats after perineural application of capsaicin (deafferentation).
Prolonged exposure of nerves to capsaicin typically destroys afferent fibers, while
leaving efferents intact’®. Before entering the experiment, the efficacy of
deafferentation was determined using a CCK satiety test. In line with previous

1827 intraperitoneal administration of sulphated CCK8 (CCK8s) reduced 30-min

reports
food intake after 4-hour starvation with 51+2% in sham operated rats compared with
2613% in deafferented rats (P<0.05; Figure 2.1A), indicating a successful
deafferentation. It is known that perineural application of capsaicin results in subtotal
elimination of afferent vagal fibers’®. Therefore, the amount of remnant vagal afferent
fibers was histologically assessed in a number of rats (n=6) using the retrograde
neuronal tracer quorogoIdlg. Deafferentation resulted in an 80% reduction of
fluorogold positive cell bodies in the nodose ganglia, i.e. 0.25 [0.25 to 0.39] positive
ceIIs/um2 in sham compared with 0.06 [0.03 to 0.16] positive ceIIs/um2 in deafferented
animals (P<0.0001; Figure 2.1B-C). These findings demonstrate that the majority of
afferent fibers were destroyed.

The protective effects of lipid-rich nutrition on systemic inflammation and intestinal
integrity were replicated in sham operated animals, indicating that these rats
effectively respond to enteral lipid-rich nutrition. Next, we observed that
deafferentation in fasted rats resulted in higher shock-induced TNF-a levels compared
with fasted sham rats (P<0.05; Figure 2.2A). More interestingly, the protective effects
of lipid-rich nutrition on shock-induced systemic inflammation (plasma levels of TNF-a
and IL-6; both P<0.001. Figure 2.2A-B) and loss of intestinal integrity (bacterial
translocation and leakage of HRP; both P<0.01. Figure 2.2C-D) were inhibited by
disruption of vagal afferent fibers with capsaicin. Administration of lipid-rich nutrition
reduced plasma concentration TNF-a and leakage of HRP in deafferent animals to
some extent, which is likely attributable to the remnant afferent vagal fibers. Taken
together, these findings point at an important role for afferent vagal fibers in the
nutritional anti-inflammatory pathway.
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Figure 2.1  Intraperitoneal administration of CCK8s (4 pg/kg; n=8) potently reduced food intake compared
with saline administration in sham operated rats (A). Destruction of afferent vagal fibers by
perineural application of capsaicin significantly inhibited the satiety response induced by
intraperitoneal administration of CCK8s. (B, C) Fluorogold was administered intraperitoneally
in deafferented and sham operated rats (n=6). Deafferentation (C) resulted in significant loss
of positively-labelled afferent vagal cell bodies in the nodose ganglia (80%) compared with
sham operated animals (B). Data represented as median, range and interquartile range. Scale
bar represents 100 um. * P<0.05 compared with sham.

Both the CCK-1 and CCK-2 receptor are involved in the nutritional anti-
inflammatory pathway

Previously, we demonstrated that activation of the anti-inflammatory mechanism
triggered by lipid-rich nutrition was dependent on CCK-receptorle. Separate
intravenous administration of the CCK-1 receptor antagonist, devazepide or the CCK-2
receptor antagonist, L365,260 demonstrated that the beneficial effects of lipid-rich
nutrition depend on both receptor subtypes (Figure 2.3). The CCK-1 receptor
antagonist inhibited the effects of lipid-rich nutrition on systemic inflammation and
intestinal integrity to a greater extent than the CCK-2 receptor. Since both receptor
antagonists readily cross the blood-brain barrier, a distinction between a peripheral or
central activation of the nutritional anti-inflammatory pathway could not be made.
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Figure 2.2  Administration of lipid-rich enteral nutrition in sham operated rats (light bars) inhibited shock-
induced systemic levels of TNF-a (A) and IL-6 (B) compared with fasted rats. Furthermore,
intestinal permeability to HRP (C) and bacterial translocation (D) were effectively reduced by
lipid-rich nutrition in sham rats. Deafferentation (dark bars) negated the inhibitory effect of
lipid-rich enteral nutrition on systemic inflammation and gut barrier failure. Furthermore,
deafferentation increased systemic TNF-a in fasted rats. Administration of lipid-rich nutrition
reduced TNF-a release and intestinal permeability to HRP in these animals. Data represented
as median, range and interquartile range, n=8. * P<0.01 compared with fasted sham, ** P<0.01
compared with lipid-rich sham, * p<0.05 compared with fasted deafferent.
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Figure 2.3
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Administration of the CCK-1 or CCK-2 receptor antagonist inhibited the effect of lipid-rich
nutrition on TNF-a (A), IL-6 (B), leakage of HRP in ileal segments (C) and bacterial translocation
(D). The inhibitory effect of the CCK-1 receptor antagonist (devazepide) was stronger than the
CCK-2 receptor antagonist (L365,260). Data represented as median, range and interquartile
range. * P<0.001 compared with vehicle, ** P<0.05 compared with CCK-1 receptor antagonist
(n=8).

Lipid-rich nutrition modulates inflammation via the peripheral CCK-1

receptor

To substantiate a peripheral activation of the vagal anti-inflammatory pathway by
lipid-rich nutrition, rats were treated intravenously with the peripherally acting CCK-1
receptor antagonist, A70104. A70104 does not cross the blood-brain barrier”®. Pre-
treatment with A-70104 abrogated the inhibitory effect of lipid-rich nutrition on
systemic inflammation (plasma levels of TNF-a and IL-6; Figure 2.4A) and intestinal
integrity (leakage of HRP and bacterial translocation; Figure 2.4B), underlining a critical
role for peripherally localized CCK-1 receptors in the activation of the nutritional anti-

inflammatory pathway.
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Figure 2.4  Pre-treatment with the solely peripherally acting CCK-1 receptor antagonist (A70104)
abrogated the protective effects of lipid-rich nutrition. Data represented as median, range and
interquartile range. * P<0.001 compared with vehicle (n=8).

Peripherally acting CCK triggers the nutritional anti-inflammatory mechanism

To investigate a role for CCK-mediated activation of peripheral CCK-1 receptors in the
nutritional anti-inflammatory pathway, we administered an intravenous bolus of
PEG-CCK9. This CCK9 conjugate shows complete retention of biological activity and
acts solely on peripheral CCK-1 receptorsu'zg. Administration of PEG-CCK9 reduced
plasma levels of TNF-a and IL-6 (Figure 2.5A-B) and ameliorated leakage of HRP and
bacterial translocation compared with vehicle (Figure 2.5C-D), mimicking the anti-
inflammatory effect of lipid-rich nutrition. Co-administration of A70104 blunted the
effect of PEG-CCK9 on systemic inflammation and intestinal integrity (Figure 2.5).
Taken together, these data denote that the anti-inflammatory effects of lipid-rich
nutrition are triggered via CCK-mediated activation of peripheral CCK-1 receptors.

Administration of supraphysiologic concentrations of CCK in clinical situations has

2930 Therefore, we

several limitations, since it can lead to pancreatitis and anxiety
investigated whether infusion of CCK resulting in physiologic plasma concentrations
activates the nutritional anti-inflammatory pathway. Infusion of CCK8s in fasted rats,
reaching arterial concentrations of 11 [7 to 22] pM at shock and 20 [9 to 25] pM at
sacrifice, did not reduce systemic TNF-a (170 [113 to 230] pg/ml vs. vehicle: 178
[147 to 234] pg/ml) and IL-6 (196 [130 to 204] pg/ml vs. vehicle: 198 [175 to 250]
pg/ml). In addition, shock-induced leakage of HRP (2.9 [1.6 to 4.0] pug/ml vs. vehicle:
3.6 [2.6 to 5.0] pg/ml) and bacterial translocation (97 [60 to 115] CFU/g tissue vs.
vehicle: 98 [90 to 123] CFU/g tissue) remained unaltered after CCK8s infusion. These
data demonstrate that circulating exogenous CCK8s at physiologic arterial
concentrations is unable to attenuate inflammation and cannot prevent gut barrier

failure.
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Figure 2.5  Bolus intravenous injection of PEG-CCK9 attenuated TNF-a (A), IL-6 (B), leakage of HRP in ileal
segments (C) and bacterial translocation (D) compared with vehicle (dark bars. n=8). The
protective effect of PEG-CCK9 was abrogated by intravenous administration of A70104 (n=6).
Data represented as median, range and interquartile range. * P<0.01 compared with saline,
** P<0.01 compared with A70104 vehicle.

Discussion

The current manuscript demonstrates for the first time that enteral nutrients activate
a previously unidentified gut-brain-immune axis. Administration of lipid-rich nutrition
attenuates systemic inflammation and preserves intestinal integrity via release of CCK
which activates peripheral CCK-1 receptors on the afferent vagus nerve.

The afferent vagus nerve is essential to monitor the condition of the body. Afferent
vagal fibers relay a variety of signals from the periphery, such as food-related,
digestive, immune and noxious stimuli®**". In concordance with previous studies
showing that vagal capsaicin treatment or vagotomy in rodents increased
inflammation in experimentally-induced colitis®*>*, disruption of afferent vagal fibers
resulted in increased shock-induced circulating TNF-a levels in fasted rats.
Interestingly, deafferentation abrogated the protective effects of lipid-rich nutrition on
systemic inflammation and loss of intestinal integrity, indicating that the nutritional
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anti-inflammatory pathway is peripherally activated. Our data are in agreement with

several studies demonstrating that signal transmission from peripheral stimuli acting

19,35,36 .
0 A limited

protective effect of lipid-rich nutrition was observed in deafferent animals, which can

on the afferent vagus can be blocked by vagal deafferentation

be attributed to remnant afferent fibers™. Together, these findings not only underline
a regulatory role for the vagus nerve in the immune response, but also implicate the
afferent vagus nerve as a vital component of the nutritional anti-inflammatory
pathway.

The CCK-receptor family consists of two subtypes, the CCK-1 and the CCK-2 receptor’’.
Enteral lipids activate the autonomic nervous system predominantly via CCK-1
receptors on the afferent vagus nerve, whereas certain brain areas are activated by

3% The current data demonstrate that the peripheral CCK-1

both receptor subtypes
receptor is involved in the activation of the nutritional anti-inflammatory pathway,
since both devazepide and the peripherally acting A70104 inhibited the anti-
inflammatory effects of lipid-rich nutrition. The exact role of CCK-2 receptors in the
nutritional anti-inflammatory pathway remains to be established. The observed
inhibitory effect of L365,260 could be mediated via peripheral or central CCK-2
receptors, since this receptor antagonist readily crosses the blood-brain barrier™.
However, the fact that most experimental evidence indicates that activation of brain
neurons by enteral lipids and exogenous CCK is dependent on peripheral CCK-1
receptors and central CCK-2 receptors, hints at a central involvement of CCK-2
receptors in the nutritional anti-inflammatory pathway38'4°'41.

Ingestion of lipid-rich nutrition results in release of endogenous CCK, capable of
activating both CCK-receptor subtypes™. There is competing evidence that CCK can
activate the autonomic nervous system via the afferent vagus nerve as well as via a

1,43-45
humoral route

. Administration of the solely peripherally acting PEG-CCK9
mimicked the protective effects of lipid-rich nutrition’*. The PEG-CCK9 induced anti-
inflammatory response was shown to be dependent on peripheral CCK-1 receptors. In
line with these findings, Bozkurt et al. demonstrated that exogenous CCK8s attenuates
inflammation via capsaicin-sensitive vagal afferents in an experimental colitis model®.
Taken together, these data substantiate that the nutritional anti-inflammatory
pathway is peripherally activated by a cholecystokinin-mediated stimulation of
peripheral CCK-1 receptors on the afferent vagus.

Infusion of exogenous CCK is potentially a promising clinical application to treat
inflammatory conditions. Administration of CCK8s at supraphysiologic concentrations

. . . . . . 3546
has been shown to attenuate inflammation in experimental models both in vivo

47,48

and in vitro”""". However, caution should be taken since high doses of exogenous CCK

and PEG-CCK9 are known to result in pancreatic hyperplasia, pancreatitis and anxiety

29,30,49,50

disorders in rodents and humans . Circulating physiologic levels of exogenous
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CCK8s, obtained by our infusion protocol, were unable to attenuate systemic
inflammation and prevent loss of intestinal integrity. The concentration of CCK8s
reaching the local environment of the vagal afferent nerve endings may have been
insufficient to activate an anti-inflammatory response, since the CCK peptide is rapidly
inactivated in the circulation®*2. Recently, it has been shown that local CCK levels are
more important to trigger the vagus nerve than circulating levels, since intestinal

administration of CCK stimulates vagal afferents, without affecting plasma levels™.

Wagal Eflfr_—ren'ts

, 2

Vagal Afferents tes
a®

ricobnic recept CEOM  Cytokines

G b
G

Lipid

Intestine

Figure 2.6  The enteral presence of lipid-rich nutrition results in release of cholecystokinin (CCK) from the
gut wall, which binds to peripheral CCK-1 receptors (CCK-1r) located on afferent vagal nerve
endings. The anti-inflammatory signal is processed in the vagal circuitry via a neural pathway in
which CCK-1 and CCK-2 receptors are involved, resulting in inhibition of the inflammatory
response via the efferent vagus. Production of inflammatory cytokines is attenuated by binding
of acetylcholine (Ach) to nicotinic receptors on inflammatory cells.

Therefore, administration of lipid-rich nutrition appears to be a more physiologic and
efficient intervention to activate the CCK/CCK-1 receptor mediated vagal anti-
inflammatory pathway. In addition, enteral administration of lipid-rich nutrition has
been demonstrated to inhibit inflammation and attenuate organ damage in several
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situations, such as hemorrhagic shock and postoperative ileus™ ™, indicating that lipid-
rich enteral nutrition could be a safe and subtle intervention to attenuate
inflammatory conditions in the clinical setting.

In the gastrointestinal tract essential nutrients are sensed and absorbed, while
potential harmful agents need to be prevented from invading the host. The
mechanisms behind this dual role are largely unexplained. Uptake of nutrients
inevitably exposes the host to antigenic substances™. A highly selective intestinal
immune response is required to maintain intestinal barrier function and homeostasis
in the face of constant threat. Together with previous work from our group’, the
current study reveals that the intestine directly communicates with the immune
system via a nutritional vagovagal reflex (Figure 2.6). We hypothesize that this neural
feedback loop is involved in the unresponsiveness of the dietary tract to luminal
antigens.
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Abstract

Introduction: Loss of intestinal integrity has been implicated as an important
contributor to the development of excessive inflammation following severe trauma.
Thus far, clinical data concerning the occurrence and significance of intestinal damage
after trauma remain scarce. This study investigates whether early intestinal epithelial
cell damage occurs in trauma patients and, if present, whether such cell injury is
related to shock, injury severity and the subsequent inflammatory response.

Methods: Prospective observational cohort study in 96 adult trauma patients. Upon
arrival at the emergency room (ER) plasma levels of intestinal fatty acid binding protein
(i-FABP), a specific marker for damage of differentiated enterocytes, were measured.
Factors that potentially influence the development of intestinal cell damage after
trauma were determined, including the presence of shock and the extent of abdominal
trauma and general injury severity. Furthermore, early plasma levels of i-FABP were
related to inflammatory markers interleukin-6 (IL-6), procalcitonin (PCT) and C-reactive
protein (CRP).

Results: Upon arrival at the ER, plasma i-FABP levels were increased compared with
healthy volunteers, especially in the presence of shock (P<0.01). The elevation of
i-FABP was related to the extent of abdominal trauma as well as general injury severity
(P<0.05). Circulatory i-FABP concentrations at ER correlated positively with IL-6 and
PCT levels at the first day (r’=0.19; P<0.01 and r’=0.36; P<0.001 respectively) and CRP
concentrations at the second day after trauma (r’=0.25; P<0.01).

Conclusions: This study reveals early presence of intestinal epithelial cell damage in
trauma patients. The extent of intestinal damage is associated with the presence of
shock and injury severity. Early intestinal damage precedes and is related to the
subsequent developing inflammatory response.
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Introduction

Severe trauma and major surgery frequently result in the development of
inflammatory complications, including systemic inflammatory response syndrome,
sepsis, and organ failure. These conditions are associated with a poor clinical
prognosisl'z. For many years, the gut has been an organ of interest in the initiation and
perpetuation of the inflammatory response following trauma or surgery3'6. In a rodent
model of hemorrhagic shock that resembles the clinical situation of severe blood loss-
induced splanchnic hypoperfusion, intestinal cell damage developed within one hour
after shock induction’. Enterocyte damage following shock was paralleled by
disruption of tight junction complexes and subsequent failure of the gut barrier. This
resulted in translocation of luminal bacteria and toxins into the gut wall, which has
been associated with the development of the inflammatory responses'lz. Moreover,
intracellular proteins that are released by damaged cells may contribute to the
unfolding systemic inflammatory response by acting as damage-associated molecular
patternsl}ls.

Although various animal studies indicate a role for gut integrity loss in the
development of excessive inflammation following trauma, it remains to be clarified
whether intestinal damage is present early after trauma in humans'®. Some reports
indicate that gut permeability as measured by sugar absorption tests is increased
within 48 hours after trauma, which suggests that the intestine is compromised17’18.
However, it is not resolved whether this is the cause or the consequence of systemic
inflammation. Data on the state of the gut early after trauma are absent because the
value of standard permeability tests is limited in the first hours'®.

This study aimed to clarify the early presence of enterocyte damage following trauma.
To this end, on arrival at the emergency room (ER) circulating intestinal fatty acid
binding protein (i-FABP), a specific biomarker for damage of differentiated
enterocytes, was measured’®**. A second aim of this study was to gain insight into the
factors that influence the development of intestinal cell damage following multiple
traumas, such as presence of shock and injury severity. In addition, the relation
between intestinal cell damage and the inflammatory response to trauma was
explored.

Materials and methods

Patient selection

This prospective observational cohort study was approved by the Ethics Committee of
J.W. Goethe University, performed in accordance with the Declaration of Helsinki and
reported following the STrengthening the Reporting of OBservational studies in
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Epidemiology (STROBE) guidelines™. Informed consent was obtained by all patients or
their relatives. Between April 2006 and December 2007, all trauma patients between
18 and 65 years were included at admittance to the ER. Exclusion criteria were burns,
acute myocardial infarction, chronic inflammatory diseases, and lethal injury, resulting
in a cohort of 96 patients.

Assessment of shock and injury severity

Upon arrival at the ER, vital parameters of all patients were recorded. The shock index
(SI) was calculated as a ratio between the first heart rate and systolic blood pressure
registered. A normal SI was defined as a ratio of 0.7 or less®®. Next, each injury was
assigned an abbreviated injury scale (AIS) score ranging from 0 to 5. Each AIS score
was allocated to one of six body regions (head/neck, face, chest, abdomen,
extremities, and external)27. Of each body region, the highest AlS score was used. The
injury severity score (ISS) was determined by squaring and adding together the scores
of the three most severely injured body regionszg.

Blood processing and analysis

Blood was withdrawn on arrival at the ER and daily during the patient’s stay in the J.W.
Goethe University Hospital until the second day after trauma. Samples were collected
in pre-chilled EDTA vacuum tubes (BD vacutainer, Becton Dickinson Diagnostics, Aalst,
Belgium) and kept on ice. Blood was centrifuged at 2000g for 15 minutes at 4°C. The
supernatant was stored at -80°C until batch sample analysis. Blinded specimens (n=7)
from trauma patients were used for duplicate measurement of i-FABP levels. i-FABP
was determined using ELISA (kindly provided by Hycult Biotechnology, Uden, the
Netherlands). i-FABP levels were also determined in 57 healthy volunteers between 18
and 65 years. For statistical analyses, the detection limit for i-FABP of 41 pg/ml was
adjusted to samples in which i-FABP was not detectable (ER: 2 samples, day 1:
7 samples, day 2: 17 samples; and control: 20 samples). In the first 68 trauma patients,
sufficient plasma was stored to study inflammatory parameters. Plasma
concentrations of IL-6 were measured by ELISA (Diaclone, Hoelzel Diagnostica,
Cologne, Germany) and C-reactive protein (CRP) using the Tina-quant CRP assay
(Roche, Mannheim, Germany). Procalcitonin (PCT) levels were detected using a
Kryptor-Assay (Brahms, Henningsdorf, Germany).

Statistical analysis

First, the plasma i-FABP levels of all trauma patients on admittance and at days 1 and 2
were compared with healthy control values. Next, the relation between i-FABP values
and the presence of shock and extent of injury severity were studied (general injury:
ISS classified in five categories and abdominal injury: AlS). IL-6, PCT, and CRP levels in
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plasma were measured to analyze the inflammatory response in relation to early
intestinal cell damage. A Kolmogorov-Smirnov test showed that plasma concentrations
of i-FABP and inflammatory markers were not Gaussian distributed. Kruskal-Wallis test
was used to analyze differences between groups with regard to the presence of shock,
injury severity, and inflammatory markers. Mann-Whitney U test was used to compare
separate groups. Data are expressed as median, 25th and 75th percentiles, and range
in the figures and as median (range) in the text. A P value below 0.05 was considered
to indicate statistical significance. After transformation of the data into natural
logarithms, Spearman’s correlation was used to assess the association between i-FABP
and peak inflammatory parameters. Prism 4.0 for Windows (GraphPad Software Inc.,
San Diego, CA, USA) was used for computations.

Results

Intestinal cell damage is increased in trauma patients arriving at the
emergency room

The mean age of trauma patients (n=96) was 40 years; 83% was male. Blood samples
at admission to the ER were collected at a mean period of 85 minutes following trauma
induction. Concentrations of i-FABP in trauma patients were significantly increased in
comparison with healthy controls (303 (41 to 84,846) pg/ml vs. 87 (41 to 413) pg/ml;
P<0.001; Figure 3.1). i-FABP levels at ER were also elevated compared with levels at
day 1 (174 (41 to 1805) pg/ml; P<0.001) and day 2 (103 (41 to 1049) pg/ml; P<0.001).
At day 1, i-FABP concentrations were still increased compared with day 2 in control
samples (both P<0.001). i-FABP at day 2 was not significantly increased compared with
control values (P=0.21). Of all trauma patients at the ER, i-FABP levels of 89 patients
(93% of all trauma patients) exceeded 87 pg/ml, which is the median of i-FABP plasma
concentration in healthy controls.

The extent of intestinal cell damage is related to presence of shock and
injury severity

To investigate the relation between hemodynamic stability and intestinal cell damage,
i-FABP concentrations in trauma patients in shock were compared with patients
without shock (SI >0.7 vs. 0.7, respectively). On admittance to the ER, the Sl was
increased in 42% of the patients. Plasma i-FABP concentrations were significantly
higher in patients with an elevated Sl in comparison with patients with a normal SI
(455 (41 to 84,242) pg/ml vs. 259 (41 to 1957) pg/ml; P<0.01) or healthy controls
(P<0.01, Figure 3.2A). Also in trauma patients with a Sl in the normal range, i-FABP
levels were elevated in comparison to healthy controls (P<0.01).
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Figure 3.1  Intestinal cell damage increased rapidly following severe trauma. Plasma intestinal fatty acid
binding protein (i-FABP) in trauma patients at the emergency room (ER) was significantly
higher compared with samples collected at day 1 (* P<0.001), day 2 and healthy controls (both
* P<0.001). i-FABP concentrations at day 1 were elevated in comparison with day 2 and
controls (both * P<0.001).

On admittance, the ISS of all patients was calculated and categorized. All ISS categories
comprised 12 patients or more. i-FABP levels in patients with high ISS scores (ISS 31 to
40 and 41 to 50) were significantly increased compared with ISS 0 to 10, 11 to 20, and
21 to 30 categories (428 (142 to 84,846) pg/ml and 682 (52 to 8206) pg/ml vs. 189 (41
to 735) pg/ml, 210 (58 to 1860) pg/ml and 235 (54 to 1957) pg/ml, each P<0.05;
Figure 3.2B). In all ISS categories, intestinal cell damage was increased compared with
healthy controls (P<0.01).

Next, the severity of local abdominal trauma was assessed using the AlS scores of the
abdomen. Scores of 0 (no abdominal injury), 3, and 4 (serious and severe abdominal
injury) occurred most frequently (n=48, 21, and 14 patients, respectively), whereas
scores of 1, 2, and 5 were assigned less often (n=8, 1, and 4 patients, respectively). As
the abdominal AIS score of 2 was assigned only once, the i-FABP concentration
detected in this patient (783 pg/ml) was not used for statistical evaluation. Taken
together, at the ER abdominal trauma was diagnosed in 50% of the patients. i-FABP
levels were significantly increased in patients with serious, severe, and critical
abdominal injury (AIS 3: 364 (122 to 1194) pg/ml, AIS 4: 1185 (52 to 2753) pg/ml and
AIS 5: 1806 (287 to 8206) pg/ml) compared with patients without abdominal injury
(AISO: 231 (41 to 84,846) pg/ml; all P<0.01) and healthy controls (all P<0.001;
Figure 3.2C). Interestingly, also i-FABP concentrations in patients without abdominal
trauma were significantly elevated compared with healthy controls (P<0.001).
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Figure 3.2
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Early intestinal cell damage is related to presence of shock and the extent of injury severity. A.
Plasma intestinal fatty acid binding protein (i-FABP) concentrations were significantly increased
in patients with an elevated shock index (SI >0.7) compared with patients with a normal S|
(£0.7) (t P<0.01) or healthy controls (* P<0.01). Also in trauma patients with a normal SI, i-
FABP levels were higher in comparison to healthy controls (* P<0.01). B. i-FABP concentrations
in patients with an injury severity score (ISS) of more than 30 were significantly elevated
compared with ISS of 30 categories or less (t P<0.05). Intestinal cell damage in all ISS
categories was increased compared with healthy controls (* P<0.01). C. i-FABP levels in
patients with severe abdominal trauma (abbreviated injury scale (AIS) 23) were significantly
increased compared with patients without abdominal injury (AIS = 0; * P<0.01) and healthy
controls ( P<0.001). i-FABP levels in patients without abdominal trauma were significantly
higher compared with healthy controls (* P<0.001).
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Remarkably elevated i-FABP values at admittance indicate abdominal
emergencies

In a few patients extremely elevated i-FABP levels were measured, far exceeding the
values of other patients (Figure 3.3). Examination of the medical records revealed that
the highest 10% of i-FABP values at ER belonged to patients with severe abdominal
trauma that required acute surgical intervention, such as ruptures of the diaphragm,
liver, and spleen. The highest i-FABP concentration (84,846 pg/ml) was measured in a
patient assigned an AIS score of 0 at ER admission who was diagnosed at day 2 with
intestinal perforation. In this patient, i-FABP concentrations at day 1 and 2 were
1181 pg/ml and 175 pg/ml, respectively.
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Figure 3.3  Strongly elevated i-FABP levels at ER indicate major abdominal trauma requiring immediate
surgery. The highest 10% of intestinal fatty acid binding protein (i-FABP) values at emergency
room (ER) were found in patients with severe abdominal trauma requiring acute intervention,
such as rupture of the intestine, diaphragm, kidney, liver, or spleen.

Intestinal mucosal cell damage correlates with the subsequent
inflammatory response

Circulating levels of IL-6, PCT, and CRP were measured on arrival at the ER and at the
following days to explore the inflammatory response following trauma. Plasma IL-6
strongly increased at the first day (0.11 (0.01 to 18.35) ng/ml vs. ER: 0.04 (0.00 to
5.16) ng/ml, P<0.05) and remained elevated at the second day (0.12 (0.00 to
11.37) ng/ml). Levels of PCT were barely detectable on presentation (0.06 (0.02 to
1.06) ng/ml), whereas elevated levels were measured at day 1 and 2 (0.22 (0.04 to
18.23) ng/ml and 0.22 (0.03 to 18.55) ng/ml, each P<0.001 to ER). Consecutive
measurements of acute phase protein CRP showed highest plasma values on the
second day post-trauma (1.21 (0.06 to 2.72) mg/ml) compared with the first day (0.42
(0.05 to 1.57) mg/ml, P<0.001) and to CRP concentrations on admittance (0.01 (0.00 to
0.28) mg/ml, P<0.001; Figure 3.4A). Next we analyzed the relation between intestinal
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cell damage and the development of inflammation. Concentrations of i-FABP at
admittance correlated positively with values of IL-6 (r2=0.19, P<0.01; Figure 3.4B) and
PCT (r’=0.36, P<0.001, Figure 3.4C) on the first day after trauma. Furthermore, early
i-FABP levels correlated with CRP in plasma at the second day (r2=0.25, P<0.01;

Figure 3.4D).
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Figure 3.4  Intestinal mucosal cell damage after trauma correlates positively with the inflammatory
response. A. Peak concentrations of circulating IL-6 and procalcitonin (PCT) were reached at
the first day after trauma, whereas highest levels of C-reactive protein (CRP) were measured at
the second day (all parameters: * P<0.05 vs. emergency room (ER); T P<0.001 vs. day 1). B, C,
D. i-FABP concentrations at ER correlated positively with peak concentrations of IL-6 (r’=0.19,
P<0.01), PCT (r’=0.36, P<0.001), and CRP (r’=0.25, P<0.01). All data are shown in natural
logarithmic scale.

Discussion

Compromised intestinal integrity is considered to contribute to the inflammatory
response to trauma'. This study sought to clarify the occurrence of intestinal damage
and thus compromised integrity in the direct phase following severe trauma. Here, we
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showed presence of intestinal epithelial cell damage in a cohort of 96 trauma patients
on arrival at the ER.

In the current study, evidence for intestinal cell damage after trauma was provided by
increased plasma i-FABP levels. i-FABP is a small intracellular protein (14 kD) solely
expressed in differentiated enterocytes of the small intestine and to a lower extent in

20,22,24
the colon

. Following cell damage, i-FABP is released and readily detectable in
circulation®. The fast clearance of FABP (T1/2=11 minutes) implies that the enhanced
plasma i-FABP levels reflect ongoing intestinal damage in our studyzg.

A strong increase of i-FABP was observed in trauma patients in shock. In the setting of
shock, blood flow to the splanchnic region is hampered in favor of perfusion of vital
organs such as the brain®***'. Therefore, the finding that i-FABP release is increased in
shock is in line with studies that established splanchnic hypoperfusion as a major cause
of i-FABP release. In a human model of gut ischemia and reperfusion, short-term
ischemia induced a strong increase of plasma i-FABP, paralleled by histological damage
of the epithelial layer and breakdown of intestinal barrier”>. Moreover, elevated i-FABP
levels were detected in settings of splanchnic hypoperfusion during non-abdominal

23 |n the present study shock was determined using the

surgery and critically illness
SI, which is considered more sensitive for shock than standard vital signs alone®®*. The
observed mucosal epithelial damage in this patient cohort stresses the importance of
rapid and adequate fluid administration after severe trauma’”.

An increase of intestinal cell damage was also present in patients with a normal SI, so
the relation between intestinal damage and other trauma characteristics was explored.
The ISS is a frequently used anatomical scoring system that correlates linearly with
mortality, morbidity, hospital stay, and other measures of trauma severity’’. In the
current study, the extent of intestinal cell damage was found to be related to the ISS. It
should be noted that the ISS is a composite of the scores of six body regions, including
the abdomen. As abdominal trauma is a likely cause of intestinal cell damage, the
relation between abdominal trauma and intestinal cell damage was then investigated.
Half of the patients included in this study had trauma in the abdominal region, as
determined using the AIS score. The highest i-FABP levels after trauma were detected
in patients with severe abdominal trauma that required acute surgical intervention,
such as rupture of the intestine, diaphragm, liver, and spleen. Further studies are
needed to explore the sensitivity and specificity of i-FABP as an early marker for small
intestinal organ damage following trauma. In addition to accepted diagnostic tools
such as computed tomography, i-FABP assessment may help to detect abdominal
emergencies in the early phase after trauma and support the decision to perform

24,34,35,36

surgical intervention . In conclusion, the extent of intestinal cell damage is

related to shock, ISS, and abdominal trauma.
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In search for a potential role of the compromised gut in the development of
inflammation following trauma, the relation between intestinal cell damage and the
early inflammatory response was investigated. i-FABP levels on arrival at the ER
correlated with concentrations at day 1 of IL-6, a potent cytokine in the early post-
injury immune response that was identified as a useful predictor of complications as

3% Furthermore, i-FABP levels strongly correlated with day 1 plasma

well as mortality
levels of PCT, an inflammation marker that is used to distinguish septic from non-septic
patients39. In line, CRP concentrations at day 2 also correlated positively to early i-FABP
values. Taken together, early intestinal cell damage clearly precedes and is related to
the subsequent inflammatory response to severe trauma. Further studies are required
to determine the causative involvement and predictive value of early enterocyte
damage and gut barrier loss in the development of inflammatory complications.

The gut has long since been considered to play a role in the pathophysiology of
complications following trauma®®. Clarification of the role of the intestine in the
development of excessive inflammation after trauma is not only interesting from an
etiologic viewpoint, but may also contribute to the selection of patients for novel
therapeutic strategies directed at preservation of intestinal integrity and attenuation
of the inflammatory response™.

Conclusions

To the best of the authors’ knowledge, this paper is the first to show that a significant
proportion of trauma patients rapidly develops intestinal mucosal cell damage. The
extent of intestinal damage is readily detectable in blood withdrawn on presentation
at the ER. Circulatory concentrations of enterocyte damage marker i-FABP are related
to the presence of shock and the extent of general injury as well as abdominal trauma,
indicating that the level of intestinal cell damage is determined by both systemic and
local factors. Moreover, early i-FABP values correlate positively with the inflammatory
response that develops in the days following trauma. Further studies are needed to
clarify the importance of early intestinal damage in the pathophysiologic response to
trauma and its diagnostic and therapeutic implications.

69



Chapter 3

References

1. Osborn TM, Tracy JK, Dunne JR, Pasquale M, Napolitano LM. Epidemiology of sepsis in patients with
traumatic injury. Crit Care Med 2004;32:2234-2240.

2. Angus DC, Linde-Zwirble WT, Lidicker J, Clermont G, Carcillo J, Pinsky MR. Epidemiology of severe
sepsis in the United States: analysis of incidence, outcome, and associated costs of care. Crit Care Med
2001;29:1303-1310.

3. Rotstein OD. Pathogenesis of multiple organ dysfunction syndrome: gut origin, protection, and
decontamination. Surg Infect 2000;1:217-223.

4. Carrico CJ, Meakins JL, Marshall JC, Fry D, Maier RV. Multiple-organ-failure syndrome. Arch Surg 1986;
121:196-208.

5. Rowlands BJ, Soong CV, Gardiner KR. The gastrointestinal tract as a barrier in sepsis. Br Med Bull 1999;
55:196-211.

6. Moore FA. The role of the gastrointestinal tract in postinjury multiple organ failure. Am J Surg 1999;
178:449-453.

7. Thuijls G, de Haan JJ, Derikx JP, Daissormont I, Hadfoune M, Heineman E, Buurman WA. Intestinal
cytoskeleton degradation precedes tight junction loss following hemorrhagic shock. Shock 2009;
31:164-169.

8. Deitch EA, Xu D, Kaise VL. Role of the gut in the development of injury- and shock induced SIRS and
MODS: the gut-lymph hypothesis, a review. Front Biosci 2006;11:520-528.

9. Fink MP, Delude RL. Epithelial barrier dysfunction: a unifying theme to explain the pathogenesis of
multiple organ dysfunction at the cellular level. Crit Care Clin 2005;21:177-196.

10. Luyer MD, Buurman WA, Hadfoune M, Jacobs JA, Konstantinov SR, Dejong CH, Greve JW.
Pretreatment with high-fat enteral nutrition reduces endotoxin and tumor necrosis factor-alpha and
preserves gut barrier function early after hemorrhagic shock. Shock 2004;21:65-71.

11. Van Leeuwen PA, Boermeester MA, Houdijk AP, Ferwerda CC, Cuesta MA, Meyer S, Wesdorp RI.
Clinical significance of translocation. Gut 1994;35:528-34.

12. Clark JA, Coopersmith CM. Intestinal crosstalk: a new paradigm for understanding the gut as the
"motor" of critical illness. Shock 2007;28:384-393.

13. Coopersmith CM, Stromberg PE, Dunne WM, Davis CG, Amiot DM, Buchman TG, Karl IE, Hotchkiss RS.
Inhibition of intestinal epithelial apoptosis and survival in a murine model of pneumonia-induced
sepsis. JAMA 2002;287:1716-1721.

14. Matzinger P. The danger model: a renewed sense of self. Science 2002;296:301-305.

15. Rubartelli A, Lotze MT. Inside, outside, upside down: damage-associated molecular-pattern molecules
(DAMPs) and redox. Trends Immunol 2007;28:429-436.

16. Soeters PB, Luyer MD, Greve JW, Buurman WA. The significance of bowel permeability. Curr Opin Clin
Nutr Metab Care 2007;10:632-638.

17. Langkamp-Henken B, Donovan TB, Pate LM, Maull CD, Kudsk KA. Increased intestinal permeability
following blunt and penetrating trauma. Crit Care Med 1995;23:660-664.

18. Kompan L, Kompan D. Importance of increased intestinal permeability after multiple injuries. Eur J
Surg 2001;167:570-574.

19. Bjarnason |, MacPherson A, Hollander D. Intestinal permeability: an overview. Gastroenterology 1995;
108:1566-1581.

20. Lieberman JM, Sacchettini J, Marks C, Marks WH. Human intestinal fatty acid binding protein: report of
an assay with studies in normal volunteers and intestinal ischemia. Surgery 1997;121:335-342.

21. Pelsers MM, Namiot Z, Kisielewski W, Namiot A, Januszkiewicz M, Hermens WT, Glatz JF. Intestinal-
type and liver-type fatty acid-binding protein in the intestine. Tissue distribution and clinical utility.
Clin Biochem 2003;36:529-535.

22. Derikx JP, Matthijsen RA, de Bruine AP, van Bijnen AA, Heineman E, van Dam RM, Dejong CH, Buurman
WA. Rapid reversal of human intestinal ischemia-reperfusion induced damage by shedding of injured
enterocytes and reepithelialisation. PLoS ONE 2008;3:e3428.

23. Derikx JP, van Waardenburg DA, Thuijls G, Willigers HM, Koenraads M, van Bijnen AA, Heineman E,

70

Poeze M, Ambergen T, van Ooij A, van Rhijn LW, Buurman WA. New insight in loss of gut barrier during
major non-abdominal surgery. PLoS ONE 2008;3:e3954.



Early intestinal cell damage following trauma

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Derikx JP, Vreugdenhil AC, Van den Neucker AM, Grootjans J, van Bijnen AA, Damoiseaux JG, van
Heurn LW, Heineman E, Buurman WA. A pilot study on the noninvasive evaluation of intestinal
damage in celiac disease using I-FABP and L-FABP. J Clin Gastroenterol 2009;43:727-733.

von Elm E, Altman DG, Egger M, Pocock SJ, Gotzsche PC, Vandenbroucke JP. The Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) statement: guidelines for reporting
observational studies. Bull World Health Organ 2007;85:867-872.

Rady MY, Smithline HA, Blake H, Nowak R, Rivers E. A comparison of the shock index and conventional
vital signs to identify acute, critical illness in the emergency department. Ann Emerg Med 1994;
24:685-690.

The Abbreviated Injury Scale, 1990 Revision, Update 98. Association for the Advancement of
Automotive Medicine; Barrington, IL 1998.

Baker SP, O'Neill B, Haddon W, Jr., Long WB. The injury severity score: a method for describing
patients with multiple injuries and evaluating emergency care. J Trauma 1974;14:187-196.

van de Poll MC, Derikx JP, Buurman WA, Peters WH, Roelofs HM, Wigmore SJ, Dejong CH. Liver
manipulation causes hepatocyte injury and precedes systemic inflammation in patients undergoing
liver resection. World J Surg 2007;31:2033-2038.

Ceppa EP, Fuh KC, Bulkley GB. Mesenteric hemodynamic response to circulatory shock. Curr Opin Crit
Care 2003;9:127-132.

Tamion F, Richard V, Sauger F, Menard JF, Girault C, Richard JC, Thuillez C, Leroy J, Bonmarchand G.
Gastric mucosal acidosis and cytokine release in patients with septic shock. Crit Care Med 2003;
31:2137-2143.

Derikx JP, Poeze M, van Bijnen AA, Buurman WA, Heineman E. Evidence for intestinal and liver
epithelial cell injury in the early phase of sepsis. Shock 2007;28:544-548.

King RW, Plewa MC, Buderer NM, Knotts FB. Shock index as a marker for significant injury in trauma
patients. Acad Emerg Med 1996;3:1041-1045.

Blow O, Magliore L, Claridge JA, Butler K, Young JS. The golden hour and the silver day: detection and
correction of occult hypoperfusion within 24 hours improves outcome from major trauma. J Trauma
1999;47:964-969.

Evennett NJ, Petrov MS, Mittal A, Windsor JA. Systematic review and pooled estimates for the
diagnostic accuracy of serological markers for intestinal ischemia. World J Surg 2009;33:1374-1383.
Relja B, Szermutzky M, Henrich D, Maier M, de Haan JJ, Lubbers T, Buurman WA, Marzi I. Intestinal-
FABP and liver-FABP: Novel markers for severe abdominal injury. Acad Emerg Med 2010;17:729-735.
Stensballe J, Christiansen M, Tonnesen E, Espersen K, Lippert FK, Rasmussen LS. The early IL-6 and IL-
10 response in trauma is correlated with injury severity and mortality. Acta Anaesthesiol Scand 2009;
53:515-521.

Biffl WL, Moore EE, Moore FA, Peterson VM. Interleukin-6 in the injured patient. Marker of injury or
mediator of inflammation? Ann Surg 1996;224:647-664.

Tang BM, Eslick GD, Craig JC, McLean AS: Accuracy of procalcitonin for sepsis diagnosis in critically ill
patients: systematic review and meta-analysis. Lancet Infect Dis 2007;7:210-217.

de Haan JJ, Lubbers T, Hadfoune M, Luyer MD, Dejong CH, Buurman WA, Greve JW. Postshock
intervention with high-lipid enteral nutrition reduces inflammation and tissue damage. Ann Surg 2008;
248:842-848.

71



72



CHAPTER 4

Intestinal cytoskeleton degradation
precedes tight junction loss

following hemorrhagic shock

Geertje Thuijls, Jacco J. de Haan, Joep P. Derikx, Isabelle Daissormont,
M’hamed Hadfoune, Erik Heineman, Wim A. Buurman

Shock 2009;31:164-169

73



Chapter 4

Abstract

Introduction: Hemorrhagic shock leads to intestinal barrier loss, causing systemic
inflammation, which in turn can ultimately lead to multi-organ dysfunction syndrome
(MODS). Barrier function is based on tight junctions (TJ) between intact epithelial cells.
These TJ are anchored in the cell via the filamentous actin (F-actin) cytoskeleton. We
hypothesize that hemorrhagic shock (HS) causes hypoperfusion, leading to loss of
F-actin, via activation of Actin Depolymerizing Factor/cofilin (AC), and consequently TJ
loss. This study is aimed at unravelling the changes in cytoskeleton and tight junction
integrity following HS in organs commonly affected in MODS (liver, kidney and
intestine) and to elucidate the events preceding cytoskeleton loss.

Methods: Adult rats were subjected to a nonlethal HS and sacrificed, along with
unshocked controls, at 15, 30, 60 and 90 min after induction of shock. Cytoskeleton,
tight junction integrity loss and its consequences were studied by assessment of
globular actin (G-actin), F-actin, AC, ZO-1 and Claudin-3 and bacterial translocation.

Results: In the liver and kidney TJ and the F-actin cytoskeleton remained intact at all
time-points studied. However, in the intestine, significant loss of F-actin and increase
of G-actin was seen from 15 min after shock. This change preceded statistically
significant loss of the tight junction proteins Claudin-3 and ZO-1 which were observed
starting at 60 min after induction of shock (P<0.05 versus controls). Early after
induction of shock (15 and 30 min) the non active AC (phosphorylated AC) in the
intestine was significantly decreased (by 21% and 27%, P<0.05 versus control) whereas
total AC remained constant, reflecting an increase in activated AC in the intestine from
15 min after shock. Bacterial translocation to mesenteric lymph nodes, liver and spleen
was present from 30 min after shock.

Conclusions: This study shows for the first time that HS results in AC activation,
selective intestinal actin cytoskeleton disruption and tight junction loss, very early after
the onset of shock. Loss of this intestinal barrier results in translocation of toxins and
bacteria, which enhances inflammation and leads to infections.
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Introduction

Hemorrhagic shock (HS) is a clinical condition characterized by insufficient tissue
perfusion to meet the demand for oxygen and nutrients. This hypoperfusional state
can trigger a systemic inflammatory response, sepsis and ultimately multi-organ
dysfunction syndrome (MODS)*3. MODS commonly affects the intestine, liver, kidney
and lung.

The proper function of these visceral organs depends on generation and maintenance
of compositionally distinct compartments by a barrier formed by epithelial cells sealed
by tight junctions (TJ)*. TJ serve as a fence dividing cells into apical and basolateral
domains. These TJ are anchored in the cell via the filamentous actin (F-actin)
cytoskeleton. Hypoperfusion or ischemia can cause disruption of the F-actin
cytoskeleton, with subsequent barrier failure. Gut wall integrity loss leads to
paracellular leakage of microbial products’®. Hepatic barrier dysfunction leads to
toxins and bile escaping into the systemic circulation®’. Barrier failure in the kidney

%1% These clinical consequences of epithelial tight

causes backleakage of tubular fluid
junction loss are potential triggers for an innate immune response. Derangement in
the formation and function of TJ has a prominent role in liver, gut and kidney

6,7,11
. However, HS does not result

dysfunction not only during sepsis, but also in MODS
in early pulmonary tight junction loss, pulmonary dysfunction or leak of the alveolar-
capillary membrane, in absence of severe associated factors, like massive
inflammation”*?.

The actin cytoskeleton is a dynamic structure that maintains cell shape and tight
junction stability. Increasing evidence implicates Actin Depolymerizing Factor/cofilin
(AC) as a mediator of cellular actin dynamics by binding to F-actin and enhancing its
severing and turnover (recycling)”>'®. Cofilin is expressed in the mouse small
intestine'”. Adenosine triphosphate (ATP) depletion, as occurs in hypoperfusion,
results in AC activation (dephosphorylation). Dephosphorylated AC binds F-actin and at
relatively low stoichiometry to F-actin subunits, AC can sever F-actin and enhance
subunit turnover. At higher stoichiometry AC can stabilize and bundle F-actin into

1819 As a result of low stoichiometric activation of AC, the actin

aggregates or rods
cytoskeleton is disrupted, losing connections with tight junction proteins and causing
disassembly of TJ, a process that also is dependent on myosin Il based contractilityzo.
Indeed, in renal ischemia reperfusion injury, a situation with great resemblance to HS,
ATP depletion in the kidney causes activation of AC, its relocalization to the apical
12 This study

is aimed at unravelling the changes in cytoskeleton and tight junction integrity after HS

membrane, and consequent alterations in the apical actin cytoskeleton

in the organs commonly affected in MODS (liver, kidney and intestine) and to elucidate
AC activity preceding and during cytoskeleton loss.
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Materials and methods

Reagents

Rabbit anti-Zonula Occludens protein 1 (ZO-1) (61-7300) and Rabbit anti-Claudin-3
(34-1700) were purchased from Invitrogen (San Francisco, CA). Mouse anti-G-actin
(globular actin) (JLA20) was purchased from Developmental Studies Hybridoma Bank,
University of lowa (Ames, lowa). Mouse anti-actin (C4) was purchased from MP
Biomedicals (Aurora, Ohio). Oregon Green-Phalloidin (07465) was purchased from
Invitrogen. Rabbit anti-Actin Depolymerizing Factor/Cofilin (total AC (tAC)) (rabbit
1439) and Rabbit anti-phosphorylated-AC (pAC) were previously characterized®?.
Mouse anti-beta Actin (A 2228) was purchased from Sigma (Saint Louis, MO). Texas red
conjugated goat anti-rabbit antibody, Texas red conjugated rat anti-rabbit antibody,
goat anti-rabbit horseradish peroxidise (HRP)-conjugated secondary antibody and rat
anti-mouse HRP-conjugated secondary antibody were purchased from Jackson (West

Grove, PA).

Animals

This study was performed according to the guidelines of the Animal Care Committee of
Maastricht University. Sprague-Dawley rats, healthy males weighing 266-450 g
(average, 349 g) purchased from Charles River (Maastricht, the Netherlands) were
housed under controlled conditions of temperature and humidity. Before the start of
the experiments, rats were fed water and chow ad libitum.

Experimental design and hemorrhagic shock procedure

Rats were allocated to 5 groups (n=6 per group) before the start of the experiments.
Control rats (group 1) were sacrificed without intervention. The other rats were
exposed to non-lethal HS after 18 hours fasting as previously described. Briefly, rats
were anesthetized with isoflurane (induction 4%, maintenance 1.5%). The femoral
artery was aseptically dissected and cannulated with polyethylene tubing (PE-10)
containing heparinized saline (10 1U/ml). Mean arterial blood pressure (MAP) and
heart rate (HR) were assessed continuously. After 30 min acclimatization period, 2.1 ml
blood /100 g of body weight was withdrawn (representing approximately 30-40% of
the circulating volume) at a rate of 1 ml/minute. Groups 2, 3, 4, and 5 were sacrificed
at 15, 30, 60 and 90 min after shock, respectively. At sacrifice blood and tissue samples
were taken.

The severity of the HS as reflected by changes in MAP, HR, and hematocrit was similar
for all animals studied. Immediately after induction of shock (t=0), mean MAP-values
decreased from 89 (80-105) mmHg to 24 (20-32) mmHg, and the HR decreased from
397 (350-470) beats per minute (bpm) to 226 (160-270) bpm in all shock groups.
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Hematocrit was reduced from 43 *+ 2.0% to 35 * 2.9% after shock at all time-intervals

studied (Table 4.1). These data are comparable with previously published data, using

the same HS model*>?®.

Table 2.1 The severity of the hemorrhagic shock as reflected by mean changes in mean arterial pressure
(MAP), heart rate (HR), and hematocrit (Ht) was similar for all animals studied.”*?

Time after shock MAP HR Ht

(min) 0 10 min A (%) 0 10 min A (%) 0 sacrifice A (%)
Group 15 91 24 73 405 238 41 44 35 20
Group 30 90 25 73 397 221 44 43 35 19
Group 60 86 26 70 383 227 41 43 34 22
Group 90 87 23 73 406 236 42 43 35 20

LAl groups consist of 6 animals; 2 Group 15, 30, 60 and 90 represent animals sacrificed 15, 30, 60 and 90
minutes after shock; > MAP and HR are given at 0 minutes (just before shock) and at 10 minutes after the
onset of shock. Ht is given at 0 minutes and at sacrifice. A is the percentage of decrease of MAP, HR and Ht
between time-point 0 and time-point 10 minutes/sacrifice.

Immunohistochemistry

Tight junction distribution and the actin cytoskeleton were examined by
immunofluorescent staining of frozen sections (3 um) for ZO-1, Claudin-3, G-actin and
F-actin. lleum, liver and kidney sections were fixed with 4% paraformaldehyde. Non-
specific binding sites were blocked with 10% goat serum and incubated overnight at
4°C with anti-Z0O-1, anti-Claudin-3, or anti-G-actin. Thereafter, the sections were
incubated 45 min with Texas red conjugated goat anti-rabbit antibody or with Texas
red-conjugated rat anti-rabbit antibody. F-actin sections were stained with Oregon
green-Phalloidin for 45 min, followed by 2 min incubation with 4’,6-diamino-2-phenyl
indole (DAPI), dehydrated in ascending ethanol series and mounted in Fluorescence
Mounting Solution (Dakocytomation, Glostrup, Denmark). The distribution of TJ and
the actin cytoskeleton was recorded at a magnification of 200x/400x using the
Metasystems Image Pro System (black and white charge-couple device camera;
Metasystems, Sandhausen, Germany) mounted on a Leica DM-RE fluorescence
microscope (Leica, Wetzler, Germany). All images were taken at equal time-exposures
after being normalized to negative control sections without primary antibody, to
exclude for non-specific binding of the secondary antibody or autofluorescence. At
least 25 microscopic fields for each tissue section were examined.
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Epithelial cell isolation and protein extraction

Intestinal epithelial cells of rats were isolated using a modification of a previously
published method*’*®
4°C phosphate buffered saline (PBS) containing 50 nM of the phosphatase inhibitor

. In short, a fresh section of intestine was inverted and washed in

calyculin A (Merck Biosciences, Nottingham, UK). Next the tissue was transferred to
Ca™*- and Mg+-free Hank’s balanced salt solution containing 30mM EDTA and 50nM
calyculin A and incubated for 20 min at 4°C. After incubation, the tissue was
transferred to a fresh tube containing CMF-HBSS with 0.3 U/ml dispase (Boehringer
Mannheim, Germany) and 50nM calyculin A. After incubation at 37°C for 20 min,
epithelial cells were dislodged by scraping the epithelial surface. Isolated cells were
analysed microscopically and only epithelial cells were observed.

The isolated intestinal epithelial cells, liver samples and kidney samples were lysed in
lysis buffer containing 200mM NaCl, 5 mM EDTA, 10 mM Tris, 10% glycine, 1 mM
phenylmethanesulfonyl fluoride, 1 pg/ml leupeptine and 28 pg/ml aprotinine and
centrifuged at 40,000 g for 10 min at 4°C. The protein concentration of the
supernatants was measured using the Bradford method (Biorad, Hercules, CA).

Western Blotting

Aliquots with equal amounts of protein determined with the Bradford method
(extracts from isolated rat intestinal epithelial cells, liver and kidney) were heated at
1002C for 5 min in SDS sample buffer, separated on SDS-polyacrylamide gels and
transferred to polyvinylidene fluoride membrane (Immobilin P, Millipore, Bedford,
MA). For G-actin non-reducing western blotting was performed. After transfer of
proteins, a blocking step was performed in Tris buffered saline (TBS) with 5% non-fat
dry milk and 0.05% Tween. Membranes were probed using primary antibodies to ZO-1,
Claudin-3, tAC, pAC, Actin and beta-Actin in TBS 0.05% Tween. To confirm equal
protein loading, immunoblotting was performed with beta-Actin. After incubation with
goat anti-rabbit or rat anti-mouse HRP-conjugated secondary antibody, signal was
detected by chemiluminescence on film (Pierce Biotechnology Inc., Rockland, IL). Band
intensity was quantitatively analyzed using Quantity One (Biorad).

Bacterial translocation

In all rats mesenteric lymph nodes (MLN), the midsection of the spleen, and segment
IV of the liver were collected aseptically in 2 ml pre-weighed thioglycolate broth tubes
(Becton Dickinson (BBL) Microbiology Europe, Maylan, France). After weighing, the
tissue specimens were homogenized and subsequently transferred onto the following
agar plates: Columbia Ill blood agar base supplemented with 5% vol/vol sheep blood
(BBL) (duplicate plates) and Chocolate PolyviteX agar (BioMe'rieux, Marcy L’Etoile,
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France). After 48 hours incubation, the colonies were counted, adjusted to the weight
of the tissue and expressed as number of colony forming units (CFU) per gram tissue.

Statistical analyses

Gaussian distribution was tested using the Kolmogorov-Smirnov test. One-way ANOVA
followed by Dunnett's Multiple Comparison Test was used for between-group
comparisons. P<0.05 was considered statistically significant. Data are presented as
mean + SEM/range.

Results

Actin filament severing

The turnover of F-actin into G-actin after shock in ileum, liver and kidney was
investigated by immunofluorescence and western blotting. Immunofluorescence
showed increased G-actin from 15 min after induction of HS in the ileum, with
simultaneous decrease in F-actin. The intensity of G-actin was still increased at 30 and
60 min after induction of shock. Rats sacrificed ninety min after induction of HS also
showed a an upregulation of G-actin and significant loss of F-actin compared to control
rats, although less G-actin and more F-actin was observed compared to rats sacrificed
15, 30 and 60 min after HS (Figure 4.1A). Western blot of G-actin showed a statistically
significant increase in densitometric intensity at 15 minutes after shock compared to
controls (*P<0.05) (Figure 4.1B).

In liver and kidney sections F-actin cytoskeleton remained intact and there was no
G-actin detectable at the investigated time-points (Figure 4.2, G-actin staining not
shown).

Intestinal AC activation after hemorrhagic shock

We report the presence of both tAC and pAC in normal ileum, using western blot with
antibodies against tAC and pAC. Furthermore, the effect of HS on the relative amounts
of tAC and pAC was studied. Figure 4.3 shows the densitometric analysis of western
blot data of intestinal epithelial cell homogenates using antibodies to tAC and pAC. The
total concentration of tAC in gut epithelial cells did not change significantly after HS
(Figure 4.3A). pAC expression was statistically significant decreased 15, 30 and 60 min
after induction of shock (by 21, 27 and 26% respectively, P<0.05) (Figure 4.3B). This
decrease in pAC values reflects AC activation.
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Figure 4.1A Immunolocalisation of G-Actin (red) and F-actin (green) in the ileum following hemorrhagic
shock. Nuclei are stained with DAPI (blue). Control rats showed a regular distribution of F-actin
and no detectable G-actin. Rats sacrificed 15, 30 and 60 min after induction of hemorrhagic
shock showed an upregulation of G-actin and significant loss of F-actin. Rats sacrificed 90 min
after induction of hemorrhagic shock also showed an upregulation of G-actin and a significant
loss of F-actin and compared to control rats, although less G-actin and more F-actin was
observed compared to rats sacrificed 15, 30 and 60 min after hemorrhagic shock. (200x
magnification)
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Figure 4.1B Densitometric analysis of western blot of G-actin in rat intestinal epithelial cells. Western blot
of G-actin showed a significant increase in densitometric intensity at 15 minutes after shock
compared to controls (¥*P<0.05). Beta-Actin was used to confirm equal protein loading. Values
are expressed as mean + SEM.

Intestinal, liver and renal tight junction loss

A significant loss of the most important transmembrane tight junction protein
Claudin-3 and the intracellular tight junction protein ZO-1 from 30 min after induction
of shock was observed by immunofluorescent staining of microscopic sections of the
ileum (Figure 4.4). This loss was quantified using western blotting of rat epithelial cell
homogenates. Statistically significant loss of Claudin-3 and ZO-1 was seen from 60 min
after induction of shock (Figure 4.5).

In liver and kidney sections immunofluorescent staining showed no difference in ZO-1
and Claudin-3 immunolocalization between control rats and rats sacrificed 15, 30, 60
and 90 min after induction of HS (data not shown). Also western blot analysis showed
no significant loss of Claudin-3 in the liver and kidney at any time point after induction
of HS as compared to control rats (data not shown).
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Liver Kidney
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Figure 4.2  Immunolocalisation of F-Actin in liver and in kidney (green) following hemorrhagic shock.
Nuclei are stained with DAPI (blue). F-actin distribution did not change following hemorrhagic
shock in the time period studied. (200x magnification)
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Figure 4.3
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Densitometric analysis of western blot of total AC (tAC) and phosphorylated AC (pAC) in rat
intestinal epithelial cells. A. Western blot of tAC showed no significant attenuation in
densitometric intensity after shock compared to controls. B. Western blot of pAC showed a
significant attenuation in densitometric intensity at 15, 30 and 60 min after shock compared to
controls (*P<0.05). Signal intensity of the specific band from the untreated control rats was set
as 100% and was compared with the after-shock values. Beta-Actin was used to confirm equal
protein loading. Values are expressed as mean = SEM.
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Z0-1 Claudin-3
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Figure 4.4  Immunolocalisation of ZO-1 and Claudin-3 (both in red) in ileum showed a regular distribution
in control rats and in animals sacrificed 15 min after induction of shock. Already at 30 min after
hemorrhagic shock a significant loss of Claudin-3 and ZO-1 was found, which persisted up to 90
min after shock. Nuclei are stained with DAPI (blue, original magnification 200x; for insert,
original magnification 400x)
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Figure 4.5  Densitometric analysis of western blot of Claudin-3 and ZO-1 in rat intestinal epithelial cells.
A. Western blot of Claudin-3 showed a significant attenuation in densitometric intensity at 60
and 90 min after shock compared to earlier time-points (*P<0.05). B. Western blot of ZO-1
showed a significant attenuation in densitometric intensity at 60 and 90 min after shock
compared to earlier time-points (*P<0.05). Signal intensity of the specific band from the
untreated control rats was set as 100% and was compared with the after-shock values. Beta-
Actin was used to confirm equal protein loading. Values are expressed as mean + SEM.

Intestinal permeability to bacteria

To determine whether hemorrhage leads to increased intestinal permeability we
measured bacterial translocation to distant organs (Figure 4.6). As expected, cultures
from tissues taken from the control group were mostly sterile. Bacterial translocation
was significantly elevated in animals sacrificed 30, 60 and 90 min after induction of HS
as compared to control animals (P<0.05). Colony forming units per gram tissue (CFU/g
tissue) found in mesenteric lymph nodes (MLN), spleen, and liver were 0.4 (0.0-1.0),
8.4 (0.0-21.4), 35.0 (19.7-58.7), 50.1 (21.9-75.7), 133.3 (95.7-199.8) for controls rats
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and rats sacrificed at 15, 30, 60 and 90 min after HS, respectively. The most frequently
found bacteria in the cultures were gut derived Escherichia coli, Enterococcus faecalis
and Staphylococcus aureus. Bacteria were more often found in MLN than spleen or
liver.
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Figure 4.6  Bacterial translocation to mesenteric lymph nodes (MLN), spleen, and liver was significantly
elevated 30, 60 and 90 min after hemorrhagic shock as compared to control animals (*P<0.05).
Values are expressed as mean + SEM.

Discussion

This study was aimed at unravelling the changes in tight junction integrity after HS in
the organs commonly affected in MODS (liver, kidney and intestine) and to elucidate
the events preceding tight junction loss. Intestinal severing of the F-actin cytoskeleton,
which intactness is necessary for tight junction integrity, was observed very early after
shock, starting as soon as 15 min after the onset of shock. In contrast, F-actin
cytoskeleton disruption in liver and kidney was not seen at any investigated time point,
e.g. up to 90 min after shock.

In the current study we found that both tAC and pAC are present in intestinal epithelial
cells under physiological conditions. Phosphorylated AC decreased statistically
significant 15 min after induction of shock, which is expected to be responsible for
actin cytoskeleton severing. Consequently, the interaction of tight junction proteins
with F-actin was disrupted leading to tight junction loss. AC binding to F-actin causes a
twist in F-actin that destabilizes the filament. Furthermore, this twist in F-actin
eliminates the binding sites for phalloidin, such that AC-saturated filaments are not
stained with fluorescent phalloidin®®. However, the increased staining of G-actin
showed disruption of the actin filaments into monomers.
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Tight junction protein loss was seen from 30 min after shock. The immunofluorescence
data indicate that the presence of claudin-3 and ZO-1 at the side of tight junctions is
strongly reduced from 30 min following hemorrhagic shock. These proteins however
do not immediately disappear but rather dislodge and finally end up in the lysosomal

3031 This results in a spreading of the proteins over the cytoplasm which

compartments
reduces the local concentration and thus detection by immunofluorescence. The
western blot data clearly show that the tight junction proteins Claudin-3 and ZO1-1 in
intestinal epithelial cells are diminished from 60 minutes after shock. No tight junction
loss in liver and kidney was seen at any investigated time point. Bacterial translocation
started as soon as 30 min after shock and increased markedly over time. This
occurrence of bacterial translocation characterizes the functional intestinal barrier
loss. Taken together, HS induced activation of AC, cytoskeleton severing and tight
junction loss was restricted to the intestine and was followed by bacterial
translocation.

Our data are consistent with the work of Molitoris group, showing presence of both AC
and pAC in the kidney under physiological conditions, and AC activation and actin
cytoskeleton degradation after ATP depletion caused by ischemia'. Changes in actin
cytoskeleton structure contribute to tight junction integrity loss®”>>*.

Besides AC mediated tight junction loss by cytoskeleton filament severing and
depolymerization after ATP depletion, Myosin Light Chain (MLC) is described as
regulator of actin dynamics in the enterocyte®>**. Phosphorylation of MLC (pMLC), by
Myosin Light Chain Kinase (MLCK) leads to contraction of the actin cytoskeleton and
opening of the tight junction in the intestine. Tight junction permeability is regulated
by phosphorylated MLC by myosin ATPase-mediated contraction of the peri-junctional

3% This mechanism is

actomyosin ring and subsequent physical tension on the TJ
suggested to be responsible for tight junction integrity loss in inflammatory bowel
disease®. In summary, actin filament reorganisation and stabilization is regulated by
AC or MLC, with tight junction loss caused by either AC after energy depletion or MLC

in an energy rich environment.

Conclusions

This study shows that HS results in intestinal AC activation, actin depolymerization,
tight junction loss and bacterial translocation, very early after the onset of shock, while
in kidney and liver no actin cytoskeleton disruption and tight junction loss is observed.

87



Chapter 4

References

1. Moore FA, Sauaia A, Moore EE, Haenel JB, Burch JM, Lezotte DC. Postinjury multiple organ failure: a
bimodal phenomenon. J Trauma 1996;40:501-512.

2. Peitzman AB, Billiar TR, Harbrecht BG, Kelly E, Udekwu AO, Simmons RL. Hemorrhagic shock. Curr Probl
Surg 1995;32:925-1002.

3. Hassoun HT, Kone BC, Mercer DW, Moody FG, Weisbrodt NW, Moore FA. Post-injury multiple organ
failure: the role of the gut. Shock 2001;15:1-10.

4, Stevenson BR. Understanding tight junction clinical physiology at the molecular level. J Clin Invest
1999;104:3-4.

5. Baker JW, Deitch EA, Li M, Berg RD, Specian RD. Hemorrhagic shock induces bacterial translocation
from the gut. J Trauma 1988;28:896-906.

6. Fink MP, Delude RL. Epithelial barrier dysfunction: a unifying theme to explain the pathogenesis of
multiple organ dysfunction at the cellular level. Crit Care Clin 2005;21:177-196.

7. Han X, Fink MP, Yang R, Delude RL. Increased iNOS activity is essential for intestinal epithelial tight
junction dysfunction in endotoxemic mice. Shock 2004;21:261-270.

8. Xu DZ, Lu Q, Deitch EA. Nitric oxide directly impairs intestinal barrier function. Shock 2002;17:139-145.

9. Anderson JM. Leaky junctions and cholestasis: a tight correlation. Gastroenterology 1996;110:1662-
1665.

10. Kwon O, Nelson WJ, Sibley R, Huie P, Scandling JD, Dafoe D, Alfrey E, Myers BD. Backleak, tight
junctions, and cell- cell adhesion in postischemic injury to the renal allograft. J Clin Invest 1998;
101:2054-2064.

11.  Fink MP. Intestinal epithelial hyperpermeability: update on the pathogenesis of gut mucosal barrier
dysfunction in critical illness. Curr Opin Crit Care 2003;9:143-151.

12. Deitch EA, Forsythe R, Anjaria D, Livingston DH, Lu Q, Xu DZ, Redl H. The role of lymph factors in lung
injury, bone marrow suppression, and endothelial cell dysfunction in a primate model of trauma-
hemorrhagic shock. Shock 2004;22:221-228.

13. Lappalainen P, Drubin DG. Cofilin promotes rapid actin filament turnover in vivo. Nature 1997;388: 78-
82.

14. Rosenblatt J, Agnew BJ, Abe H, Bamburg JR, Mitchison TJ. Xenopus actin depolymerizing factor/cofilin
(XAC) is responsible for the turnover of actin filaments in Listeria monocytogenes tails. J Cell Biol
1997;136:1323-1332.

15. Schwartz N, Hosford M, Sandoval RM, Wagner MC, Atkinson SJ, Bamburg J, Molitoris BA. Ischemia
activates actin depolymerizing factor: role in proximal tubule microvillar actin alterations. Am J Physiol
1999;276:F544-551.

16. Theriot JA. Accelerating on a treadmill: ADF/cofilin promotes rapid actin filament turnover in the
dynamic cytoskeleton. J Cell Biol 1997;136:1165-1168.

17. Carothers AM, Javid SH, Moran AE, Hunt DH, Redston M, Bertagnolli MM. Deficient E-cadherin
adhesion in C57BL/6J-Min/+ mice is associated with increased tyrosine kinase activity and RhoA-
dependent actomyosin contractility. Exp Cell Res 2006;312:387-400.

18. Andrianantoandro E, Pollard TD. Mechanism of actin filament turnover by severing and nucleation at
different concentrations of ADF/cofilin. Mol Cell 2006;24:13-23.

19. Minamide LS, Striegl AM, Boyle JA, Meberg PJ, Bamburg JR. Neurodegenerative stimuli induce
persistent ADF/cofilin-actin rods that disrupt distal neurite function. Nat Cell Biol 2000;2:628-636.

20. Ivanov Al, McCall IC, Parkos CA, Nusrat A. Role for actin filament turnover and a myosin Il motor in
cytoskeleton-driven disassembly of the epithelial apical junctional complex. Mol Biol Cell 2004;15:
2639-2651.

21. Ashworth SL, Sandoval RM, Hosford M, Bamburg JR, Molitoris BA. Ischemic injury induces ADF
relocalization to the apical domain of rat proximal tubule cells. Am J Physiol Renal Physiol 2001;280:
F886-894.

22. Shaw AE, Minamide LS, Bill CL, Funk JD, Maiti S, Bamburg JR. Cross-reactivity of antibodies to actin-

88

depolymerizing factor/cofilin family proteins and identification of the major epitope recognized by a
mammalian actin-depolymerizing factor/cofilin antibody. Electrophoresis 2004;25:2611-2620.



Selective intestinal tight junction loss after hemorrhagic shock

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Meberg PJ, Ono S, Minamide LS, Takahashi M, Bamburg JR. Actin depolymerizing factor and cofilin
phosphorylation dynamics: response to signals that regulate neurite extension. Cell Motil Cytoskeleton
1998;39:172-190.

Luyer MD, Buurman WA, Hadfoune M, Jacobs JA, Konstantinov SR, Dejong CH, Greve JW.
Pretreatment with high-fat enteral nutrition reduces endotoxin and tumor necrosis factor-alpha and
preserves gut barrier function early after hemorrhagic shock. Shock 2004;21:65-71.

Bark T, Katouli M, Ljungqvist O, Mollby R, Svenberg T. Bacterial translocation after non-lethal
hemorrhage in the rat. Circ Shock 1993;41:60-65.

Luyer MD, Jacobs JA, Vreugdenhil AC, Hadfoune M, Dejong CH, Buurman WA, Greve JW. Enteral
administration of high-fat nutrition before and directly after hemorrhagic shock reduces endotoxemia
and bacterial translocation. Ann Surg 2004;239:257-264.

Clayburgh DR, Barrett TA, Tang Y, Meddings JB, Van Eldik LJ, Watterson DM, Clarke LL, Mrsny RJ,
Turner JR. Epithelial myosin light chain kinase-dependent barrier dysfunction mediates T cell
activation-induced diarrhea in vivo. J Clin Invest 2005;115:2702-2715.

Grossmann J, Maxson JM, Whitacre CM, Orosz DE, Berger NA, Fiocchi C, Levine AD. New isolation
technique to study apoptosis in human intestinal epithelial cells. Am J Pathol 1998;153:53-62.
McGough A, Pope B, Chiu W, Weeds A. Cofilin changes the twist of F-actin: implications for actin
filament dynamics and cellular function. J Cell Biol 1997;138:771-781.

Matsuda M, Kubo A, Furuse M, Tsukita S. A peculiar internalization of claudins, tight junction-specific
adhesion molecules, during the intercellular movement of epithelial cells. J Cell Sci 2004;117:1247-
1257.

Ivanov Al, Nusrat A, Parkos CA. Endocytosis of the apical junctional complex: mechanisms and possible
roles in regulation of epithelial barriers. Bioessays 2005;27:356-365.

Clayburgh DR, Rosen S, Witkowski ED, Wang F, Blair S, Dudek S, Garcia JG, Alverdy JC, Turner JR. A
differentiation-dependent splice variant of myosin light chain kinase, MLCK1, regulates epithelial tight
junction permeability. J Biol Chem 2004;279:55506-55513.

Turner JR, Rill BK, Carlson SL, Carnes D, Kerner R, Mrsny RJ, Madara JL. Physiological regulation of
epithelial tight junctions is associated with myosin light-chain phosphorylation. Am J Physiol 1997;273:
C1378-1385.

Shen L, Black ED, Witkowski ED, Lencer WI, Guerriero V, Schneeberger EE, Turner JR. Myosin light
chain phosphorylation regulates barrier function by remodeling tight junction structure. J Cell Sci
2006;119:2095-2106.

Hartel FV, Rodewald CW, Aslam M, Gunduz D, Hafer L, Neumann J, Piper HM, Noll T. Extracellular ATP
induces assembly and activation of the myosin light chain phosphatase complex in endothelial cells.
Cardiovasc Res 2007;74:487-496.

Kushida M, Takeuchi T, Fujita A, Hata F. Dependence of Ca2+-induced contraction on ATP in alpha-
toxin-permeabilized preparations of rat femoral artery. J Pharmacol Sci 2003;93:171-179.

Blair SA, Kane SV, Clayburgh DR, Turner JR. Epithelial myosin light chain kinase expression and activity
are upregulated in inflammatory bowel disease. Lab Invest 2006;86:191-201.

89



90



CHAPTER 5

Protection against early intestinal compromise
by lipid-rich enteral nutrition via

cholecystokinin receptors

Jacco J. de Haan, Geertje Thuijls, Tim Lubbers, M’hamed Hadfoune, Kostan Reisinger,
Erik Heineman, Jan-Willem M. Greve, Wim A. Buurman
J de Haan and G Thuijls contributed equally to this study

Crit Care Med. 2010,;38:1592-1597

91



Chapter 5

Abstract

Introduction: Early gut wall integrity loss and local intestinal inflammation are
associated with the development of inflammatory complications in surgical and
trauma patients. Prevention of these intestinal events is a potential target for
therapies aimed to control systemic inflammation. Previously, we demonstrated in a
rodent shock model that lipid-rich enteral nutrition attenuated systemic inflammation
and prevented organ damage via a cholecystokinin receptor (CCK-r) dependent vagal
pathway. Here, influence of lipid-rich nutrition on very early intestinal compromise as
seen after shock is investigated. Next, the involvement of CCK-r on the nutritional
modulation of immediate gut integrity loss and intestinal inflammation is studied.

Methods: Liquid lipid-rich nutrition or control low-lipid feeding was administered per
gavage to male Sprague Dawley rats prior to hemorrhagic shock. CCK-r antagonists
were used to investigate involvement of the vagal anti-inflammatory pathway.

Results: Gut permeability to horseradish peroxidase (HRP) increased as soon as
30 minutes post-shock and was prevented by lipid-rich nutrition compared with low-
lipid (P<0.01) and fasted controls (P<0.001). Furthermore, lipid-rich nutrition reduced
plasma levels of enterocyte damage marker ileal lipid binding protein (ILBP) at
60 minutes (P<0.05). Early gut barrier dysfunction correlated with rat mast cell
protease (RMCP) plasma concentrations at 30 minutes (r,=0.67; P<0.001) and intestinal
myeloperoxidase (MPO) levels at 60 minutes (r;=0.58; P<0.05). Lipid-rich nutrition
significantly reduced plasma RMCP (P<0.01) and MPO (P<0.05) before systemic
inflammation was detectable. Protective effects of lipid-rich nutrition were abrogated
by CCK-r antagonists (HRP; P<0.05 and RMCP; P<0.05).

Conclusions: Lipid-rich enteral nutrition prevents early gut barrier loss, enterocyte
damage and local intestinal inflammation prior to systemic inflammation in a CCK-r
dependent manner. This study identifies activation of the vagal anti-inflammatory
pathway with lipid-rich nutrition as a potential therapy in patients prone to develop a
compromised gut.
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Introduction

Loss of intestinal integrity has been implicated in the development of inflammatory
complications including respiratory dysfunction, organ damage and sepsis"*. Based on
these experimental findings, preservation of gut wall integrity is considered a potential
target for therapies aimed at preventing excessive inflammation in surgical and critical
care settings.

Increased gut wall permeability, enterocyte damage and local intestinal inflammation
are regarded as crucial interrelated events that transform the intestine into a pro-
inflammatory organ’. A growing number of studies demonstrates that a decrease in

610, Furthermore, the

gut barrier function occurs also in several patient groups
associations that were established between the level of enterocyte damage in septic
patients and poor clinical outcome indicate that events in the gut wall may be of extra-

112 Recently, evidence was provided that intestinal epithelial

intestinal significance’
damage is an early event in surgical and trauma patients that is related to the
subsequently developing systemic inflammatory response and the occurrence of
complications™**. These clinical observations support the importance of preserving
early intestinal integrity under certain surgical conditions as a potential target for anti-
inflammatory therapies. To test the direct effects of novel therapies on various aspects
of intestinal integrity and local inflammation, animal models provide a straightforward
approach.

A novel and promising means to control the acute inflammatory response is
administration of lipid-rich enteral nutrition. Previously, we showed that lipid-rich
nutrition activates the autonomic nervous system via activation of cholecystokinin-
receptors (CCK-r)". Cytokine release is subsequently inhibited via activation of
nicotinic receptors on inflammatory cells via the vagus nerve". Also several organs
including the intestine were strongly protected following either pre- or post-treatment
with lipid-rich nutrition®>*®*°,

The current study investigates the impact of lipid-rich enteral nutrition on the
condition of the intestine early after hemorrhagic shock. For this, a rodent model was
used in which previously early disruption of epithelial cell cytoskeleton and tight
junctions was reported’’. Next, the involvement of the CCK-r mediated vagal anti-
inflammatory pathway in the effects of lipid-rich nutrition on early intestinal
compromise was determined.
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Materials and methods

Animals

Male Sprague-Dawley rats, weighing 300-350 g, were purchased from Charles River
Laboratories (Maastricht, the Netherlands) and housed under controlled conditions of
temperature and humidity. Prior to the experiments, rats were fed standard rodent
chow ad libitum and had free access to water. The experimental protocols were
approved by the Animal Ethics Committee of the Maastricht University Medical Center.

Experimental design and procedures

Non-lethal hemorrhagic shock was induced as previously described™. In short, rats
were anesthetized with isoflurane (induction 4%, maintenance 1.5% until sacrifice) and
bupivacaine was used for analgesia. Anesthetized animals were placed on a heating
pad (Gaymar, New York, NY) to maintain body temperature at 37°C. The femoral artery
was cannulated with polyethylene tubing (PE-10) containing heparinized saline
(10 1U/ml), which was connected to a computer-assisted external pressure transducer
(Kent Scientific, Torrington, CT). After 30 minutes of acclimatization, 2.1 ml
blood/100 g of body weight was withdrawn (representing 30-40% of the circulating
volume) at a rate of 1 ml/minute.

The severity of shock was reflected by profound alterations in mean arterial pressure
(99 £ 4 mmHg vs. 28 + 2 mmHg at 10 minutes post-shock) and heart rate
(383 £ 11 bpm vs. 240 + 14 bpm). These changes were comparable with our previous

2021 No differences were observed between fasted

studies with the shock model
animals and intervention groups. Animals were sacrificed at 30, 60 or 90 minutes after
shock (Figure 5.1). Each study group consisted of 6 animals. To determine pre-shock
values of intestinal integrity and inflammation, fasted or fed groups were sacrificed
without operative procedures.

Before shock, rats were either fasted overnight or received liquid lipid-rich or low-lipid
feeding (both 1.3 kcal/ml) per gavage at time points displayed in Figure 5.1. The lipid-
rich diet contained 50.4 energy percent (en%) fat, of which 30% constituted of
phospholipids, 8.7en% protein, and 40.9en% carbohydrates. The low-lipid control
nutrition contained 16.0en% fat, 8.7en% proteins, and 75.3en% carbohydrates. The
protein and carbohydrate composition of the two feedings were identical. The amount
of fat in the control nutrition was isocaloric to that present in standard rodent chow
and the lipid-rich nutrition was isocaloric and isonitrogenous to the control nutrition.
In both feeding regimens, animals received a total of 5.9 kcal which equivalates
10-12% of their daily caloric intake. The response to shock of animals with unrestricted
access to standard rodent chow is comparable with animals receiving low-lipid
nutrition per gavage (not shown).
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nutrition ’ CCK-ra ‘

Figure 5.1  Experimental design. Rats were food deprived (FD) 18 hours before induction of shock and
sacrificed at 30, 60 or 90 minutes post-shock. A liquid lipid-rich or low-lipid enteral nutrition
was administered at -18 hours, -2 hours and -45 minutes. Cholecystokinin receptor antagonists
(CCK-ra) were given at 25 minutes before shock.

To investigate CCK-r involvement in the nutritional effects on early intestinal
compromise, antagonists to the CCK-1 receptor, Devazepide, and the CCK-2 receptor,
L365,260 (both 500 pg/kg), were administered intraperitoneally at 25 minutes before
shock induction in lipid-rich fed animals. Devazepide and L365,260 (kind gifts from ML
Laboratories PLC, Nottingham, UK) were dissolved in 90% saline, 5% Tween 20 and 5%
DMSO.

Intestinal permeability

Intestinal permeability was assessed by an ex vivo everted sac-method. Segments of
8 cm terminal ileum (distal end is located at 5 cm of the ileocecal valve) were washed,
everted and filled with 1 ml of Tris buffer (125 mmol/l NaCl, 10 mmol/I fructose,
30 mmol/I Tris; pH 7.5) and ligated at both ends. The filled segments were incubated in
Tris buffer containing 40 ug/ml of the 44 kD enzyme horseradish peroxidase (HRP)
(Sigma, St. Louis, MO). After incubation at room temperature for 45 min, ileal content
was carefully collected. HRP activity was measured spectrophotometrically at 450 nm
after addition of TMB as a substrate.

Western Blot

The amount of protein in extracts from isolated rat esophagus, stomach, jejunum,
ileum, colon, liver, spleen, kidney, heart and lung was determined with the Bradford
method (Biorad, Hercules, CA). Next, aliquots with equal protein amounts were made.
Aliquots were heated at 100°C for 5 minutes in SDS sample buffer, separated on SDS-
polyacrylamide gels and transferred to polyvinylidene fluoride membrane (Immobilin
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P, Millipore, Bedford, MA). After transfer of proteins, a blocking step was performed in
TBS with 5% non-fat dry milk and 0.05% Tween. Membranes were probed with
1°pg/ml rabbit anti human ILBP that cross-reacts with rat’ in TBS 0.05% Tween. After
incubation with 0.1 pg/ml goat anti-rabbit HRP-conjugated secondary antibody (Hycult
Biotech, Uden, the Netherlands), the signal was detected by chemiluminescence on
film.

Immunohistochemistry

Localization of ILBP was investigated by immunohistochemistry performed on 3 um
paraffin sections of esophagus, stomach, jejunum, ileum, colon, liver, spleen, kidney,
heart and lung. Slides were deparaffinized and blocked for endogenous peroxidases.
Non-specific binding sites were blocked with 5% BSA. All incubation steps were
performed at room temperature. Sections were incubated for 50 minutes with 1 pg/ml
rabbit anti-mouse ILBP cross-reacting with rat (Hycult Biotech). Thereafter, sections
were incubated for 30 minutes with 2 pg/ml biotin labeled swine anti-rabbit IgG
conjugate (Dako, Glostrup, Denmark), followed by 30 minutes incubation with
AB-complex and AEC staining. Nuclear staining was performed with hematoxylin.
Pictures were taken using the Metasystems Image Pro System (black and white charge-
couple device camera; Metasystems, Sandhausen, Germany) mounted on a Leica
DM-RE microscope (Leica, Wetzler, Germany). Images were taken at equal time-
exposures after being normalized to negative control sections without primary
antibody, to exclude for non-specific binding of the secondary antibody or
autofluorescence. At least 25 microscopic fields for each tissue section were examined.

ELISA

Intestinal cell damage was detected by measuring levels of ILBP (synonym: I-BABP) in
arterial blood using a standard ELISA for rat-ILBP (Hycult Biotech). Mast cell
degranulation was assessed in plasma with a Rat Mast Cell Protease || (RMCP II) ELISA
(Moredun, Midlothian, UK). Myeloperoxidase (MPQO) was assessed as described
previouslyls. Systemic inflammation was determined by measuring tumor necrosis
factor-a (TNFa) and interleukin-6 (IL-6) concentrations in arterial blood using standard
ELISA for rat TNFa and rat IL-6 (R&D Systems, Minneapolis, MN). Detection limits for
TNFa and IL-6 were 30 pg/ml and 10 pg/ml respectively.

Statistical Analysis

For between-group comparisons, a two-tailed Mann-Whitney U test was used.
Differences were considered statistically significant at P<0.05. The results of the HRP
permeability test and ILBP ELISA are represented as median, 25" and 75™ percentile.
For RMCP 1l and MPO concentrations and data obtained with CCK-r antagonists, also

96



Lipid-rich nutrition protects against early intestinal compromise

the range is displayed. The median, 25" and 75™ percentile of TNFa and IL-6 are given
in the text. Spearman’s correlation was used to assess the association between
intestinal permeability and local intestinal inflammation. Prism 5.02 for Windows
(GraphPad Software, San Diego, CA) was used for computations.

Results

Rapid increase of ileal permeability following hemorrhagic shock is
prevented by lipid-rich nutrition

As soon as 30 minutes following shock, a significant increase of HRP leakage was
observed compared with pre-shock conditions (P<0.01, Figure 5.2). Gut permeability
further increased at 60 minutes (P<0.01). Lipid-rich nutrition reduced ileal leakage of
HRP in comparison with low-lipid nutrition (P<0.01) and fasted animals (P<0.001) at
30 minutes post-shock. Also low-lipid nutrition reduced ileal barrier loss compared
with fasting (P<0.05). In all intervention groups, gut wall permeability further increased
at 60 minutes after shock. Also at this time point, gut permeability to HRP was
decreased in lipid-rich treated animals compared with low-lipid (P<0.01) and fasted
controls (P<0.001).
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Figure 5.2  Intestinal barrier dysfunction develops rapidly following shock and is prevented by lipid-rich
feeding. At 30 and 60 minutes post-shock, ileal permeability to horseradish peroxidase was
significantly elevated compared to pre-shock values. Pre-treatment with lipid-rich nutrition
significantly reduced horseradish peroxidase leakage compared to low-lipid and fasted animals
at both time points. T P<0.01 vs. pre-shock, * P<0.01 vs. with low-lipid feeding, # P<0.05 vs.
fasting.
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Lipid-rich nutrition reduces shock-induced enterocyte damage

A specific marker for ileal cell damage in man is ILBP®. Here, we investigated the
expression of ILBP in digestive tract, liver, spleen, kidneys, heart and lungs of healthy
rats. Western blot analysis showed selective presence of ILBP in ileum, while the
protein was not detected in the other organs (Figure 5.3A). The specific localization of
ILBP in ileum was confirmed by immunohistochemistry (Figure 5.3C; other organs not
shown). The presence of ILBP was restricted to the upper part of the villi, no
expression was observed in crypts and muscular layers. These findings identify ILBP as
a specific marker of differentiated ileal enterocytes in rats.

After onset of shock, ILBP plasma concentrations remained close to pre-shock levels at
30 minutes (Figure 5.3B). A significant increase of ILBP in plasma was observed at
60 minutes versus pre-shock values (P<0.01). Elevated plasma ILBP levels coincided
with a decreased ILBP expression in rat ileal enterocytes (Figure 5.3B and 5.3C).
Enterocyte damage was significantly reduced by lipid-rich nutrition at 60 minutes post-
shock compared with fasted animals (P<0.05) and a protective trend was seen in
comparison with low-lipid feeding (P=0.07, Figure 5.3B). Immunohistochemistry
showed that decreased ILBP plasma values in lipid-rich treated rats paralleled the
prevention of ILBP loss in ileal enterocytes in comparison with fasted controls
(Figure 5.3C).

Early progress of local inflammation is reduced by lipid-rich nutrition

Mast cell-derived RMCP I, a protease abundantly expressed in intestinal mucosal mast
cells’®, is undetectable in plasma under physiological circumstances. As early as
30 minutes following shock, enhanced RMCP Il levels were detected in fasted animals
(Figure 5.4A). Treatment with lipid-rich feeding decreased RMCP Il levels significantly
(P<0.01). Also low-lipid nutrition lowered mast cell degranulation compared with
fasting (P<0.05). At 60 minutes, circulating RMCP Il values of all groups had returned to
pre-shock concentrations (data not shown).

lleal tissue levels of MPO were used as a measure for neutrophilic granulocyte
infiltration. Although traces of MPO can also be found in monocytes and specific
resident macrophageszs, an increase of tissue MPO levels is considered representative
of neutrophil influx’*. MPO concentrations were undetectable in healthy animals and
at 30 minutes (data not shown). At 60 minutes, a strong increase of ileal MPO was
observed in fasted animals (Figure 5.4B). Treatment with lipid-rich feeding significantly
reduced MPO levels compared with fasted animals (P<0.05).
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Figure 5.3  Early ileal cell damage is prevented by lipid-rich nutrition. A. Western blot revealed presence
of ileal lipid binding protein (ILBP) in ileum and absence in other segments of the
gastrointestinal tract. Moreover, ILBP was not detected in liver, spleen, kidney, heart and lung.
B. Plasma ILBP levels representing epithelial damage in ileum were strongly increased at
60 minutes after shock compared to pre-shock. Lipid-rich feeding significantly reduced
circulatory ILBP levels compared to low-lipid feeding and fasting. t P<0.01 compared with pre-
shock and # P<0.05 vs. fasting. C. Staining of ILBP (red) in ileum of healthy animals indicated
presence specifically at the location of maturated enterocytes, whereas ILBP was not observed
in crypts and submucosa. Nuclei were stained with haematoxylin (blue). Preserved enterocyte
ILBP expression was observed in terminal ileum of lipid-rich treated animals compared to
fasted animals at 60 minutes.
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Figure 5.4  Mast cell degranulation and neutrophil influx occur early post-shock and are suppressed by

lipid-rich nutrition. A. Administration of lipid-rich feeding reduced mast cell degranulation
assessed as plasma rat mast cell protease Il at 30 minutes compared with fasting. Also low-lipid
feeding significantly reduced mast cell degranulation. B. Tissue myeloperoxidase levels in
ileum were significantly decreased at 60 minutes following shock in lipid-rich treated animals
compared to fasted controls. # P<0.05 vs. fasting.
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Gut barrier loss early after shock is related to the development of local
intestinal inflammation

The crosstalk between loss of barrier integrity resulting in penetration of luminal
contents and the early local inflammatory response is considered to contribute
cumulatively to the development of systemic inflammation®. Here, we studied the
relation between gut wall permeability to HRP and markers of local inflammation. At
30 minutes, HRP leakage and RMCP Il plasma levels correlated positively (r,=0.67,
P<0.001, Figure 5.5A). In addition, a correlation was found between ileal permeability
and MPO levels in ileum at 60 minutes (r,=0.58, P<0.05, Figure 5.5B).
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Figure 5.5  Early loss of gut barrier function correlates with development of local inflammation. A.
Horseradish peroxidase leakage through ileal wall and rat mast cell protease Il levels in plasma
correlate positively at 30 minutes after shock (r;=0.67, P<0.001). B. At 60 minutes after
hemorrhage, gut wall permeability correlates with myeloperoxidase concentrations in ileum
(r=0.58, P<0.05).

Systemic inflammation develops at later stage

TNFa and IL-6 were measured to confirm that early loss of intestinal compromise
precedes the development of systemic inflammation. Whereas TNFa and 1l-6 could not
be detected at 30 minutes, concentrations surpassed the detection limit in 17% (4/18)
and 56% (10/18) of the animals at 60 minutes. Conform previous findings, at
90 minutes lipid-rich nutrition significantly reduced inflammation compared with low-
lipid (66 [49-72] pg/ml vs. 101 [83-124] pg/ml, P<0.05) and fasted animals
(272 [214-315] pg/ml, P<0.01)". Similar data were obtained with IL-6 (lipid-rich:
43 [32-54] pg/ml vs. low-lipid: 104 [89-119] pg/ml, P<0.05 and fasted:
164 [139-176] pg/ml, P<0.01).
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Cholecystokinin receptors mediate the early gut-preserving effects of
lipid-rich nutrition

Antagonists to CCK-r were administered to investigate the involvement of the vagal
anti-inflammatory pathway in the preservation of gut homeostasis in the early phase
following shock. The protective effects of lipid-rich nutrition on intestinal permeability
to HRP at 30 minutes were abrogated by CCK-r antagonists (P<0.05, Figure 5.6A). In
line, CCK-r blockage prevented the decrease of mast cell degranulation observed in
lipid-rich treated animals (P<0.05, Figure 5.6B).
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Figure 5.6  Cholecystokinin receptors mediate the protective effects of lipid-rich nutrtition on early gut
wall integrity and local inflammation. A. The prevention of intestinal barrier loss by lipid-rich
nutrition at 30 minutes was abrogated by cholecystokinin receptor antagonists. B. Blockage of
cholecystokinin-receptors blunted the decreased mast cell degranulation observed in lipid-rich
treated animals. * P<0.05 vs. vehicle.

Discussion

Experimental and clinical findings identified preservation of intestinal integrity as a
potential target for interventions directed at control of excessive inflammation and
improvement of clinical outcome following major surgery or severe trauma’ >
Here, we provide evidence that lipid-rich enteral nutrition limits the development of
enterocyte damage, ameliorates gut barrier function and reduces local intestinal
inflammation shortly following shock.

Splanchnic hypoperfusion is considered to be crucial in the development of intestinal
compromisell'13'27. Therefore, in the current study a model of hemorrhagic shock was
selected in which perfusion of mesenteric organs is known to be severely
restricted”’?. Previously, in this model early disruption of the enterocyte cytoskeleton
and interconnecting tight junctions was shown?’. Since an intact epithelial lining is vital
for gut barrier maintenance”, gut wall integrity loss and intestinal inflammation were

assumed to develop early following shock.




Chapter 5

In line with clinical studies showing rapid development of intestinal cell damage
following severe trauma and non-abdominal surgeryla'”, in the current study ileal cell
damage was detected within an hour after shock. Enterocyte damage was defined as
increased plasma levels of ILBP, an ileum-specific bile acid transporter confined to

22,23,30
mature enterocytes

. Next to epithelial cell damage, also gut wall permeability
increased rapidly following shock. Loss of intestinal integrity may result in an increased
exposure of the immune apparatus to endogenous and exogenous pro-inflammatory
signals, thus contributing to a local inflammatory responsel’zg. In accordance, here we
demonstrate a correlation between intestinal barrier dysfunction and increased levels
of local inflammatory markers before systemic inflammation developed.

Lipid-rich nutrition significantly prevented the development of barrier dysfunction and
enterocyte damage. Previously, lipid-rich nutrition was identified as a potent
stimulator of the autonomic nervous system via activation of CCK receptors™. In
accordance, the protective impact of lipid-rich nutrition can be mimicked by
administration of pegylated CCK (Lubbers et al, Ann Surg; in press). Here we show,
using CCK-r antagonists, that the vagus-mediated pathway underlies the effects of
lipid-rich nutrition on early gut compromise before systemic inflammation develops.
The current study indicates that the intestine may be an early and vital target organ for
activation of the vagal pathway with lipid-rich nutrition.

Enhanced plasma levels of mast cell degranulation marker RMCP Il were shown rapidly
following shock. An important consequence of intestinal mucosal mast cell activation is

24,31-33 . . . .
. Vice versa, the influx of microbes and toxins as a

increased gut wall permeability
result of increased intestinal permeability may induce mast cell activation®. In line, the
current study shows that plasma RMCP Il levels correlate with early dysfunction of the
intestinal barrier. Another important effect of mast cell degranulation is enhanced
influx of neutrophils in damaged tissue by vascular Ieakage34. In this study neutrophil
influx in ileum was observed at one hour after shock. Administration of lipid-rich
nutrition strongly decreased mast cell activation and ileal levels of MPO. Although
mast cells are important regulators of neutrophil influx, in the current study it could
not be excluded that lipid-rich nutrition reduced neutrophil influx also in a non-mast
cell dependent manner. Apart from being a marker for neutrophil influx, MPO is a

25,35
. Local

intestinal inflammation and gut barrier integrity are supposed to be interrelated™>?’,

potent initiator and modulator of the local inflammatory response itself

which is conform the correlation between ileal MPO levels and gut wall permeability
observed in this study.

Lipid-rich nutrition inhibited early shock-induced mast cell activation via CCK-r
activation, implicating an important role for the vagal anti-inflammatory pathway. This
finding is supported by a previous study that showed CCK-r involvement in the
protective effects of lipid-rich nutrition on postoperative ileus, a mast cell dependent
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phenomenon®. Several lines of evidence indicate that mast cell degranulation is
regulated by the vagus nerve, including a close anatomical relation that was shown
between vagal nerve endings and intestinal mucosal mast cells®. A functional link
between the vagus nerve and mast cells was provided by Stead and colleagues, who
demonstrated profound alterations in mast cell function following vagus stimulation or
vagotomy®’. Moreover, it was shown that nicotine and acetylcholine reduce
degranulation of bonemarrow derived mast cells®. Taken together, these studies
support activation of the CCK-r dependent vagal pathway as the underlying mechanism
of the decreased mast cell activation reported here.

In the current study, nutritional intervention was installed before induction of shock.
Previously, also post-shock administration of lipid-rich nutrition was demonstrated to
attenuate inflammation and preserve intestinal integrity'?, indicating that patients
with ongoing inflammation or a compromised gut may benefit from intervention with
enriched nutrition. Together, these data fit in the current tendency towards more
liberal fasting guidelines pre-operatively and rapid installation of enteral nutrition

341 Since prevention of inflammation with lipid-rich nutrition yields

post-operatively
stronger protective effects than post-treatment, in clinical setting nutritional

interventions should preferably be oriented towards a pre-treatment approach.

Conclusions

The present study demonstrates rapid development of gut barrier loss, enterocyte
damage and local intestinal inflammation following hemorrhagic shock. A small
quantity of lipid-rich enteral nutrition strongly prevents early intestinal compromise
before systemic inflammation develops in a CCK-r dependent manner. This study
identifies nutritional activation of the vagal anti-inflammatory pathway with lipid-rich
feeding as a potential therapy in patients prone to develop a compromised gut.
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Abstract

Introduction: Recent studies identified nutritional stimulation of the cholecystokinin-1
receptor (CCK-1R) and nicotinic acetylcholine receptor (nAChR)-mediated vagal reflex
as a potent and physiological means to reduce inflammation and preserve intestinal
integrity. Mast cells are important early regulators of the innate immune reaction,
therefore modulation of mucosal mast cells is a potential therapeutic target to control
the acute inflammatory response in the intestine. The present study investigates
intestinal mast cell responsiveness upon nutritional activation of the vagal anti-
inflammatory reflex in a setting of acute inflammation.

Methods en results: Mucosal mast cell degranulation was induced in C57/Bl6 mice by
administration of Salmonella enterica LPS. Lipid-rich enteral feeding prior to LPS
significantly decreased circulatory levels of mouse mast cell protease at 30 minutes
post-LPS compared with isocaloric low-lipid nutrition (P<0.05) or fasting (P<0.001).
CCK-1R blockage reversed the inhibitory effects of lipid-rich feeding (P<0.05), whereas
stimulation of the peripheral CCK-1R mimicked nutritional mast cell inhibition (P<0.05).
The effects of lipid-rich nutrition were negated by nAChR blockers chlorisondamine
and a-bungarotoxin (both P<0.05). These in vivo findings were substantiated by in vitro
data showing that release of B-hexosaminidase by MC/9 mast cells following LPS or
IgE-OVA complexes is dose-dependently inhibited by acetylcholine (P<0.01) or nicotine
(P<0.05). Furthermore, application of GSK1345038A, a specific agonist of the nAChR a7
in bone marrow derived mast cells from nAChR B2-/- and wild types showed that
cholinergic inhibition of mast cells is mediated by the nAChR a7 and is independent of
the B2 containing nAChRs.

Conclusions: the current study reveals mucosal mast cell inhibition as a previously
unknown target of the nutritional anti-inflammatory vagal reflex.
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Introduction

The majority of mast cells resides in the gut wall. Here, they function as an important
part of the immunological barrier between the internal milieu and luminal content™.
Mucosal mast cell degranulation is associated with gut barrier dysfunction, an event
that has been implicated in the development of excessive systemic inflammation and
distant organ injury in settings of surgery and sepsis}s. Further support for a pivotal
role of intestinal mast cells in the development of inflammation was derived in an
intestinal ischemia and reperfusion model, in which the antihistaminic and mast cell
stabilizing drug ketotifen was shown to inhibit local leukocyte adhesion and reduce
both local and remote tissue injury®. Therefore, regulation of early mucosal mast cell
activity is a potential strategy to attenuate the acute immune response and prevent
the development of inflammatory complications7'8.

Nutritional activation of a hard-wired vagal anti-inflammatory reflex is a novel
approach to modulate the acute inflammatory response and preserve intestinal

1 The protective effects are mediated by

integrity in a physiological manner
stimulating cholecystokinin-1 receptors (CCK-1R) on afferent vagal fibers'®. This vagal
input is relayed to the brain and then passed to the efferent branch, leading to
decreased cytokine production by immune cells via release of cholinergic

> The a7 subunit of the nicotinic acetylcholine receptor

neurotransmitters
(nAChR a7) was demonstrated to be pivotal in the cholinergic inhibition of
proinflammatory cytokine production, whereas vagal inhibition of specific macrophage
functions including phagocytosis and endocytosis was mediated by the B2 subunit™>*.
Compelling evidence of improved outcome by nutritional, pharmacological and
electrical stimulation of this neuroimmune axis, designated the cholinergic anti-
inflammatory pathway, has been provided in diverse settings™*°.

Recently, in a rodent model of postoperative ileus, reduced levels of mucosal mast cell
protease were observed following treatment with enteral nutrition, which raised the
qguestion whether mast cell activation can be modulated by the CCK-1R dependent
anti-inflammatory reflex'’. The current study investigates the effects of vagal
stimulation with lipid-rich nutrition on mast cell responsiveness during acute
inflammation. For this, a murine LPS model is used. The importance of mast cells in this
model is tested by administration of ketotifen. In addition, in vitro studies are
performed in which vagal signaling is simulated by nAChR agonists and involvement of
a7 and B2 subunits is investigated. The current study identifies mucosal mast cells as
early targets of the nutrition-induced vagal anti-inflammatory reflex during acute

inflammation.
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Materials and methods

Animals

Male C57/Bl6 mice, aged 10-12 weeks, were purchased from Charles River
Laboratories (Maastricht, the Netherlands). Mice were housed under controlled
conditions of temperature and humidity in groups of 3-4 per cage. Prior to the
experiments, mice were drug- and test-naive and had ad libitum access to standard
rodent chow and water. Mice were randomly assigned to 21 study groups. In 3 groups
of 8 animals (fasted or fed with lipid-rich or low-lipid nutrition), the nutritional effects
on LPS-induced mast cell activation were investigated. In 16 groups of 6 animals, the
role of the vagal anti-inflammatory reflex in the nutritional impact on mast cell
reactivity was studied using diverse agonists and antagonists. Group sizes were based
on previously reported effects of enriched nutrition on circulatory mast cell markers
and earlier experiments in which agonists and antagonists of the vagal pathway were
appliedm’16
mast cells in the development of LPS-induced inflammation and intestinal barrier loss

. Finally, in 2 groups of 6 animals (ketotifen and vehicle), the importance of

was studied. The experimental protocols were carried out following institutional
guidelines and approved by the Animal Ethics Committee of Maastricht University
Medical Centre+. This study is reported in accordance with the ARRIVE guidelines.

Experimental design of the animal studies

Mice received an intraperitoneal dose of LPS (2 mg/kg) from Salmonella enterica
serotype minnesota Re 595 (Sigma, St Louis, MO), dissolved in sterile saline
(200 pg/ml; pH 7.4). Animals displayed sickness behavior shortly following LPS. All
animals were fasted from 4 hours prior to LPS administration until sacrifice. To
investigate the nutritional impact on mast cell activation, liquid lipid-rich or liquid
control low-lipid nutrition was given at 2 hours (0.2 ml) and 45 minutes (0.2 ml) before
LPS via oral gavage. To assess early mucosal mast cell activity, animals were sacrificed
at 30 minutes following LPS injection. The involvement of mast cells in the response to
LPS was investigated by administration of ketotifen (1 mg/kg; Novartis Pharma,
Arnhem, the Netherlands) or vehicle (sterile saline) i.p. at 48, 24 and 4 hours before
LPS injection. These animals were sacrificed at 90 minutes post-LPS by vena cava
puncture following anesthesia using pentobarbital (200 mg/kg i.p.). Samples were
coded to ensure blinded analysis and stored at -80°C.

Nutritional composition

Lipid-rich nutrition contained 50.4 energy percent (en%) fat, 8.7en% protein, and
40.9en% carbohydrates. The fat fraction contained 30% phospholipids. The low-lipid
control nutrition contained 16.0en% fat, 8.7en% proteins, and 75.3en% carbohydrates.
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The protein and carbohydrate composition of the two feedings were identical. The
amount of fat in the control nutrition was similar to that present in standard rodent
chow and the lipid-rich nutrition was isocaloric and isonitrogenous to the control
nutrition. The total energy provided by the two enteral feedings approximated 4% of
the total daily energy expenditure.

Receptor antagonists and agonists

All antagonists and agonists were dissolved and administered i.p. (10 ul/g body weight)
at 30 minutes prior to LPS. To investigate the role of the peripheral CCK-1R in the
nutritional effects on mast cell reactivity, mice that were fasted or treated with lipid-
rich nutrition received A70104, also known as A65186 (100 pg/kg, kindly provided by
Abbott Laboratories, Abbott Park, IL), a CCK-1R antagonist that does not cross the
blood-brain barrier'®. A70104 was dissolved in sterile saline with 1% DMSO.
Stimulation of the afferent vagus nerve in fasted animals was assessed by
administration of 6 pg/kg pegylated-CCK9 (produced by Dr Verbaeys, Kortrijk, Belgium)
dissolved in sterile saline. Pegylated-CCK9 specifically binds to CCK-1R and does not
cross the blood brain barrier'. To investigate the effects of afferent vagus stimulation
via the transient receptor potential vanilloid 1 (TRPV1), the specific agonist SA13353
(12 mg/kg; kindly provided by Dr Tsuji, Osaka, Japan) or vehicle (saline with 1%
Cremophor EL, Sigma) was employed®®. Conform the recommendations of the
producers, 0.1 mg/kg terbutaline and 10 mg/kg theophylline were administered s.c. at
15 minutes prior to SA13353 to counteract its acute respiratory and cardiovascular
effects.

The role of peripherally localized nAChR was studied by administration of
chlorisondamine diiodide (125 pg/kg; Tocris Bioscience, Bristol, UK) or vehicle (saline).
Next, the nAChR a7 antagonist a-bungarotoxin (2 pg/kg; Sigma), which does not pass
the blood-brain barrier, or its vehicle (PBS) was applied. Whereas a-bungarotoxin is
widely used as a blocker of the nAChR a7, affinity has also been reported for other
nAChR subunits, including al, a9 and a10”h.

Mast cell protease and IL-6 assays

Mouse mast cell protease | (MMCP 1), the primary outcome parameter of this study,
was measured in plasma using two standard ELISAs for mice MMCP | from Moredun
(Midlothian, UK) and Thermo Fischer Scientific (Rockford, 1l). Repeated measurements
demonstrated that values differed <5% between both assays. The detection limit of
MMCP | was 50 pg/ml. Systemic inflammation was assessed by determination of
plasma IL-6 concentrations using a standard ELISA for mouse IL-6 (R&D Systems,
Minneapolis, MN; detection limit 10 pg/ml).
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Intestinal permeability

Gut wall permeability was assessed in 5 cm segments of terminal ileum, of which the
distal end was located at 5 cm of the ileocecal valve. Segments were gently flushed and
filled with 0.4 ml of Tris buffer (125 mM NaCl, 10 mM fructose, 30 mM Tris; pH 7.5)
containing 40 pg/ml of the 44 kD enzyme HRP (Sigma). After ligation of both ends, the
filled segments were incubated in 1 ml Tris buffer at room temperature for 45 minutes.
Next, the ileal segment was carefully removed and HRP activity in the buffer was
measured spectrophotometrically at 450 nm after addition of TMB as a substrate™.

Culture and stimulation of MC/9 and bone marrow derived mast cells

MC/9 (provided by Dr Ito, Kobe, Japan), a murine cell line with a mast cell phenotype,
was cultured at 37°C with 5.0% CO, in RPMI-1640 (Life Technologies, Carlsbad, CA),
supplemented with 10% FCS, 100 1U/ml penicillin, 100 pg/ml streptomycin and 2 mM
L-glutamine®. In addition, 1% of MC/9 medium constituted of the supernatant of IL-3
producing transfected CHO cells (a kind gift of Dr Renauld, Brussels, Belgium). CHO
cells were cultured in GMEM enriched with 10% FCS, 0.1 mM nonessential amino
acids, 1.0 mM sodium pyruvate, nucleoside mix (adenosine, guanosine, cytidine,
uridine, thymidine; 7 pg/ml each), 100 1U/ml penicillin and 100 pg/ml streptomycin®.
MC/9 cultures were split when 80% confluence was reached. Under these conditions,
cell populations duplicated in 10 hours.

Bone marrow mast cells were cultured from nAChR B2-/- mice (kindly provided by Dr
Maskos, Paris, France) or C57/Bl6 wild-type mice as described earlier®. In brief,
femoral bone marrow cells were maintained in vitro for 4 weeks in RPMI 1640
complete medium (Life Technologies Inc.) supplemented with 10% fetal calf serum, in
the presence of stem cell factor (50 ng/ml; Pepro Tech, Rocky Hill, NJ), interleukin-3
(1 ng/ml; Pepro Tech) and 6% bone marrow mast cell supplement (containing 20%
MEM non-essential amino acids, 1% L-glutamine, 0.22% Sodium Pyruvate, 0.005%
B-mercapto-ethanol). During culture, medium was refreshed once weekly. After this
culture period, mast cells represented more than 95% of the total cells as determined
by Toluidine blue staining on cytospin preparations. All cells were cultured in plates
and flasks from Greiner Bio-One (Alphen a/d Rijn, the Netherlands).

Before stimulation, mast cells were washed, resuspended in Tyrode’s buffer (10 mM
HEPES, 130 mM saline, 6.2 mM D-glucose, 3.0 mM KCl, 1.4 mM CaCl,, 1.0 mM MgCl,
and 0.1% BSA) and plated in triplicate in 96-well flat bottom microplates (1.5 x 10° /
well; Corning Incorporated, Lowell, MA). To study the mast cell response to LPS, MC/9
cells were incubated for 2 hours with 100 pg/ml LPS of Salmonella enterica™.
IgE-mediated degranulation of MC/9 cells was induced by incubation of the cells for
2 hours with murine monoclonal anti-OVA IgE (5 ug/ml, kindly provided by Dr Kiniwa,
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Taiho Pharmaceutical, Tokushima, Japan) followed by 1 hour incubation with
100 pg/ml OVA (Sigma) (26). Bone marrow derived mast cells were stimulated with
compound 48/80 (1mg/ml), LPS (100ng/ml) or peptidoglycan (10ng/ml) for 3 hours.
Cell cultures were centrifuged and supernatants were collected. Cell pellets were lyzed
in Tyrode’s buffer containing 1% Triton X-100. Stimulation experiments were
performed at least twice. Throughout the experiments, cells were kept at 37°C.

To simulate neuronal activity, MC/9 cells and bone marrow derived mast cells were
pre-incubated with a serial dilution of vagal neurotransmitter acetylcholine or nAChR
agonist nicotine (both Sigma, dissolved in Tyrode’s buffer) at 1 hour prior to LPS, IgE,
peptidoglycan or compound 48/80. Acetylcholine was applied in presence of 2 mM
cholinesterase inhibitor pyridostigmine bromide (Sigma). Bone marrow derived mast
cells were also stimulated with GSK1345038A (supplied by GlaxoSmithKline,
Stevenage, UK) at the indicated concentrations.

Beta-hexosaminidase assay

The enzymatic activities of B-hexosaminidase in MC/9 cell supernatants and lysates
were measured using 2 mM 4-nitrophenol-N-acetyl-B-D-glucosaminide (Sigma)
dissolved in 0.2 M citrate buffer (pH 4.5) at 37°C for 2 hours in a 5% CO, humidified
atmosphere. The reaction was quenched by addition of Tris (pH 9.0). Production of
p-nitrophenol was detected by absorbance at 405 nm”’. The activity of bone marrow
derived mast cells was assessed using a 4-methylumbelliferyl glucosaminide (4-MUG)
substrate solution (3.79 mg MUG/ml DMSO) in 0.1 M citrate buffer (pH 4.5). The
reaction was stopped by adding 0.2 M glycine buffer (pH 10.7). Fluorescence was
measured using a multiwell plate reader at an emission wavelength of 360 nm and
excitation wavelength of 460 nm.The percentage of degranulation is calculated as
follows: ((a — b)/(t — b)) x 100, where a is the amount of B-hexosaminidase released
from stimulated cells that are pretreated with cholinergic agents, b is the amount
released from unstimulated cells (basal release by cells incubated with Tyrode’s buffer
only), and t is B-hexosaminidase release by stimulated cells without cholinergic agents.

Flow-cytometric analysis

To confirm the mast cell characteristics of MC/9 cells, the mast cell-specific CD200R3-
binding rat anti-mouse antibody Ba91 (kindly provided by Dr Karasuyama, Tokyo,
Japan) was used for flow cytometry®®. Cells were washed, resuspended in FACS buffer
(PBS with 2% BSA) and incubated for 30 minutes with Ba91 or appropriate isotype
control (Hycult Biotech, Uden, the Netherlands). Next, after washing twice, cells were
incubated for 30 minutes with a FITC-conjugated goat anti-rat IgG (HP1101, Hycult
Biotech). After washing again, cells were resuspended in FACS buffer and analyzed on a
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FACSsort cytometer (BD, Franklin Lakes, NJ). For each measurement, 10.000 cells were
acquired.

Statistical analysis

All animals were included in the analysis. The Kruskal-Wallis test with Dunn's post-test
was applied to perform multiple comparisons between groups (Figure 6.1, 6.2A, 6.3,
6.5C, 6.6). A two-tailed Mann-Whitney U test was used for comparisons between two
groups (Figure 6.2B, 6.4). All data are displayed as mean + SEM. P-values smaller than
or equal to 0.05 were considered statistically significant. Prism 5.02 for Windows
(GraphPad Software Inc., San Diego, CA) was used for computations.

Results

Lipid-rich enteral nutrition reduces LPS-induced mast cell
degranulation in mice

Circulatory MMCP | levels were measured to assess mucosal mast cell activation
following in vivo LPS exposure. Whereas MMCP | levels were undetectable in healthy
animals (not shown), a strong MMCP | increase was observed at 30 minutes following
LPS (Figure 6.1). Lipid-rich nutrition significantly decreased MMCP | levels compared
with fasted (P<0.001) and low-lipid treated controls (P<0.05). MMCP | levels in low-
lipid treated animals were not statistically different from the fasted group.
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Figure 6.1  Lipid-rich enteral nutrition reduces mast cell degranulation following LPS exposure. Plasma
levels of mouse mast cell protease | (MMCP 1) were increased at 30 minutes following LPS.
Lipid-rich nutrition significantly reduced MMCP | levels compared with low-lipid and fasted
controls. n=8 for all groups.
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Stimulation of peripheral cholecystokinin-1 receptors inhibits mast cell
degranulation

To investigate involvement of the CCK-1R dependent vagal pathway in the observed
mast cell inhibition by lipid-rich nutrition, A70104 was employed, an antagonist of
peripheral CCK-1R'. Administration of A70104 prior to LPS abolished the effects of
lipid-rich nutrition on MMCP | release (Figure 6.2A; P<0.05), while in vehicle treated
lipid-rich fed animals, MMCP | levels were significantly reduced compared with fasted
controls receiving vehicle (P<0.01). No effect of A70104 was seen in fasted animals. In
addition, no statistical differences were observed between the fasted and lipid-rich fed
animals that received A70104.

The effects of peripheral CCK-1R signaling on mast cell reactivity were further explored
by administration of pegylated-CCK9. Previously, pegylated-CCK9 was shown to inhibit
the acute inflammatory response via CCK-1R™. Here, pegylated-CCK9 significantly
reduced MMCP | levels compared with vehicle in fasted animals (Figure 6.2B; P<0.05).
To assess whether mast cell inhibition could also be obtained by CCK-R independent
stimulation of the afferent vagus nerve, we employed SA13353, a specific agonist of
the vanilloid receptor TRPV1 that is abundantly expressed on the afferent vagus
nerve’. A trend towards decreased MMCP | levels following administration of
SA13353 was observed, however no statistical differences were obtained (Figure 6.2B).
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Figure 6.2  Activation of cholecystokinin-1 receptors mediates nutritional mast cell inhibition. A. A70104,
an antagonist to peripheral CCK-1R, abolished the reduction of LPS-induced mast cell
degranulation that was observed in lipid-rich treated mice receiving vehicle (veh) compared
with fasted mice receiving vehicle. B. Pegylated-CCK9 (pCCK) but not transient receptor
potential vanilloid 1 agonist SA13353 reduced MMCP | levels following LPS in fasted animals
compared with vehicle. LRN = lipid-rich nutrition; n=6 for all groups.
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Nicotinic acetylcholine receptors are crucial in the inhibition of LPS-
induced mast cell degranulation by lipid-rich nutrition

Previously, nAChR activation was shown to be pivotal in the anti-inflammatory effects
of vagus nerve signalingg’“. First, we investigated the involvement of nAChR in the
nutritional inhibition of LPS-induced mast cell responsiveness using chlorisondamine, a
non-specific peripheral nAChR antagonist. Chlorisondamine prevented the decrease of
MMCP | that was observed in lipid-rich treated animals (Figure 6.3A; P<0.05) in
comparison with fasted controls (P<0.05).

In particular the a7 subunit of the nAChR was reported to mediate cholinergic
inhibition of cytokine release in macrophages, therefore we evaluated the effects of a
nAChR a7 antagonist, a-bungarotoxin, on nutritional mast cell inhibition™2.
Administration of a-bungarotoxin abrogated the effects of lipid-rich nutrition (Figure
6.3B; P<0.05), implicating involvement of the nAChR a7 in the vagal inhibition of mast
cell activity by lipid-rich nutrition. Neither chlorisondamine nor a-bungarotoxin
significantly affected MMCP | levels in fasted animals, indicating that these compounds
lack an intrinsic mast cell-stimulatory effect.
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Figure 6.3  Nicotinic acetylcholine receptors mediate mast cell inhibition by lipid-rich nutrition.
A. Chlorisondamine (chlor), a non-specific antagonist to peripheral nicotinic acetylcholine
receptors (nAChR), abolished the effects of lipid-rich nutrition on LPS-induced mast cell
degranulation. B. The nAChR a7 antagonist a-bungarotoxin (aBTX) blocked the nutritional
inhibition of mast cells. LRN = lipid-rich nutrition; veh = vehicle; n=6 for all groups.

The antihistaminic drug ketotifen reduces cytokine release and
preserves intestinal integrity following LPS

Earlier studies implicated a prominent role for mast cells in the development of the
. . . . . 1,2,4

general inflammatory response and intestinal barrier dysfunction™”. To assess

whether mucosal mast cells are involved in cytokine release and loss of gut wall
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integrity following LPS exposure, fasted animals were pre-treated with ketotifen.
Ketotifen, which possesses histamine-1 receptor antagonizing as well as mast cell
stabilizing properties, significantly decreased plasma levels of pro-inflammatory
cytokine IL-6 following LPS compared with animals receiving vehicle (Figure 6.4A;
P<0.05). In addition, ketotifen reduced ileal permeability to HRP compared with
vehicle-treated controls (Figure 6.4B; P<0.05). Ketotifen did not significantly alter
circulatory levels of MMCP | (data not shown).
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Figure 6.4  Mast cells contribute to cytokine release and intestinal compromise following LPS exposure.
Administration of histaminic receptor antagonist ketotifen before LPS decreased IL-6
concentrations in plasma (A) and reduced leakage of HRP through the intestinal wall (B) in
fasted animals compared with animals that received vehicle (veh). n=6 for all groups.

Acetylcholine and nicotine reduce mast cell degranulation following
LPS and IgE exposure

Cultured MC/9 cells were employed to further assess the effects of cholinergic
signaling on mast cell activation. The affinity of Ba91, an antibody that specifically
binds to the CD200R3 located on murine mast cells, for MC/9 cells confirmed the mast
cell characteristics of the cell line (Figure 6.5A)28. First, MC/9 cells were activated by
exposure to Salmonella enterica LPS. Both acetylcholine and nicotine dose-
dependently decreased LPS-induced mast cell degranulation as assessed by
quantification of B-hexosaminidase release (Figure 6.5B). Acetylcholine was
demonstrated to be a stronger inhibitor of MC/9 activity compared with nicotine.

To confirm the inhibitory effects of acetylcholine and nicotine on mast cell activation
with a mast cell specific stimulus, sensitization of MC/9 cells with anti-OVA IgE and
subsequent exposure to OVA was applied. Whereas anti-OVA Igé and OVA
independently did not affect mast cell activity (data not shown), the combination led
to strongly enhanced degranulation, which was set as 100% (Figure 6.5C). Cholinergic
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control of the IgE-induced response was assessed by pre-incubation with 1 uM of
acetylcholine or nicotine. This concentration was based on the abovementioned
experiments using LPS. IgE-mediated mast cell activation was significantly reduced by
acetylcholine as well as nicotine (Figure 6.5C; P< 0.01 and P< 0.05 respectively).
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Figure 6.5 Cholinergic agents inhibit LPS and IgE-induced mast cell degranulation. A. Flowcytometric
analysis shows affinity of MC/9 cells for mast cell-specific murine CD200R3 antibody Ba91,
confirming the mast cell characteristics of the cell line. B. Acetylcholine and nicotine dose-
dependently inhibited MC/9 mast cell degranulation, as determined by B-hexosaminidase
release after 2 hours of stimulation with LPS. C. OVA exposure followed by anti-OVA IgE
resulted in increased MC/9 degranulation (set as 100% and no stimulation as 0%).
Administration of 1 uM of either acetylcholine (ach) or nicotine (nic) significantly reduced
MC/9 degranulation. All experiments were performed at least twice.

The alpha7 subunit mediates the cholinergic inhibition of mast cells
independently of the beta2 subunit

MC/9 cells possess a mast cell phenotype, however the nAChR subtypes that are
expressed by these cells have not been determined so far. Therefore, the involvement
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of the reportedly important a7 and B2 subunits was investigated in bone marrow
derived mast cells. Stimulation with peptidoglycan resulted in enhanced
B-hexosaminidase release (i.e. 34.4% of the release following compound 48/80)
compared with LPS, confirming lkeda et al.”>. Conform the observations in MC/9 cells,
both acetylcholine and nicotine reduced bone marrow derived mast cell activity
following peptidoglycan stimulation (P<0.05 for 0.1 mM nicotine and P<0.05 for
0.1 mM acetylcholine; Figure 6.6A). A highly specific agonist of the nAChR a7,
GSK1345038A, reduced mast cell activity to a similar extent compared to nicotine and
acetylcholine. Next, the involvement of the B2 subunit was investigated. In mast cells
derived from B2-/- mice bone marrow, a dose-dependent reduction of mast cell
activity was observed following administration of acetylcholine (10uM: P<0.01 and
100uM: P<0.001), nicotine (10 uM and 100 pM: both P<0.001) and GSK1345038A
(10 uM: P<0.05 and 100 uM: P<0.01; Figure 6.6B).

C57/B16 nAChR B2 -/-
—~ 1004 —~ 1004 I
X i % X
g } % * g *
£ 80 E : £ 80- # t
3 $ E % 3 ¢ T #
= (=
s s ¢ ¥ [} %
_§’ 60- § 60+ T
con-! 3 2 1§32 1}-3 2 1 con-! 3 2 143 2 113 2 41
trol ach nic GSK trol ach nic GSK
[compound] (log mM) [compound] (log mM)
A B

Figure 6.6  Alpha7 subunits but not beta2 subunits of the nicotinic acetylcholine receptor mediate
cholinergic mast cell regulation. A. Nicotine, acetylcholine and nAChR a7 agonist GSK1345038A
(GSK) dose-dependently reduced degranulation of bone marrow derived mast cells from
C57/Bl6 mice. B. In B2-/- mice, degranulation of bone marrow derived mast cells was
significantly decreased by nicotine, acetylcholine and GSK1345038A. All experiments were
performed at least twice. *p<.05 vs control, #p<.01 vs control, tp<0.001 vs control.

Discussion

The present study identifies stimulation of the hard-wired vagal anti-inflammatory
reflex by enteral lipid-rich nutrition as a strong inhibitor of mucosal mast cell reactivity.
Since mast cells are recognized as early and pivotal regulators of the innate immune
response, these findings support nutritional intervention in patients prone to develop
an excessive inflammatory response.
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In the current study, LPS exposure to mice resulted in increased levels of MMCP |, a
protein secreted by mucosal mast cells in the gastrointestinal tract®®. The detection of
MMCP | as soon as 30 minutes following LPS may represent a direct mast cell-
stimulatory effect of LPS, since mast cells express TLR4, the LPS signaling receptorsl. In
particular LPS derived from Salmonella enterica, as used in the present study, was
reported to exert a strong activation of mast cells”. Here, the in vivo findings were
reflected by enhanced release of protease B-hexosaminidase in MC/9 cultures
following exposure to LPS from the same origin. Also in bone marrow derived mast
cells, LPS resulted in enhanced B-hexosaminidase release, although stronger activation
was obtained by administration of TLR2 agonist peptidoglycan.

In settings of splanchnic hypoperfusion, as frequently observed in surgical and critical
care settings, early local intestinal inflammation develops in parallel with enterocyte
damage and intestinal permeability loss’. Evidence has been provided that these local
intestinal events contribute to the development of systemic inflammatory

5,32,33 . e .
. Following recognition of pathogens or endogenous danger signals,

complications
mucosal mast cells are among the first immune cells to become activated in the
intestine during the innate immune response2’34. Via instant release of biologically
active chemokines, cytokines, vasoactive amines and proteases, mucosal mast cell
activity plays a pivotal role in the recruitment of neutrophils, increase of vascular and
mucosal permeability and the development of local intestinal damage in the early

2-435 .
. In addition, mast cells were recently shown to be

phase of intestinal inflammation
crucial in the chemoexcitation of mesenteric afferent vagus fibers in the early phase of
intestinal ischemia®®. Mast cell signaling to remote lymphoid tissues is facilitated by the
release of cytokine-containing particles into lymphatic vessels’’. Together, mast cell
regulation is currently appreciated and tested as a potential therapeutic strategy in

838 |n the present study, the contributory role of mast cells

several intestinal diseases
in the development of inflammation and loss of gut wall integrity is confirmed by the
observation that administration of histamine-1 receptor antagonist ketotifen prior to
LPS resulted in decreased IL-6 concentrations and improvement of gut barrier function.
Whereas ketotifen has also been reported to exert mast cell stabilizing properties, next
to histamine receptor-1 antagonism and weak inhibition of leukotrienes and
phosphodiesterasesgg, it did not affect circulatory MMCP | concentrations, which is in
accordance with a recent clinical study of Klooker et al.®.

Here, lipid-rich nutrition is identified as a strong inhibitor of mucosal mast cell
degranulation. In addition, peripheral CCK-1R are demonstrated to be crucial in the
nutritional modulation of mast cells. These data are supported by earlier reports that
demonstrated a critical role for stimulation of CCK-1R that are located on the afferent
vagus nerve in the immunomodulatory effects of lipid-rich nutrition'®. The observation
that CCK-1R antagonists did not affect MMCP | levels in fasted animals confirmed that
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the observed CCK-1R-dependent inhibition of mast cell responsiveness depends on
nutritional intake. In line with our findings, Vergara et al. reported on mast cell
inhibition by infusion of high doses of CCK'. Since CCK release in the proximal
intestine is enhanced by dietary lipids and proteins, in the current study lipid-rich and
isocaloric low-lipid feedings were applied that proved to be effective in previous

1% Enrichment of the feeding with lipids resulted in strongest mast cell

studies
inhibition, thus stressing the importance of carefully designed nutritional compositions
in order to obtain optimal anti-inflammatory effects in the intestine.

CCK released in the gut wall can activate the central nervous system via the afferent
vagus nerve but also via the humoral route®. In the current model we employed
pegylated-CCK9, a well-characterized activator of the afferent vagus nerve that solely
acts peripherally™. Pegylated-CCK9 was shown to reduce MMCP | levels, thus
mimicking the nutritional inhibition of mast cells and confirming the importance of the
neural route in this context. It should be noted that the vagus nerve consists of several
types of neurons that respond to different stimuli*’. To investigate whether afferent
vagus stimulation attenuates mast cell responsiveness also in a non-CCK mediated
fashion, the vanilloid receptor TRPV1 was stimulated. The TRPV1 is abundantly
expressed on afferent nerve endings in the gastrointestinal tract with diverse functions
including the transmission of nociception®. Although TRPV1 agonist SA13353 was
previously reported to reduce inflammation in models of endotoxemia and arthritis®,
in the current study SA13353 did not significantly reduce MMCP | levels. This
observation suggests that stimulation of the afferent vagus nerve needs to be specific,
e.g. via nutrition and CCK-1R, to inhibit mast cell activity. In theory, our data do not
exclude the possibility that CCK binds to mast cells directly. Indeed, evidence has been
provided that mouse fetal skin-derived mast cells possess CCK-receptors, however to
our knowledge these observations have not been replicated in intestinal mast cells
(44). In addition, the finding that nAChR antagonists abrogate the nutritional effects on
mucosal mast cells indicates that direct actions of CCK do not play a major role in vivo.
Nutritional effects on mucosal mast cell reactivity were inhibited by chlorisondamine
and a-bungarotoxin, pointing at a crucial role for nAChR activation. Alpha-
bungarotoxin is commonly used as a specific nAChR a7 agonist, although affinity has
been reported also for other subunits®’. The current study is first to establish a direct
link between nutritional stimulation of the vagal anti-inflammatory pathway and

2% Cholinergic inhibition of mast cells was further

involvement of the nAChR a7
investigated in a in vitro setting. First, inhibition of MC/9 by acetylcholine and nicotine
was shown following LPS. Acetylcholine was demonstrated to be a stronger mast cell
inhibitor compared with nicotine, which is in accordance with previous macrophages
studies™. As the range of nAChR subtypes that are expressed by MC/9 cells has not

been determined, the role of the nAChR a7 and B2 subunit was investigated in bone
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marrow derived mast cells. In these cells, stimulation of the nAChR a7 was shown to
inhibit mast cells to a similar extent compared with nicotine and acetylcholine.
Interestingly, the B2 subtype, that was previously shown to mediate the cholinergic
stimulation of phagocytosis, was not involved in the mast cell inhibitory effects of
nicotine and acetylcholine.

In this study, cholinergic agents were shown to inhibit mast cell activation after a mast
cell-specific anti-OVA IgE combined with an OVA trigger. These data are in congruence
with studies of Kageyama and Mishra that showed cholinergic inhibition of bone
marrow derived mast cells and the rat mast cell / basophil cell line RBL-2H3 and

45,46

involvement of the nAChR a7""". The current data on cholinergic modulation of mast

cells fit in the growing body of literature concerning the extensive and complex

43,47,48 . .
. Also a micro-anatomic

interactions between intestinal mast cells and neurons
basis for communications between nerves and mast cells in the intestinal wall has
been provided by Stead et al, showing that the majority of intestinal mast cells is
apposed to nerve fibers”. The findings of the present study do not exclude an
additional direct inhibitory effect of n-3 and n-6 polyunsaturated fatty acids (PUFA) on
mast cell activation, as shown previously in vitro™°. However, since CCK-1R and
a7nAChR antagonists blunted the nutritional effects, a direct mast cell inhibitory effect
of small quantities of enteral lipids as used in the current study appears not to be of
substantial importance.

Taken together, regulation of mast cell activity is a promising approach that could be
therapeutic in various clinical settings of intestinal and systemic inflammation. The
present study provides evidence that early mucosal mast cell activity during a general
inflammatory response is inhibited by nutritional stimulation of the CCK-1R and nAChR
a7-mediated vagal anti-inflammatory reflex. These findings, providing novel insight in
neuroimmune interactions triggered by enriched enteral nutrition, may contribute to
more goal-directed clinical interventions.
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Abstract

Introduction: An excessive inflammatory response following severe trauma is
associated with poor clinical outcome. Currently, therapies directed at attenuation of
an ongoing inflammatory cascade are lacking. Administration of high-lipid enteral
nutrition prior to hemorrhagic shock has been shown to effectively inhibit early and
late proinflammatory cytokines by activation of the autonomic nervous system via
cholecystokinin (CCK)-receptors. This study investigates the effects of high-lipid enteral
nutrition in a setting of developing inflammation and tissue damage.

Methods: A rat model of hemorrhagic shock was used in which animals were either
fasted or treated with high-lipid or control low-lipid enteral nutrition. CCK-receptor
antagonists were administered before feeding. Tissues and plasma were collected to
assess inflammation and intestinal integrity.

Results: Administration of high-lipid enteral nutrition after shock significantly reduced
plasma interferon-gamma (IFN-y) compared with low-lipid treated and fasted animals
(P<0.01 and P<0.001 resp.). Also IL-10 levels in plasma were decreased in comparison
with fasted animals (P<0.001). Enterocyte damage, expressed as circulating ileal lipid
binding protein (ILBP), was prevented by early high-lipid nutrition compared with low-
lipid treated and fasted animals (P=0.05 and P<0.001 resp.). Furthermore, high-lipid
feeding preserved intestinal integrity in comparison with low-lipid treated and fasted
animals, as assessed by bacterial translocation (BT) to distant organs (P<0.05 and
P<0.001 resp.) and ileal permeability to horseradish peroxidase (HRP) (P=0.05 and
P<0.001 resp.). The protective effects of high-lipid intervention were taken away by
CCK-receptor antagonists (IFN-y; IL-10; BT; and HRP; P<0.05).

Conclusions: High-lipid enteral nutrition given post-shock reduces inflammation and
preserves tissue integrity via a CCK-receptor dependent mechanism. These findings
implicate that intervention with high-lipid enteral nutrition following events such as
severe trauma is a potential therapy to attenuate the developing inflammatory
response.
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Introduction

An uncontrolled inflammatory response as result of severe trauma followed by a
second hit such as surgery or infection is associated with poor clinical outcome'
Despite important improvements in the treatment of trauma patients over the last
decades, morbidity and mortality remain high5'7. Our understanding of the
inflammatory cascade triggered by severe trauma has advanced rapidly, however, until
now there is no effective clinical therapy that controls excessive inflammation®.
Consequently, current treatment of patients with severe trauma is aimed at rapid
hemodynamic stabilization, damage control and sustained support of organ and
endocrine systems™*°.

Improved insight into the complex inflammatory response following trauma has led to
the development of diverse anti-inflammatory strategies, usually directed at single
inflammatory mediators. Although such strategies were highly promising in various
experimental models of trauma and sepsis, most interventions lacked effectiveness in
clinical trials®. The intervention applied in the current study might overcome this
problem by activating a potent endogenous pathway that modulates the immune
system.

In recent studies, our group demonstrated that high-lipid enteral nutrition strongly
attenuated the inflammatory response and preserved tissue integrity in a model of

W2 The protective effects of lipid-enriched enteral feeding are

hemorrhagic shock
based on nutritional activation of the autonomic nervous system via cholecystokinin
(CCK)-receptors leading to activation of nicotinic receptors located on inflammatory
cells™ ™.

In previous studies high-lipid enteral nutrition was administered prior to shock.
However, in many clinical settings as trauma, the inflammatory response is already
developing before treatment can be initiated. Therefore, the aim of this study was to
investigate the protective effects of lipid-enriched enteral nutrition administered in a

setting in which the inflammatory cascade is unfolding.

Methods

Animals

Male Sprague-Dawley rats, weighing 300-350 g were purchased from Charles River
Laboratories (Maastricht, the Netherlands). Animals were housed under standardized
conditions of temperature and humidity and had free access to standard chow and
water. The study was approved by the Animal Ethics Committee of Maastricht
University Medical Center.
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Experimental design

11,12,16
. In short, rats

Non-lethal hemorrhagic shock was induced as previously described
were anesthetized with isoflurane (induction 4%, maintenance 1.5%). The femoral
artery was dissected and cannulated with a polyethylene tubing (PE-10) containing
heparinized saline (10 IU/ml). At time of shock (t=0), 2.1 ml blood per 100 g body
weight (representing 30-40% of circulating volume) was withdrawn at a rate of
1 ml/minute. Anesthesia was stopped at 60 minutes after shock. Prior to shock, all rats
were fasted for 18 hours. Following shock, rats were fasted or submitted to either an
early or a delayed intervention with high-lipid or control low-lipid enteral nutrition. In
the early feeding regime, animals received 1.5 ml nutrition at 30 minutes after shock
by way of orogastric tube (PE-50) and 0.75 ml at 3 hours post-shock by way of oral
gavage (n=8 for each group). Animals in the early feeding protocol were sacrificed at
4 hours after shock. In the delayed feeding regime, animals received nutrition at
80 minutes (1.5 ml), 3 and 6 hours (both 0.75 ml) following shock. After the last
feeding moment, they were given free access to standard chow and sacrificed at
24 hours after shock (n=10 for each group, Figure 7.1). CCK-A and -B receptor
antagonists (Devazepide and L365, 260 resp.; kind gifts from ML Laboratories PLC,
Nottingham, United Kingdom) (both 500 pg/kg) were given 10 minutes before the first
and second high-lipid feeding intravenously resp. intraperitoneally (n=6). A control
group received high-lipid nutrition and vehicle (90% NaCl, 5% Tween 20, 5% DMSO).

Events FD shock CCK-ra CCK-ra CCK-ra 1 chow 1

—+—H— + + + + —H—

Time -18h 0 +30° +1h20 +3h +4h +6h +24h
| Early feeding regime | | Delayed feeding regime |

Figure 7.1  Experimental design of post-shock intervention with high-lipid enteral nutrition. Rats were
deprived of food (FD) 18 hours prior to shock. At t=0, shock was induced. Subsequently, rats
were fasted or received a liquid high-lipid or control low-lipid enteral nutrition in either an
early or a delayed feeding regime. In the early feeding regime, nutrition was administered at
30 minutes by gastric tube and at 3 hours by oral gavage (1.5 and 0.75 ml resp.) and rats were
sacrificed after 4 hours (). In the delayed feeding protocol, nutrition was given at 80 minutes,
3 and 6 hours following shock (1.5 ml, 0.75 ml and 0.75 ml respectively) by oral gavage. Next,
rats were given free access to standard chow (chow) and sacrificed after 24 hours (1). In both
feeding protocols, CCK-receptor antagonists were administered 10 minutes prior to the first
and second high-lipid feeding (CCKra).
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Composition of nutrition

The lipid-enriched liquid enteral diet contained 50.4 energy percent (en%) fat, of which
30% constituted of phospholipids, 8.7en% protein and 40.9en% carbohydrates. The
low-lipid nutrition contained 16.0en% fat, 8.7en% proteins and 75.3en%
carbohydrates. The high-lipid nutrition was isocaloric and isonitrogenous to the low-
lipid nutrition and the amount of fat in the low-lipid diet was isocaloric to that present
in standard rodent chow. The types of carbohydrates, proteins and fat used in both
diets were identical. The lipid source was lecithin. Omega 3 and 6 fatty acids
constituted <5% in both feedings. Proteins were derived from lean milk powder,
containing 80% casein and 20% whey protein. The carbohydrate source was a mixture
of sucrose and maltodextrins (Glucidex 19DE).

Blood analysis

Interferon-gamma (IFN-y), ileal lipid binding protein (ILBP) and IL-10 concentrations in
arterial blood were determined using standard ELISA for rat IFN-y and rat-ILBP (both
kindly provided by Hycult Biotechnology (Hbt), Uden, the Netherlands) and rat IL-10
(Biosource, Camarillo, CA).

Myeloperoxidase quantification

Per rat, sacrificed at 4 hours after shock, three segments of ileum were snap frozen in
liquid nitrogen. Segments were homogenized in lysisbuffer (300 mM NaCl, 30 mM Tris,
2 mM MgCl,, 2 mM CaCl,, 1% Triton X-100, en Pepstatin A, Leupeptin, Aprotinin (all
20 ng/ml); pH 7.4), centrifuged and supernatants stored at -20°C until analysis.
Myeloperoxidase (MPO) was quantified using ELISA. In brief, a microtiter plate was
coated with mAb 8F4, cross reactive with rat MPO (Hbt, Uden, the Netherlands)
overnight at 4°C and blocked with 1% BSA in PBS. Binding was detected with
biotinylated rabbit-a-human MPO (DAKO, Glostrup, Denmark) and visualized with
3,3',5,5’-Tetramethylbenzidine (TMB). The results were recorded using an ELISA plate
reader at 450 nm. MPO content per sample was calculated, after correction for total
extracted protein per sample.

Microbiological methods

11-13
. In short,

Bacterial translocation to distant organs was assessed as described
mesenteric lymph nodes, the mid-section of the spleen and liver-segment IV were
collected aseptically in preweighed thioglycolate broth tubes (Becton Dickinson,
Franklin Lakes, NJ) in all rats. Tissue-fragments were weighed and homogenized and
subsequently, the suspension was transferred to agar plates (Columbia IIl blood agar

base supplemented with 5% vol/vol sheep blood (BBL, Franklin Lakes, NJ) (duplicate
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plates) and Chocolate PolyviteX agar (BioMérieux, Marcy L’Etoile, France)). After
48 hours of incubation, the number of colonies were counted and determined using
conventional techniques. Subsequently, the numbers were adjusted to tissue weight,
and expressed as number of colony forming units (CFU) per gram of tissue.

Intestinal permeability

Intestinal permeability was assessed by measuring permeability to horseradish
peroxidase (HRP) in isolated segments of ileum as previously described™". In short,
8-cm segments of the distal ileum were washed, everted, and filled with 1 ml of Tris
buffer (125 mmol/l NaCl, 10 mmol/| fructose, 30 mmol/| Tris; pH 7.5) and ligated at
both ends. The filled segment was incubated in Tris buffer containing 40 pug/ml of HRP
(Sigma, St. Louis, MO). After incubation at room temperature for 45 minutes, segments
of ileum were removed from the buffer and the content was carefully collected in a
1-ml syringe. HRP activity was measured spectrophotometrically at 405 nm after

addition of TMB as substrate for HRP.

Immunohistochemistry

lleum sections (4um) of rats sacrificed 4 hours after hemorrhagic shock and healthy
controls were stained for tight junction protein Zonula Occludens protein 1 (ZO-1).
After a 1 hour incubation with Rabbit anti-ZO-1 (61-7300, Zymed Laboratories, San
Francisco, CA), the sections were incubated for 1 hour with Texas red conjugated goat
anti-rabbit antibody (Jackson, West Grove, PA). This was followed by 2 minutes
incubation with 4’,6-diamino-2-phenyl indole (DAPI), mounted in Fluorescence
Mounting Solution (Dakocytomation). The distribution of tight junctions was recorded
at a maghnification of 200x using the Metasystems Image Pro System (black and white
charge-couple device camera; Metasystems, Sandhausen, Germany) mounted on a
Leica DM-RE fluorescence microscope (Leica, Wetzler, Germany). All images were
taken at equal time-exposures after being normalized to negative control sections
without primary antibody, to exclude for non-specific binding of the secondary
antibody or autofluorescence. At least 25 microscopic fields for each tissue section
were examined.

Statistical analysis

All data are expressed as mean £ SEM. A Mann-Whitney U test was used for between-
group comparisons. Differences were considered statistically significant at P<0.05.
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Results

Lipid-enriched enteral nutrition following hemorrhagic shock reduces
inflammation

Early intervention with high-lipid enteral feeding after shock significantly decreased
circulating IFN-y compared with low-lipid treated and fasted animals (0.4 £ 0.1 ng/ml
vs. 0.8 + 0.1 ng/ml; P<0.01 and 1.4 + 0.1 ng/ml; P<0.001). Also low-lipid nutrition
resulted in lower IFN-y levels compared with fasted animals (P<0.01). CCK-receptor
antagonists (CCK-ra) were administered 10 minutes before treatment with high-lipid
nutrition to assess the role of CCK-receptor mediated activation of the autonomic
nervous system. CCK-ra inhibited the effects of high-lipid nutrition on plasma IFN-y
(1.2 £ 0.2 ng/ml vs. vehicle: 0.6 £ 0.1 ng/ml; P<0.05, Figure 7.2A).

Also plasma levels of the anti-inflammatory cytokine IL-10 were markedly decreased by
treatment post shock with high-lipid enteral nutrition in the early feeding regime
compared with animals that were fasted after shock (109 + 7 pg/ml vs. 156 * 4 pg/ml;
P<0.001). A protective trend was seen in high-lipid treated animals compared to low-
lipid controls (129 + 7 pg/ml, P=0.06). Moreover, low-lipid nutrition reduced IL-10
levels compared to fasted animals (P<0.01). Administration of CCK-ra blocked the
effects of high-lipid feeding on IL-10 plasma levels compared with vehicle treated
animals (150 + 9 pg/ml vs. 107 + 10 pg/ml; P<0.05, Figure 7.2B).
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Figure 7.2 High-lipid enteral nutrition in the early feeding regime reduces plasma IFN-y and IL-10. A. High-
lipid (HL) enteral diet after shock significantly reduced plasma IFN-y concentrations at 4 hours
after shock compared with low-lipid (LL) treated or fasted animals (* P<0.01 and ** P<0.01
resp.). Administration of low-lipid nutrition resulted in decreased IFN-y levels compared with
fasted animals (* P<0.01). Administration of CCK-receptor antagonists (CCKra) abrogated the
anti-inflammatory effects of high-lipid nutrition on IFN-y (# P<0.05 to high-lipid + vehicle).
B. High-lipid enteral feeding following shock significantly decreased plasma levels of IL-10
compared with fasted controls (* P<0.01) and a trend of IL-10 reduction was observed of high-
lipid feeding compared with low-lipid treated controls. Next, low-lipid treated animals resulted
in lower IL-10 levels compared with fasted animals (* P<0.01). CCKra blunted the effect of
high-lipid nutrition on IL-10 (# P<0.05 to high-lipid + vehicle).
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Local intestinal inflammation was assessed by detection of myeloperoxidase (MPO)
levels in ileum. In line with systemic inflammatory parameters, a protective trend
towards reduced tissue MPO concentrations were observed in rats treated with high-
lipid enteral feeding compared with low-lipid feeding (1.5 + 0.3 ng/ug protein vs.
2.3 + 1.0 ng/ug protein; P=0.06). Post-shock treatment with low-lipid nutrition did not
sort any effect on MPO tissue levels in comparison with animals that were fasted
(2.5 £ 1.2 ng/ug protein; P=1.0, Figure 7.3).
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Figure 7.3  Effects of high-lipid enteral nutrition on local inflammation. A protective trend towards
decreased myeloperoxidase (MPO) concentrations in ileum was seen in high-lipid (HL) treated
animals compared with low-lipid (LL) control groups (P=0.06). Low-lipid feeding did not exert
any effect on tissue MPO levels compared with fasted animals.

Administration of high-lipid enteral nutrition after shock reduces
intestinal epithelial cell damage

Hemorrhagic shock resulted in an elevation of plasma ileal lipid binding protein (ILBP),
a 14kD cytosolic protein expressed by mature enterocytes that is rapidly released
following cellular damage. Both the early and delayed feeding regimes with a high-lipid
enteral diet significantly lowered ILBP-levels in plasma compared with fasted animals
(early feeding: 3.7 * 0.3 ng/ml vs. 8.0 * 1.1 ng/ml; P<0.001 and delayed feeding:
1.3 +0.2 ng/ml vs. 6.3 + 0.7 ng/ml; P<0.001, Figure 7.4A and B). Moreover, ILBP levels
were significantly reduced in high-lipid treated animals compared with the low-lipid
group in the early feeding regime (4.9 + 0.5 ng/ml; P=0.05). Low-lipid feeding resulted
in decreased ILBP levels compared with fasted animals (early and delayed feeding;
P<0.05).

Enteral high-lipid feeding prevents loss of intestinal tight junction
integrity

Disruption of tight junctions was visualized by staining for ZO-1. In healthy controls
Z0-1 showed a regular distribution along the villi of the terminal ileum, in association

136



Protection by postshock enteral lipids

with the luminal surface of gut epithelium (Figure 7.5A). Hemorrhagic shock induced a
major loss of ZO-1 in ileum of rats that were fasted for 4 hours after shock as we have
observed before (Figure 7.5B)'"®. In contrast, tight junction integrity was largely
preserved by nutrition given in the early feeding regime, as represented by a relatively
undisturbed regular distribution of ZO-1 (low-lipid: Figure 7.5C and high lipid: Figure
7.5D). The protective effects on ZO-1 expression were most prominent following
intervention with high-lipid nutrition.

Early feeding protocol Delayed feeding protocol
124 84
9 T 6

E . E
=] =]
£ 61 x> £ 41
o I o *
(] — (]
- - *
= 34 = 24 —I

fasted LL HL fasted LL HL
A B

Figure 7.4  Administration of high-lipid enteral nutrition after shock decreases intestinal damage. A. Early
high-lipid (HL) enteral feeding resulted in lower plasma ileal lipid binding protein (ILBP) levels
compared with low-lipid (LL) feeding (** P<0.05). ILBP concentrations in plasma after early
nutritional intervention were significantly reduced in high-lipid and low-lipid treated animals
compared with fasted controls (* P<0.05). B. Also the delayed feeding regime with either high-
lipid or low-lipid nutrition decreased circulating ILBP levels compared with fasted groups
(* P<0.05).

Improved intestinal barrier function

Bacterial translocation to distant organs and leakage of HRP in ileum were determined
as parameters for loss of intestinal integrity following hemorrhagic shock. An early
enteral regime of high-lipid feeding after shock resulted in a significantly reduced
number of colony forming bacteria in distant organs compared with fasted animals
(69.7 + 6.4 CFU/gr tissue vs. 237.6 + 16.4 CFU/gr tissue; P<0.001) and to animals on a
low-lipid diet (100.9 + 9.2 CFU/gr tissue; P<0.05). Also low-lipid feeding reduced
bacterial translocation compared to fasted animals (P<0.01, Figure 7.6A). Furthermore,
early intervention after shock with lipid-enriched enteral feeding significantly reduced
leakage of HRP compared with fasted animals (9.0 + 0.8 pg/ml vs. 26.4 + 2.1 pg/ml;
P<0.001). Moreover, low-lipid feeding reduced ileal permeability to HRP in comparison
with fasted animals (11.8 + 1.1 pg/ml; P<0.05, Figure 7.6B).
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The delayed feeding regime resulted in a significant reduction of bacterial
translocation at 24 hours after shock in animals given high-lipid feeding
(43.0 + 3.6 CFU/g tissue vs. fasted: 133.1 + 16.8 CFU/g tissue; P<0.001 and vs. low-lipid:
69.0 + 4.9 CFU/g tissue; P<0.01, Figure 7.6C). Furthermore, low-lipid feeding reduced
bacterial translocation compared to fasted animals (P<0.001). Also HRP leakage was
reduced after the delayed feeding regime with high-lipid intervention compared with
low-lipid treated and fasted controls (6.6 £ 0.2 ug/ml vs. 7.3 £ 0.3 ug/ml; P<0.05 and
9.1 + 0.3 pg/ml; P<0.001, Figure 7.6D). Next, low-lipid feeding reduced HRP
permeability compared with fasted animals (P < 0.05).

Administration of CCK-receptor antagonists (CCKra) abrogated the protective effects of
high-lipid nutrition on intestinal integrity. CCKra inhibited the reduction of bacterial
translocation in high-lipid treated animals compared to high-lipid treated animals given
vehicle in both feeding regimes (early feeding: 173.3 + 12.6 CFU/g tissue vs.
110.3 + 14.0 CFU/g tissue; P<0.05, Figure 7.6A and delayed feeding: 165.5 + 14.4 CFU/g
tissue vs. 54.2 + 11.8 CFU/g tissue; P<0.05, Figure 7.6B). Blockage of CCK-receptors also
abrogated the reduction of HRP leakage by high-lipid nutrition compared with vehicle
treated animals (early feeding: 25.2 + 2.5 ug/ml vs. 11.7 * 1.0 ug/ml; P<0.05 and
delayed feeding: 9.1 + 0.2 ug/ml vs. 6.5 + 0.2 pug/ml; P<0.05).

-

Figure 7.5  High-lipid feeding prevents deterioration of tight junction integrity in the intestine. A. In
healthy control animals, ZO-1 expression on ileal villi at 200x magnification was intact and
regular. B. Fasting after shock resulted in ZO-1 villus lining in animals that was irregular and
discontinuous. C, D. In animals receiving high-lipid nutrition following shock, ZO-1 expression
was largely preserved, although small irregularities were observed. The protective effects were
present to a lesser extent following treatment with low-lipid nutrition. The histology shown is
representative for all tissue samples studied.
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Figure 7.6  High-lipid enteral feeding after shock improves intestinal barrier function. A. Bacterial

translocation to distant organs was significantly reduced in animals on an early high-lipid (HL)
regime compared to low-lipid (LL) treated and fasted controls (* P<0.05 and ** P<0.01 resp.).
Furthermore, low-lipid enteral feeding decreased bacterial translocation compared to fasted
animals (* P<0.01). B. Early intervention with lipid-enriched feeding after shock significantly
reduced leakage of horseradish peroxidase (HRP) in comparison to fasted animals (* P<0.05).
Also low-lipid feeding resulted in a significant reduction of HRP permeability compared to
fasted animals (* P<0.05). C. Delayed intervention with high-lipid nutrition reduced bacterial
translocation significantly (* P<0.01 vs. fasted and ** P<0.001 vs. low-lipid). Moreover,
bacterial translocation was reduced in low-lipid animals compared to the fasted group
(* P<0.01). D. A significant decrease of permeability to HRP was seen after delayed enteral
feeding with high-lipid nutrition compared to low-lipid treated (** P=0.05) and fasted animals
(* P<0.05). Also low-lipid feeding resulted in a significant reduction of HRP permeability
compared to fasted animals (* P<0.05). In both feeding protocols CCK receptor antagonists
abrogated the effects of high-lipid nutrition on bacterial translocation (early and delayed
feeding: # P<0.05 compared with HL + vehicle). Administration of CCK receptor antagonists
blunted the protective effects of high-lipid feeding on ileal permeability to HRP in both the
early and the delayed feeding regime (# P<0.05 compared with HL + vehicle)
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Discussion

The inflammatory response to trauma has to be regulated carefullylg. Uncontrolled
inflammation occurring after severe trauma may result in a systemic inflammatory
response syndrome (SIRS) or sepsis that are associated with poor clinical

2,8,20-22

outcome . Therefore, control of the inflammatory cascade following trauma is

considered pivotal to prevent the development of detrimental inflammatory

3,8,23,24
syndromes

. To mimic the clinical setting of trauma in which the inflammatory
response is unfolding and only a post-treatment approach is feasible, the intervention
in this study was started after induction of hemorrhagic shock. In this study the short-
term effects (within 24 hours) of inhibition of inflammation by nutritional intervention
were investigated.

This is the first study to show that post-shock treatment with high-lipid enteral feeding
reduces the shock-induced developing inflammatory response in a CCK-receptor
dependent mechanism. Hemorrhagic shock resulted in significantly increased though
moderately high circulating IFN-y levels (1.4 ng/ml). Early administration of lipid-
enriched feeding following shock strongly decreased these plasma levels of interferon-
gamma (IFN-y), a potent late inflammatory mediator with multiple actions on both
innate and adaptive immune systemzs. In various experimental models including
hemorrhagic shock elevated IFN-y levels have been implicated in the development of

26-29 .. .
. Also clinical studies

30,31

inflammation, tissue injury and gut barrier dysfunction
demonstrated a crucial role of IFN-y in the post-traumatic immune response
Recent experimental studies indicated that reduction of late inflammatory mediators
such as IFN-y is essential to attenuate an ongoing inflammatory response induced by

. 28,32
major trauma,

. The reduced levels of plasma IFN-y following post-shock high-lipid
feeding were accompanied by reduced circulating levels of anti-inflammatory cytokine
IL-10. Elevated plasma levels of IL-10 indicate a hyper inflammatory state and are
associated with an increased risk to develop septic complications . In the current study,
the reduction of both pro- and anti-inflammatory cytokines (IFN-y and IL-10 resp.)
indicate a broad inhibiting effect on developing inflammation by post-shock treatment
with high-lipid enteral feeding.

Next, post-shock high-lipid enteral intervention strongly improved intestinal integrity.
Translocation of bacteria and permeability to horseradish peroxidase (HRP) in high-
lipid treated animals were significantly reduced compared to low-lipid and fasted
controls. These effects are in line with the effects of nutritional intervention given prior

11,12,18

to shock . Intestinal barrier dysfunction is widely postulated to play an important

role in the development of inflammatory complications following surgery or

33-39

trauma™ . On the other hand, inflammatory cytokines such as IFN-y impair intestinal

barrier function by disruption of epithelial tight junctionszs'zg. In accordance, our study

140



Protection by postshock enteral lipids

shows that a reduction of systemic (IFN-y and IL-10) and local inflammation (MPO) by
high-lipid intervention parallels a preserved expression of tight junction protein ZO-1.
Furthermore, the findings that elevated ileal lipid binding protein (ILBP) plasma levels
following shock were reduced by lipid-enriched nutrition indicate a protective effect

0% These protective effects on intestinal

on intestinal epithelial cell damage as well
integrity were observed in two feeding protocols. The early feeding regime started at
30 minutes following shock, a time point at which the first signs of shock-induced
intestinal tight junction loss are present (data submitted for publication). The delayed
feeding protocol was initiated at 80 minutes post-shock at which time point systemic
inflammation is already detectable®. This study demonstrates that, next to an
extensive anti-inflammatory effect, post treatment with high-lipid enteral feeding
results in a strong preservation of intestinal integrity.

The results show that the protective effects of high-lipid enteral nutrition given post-
shock are mediated by CCK-receptors. These findings are in accordance with our
previous study which unraveled a neuro-endocrine pathway underlying the anti-
inflammatory actions of high-lipid nutrition”®. In this mechanism, CCK-receptor
dependent stimulation of the autonomic nervous system inhibits inflammation via
binding of acetylcholine to alpha-7-nicotinergic receptors on macrophages™ ™. The
current study is the first to show that high-lipid nutritional stimulation of the
autonomic nervous system strongly reduces the development of inflammation and
intestinal barrier dysfunction in a setting of inflammation induced by hemorrhagic
shock.

Severe trauma followed by a second hit such as surgery or infection provokes an
excessive systemic inflammation that may result in organ dysfunction. Therefore,
therapies are needed that reduce the inflammatory response of the primed immune

L34 The findings of this study that post-shock high-lipid enteral nutrition has

system
strong anti-inflammatory effects are supported by previous studies demonstrating that
activation of nicotinic receptors on immune cells is protective in settings of an ongoing
inflammation. Nicotinic receptor activation via electrical vagus stimulation or
administration of the alpha7nicotinergic agonist GST21 increased survival rates when

applied after induction of septic peritonitis in mice**.

The current study
demonstrates that nutritional activation of the anti-inflammatory vagus-cholinergic
pathway via CCK-receptor stimulation is a simple and physiological alternative.
Moreover, feeding with a high lipid content was shown to be more effective than low-

lipid feeding intervention.
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Conclusions

Administration of enteral high-lipid nutrition attenuates a developing inflammatory
response and preserves intestinal integrity via a CCK-receptor dependent mechanism.
This study implicates early enteral administration of high-lipid nutrition as a novel
approach to attenuate the complex inflammatory cascade that unfolds in clinical
settings such as severe trauma.
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Abstract

Introduction: Acute hemolysis is associated with organ damage, inflammation and
impaired vascular function in diverse critical care settings. Stimulation of the
cholecystokinin-1 receptor (CCK-1R)-dependent vagal anti-inflammatory reflex with
lipid-rich enteral nutrition was demonstrated to prevent tissue damage and attenuate
inflammation. This study investigates the effects of nutritional activation of the vagal
anti-inflammatory reflex on organ integrity, systemic inflammation and micro-
circulation during acute hemolysis.

Methods: Intravascular hemolysis was simulated by continuous infusion of pre-lysed
erythrocytes in male Sprague-Dawley rats. Prior to the experiments, animals were
fasted or received lipid-rich enteral nutrition. A CCK-1R antagonist and a nicotinic
acetylcholine receptor (nAChR) antagonist were applied to investigate involvement of
the vagal reflex. The role of CCK-1R was further studied by administration of pegylated
(PEG)-CCKO.

Results: Induction of clinically relevant cell-free hemoglobin concentrations in the
circulation resulted in organ damage and systemic inflammation. Nutritional
intervention reduced renal tubular cell damage, hepatocyte damage, ileal leakage of
horseradish peroxidase and bacterial translocation compared to food-deprivation (all
P<0.05). Also circulating IL-6 levels were decreased by enteral nutrition (P<0.05).
Blockage of the CCK-1R or the nAChR reversed the protective nutritional effects
compared with vehicle (P<0.05), whereas PEG-CCK9 mimicked the impact of enteral
feeding in fasted animals (P<0.05). Moreover, nutritional intervention increased renal,
hepatic and intestinal blood flow compared with fasted controls (all P<0.05), as
evaluated using fluorescent microspheres.

Conclusions: Nutritional activation of the vagal anti-inflammatory reflex preserves
tissue integrity and attenuates systemic inflammation in a rodent model of acute
hemolysis. In addition, lipid-rich nutrition improves renal, hepatic and intestinal
microcirculation during infusion of pre-lysed erythrocytes. These findings implicate
stimulation of the autonomic nervous system by nutritional means as a potential
therapy to prevent complications of acute hemolysis.
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Introduction

Nutritional activation of the vagal anti-inflammatory reflex is a promising approach to
counteract excessive inflammation and reduce organ damagel'z. Lipid-rich enteral
nutrition activates the autonomic nervous system via cholecystokinin-1 receptors
(CCK-1R) on afferent vagal fibers®. In turn, parasympathetic outflow suppresses
cytokine release via binding of cholinergic neurotransmitters to nicotinic acetylcholine
receptors (nAChR) on inflammatory cells"**. The efferent limb of this neuro-immune
pathway has been designated the cholinergic anti-inflammatory pathway4.
Intravascular hemolysis is a common event in several surgical and critical clinical
settings, e.g. during extracorporeal circulation with membrane oxygenation, sickle cell
crisis and malaria infections, that is associated with endothelial dysfunction and organ
injurys'g. The development of tissue damage may contribute to the inflammatory state
observed in hemolytic disease’. In this context we studied whether vagus nerve
activation by lipid-rich nutrition reduces the detrimental sequelae of hemolysis™ ™.

An important factor of the toxic effects of hemolysis is the scavenging of nitric oxide
(NO) by cell-free hemoglobin (fHb)’. The subsequent deficit of vasodilator NO results in

5,9,13-15 .
. Interestingly,

an impaired endothelial function and decreased organ perfusion
the sensibility for NO-independent vasoactive mechanisms increases during
hemolysis'®. As acetylcholine is a potent vasodilator acting largely independent of
NO'™, we hypothesized that release of acetylcholine by nutritional vagus stimulation
counteracts the vasoconstrictive effects of NO depletion during hemolysis, thus
preventing the occurrence of organ damage and inflammation.

The current study investigates the effects of lipid-rich enteral nutrition on renal,
hepatic and intestinal integrity and the development of systemic inflammation during
acute hemolysis. Also the nutritional effects on regional blood flow are assessed.
Involvement of the vagal anti-inflammatory reflex is determined using CCK-1R agonists
and antagonists and nAChR antagonists. Ongoing hemolysis is mimicked in rodents by
continuous infusion of non-membranous constituents of pre-lysed erythrocytes (LE).
Together, using a physiological and straightforward nutritional approach, this study
may contribute to the development of novel means to decrease hemolysis-related
complications.

Materials and methods

Animals

Male Sprague-Dawley rats, weighing 380-430 g, were purchased from Charles River
Laboratories (Maastricht, the Netherlands). Rats were housed in groups of 2-3 per cage
under controlled conditions of temperature and humidity. Prior to the experiments,
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the rats had ad libitum access to standard rodent chow and water. Rats were randomly
assigned to 11 study groups. In 3 groups, the role of NO scavenging in the
development of organ damage during hemolysis was studied. In 8 groups, the effects
of nutritional vagus stimulation on tissue integrity, inflammation and microcirculation
during hemolysis were investigated. All groups consisted of 6 animals; the group size
was based on previously reported effects of enriched nutrition on tissue integrity and

inflammation®™*?°

. The experimental protocols were carried out following institutional
guidelines and approved by the Animal Ethics Committee of the Maastricht University

Medical Centre+. This study is reported in accordance with the ARRIVE guidelines.

Acute hemolysis model

The hemolysis model in rodents was based on a canine model described by Minneci et
al.’. After induction with 4% isoflurane, anesthesia was maintained at 2% until
sacrifice. Acute hemolysis was simulated by administration of a bolus of lysed
erythrocytes (LE; bolus (300 uM; 6.5 ml/kg) followed by continuous intravenous LE
infusion for 1 hour (300 uM; 13 ml/kg/hour). Sham animals received sterile saline
instead of LE. Animals were sacrificed at 2 hours after start of LE administration (Figure
8.1). Tissue and blood samples were coded and stored at -80°C.

nutrition [ A70104/ chiorisondamine / PEG-CCKO |
M M M M
y7 A
1 ” 1 1 1 L | " 1 1
-18h -2h 45 30 10 0 +30° +1h +2h
i i

o]

Figure 8.1  Experimental design. Rats were food deprived (FD) 18 hours before infusion of lysed
erythrocytes (LE) or received enteral nutrition at -18 hours, -2 hours and -45 min. At 30 min
before LE administration, A70104, chlorisondamine, PEG-CCK9, or corresponding vehicles were
administered. Animals received LE infusion for 1 hour and were sacrificed at +2 hours.
Microspheres (M) were administered at four time points.
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Erythrocyte lysis and measurement of cell-free hemoglobin
concentrations

To generate LE for infusion, fresh blood samples were obtained from healthy male
Sprague Dawley rats through aortic puncture. After diluting whole blood 1:2 in saline
containing 10 IU/mL heparin, erythrocytes were isolated by centrifugation (2,750 g,
15 min, 4°C). Plasma and buffy coat were carefully discarded and the remaining
erythrocytes were washed three times with saline (1:3 v/v) in sterile tubes (Greiner
Bio-One, Alphen a/d Rijn, Netherlands) to remove plasma components. To induce
hemolysis, the erythrocytes underwent three freeze-thaw cycles after the final
washing step. Erythrocyte membranes were removed by ultra-centrifugation (20,000 g,
30 min, 4°C). Next, the supernatant was passed through a micropore filter (0.22 pm,
Millipore, Billerica, MA). The final concentration was adjusted with sterile saline to 300
UM hemoglobin. A batch of LE was pre-saturated with NO gas (Linde Gas, Dieren, the
Netherlands) using a hollow fiber oxygenator (CAPIOX RX, Terumo, Somerset, NJ).
Routine spectrophotometry was used to assess the percentages of oxygenated
hemoglobin and methemoglobin of total fHb. The fHb concentrations in plasma and
infusate were measured by derivative spectrophotometryu.

Interventions

Before LE infusion, rats were fasted overnight (18 hours) or were treated with liquid
nutrition given per oral gavage at three time points (Figure 8.1) as described
previouslyl’z. The feeding contained 50.4 energy percent (en%; i.e. percentage of total
calories) lipid, 8.7en% protein, and 40.9en% carbohydrates. The fat fraction contained
30% phospholipids. The lipid source was lecithin. Omega 3 and omega 6 fatty acids
constituted less than 5 wt% (<50 g/l). Proteins were derived from lean milk powder,
containing 80% casein and 20% whey protein. The carbohydrate source was a mixture
of sucrose and maltodextrins (Glucidex 19DE). The total nutrition provided constituted
10.0 en% of normal daily rat intake.

To investigate the role of peripheral CCK-1R in the nutritional effects on hemolytic
damage, fed rats received A70104, also known as A65186 (100 ug/kg, kindly provided
by Abbott Laboratories, Abbott Park, IL), a highly-sensitive CCK-1R antagonist that does
not cross the blood-brain barrier’””. A70104 was dissolved in sterile saline with 1%
dimethyl sulfoxide. Involvement of peripherally localized nAChR was studied by
administration of nAChR antagonist chlorisondamine diiodide (125 pg/kg; Sigma, St.
Louis, MO), dissolved in saline. Due to its vasoactive effects, chlorisondamine could not
be used to assess NnAChR involvement in the nutritional effects on microcirculation
during hemolysisza. The role of CCK-1R activation was further assessed in fasted
animals by administration of 6 ug/kg pegylated cholecystokinin-9 (PEG-CCK9; kindly
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provided by Dr Verbaeys, Interdisciplinary Research Center, Campus Kortrijk,
Katholieke Universiteit Leuven, Kortrijk, Belgium) dissolved in sterile saline. PEG-CCK9
specifically binds to peripheral CCK-1R and does not cross the blood brain barrier™.
Antagonists and agonists were administered intravenously in a volume of 1 ml/kg at 30
min before LE infusion (Figure 8.1).

Parameters of organ integrity and systemic inflammation

To assess renal tubular damage, urinary N-acetyl-B-D-glucosaminidase (NAG) was
measured by an enzyme colorimetric assay according to the manufacturer’s
instructions (HaemoScan, Groningen, the Netherlands). NAG, excreted predominantly
by proximal tubular cells, is a relatively large molecule (130 kDa), which precludes
glomerular filtration. Furthermore, NAG is not reabsorbed by the tubules. High levels
of urinary NAG therefore indicate renal tubular damagezs. Results were normalized to
urinary creatinine values and expressed as Units/mmol creatinine.

Liver fatty acid binding protein (L-FABP) concentrations in plasma were assessed as a
marker of liver damage. L-FABP is an abundant cytosolic protein in hepatocytes. Lower
concentrations are expressed in the stomach, intestine, kidney and lung®®?’. L-FABP
was determined using a standard ELISA for rat L-FABP (Hycult Biotech, Uden, the
Netherlands).

Intestinal permeability for macromolecules was assessed by measuring translocation
of the 44 kD enzyme horseradish peroxidase (HRP) through the ileal wall™. Segments
of distal ileum (8 cm) were washed, everted, filled with 1 ml of Tris buffer (125 mmol/I
NaCl, 10 mmol/I fructose, 30 mmol/| Tris; pH 7.5) and ligated at both ends. The filled
segments were incubated in Tris buffer containing 40 pg/ml of HRP (Sigma). After
incubation at room temperature for 45 min, ileal content was carefully collected. HRP
activity was measured spectrophotometrically at 405 nm after addition of
tetramethylbenzidine as a substrate.

Bacterial translocation to mesenteric lymph nodes, liver and spleen, expressed as
colony forming units (CFU) per gram tissue, was determined as described previously®.
Systemic inflammation was assessed by detection of IL-6 concentrations in arterial
blood using a standard ELISA for rat IL-6 (R&D Systems, Minneapolis, MN). The
detection limit of IL-6 was 10 pg/ml.

Microcirculatory blood flow

Assessment of microcirculation was performed using fluorescent microspheres
(diameter 15 um) with different colors (lemon, persimmon, orange and yellow) as

described before®*

. The microspheres (2.5x10°, Dye-Trak, Triton Technology, San
Diego, CA) were infused 10 min before LE administration and 30 min and 1 and 2 hours

after start of LE infusion (Figure 8.1) via a PE-10 cannula inserted in the right femoral
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artery that was transferred into the aortic arch. A reference blood sample from the left
femoral artery was taken at every time point. After sacrifice, between 1.5 and 2 gram
of kidney, liver and small intestine was harvested for microsphere retrieval. Following
organ lysis in potassium hydroxide, the fluorescent dye was dissolved in diethylene
glycol monoethyl ether acetate (Sigma). Fluorescence was measured using an
automated fluorospectrometer (PerkinElmer LS 50B, Perkin Elmer, Waltham, MA). The
blood flow to each individual organ was calculated as mL/min/g body weight. The pre-
fHb flow was set at 100% and flow changes at organ level during the experiments were
determined for each individual subject.

Statistical analysis

The Kruskal-Wallis test with Dunn's post-hoc multiple comparison was applied to
compare groups receiving LE or NO-saturated LE and sham controls (Figure 8.2). A two-
tailed Mann-Whitney U test was used to compare fed with fasted animals and agonists
or antagonists with corresponding vehicles (Figure 8.3 and 8.4). Microcirculatory
differences were tested using a two-way ANOVA with Bonferroni post-test (Figure 8.5).
All animals were included in the analyses. Differences were considered statistically
significant at P<0.05. Data are displayed as mean * SEM. Prism 5.02 for Windows
(GraphPad Software Inc., San Diego, CA) was used for computations.

Results

Administration of lysed erythrocytes results in loss of organ integrity
via impairment of nitric oxide bioavailability

Continuous administration of LE resulted in plasma fHb levels of 40 £ 3 uM at 30 min
that remained stable until termination of LE infusion at 1 hour (43 £ 4 uM). At 2 hours,
fHb concentrations dropped to 16 * 1 uM, indicating a half time of fHb of
approximately 40 min. These fHb levels are comparable to the concentrations in
patients undergoing a cardiopulmonary bypass or patients suffering from a sickle cell

&332 Furthermore, these fHb

crisis or paroxysmal nocturnal hemoglobinuria
concentrations surpass the thresholds of 6 uM fHb, reported to produce
vasoconstriction®>, and 10 MM fHb, associated with renal damagee. Accordingly,
infusion of LE resulted in renal tubular cell damage at 2 hours, as indicated by
increased urinary NAG levels compared to sham (P<0.01; Figure 8.2A). Next, enhanced
plasma levels of L-FABP following LE infusion indicated hepatocyte damage (P<0.05;

Figure 8.2B). Loss of intestinal wall integrity after LE administration was demonstrated
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by increased ileal leakage of HRP (P<0.05; Figure 8.2C) and augmented translocation of
luminal bacteria to mesenteric lymph nodes, liver and spleen (P<0.01; Figure 8.2D).
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Figure 8.2  Infusion of lysed erythrocytes induces loss of organ integrity via nitric oxide scavenging.
Following LE administration, renal (A) and hepatic (B) cell damage and increased translocation
of HRP (C) and bacteria (D) through the intestinal wall were observed. Infusion of LE that was
pre-saturated with NO (LE / NO) prevented hepatic injury (B) and improved the intestinal
barrier function (C-D) compared with animals that were infused with unsaturated LE. *P<0.05,
#P<0.01.

Subsequently, the role of NO scavenging by fHb in the development of organ damage
in our hemolysis model was investigated. In concordance with previous work of
Minneci and colleagues, we assumed that exposure of fHb to NO before infusion,
resulting in the irreversible formation of methemoglobin, would subsequently reduce
organ damage by limiting the ability of fHb to scavenge NO in vivo'.
Spectrophotometrical analysis demonstrated that fHb in freshly generated LE was
oxygenated for 75%. Pre-saturation with NO gas reduced the fHb oxygenation level to
51% and increased methemoglobin levels from 0.3% to 49%. In line with expectations,
administration of LE pre-saturated with NO resulted in a significant improvement of
hepatic and intestinal integrity compared with administration of LE that was not
saturated with NO (L-FABP: P<0.05, HRP: P<0.05, bacterial translocation: P<0.05;
Figure 8.2B-C-D). Furthermore, a trend towards lower urinary NAG levels was observed
in animals receiving NO-saturated LE compared with non-saturated LE (P=0.08). No
significant differences in organ integrity were observed between animals receiving NO-
presaturated LE and sham controls. Together, these data confirm in our model the
important role for NO scavenging in the development of organ damage during
hemolysis.
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Protective effects on organ integrity during acute hemolysis of
nutrition are mediated by peripheral cholecystokinin-1 receptors and
nicotinic acetylcholine receptors

Enteral lipid-rich nutrition significantly decreased renal cell damage following LE
infusion compared with fasted controls (P<0.05; Figure 8.3A). Also hepatocyte damage
was strongly reduced by nutritional intervention (P<0.05; Figure 8.3B). Previous studies
identified the intestine as an early target organ of nutritional vagus activation®®. Here,
pre-treatment with lipid-rich nutrition preserved the intestinal integrity, as shown by a
reduced gut permeability to HRP (P<0.01; Figure 8.3C) and bacterial translocation
(P<0.05; Figure 8.3D) following LE infusion.
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Figure 8.3  Enteral lipid-rich nutrition improves organ integrity during hemolysis via activation of
peripheral cholecystokinin-1 receptors and nicotinic acetylcholine receptors. Renal (A) and
hepatic (B) cell injury and gut wall permeability to HRP (C) and bacterial translocation (D) were
significantly reduced by lipid-rich nutrition compared with fasted controls. The tissue-
preserving effects of lipid-rich nutrition were abrogated by A70104, an antagonist of peripheral
CCK-1R, and chlorisondamine, a nAChR antagonist. The nutritional impact on hemolysis-
induced organ damage was mimicked by CCK-1R agonist PEG-CCK9. *P<0.05, #P<0.01.

To investigate the involvement of the CCK-1R-dependent vagal pathway in the
nutritional impact on hemolysis-induced loss of organ integrity, A70104, an antagonist
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to peripheral CCK-1R, was applied. Compared to vehicle, blockage of the CCK-1R
abrogated the protective effects of lipid-rich nutrition on hepatic and intestinal
integrity (all P<0.05; Figure 8.3B-C-D). The role of the vagal anti-inflammatory pathway
was further assessed by administration of chlorisondamine, an antagonist of peripheral
nAChR. Chlorisondamine administered prior to LE infusion blocked the protective
effects of enteral nutrition on renal, hepatic and intestinal organ integrity compared to
vehicle (all P<0.05; Figure 8.3), pointing at a crucial role for nAChR in the protective
effects of nutritional intervention during hemolysis. Next, in fasted animals CCK-1R
were stimulated with PEG-CCK9, a highly specific agonist of peripheral CCK-1R.
PEG-CCK9 decreased renal cell damage and prevented gut barrier dysfunction in fasted
animals compared with vehicle (all P<0.05; Figure 8.3A-C-D). In addition, a trend
towards reduced L-FABP concentrations was observed in fasted animals receiving
PEG-CCK9 (P=0.08; Figure 8.3B). In summary, lipid-rich nutrition prevented the loss of
organ integrity during acute hemolysis via CCK-1R and nAChR.

Nutritional intervention improves renal, hepatic and intestinal
microcirculation during acute hemolysis

Since impaired perfusion as a consequence of NO scavenging is considered critical in
the development of organ injury during hemolysis, we assessed the effects of
nutritional intervention on regional blood flow. In fasted animals, hepatic and ileal
blood flow during infusion of lysed erythrocytes decreased compared with pre-LE
values (-48% and -35% respectively at 1 hour), whereas renal blood flow was not
reduced (Figure 8.4). These findings are conform the notion that in settings of a
disrupted hemodynamic homeostasis, the mesenteric flow is disproportionally
restricted in order to maintain systemic blood flow and flow to vital organs including
the brain and kidneys>. Interestingly, enteral nutrition significantly improved the
blood flow of the kidneys (P<0.01), liver (P<0.05) and ileum (P<0.01) at 30 min and
1 hour. In LE treated animals, administration of CCK-1R antagonist A70104 blocked the
nutritional impact on organ blood flow at 30 min and 1 hour (kidneys: P<0.001 and
P<0.01 respectively and liver and ileum: P<0.01 at both time points). At 2 hours, no
differences in renal, hepatic and ileal microcirculation were observed between groups
(all P>0.05).
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Figure 8.4  Enteral nutrition improves renal and splanchnic blood flow during hemolysis. Lipid-rich
nutrition (LRN) improved microcirculation in kidney (A), liver (B) and ileum (C) at 30 min and
1 hour compared with fasting. CCK-1R antagonist A70104 abrogated the nutritional effects on
renal, hepatic and intestinal blood flow. *P<0.05, #P<0.01, ¥P<0.001.

Lipid-rich nutrition decreases circulatory interleukin-6 levels during
acute hemolysis

Infusion of LE resulted in a marked increase of IL-6 plasma levels at 2 hours. Enteral
nutrition significantly reduced IL-6 concentrations (Figure 8.5; P<0.05). Next, the
importance of the CCK-1R mediated vagal reflex in the nutritional inhibition of
hemolysis-induced inflammation was investigated. Compared to vehicle, blockage of
the CCK-1R significantly reduced the anti-inflammatory effects of enriched nutrition
(P<0.05). Also the nAChR was shown to be involved in the nutritional modulation of
the inflammatory response during hemolysis, as nAChR antagonist chlorisondamine
inhibited the IL-6 reduction by lipid-rich nutrition (P<0.01). The role of CCK-1R
activation was further studied by administration of PEG-CCK9 to fasted animals.
Compared to controls that received vehicle, PEG-CCK9 significantly reduced IL-6 levels
(P<0.05). Together, these data implicate that the CCK-1R dependent vagal pathway
mediates the nutritional anti-inflammatory effects during acute hemolysis.
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Figure 8.5  Systemic inflammation following infusion of lysed erythrocytes is reduced by nutritional
intervention. Circulatory IL-6 concentrations are decreased by enteral lipid-rich nutrition.
CCK-1R antagonist A70104 and nAChR antagonist chlorisondamine abrogated the nutritional
effects, whereas CCK-1R agonist PEG-CCK9 reduced IL-6 levels in fasted animals. *P<0.05,
#P<0.01.

Discussion

A range of interventions aimed at reducing hemolysis-related organ damage is
currently under investigation®®. The present study indicates that stimulation of the
vagal anti-inflammatory reflex with limited quantities of enteral nutrition, being a
physiological approach, is of additional value to prevent the complications of
hemolysis.

Current guidelines recommend an early start of enteral feeding in critical care and

732 1 several patient groups, the supplemental use of omega-3 fatty

surgical patients
acids is advocated®*°. The immune-modulating effects of omega-3 polyunsaturated
fatty acids are attributed to a direct inhibition of NFkB-mediated pro-inflammatory
signaling and through modification of the pattern of lipid mediators’™*. A different
mechanism via which enteral nutrition regulates the immune response was previously
described by our group. Short-term intervention with limited amounts of lipid-rich
nutrition, containing low amounts of omega-3 fatty acids, was demonstrated to reduce
inflammation and preserve organ integrity by activation of the autonomic nervous
system via peripheral CCK-1R"*%,

Pretreatment with a lipid-rich nutritional composition was demonstrated to reduce
renal and hepatic cell damage and preserve gut barrier function during acute
hemolysis. In addition, nutritional intervention significantly reduced hemolysis-induced
systemic inflammation, assessed as circulatory IL-6 concentrations. As also post-
treatment with lipid-rich nutrition was previously shown to attenuate inflammation

and preserve organ integrity, further studies are needed to investigate nutritional
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intervention at the time hemolysis is already manifest’®. Here, administration of a
CCK-1R antagonist significantly reduced the effects of lipid-rich nutrition on renal,
hepatic and intestinal integrity and moreover abrogated the anti-inflammatory effects,
thus providing evidence for a crucial role of peripheral CCK-1R. In earlier reports, CCK-
1R-mediated effects on organ integrity and inflammation in models of hemorrhagic
shock, endotoxemia and postoperative ileus were shown to run via a vagovagal

pathwayl'm'12

. In line, the present study shows that also in settings of acute hemolysis,
administration of a nAChR antagonist abrogates the effects of nutrition on organ
integrity and systemic inflammation. In addition to stimulation of the autonomic
nervous system with enteral nutrition, electrical vagus nerve stimulation and
pharmacological activation of nAChR have been successfully applied in various
experimental settingsll.

Blockage of the peripheral CCK-1R strongly reduced the nutritional effects on
hemolysis-induced organ damage, however only produced in a modest though
significant effect on the nutritional lowering of IL-6 levels. These data are seemingly in
discrepancy with a previous report in which the cytokine levels in lipid-rich fed animals
with CCK-1R blockage were similar to fasted animals’. Therefore, the role of peripheral
CCK-1R was further investigated using a pegylated form of CCK9. In a model of
hemorrhagic shock, PEG-CCK9 was previously reported to attenuate TNFa and IL-6
levels and improve intestinal integrityz. Here, PEG-CCK9 reduced organ damage and
inflammation in fasted animals following hemolysis, thus mimicking the impact of
enriched nutrition and supporting the activation of CCK-1R as a potential therapeutic
target to prevent the complications of hemolysis.

The ability of oxygenated fHb to irreversibly react with NO, leading to the formation of
methemoglobin and nitrate, is considered to be of major importance in the
detrimental effects of hemolysisg. NO is a pivotal signalling molecule in the regulation
of smooth muscle relaxation, endothelial adhesion molecule expression and platelet
activation”. Massive NO scavenging results in an impaired vascular function,

5,9,14,15

decreased organ perfusion and eventually to tissue damage . In addition, in

hemolytic patients a decreased availability of L-arginine is observed, the principal NO

9,43
donor

. In the current model, the importance of NO scavenging in the detrimental
consequences of acute hemolysis is confirmed™®. Pre-saturation of the infusate with
NO gas, resulting in decreased oxygenated hemoglobin levels and enhanced
methemoglobin levels, considerably reduced organ damage compared with animals
that received non-saturated LE. In line, it was shown that saturation of circulatory fHb
with inhaled NO improves tissue perfusion in a canine hemolysis model’. It should be
noted however that next to hemoglobin, also other erythrocyte constituents may
contribute to the loss of organ integrity during hemolysis. For instance cell-free

arginase-1 has been postulated to hamper NO formation by converting NO-donor
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arginine into ornithine™**

. Since the level of organ damage in animals receiving LE that
were presaturated with NO was not significantly increased compared with healthy
controls, in this model cell-free hemoglobin appears to be the main cause of the
perturbations observed.

During hemolytic disease, the sensibility for NO-independent vasodilators such as

1619 Therefore, we investigated whether the microcirculation

acetylcholine is increased
is improved by nutritional stimulation of the vagal anti-inflammatory reflex, which
results in release of acetylcholine. Conform the notion that the mesenteric flow is
disproportionally restricted in settings of a disrupted hemodynamic homeostasis, here
we showed that during hemolysis the intestinal and hepatic blood flow were reduced,
whereas the renal flow was relatively preservedas. Pretreatment with lipid-rich
nutrition improved renal, hepatic and intestinal microcirculation during hemolysis,
which is in line with a report of Gatt and coworkers that showed an increase of
superior mesenteric artery flow following enteral nutrition in ICU patients®. The
effects of lipid-rich nutrition on renal, hepatic and intestinal blood flow were
significantly reduced by a CCK-1R antagonist. The vasoactive effects of
chlorisondamine prevent its use in the assessment of nAChR involvement in the effects
of lipid-rich nutrition on microcirculation®. Therefore, it remains to be clarified
whether in settings of acute hemolysis, CCK-mediated modulation of organ
microcirculation is mediated by parasympathetic signalling or via non-neural

pathways***.

Conclusions

Lipid-rich nutrition preserves renal, hepatic and intestinal organ integrity and reduces
systemic inflammation in the CCK-1R and nAChR-dependent neuro-immune axis in a
rodent model of acute hemolysis. In addition, nutritional intervention significantly
improves the microcirculation of these organs during hemolysis. This study implicates
activation of the vagal anti-inflammatory reflex with enriched enteral nutrition as a
potential therapy in patients prone to develop hemolysis.
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Abstract

Introduction: Controlling the inflammatory cascade during sepsis remains a major
clinical challenge. Recently, it has become evident that the autonomic nervous system
reduces inflammation via the vagus nerve. The current study investigates whether
nutritional stimulation of the autonomic nervous system effectively attenuates the
inflammatory response in murine gram-negative sepsis.

Methods: Male C57bl6 mice were intraperitoneally challenged with lipopolysaccharide
(LPS) derived from Escherichia Coli. Prior to LPS administration, mice were fasted or
enterally fed either lipid-rich nutrition or low-lipid nutrition. Antagonists to
cholecystokinin receptors or nicotinic receptors were administered before LPS
administration. Blood and tissue samples were collected at 90 minutes. Mesenteric
afferent discharge was determined in ex vivo preparations in response to both
nutritional compositions.

Results: Both lipid-rich and low-lipid nutrition dose-dependently reduced LPS-induced
TNF-a release (high dose: both 1.4 £ 0.4 ng/ml) compared with fasted mice (3.7 £ 0.8
ng/ml; P<0.01). The anti-inflammatory effect of both nutritional compositions was
mediated via cholecystokinin receptors (P<0.01), activation of mesenteric vagal
afferents (P<0.05) and peripheral nicotinic receptors (P<0.05). Lipid-rich nutrition
attenuated the inflammatory response at lower dosages than low-lipid nutrition,
indicating that enrichment of enteral nutrition with lipid augments the anti-
inflammatory potential. Administration of lipid-rich nutrition prevented endotoxin-
induced small intestinal epithelium damage and reduced inflammation in liver and
spleen compared with fasted (all P<0.01) and low-lipid nutrition controls (all P<0.05).

Conclusions: The current study demonstrates that lipid-rich nutrition attenuates
intestinal damage and systemic as well as organ-specific inflammation in murine gram-
negative sepsis via the nutritional vagal anti-inflammatory pathway. These findings
implicate enteral administration of lipid-enriched nutrition as a promising intervention
to modulate the inflammatory response during septic conditions.
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Introduction

An exaggerated inflammatory response following surgery, trauma and burns is a
dreaded complication, that can ultimately lead to sepsis and septic shock™>. A key
characteristic in sepsis is the fierce systemic inflammatory response to bacterial toxins,
which is mediated by excessive release of numerous pro-inflammatory mediators>”*.
The subsequent hyper-inflammatory response results in multiple organ dysfunction
and correlates with adverse outcome™®. Despite recent advances in medical care,
sepsis remains life-threatening in the intensive care unit’. Although experimental
studies demonstrated promising results of anti-inflammatory strategies aimed at
inhibition of single pro-inflammatory mediators, clinical implementation has largely
failed to improve survival’. Enhanced insight in disease pathology and development of
novel treatments, which broadly affect the inflammatory response, are critical to
reduce sepsis-induced mortality’.

Recent experimental evidence has revealed an important neuroimmune pathway’.
Circulating cytokines are sensed by afferent vagal fibers, resulting in fever and an anti-
inflammatory response via the hypothalamic-pituitary-adrenal axis'®"'. Moreover,
electric stimulation of the vagus nerve attenuates inflammation via activation of
nicotinic acetylcholine receptors on inflammatory cells'™*. Activation of this so-called
“cholinergic anti-inflammatory pathway” improved outcome in several systemic
inflammatory models***.

Recently, our group demonstrated in rat models of postoperative ileus and non-lethal
hemorrhagic shock that nutritional activation of the autonomic nervous system

. 16-18
modulates the inflammatory response

. Enteral administration of lipid-rich nutrition
activates the autonomic nervous system via cholecystokinin (CCK)-receptors. Cytokine
release is subsequently inhibited via a vagally-mediated stimulation of nicotinic
receptors on inflammatory cells”. These findings implicate lipid-rich nutrition as a
physiologic anti-inflammatory intervention in settings of controlled inflammation. The
current study aims to investigate the anti-inflammatory potential of lipid-rich nutrition
in murine endotoxemia. Additionally, involvement of the vagal pathway in the

immune-modulating effect of enteral nutrition was studied.

Materials and methods

Animals

Male C57bl6 mice, aged 8-12 weeks were purchased from Charles River Laboratories
(Maastricht, the Netherlands) or bred at the University of Sheffield and housed under
controlled conditions of temperature and humidity with ad libitum access to standard
rodent chow and water. The experimental protocols were approved by the Animal
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Ethics Committee of the Maastricht University Medical Center and University of
Sheffield.

Experimental design and procedure

Mice received an intraperitoneal dose of lipopolysaccharide (LPS from Escherichia coli
055;B5, Sigma-Aldrich, Zwijndrecht, the Netherlands) 2 mg/kg in sterile phosphate-
buffered saline (PBS; pH 7.4) to induce gram-negative sepsis. Prior to LPS, mice were
randomly assigned to a fasted group or one of the nutritional intervention groups. The
fasted group was starved 18 hours prior to LPS administration, whereas all nutritional
groups were fed per oral gavage at 18 hours, 2 hours and 45 minutes prior to LPS
administration. The nutritional groups were fed lipid-rich or control low-lipid nutrition
in three different dosage regimens (see Figure 9.1A-B). The liquid lipid-rich diet
contained 50.4 energy percent (en%) fat, of which 30% were phospholipids, 8.7 en%
protein and 40.9 en% carbohydrates. The low-lipid nutrition contained 16.0 en% fat,
8.7 en% proteins and 75.3 en% carbohydrates. The carbohydrate and protein
composition of both diets were identical. The lipid source was soy lecithin. Omega 3
and omega 6 fatty acids constituted <5% in both feedings™. The high-lipid nutrition
was isocaloric and isonitrogenous to low-lipid nutrition and the amount of fat in the
control diet was isocaloric to that present in standard rodent chow. Proteins were
derived from lean milk powder, containing 80% casein and 20% whey protein. The
carbohydrate source was a mixture of sucrose and maltodextrins (Glucidex 19DE). To
investigate the role of gastrointestinal distention in activation of the nutritional anti-
inflammatory pathway, mice were fed a non-caloric 30% Polyethylene Glycol (PEG)
20.000 solution in PBS (Sigma-Aldrich; see Figure 9.1). All animals, subjected to
endotoxin, displayed reduced locomotor activity, pilo-erection, and developed
diarrhea.

Receptor antagonists

Mice received an intraperitoneal injection with antagonists to the CCK-1 receptor,
Devazepide and the CCK-2 receptor, L365,260 or chlorisondamine diiodide 30 minutes
before induction of endotoxemia. Devazepide and L365, 260 (both 500 pg/kg; kind
gifts from ML Laboratories PLC, Nottingham, UK) were dissolved in 90% saline, 5%
Tween 20, 5% DMSO. Chlorisondamine diiodide (125 pg/kg; Tocris Bioscience, Bristol,
UK) was dissolved in saline.
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A
-18 hours | -2 hours | -45 minutes | Number of animals
Low dose 0.3 ml 0.1 ml 0.1 ml 8
Intermediate dose 0.3 ml 0.2 ml 0.2 ml 8
High dose 0.4 ml 0.3 ml 0.3 ml 8
CCK- or nicotinic RA 0.4 ml 0.3 ml 0.3 ml 6
PEG-solution 0.4 ml 0.3 ml 0.3 ml 6
B

Figure 9.1  Experimental protocol and groups. A. Mice were deprived of food (FD) 18 hours prior to LPS
administration. In the nutritional intervention groups, mice were fed lipid-rich or low-lipid
nutrition per oral gavage at three time points (-18 hours, -2 hours and -45 minutes) prior to
LPS. Antagonists to the CCK or peripheral nicotinic receptor (RA) were administered
30 minutes before induction of endotoxemia. Mice were killed at 90 minutes. B. The feedings
were given in three dosage regimes, namely the low-dose (5% of normal daily intake (NDI)),
the intermediate dose (7% NDI) and the high dose (10% NDI). Animals that received RA were
fed the high dose. Polyethylene glycol (PEG) solution was administered in the high dose to
fasted rats.

Mesenteric afferent discharge

Mice were killed by cervical dislocation in accordance with the UK Animals Scientific
Procedures Act (1986). Intestinal tissue was prepared for nerve recording as previously
described”. In short, proximal jejunal segments (2—3 cm) were dissected so that a non-
bifurcating mesenteric bundle could be identified. The isolated segments were placed
in oxygenated Krebs solution at 34°C. A single nerve bundle was drawn into a suction
electrode for afferent recording. The jejunum was cannulated at each end and
intraluminal pressure was recorded via a pressure recorder. The lumen was perfused
with saline at 0.2ml/min except during distension, when the outlet tap was closed
allowing pressure to rise up to 55 mmHg and released by opening the tap.

Following a 60 minute stabilization period, intestinal segments were distended at
15 minutes intervals and mean afferent firing rate (spikes/s) was displayed as peri-
stimulus rate histogram. Once reproducible responses were obtained, the effect of
nutrition was tested by switching luminal perfusion to either lipid-rich or low-lipid
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nutrition (both 1 ml) with free-drainage. The nutrition remaining within the lumen was
trapped for 15 minutes following closure of the outlet port with termination of the
saline perfusion. One period of distension was achieved by perfusion with saline, which
also served to flush out luminal contents when the outlet tap was opened. Saline
perfusion and repeat distensions at 15 minutes continued until the response had
recovered to baseline.

Cytokine analysis

TNF-a levels were determined in plasma and tissue harvested at 90 minutes following
LPS challenge. Hepatic and splenic tissues were snap frozen in liquid nitrogen, after
which they were homogenized in lysisbuffer (300 mM NaCl, 30 mM Tris, 2 mM MgCl,,
2 mM CaCl,, 1% Triton X-100, en Pepstatin A, Leupeptin, Aprotinin (all 20 ng/ml);
pH 7.4), centrifuged and supernatants stored at -20°C until analysis. TNF-a was
measured using a standard enzyme-linked immunosorbent assay (ELISA) for mice
TNF-a (R&D systems Europe, Oxon, UK).

Determination of intestinal epithelial cell damage

Localization of ileum-lipid binding protein (I-LBP) was visualized by
immunohistochemistry on 4 um cut paraffin sections of ileum. Sections were
incubated for 50 minutes with rabbit anti-mouse I-LBP (Hycult Biotech, Uden, the
Netherlands). Thereafter, sections were incubated for 30 minutes with biotin labeled
swine anti-rabbit 1gG conjugate (Dako, Glostrup, Denmark), followed by 30 minutes
incubation with the AB-complex and AEC staining. Nuclear staining was performed
using haematoxylin. Pictures were taken using the Metasystems Image Pro System
(Metasystems, Sandhausen, Germany) mounted on a Leica DM-RE microscope (Leica,
Wetzler, Germany). Magnifications of 200x were used to display I-LBP expression. |-LBP
was quantified in plasma using a specific ELISA (Hycult Biotech).

Statistical analysis

Data are expressed as median, range and interquartile range, unless otherwise
indicated. A two-tailed Mann-Whitney U test was used for between-group
comparisons of plasma TNF-a and I-LBP. Spearman’s correlation was used to assess the
association between plasma levels of I-LBP and TNF-a. Whole nerve afferent discharge
was calculated from the number of spikes crossing a pre-set threshold and expressed
as spikes/s. Baseline discharge was calculated as the mean firing in the 1 minute period
preceding distension. Discharge during distension was expressed as increase above
baseline, calculated as the mean firing frequency in 5 sec periods at each level of
distending pressure. Depicted data represent the last saline distension prior to nutrient
perfusion, distension with nutrient in the lumen and first distension after washout.
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Discharge data were compared statistically using repeated measure ANOVA with
Dunnett post-test analysis. Prism 5.02 for Windows (GraphPad Software Inc., San
Diego, CA) was used for computations. All experimental groups consisted of 8 animals,
unless otherwise indicated.

Results

Lipid-rich nutrition reduces systemic inflammation more efficiently
than low-lipid nutrition

In order to investigate the anti-inflammatory potential of lipid-rich nutrition in murine
gram-negative sepsis, we administered lipid-rich and low-lipid nutrition to
endotoxemic mice in three dosage regimens (Figure 9.1). Low dose administration of
both feeds prior to LPS challenge did not affect circulating levels of TNF-a compared
with fasted mice (Figure 9.2). Pretreatment with an intermediate dose of lipid-rich
nutrition suppressed systemic inflammation compared with fasted mice (P<0.01) and
low-lipid nutrition (P<0.05). Administration of a high dosage of both feeds effectively
inhibited circulating TNF-a (both P<0.001), indicating that both feeds are capable of
attenuating systemic inflammation. To explore a role for gastrointestinal distention in
the anti-inflammatory effect of enteral nutrition, we administered a high dose PEG
solution. This non-caloric volume load did not affect plasma TNF-a levels, signifying
that enteral nutrition attenuates endotoxin-induced systemic inflammation in a dose-
dependent manner and that nutrition enriched with lipids is more efficient than low-

lipid nutrition.
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Figure 9.2  Enteral nutrition dose-dependently attenuates systemic inflammation in murine gram-negative
sepsis. Intraperitoneal injection of endotoxin results in marked plasma levels of TNF-a in fasted
mice. Pretreatment with lipid-rich nutrition attenuated systemic inflammation in the
intermediate and high dose. Low-lipid nutrition reduced TNF-a levels only in the highest dose.
Gastrointestinal distension using bolus administration of PEG-solution did not affect systemic
inflammation (n=6). * P<0.05 compared with fasted. ** P<0.05 compared to intermediate dose
of low-lipid.
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The anti-inflammatory potential of enteral nutrition is mediated via
the nutritional anti-inflammatory pathway

To clarify whether the anti-inflammatory effects of both feeds were exerted via the
vagal anti-inflammatory pathway, we first investigated whether a high dose of both
lipid-rich and low-lipid nutrition triggered CCK-receptors. Pretreatment of mice with a
combination of antagonists to the CCK-1 and CCK-2 receptor reduced the inhibitory
effect of lipid-rich and low-lipid nutrition on plasma levels TNF-a compared with
vehicle (both P<0.01. Figure 9.3 A).
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Figure 9.3  The anti-inflammatory effect of enteral nutrition is mediated via CCK-receptors and peripheral
nicotinic receptors. A. Administration of CCK-receptor antagonists (ra) reversed the inhibitory
effect of the highest dose of lipid-rich and low-lipid nutrition on circulating levels of TNF-a.
Pretreatment with the nicotinic ra. B. Counteracted the beneficial effect of lipid-rich and low-
lipid nutrition treated mice. * P<0.05 compared with lipid-rich + vehicle, ** P<0.01 compared
with low-lipid + vehicle, n=6.

Next, we examined whether luminal presence of lipid-rich and low-lipid nutrition
trigger firing of jejunal mechanosensitive afferents ex vivo. Since previous studies
demonstrated that low-threshold afferents preferentially project via vagal pathways’',
we quantified increase in afferent firing rate over the pressure range from 0 to 20
mmHg. Lipid-rich nutrition (treatment=T) enhanced afferent discharge to distension
compared with discharge before treatment (BT) and after treatment (AT: P<0.001.
Figure 9.4A). Likewise, administration of low-lipid nutrition increased afferent
discharge compared with BT and AT (P<0.05. Figure 9.4B). These differences were not
related to changes in jejunal compliance and not mirrored in the firing of high
threshold afferents at distension pressures >20 mmHg, which project via spinal
pathways (data not shown).

Lastly, we administered chlorisonamide diiodide, a peripheral nicotinic receptor
antagonist. Chlorisondamine diiodide inhibited the anti-inflammatory effect of lipid-
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rich and low-lipid nutrition compared with vehicle (both; P<0.05. Figure 9.3B). These
findings suggest that lipid-rich and low-lipid nutrition, at a sufficient dose, modulate
endotoxemia-induced inflammation via the nutritional anti-inflammatory pathway.
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Figure 9.4  Enteral nutrition enhances afferent vagal discharge to distension. A. Intrajejunal
administration (T) of lipid-rich nutrition augments mesenteric afferent firing to luminal
distension in the low-threshold range (0-20 mmHg) compared with distension before
treatment (BT) and after treatment (AT). Administration of low-lipid nutrition. B. resulted in a
similar activation of the mesenteric afferent discharge. * P<0.001 for the lipid-rich treatment,
** P<0.05 for the low-lipid treatment, n=6.

Lipid-rich nutrition reduces intestinal epithelial cell damage during
endotoxemia

Gastrointestinal injury is implicated as a major component in the pathogenesis of
sepsis and is linked with disease progressionzz‘B. Lipid-rich nutrition was shown to
attenuate systemic inflammation at lower quantities than low-lipid nutrition.
Therefore, we investigated whether lipid-rich nutrition also attenuated intestinal
epithelial cell damage more potently than low-lipid nutrition. Intestinal epithelial cell
damage was assessed as plasma levels of I-LBP, a small cytosolic protein constitutively
expressed in mature ileal enterocytes, which is rapidly released following cellular
damagem. Endotoxemia in mice resulted in increased plasma levels of I-LBP compared
with healthy control mice (P<0.01. Figure 9.5A). Endotoxemia-induced loss of I-LBP was
immunohistochemically verified. Figure 9.5C represents the ileal distribution and
localization of I-LBP in healthy controls. Figure 9.5D demonstrates endotoxin-induced
loss of I-LBP from enterocytes and sludging of villus tips. Lipid-rich nutrition at an
intermediate dose significantly reduced circulating levels of I-LBP compared with
fasted mice (P<0.01) and low-lipid nutrition (P<0.05). Pretreatment with antagonists to
CCK-receptors prevented the protective effects of lipid-rich nutrition on enterocyte
damage (P<0.05). TNF-a has been demonstrated to influence intestinal barrier function
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(23,24). In the current model, we confirm that TNF-a is significantly correlated with
I-LBP (r2=0.74, P<0.001. Figure 9.4B).
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Figure 9.5  Lipid-rich nutrition reduces intestinal epithelial cell damage. Endotoxemia resulted in
significant intestinal epithelial cell damage, measured as plasma levels of I-LBP (A) and
visualized as loss of I-LBP from enterocytes (C, D). The nutritional intervention with lipid-rich
nutrition in the intermediate dose prevented intestinal epithelial cell damage compared with
fasted and low-lipid groups. CCK-receptor antagonist reduce the effect of lipid-rich nutrition on
enterocyte damage. B. The plasma levels of I-LBP were significantly correlated with plasma
TNF-a levels (r: 0.74, P<0.001). Data represented as single dots (B). ¥ P<0.05 compared with
healthy control, * P<0.05 compared with fasted, ** P<0.05 compared with low-lipid, * p<0.05
compared with vehicle.

Lipid-rich nutrition attenuates hepatic and splenic inflammation

The systemic inflammatory response of sepsis does not only lead to circulating
cytokines, but also results in inflammation at organ level. To delineate the anti-
inflammatory potential of lipid-rich nutrition, we investigated the expression of TNF-a
in tissue homogenates of liver and spleen. Intraperitoneal administration of LPS

170



Lipid-rich enteral nutrition controls endotoxin-induced inflammation

enhanced TNF-a protein levels in the liver (Figure 9.6A) and spleen (Figure 9.6B)
compared with healthy controls (not detectable). Lipid-rich nutrition, administered at
an intermediate dose reduced TNF-a content in the liver and spleen compared with
fasted mice (both P<0.01) and low-lipid nutrition (both P<0.05). These observations
indicate that lipid-rich nutrition decreases endotoxemia-induced organ-specific
inflammation.
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Figure 9.6  Lipid-rich nutrition attenuates organ-specific inflammation. Endotoxemia results in enhanced
hepatic (A) and splenic (B) levels of TNF-a protein. Administration of an intermediate dose of
lipid-rich nutrition attenuates the endotoxin-induced inflammation in the liver and spleen.
* P<0.01 compared with fasted, ** P<0.01 compared with low-lipid nutrition.

Discussion

Treatment of a dysregulated inflammatory response in critically-ill and surgical patients
continues to be a clinical predicament. Anti-inflammatory therapies are needed that
broadly affect the inflammatory response and can be safely used in these patients. The
current study identifies lipid-rich nutrition as a promising intervention to treat
inflammation during septic conditions.

Administration of lipid-rich nutrition has been shown to modulate inflammation in

16-19
several rat models

. In the current murine model, a dose-dependent approach was
used to investigate the anti-inflammatory effect of lipid-rich nutrition on gram-
negative sepsis. Administration of a high dose of low-lipid and lipid-rich nutrition
reduced endotoxemia-induced systemic TNF-a levels. In rats, the luminal presence of
lipid-rich nutrition reduced inflammation via a vagus nerve-dependent neuroimmune
pathway. Bilateral cervical vagotomy abrogated the protective effects of lipid-rich
nutrition in rats™. Here, we demonstrate for the first time that jejunal presence of
lipid-rich or low-lipid nutrition augmented mesenteric afferent discharge of low-

threshold mechanoreceptors, indicating that both feeds activate vagal afferents®’.
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Previous studies have demonstrated direct effects of CCK on mucosal afferents
. . eps ep 25 . .
independent of mechanical sensitivity”. However, an interaction between responses

26,27 .
, suggesting

to distension and CCK has been shown previously for gastric afferents
that these endings encode both the presence and composition of luminal nutrients.
The current finding suggest that the same may be true for jejunal mechanoreceptors,
which appear to be sensitized by the presence of lipid.

The vagal pathway is activated via CCK-receptors and exerts its anti-inflammatory

161819 - Administration of antagonists to the

effect via peripheral nicotinic receptors
CCK-receptor or peripheral nicotinic receptor both inhibited the anti-inflammatory
effect of lipid-rich and low-lipid nutrition in mice, indicating that enteral nutrition
activates two important receptor subtypes which are involved in the nutritional vagal
anti-inflammatory pathway"’.

Distension of the gastric wall has been shown to activate the vagus nerve in a CCK-
receptor dependent manner’®. Therefore, gastrointestinal distension, provoked by
ingestion of a large amount of feeding, could play a role in the observed anti-
inflammatory effect. However, administration of a PEG-solution did not affect systemic
inflammation, signifying that stimulation of CCK-receptors by luminal nutrients rather
than gastrointestinal distension alone is essential.

In several experimental rat models, the anti-inflammatory potential of lipid-rich
nutrition was superior to low-lipid nutrition'®*. These findings are confirmed in mice,
since lipid-rich nutrition inhibited plasma TNF-a levels at lower quantities than low-
lipid nutrition. In addition, the mesenteric afferent recordings demonstrated a greater
discharge for lipid-rich than low-lipid nutrition. Increasing the lipid load results in
higher CCK plasma levels and prolonged CCK-release®, leading to a sustained
activation of CCK-receptors. Release of CCK and subsequent activation of mesenteric
vagal afferents is triggered by intestinal application of protein as well as fatty acids®®.
However, the potency of lipid-rich nutrition to attenuate inflammation compared with
low-lipid nutrition likely depends on the lipid fraction, since both feeds contain the
same amount of protein and vary in the lipid composition.

Systemic inflammation following endotoxin administration has been demonstrated to

22,31

result in intestinal damage™ . TNF-a is one of the principal mediators of the

pathophysiological changes during endotoxemia, including intestinal compromisea'?’z’g?’.
Here, intraperitoneal administration of endotoxin resulted in marked intestinal
epithelial cell damage. Accordingly, plasma levels of I-LBP showed a robust correlation
with circulating TNF-a. Preservation of intestinal enterocytes has been shown to
improve survival in a cecal ligation and puncture model**. Moreover, release of
intestinal-fatty acid binding protein (I-FABP), another member of the fatty acid binding
protein family, is associated with disease severity, systemic inflammation and survival

35-38

in clinical settings™ . The enterocyte damage in the current model was significantly
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reduced by lipid-rich nutrition. In addition to the current data, we demonstrated that
administration of lipid-rich nutrition prior to or following hemorrhagic shock in rats

16,17

diminishes intestinal compromise™"’, emphasizing the use of lipid-rich nutrition to

reduce intestinal damage during inflammatory conditions.

39,40 L .
. Administration

The liver and spleen are critically involved in the response to sepsis
of bacteria or endotoxin primarily activates macrophages in both organs, leading to
organ damage and malfunction via a local cytokine response in which TNF-a plays a

M4 The marked elevation of TNF-a protein observed in the liver and

prominent role
spleen upon intraperitoneal administration of endotoxin was effectively reduced by
lipid-rich nutrition. These findings are supported by studies demonstrating that
stimulation of the vagal anti-inflammatory pathway attenuates inflammation in the

>>>¢ Reduction of the primary inflammatory

liver and spleen during septic conditions
response in the liver has been shown to ameliorate hepatic injury®”*®. In line with the
observed anti-inflammatory effect on the liver, we previously demonstrated that lipid-
rich nutrition reduced liver damage in rats”’. These findings indicate that stimulation of
the nutritional anti-inflammatory pathway with lipid-rich nutrition has potent anti-
inflammatory effects in the liver and spleen under septic conditions.

Taken together, the current manuscript underlines that the autonomic nervous system
plays a vital role in regulation of the inflammatory response. The data demonstrate
that stimulation of the parasympathetic nervous system with lipid-rich nutrition is a
promising intervention to control endotoxemia-induced hyper-inflammation.
Interestingly, blockage of the sympathetic nervous system with beta-adrenergic
receptor antagonists has been shown to improve immune competence and outcome in

. . 48,49
critical-illness

. Administration of enteral lipid-rich nutrition combined with beta-
adrenergic blockade in critically-ill patients could be synergistic and deserves further

investigation.

Conclusions

Nutritional regimens for critically-ill and surgical patients have changed significantly in
the last two decades. Reduction of the preoperative fasting, preoperative enteral
administration of nutrients and early nutritional support have positively influenced
outcome™. Enteral nutrition is preferred in critically-ill and surgical patients and has

been shown to be well tolerated®*>*

. The current study supports the positive effects of
enteral nutrition and reveals a potential mode of action. Our data demonstrate that
enteral nutrition attenuates inflammation and intestinal damage during murine gram-
negative sepsis via the nutritional anti-inflammatory pathway. These findings expand
our current knowledge on the applicability of enteral nutrition to treat inflammatory
conditions and indicate that enrichment of enteral nutrition with lipid potentiates the

beneficial effects.
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Abstract

Introduction: The development of an immunosuppressive state during the protracted
course of sepsis is associated with opportunistic infections and is considered to
correlate with the extent of the pro-inflammatory response during early sepsis.
Stimulation of the autonomic nervous system with enteral lipid-rich nutrition was
shown to attenuate the acute inflammatory response. This study investigates the
effects of lipid-rich nutrition on the immunosuppression induced by polymicrobial
sepsis.

Methods: Female BALB/c mice were either fasted or fed liquid lipid-rich nutrition or
isocaloric control nutrition before and shortly after induction of polymicrobial sepsis
through cecal ligation and puncture (CLP) or sham operation. After 4 days, mice were
intranasally infected with Pseudomonas aeruginosa.

Results: Twenty-four hours after P. aeruginosa infection, fasted or control nutrition-
fed CLP mice displayed a significantly higher bacterial load in the lungs than
corresponding sham operated mice (P<0.001 and P<0.05, respectively). Fasted CLP
mice expressed reduced pulmonary levels of pro-inflammatory cytokines interleukin
(IL)-12 and interferon (IFN)-y in comparison to sham mice (both P<0.05). Lipid-rich
nutrition prevented the increase in bacteria, promoted the IL-12 and IFN-y production
(IL-12 and IFN-y: P<0.05 vs. fasted and IFN-y: P<0.05 vs. control nutrition) and
prevented the expression of the immunosuppressive cytokine IL-10 (P<0.05 vs. control
nutrition) in lungs of CLP mice. The preserved immune defense during late sepsis in
lipid-rich fed mice was preceded by attenuation of the early inflammatory response
(IL-6; P=0.05 and IL-10; P<0.01 vs. fasted CLP mice) at six hours post-CLP.

Conclusions: Short-term treatment with lipid-rich enteral nutrition reduces
immunosuppression during polymicrobial sepsis.
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Introduction

Immunosuppression is a feared consequence of septic disease that results in an
inability to control infections and predisposes patients to secondary infections caused
by opportunistic pathogens™. In particular, septic patients are susceptible to develop
refractory pneumonias, with Pseudomonas aeruginosa as most prevalent causative
organism at the Icu®*, Despite optimal antibiotic and supportive care, such secondary
infections are associated with high mortality rates’.

Typical for the state of immunosuppression during ongoing sepsis is the failure of the
host to produce appropriate levels of interleukin (IL)-12 and interferon (IFN)-y in
response to opportunistic pathogens including P. aeruginosa®’. IL-12 triggers the
release of IFN-y that in turn stimulates phagocytes like macrophages and neutrophils
to efficiently eliminate the invading microorganisms. In contrast, the formation of
IL-10, a potent suppressor of IL-12 and IFN-y, is strongly increased during ongoing
sepsis™’. Restoration of the IL-12 / IL-10 balance during sepsis was shown to improve
the defence against opportunistic pathogens, which emphasizes the decisive role of
these cytokines™. The development of immunosuppression is generally considered to
compensate hyperinflammation during early sepsis, which is represented by strongly
increased circulatory levels of pro- and anti-inflammatory mediators including IL-6 and
IL-10™. Therefore, modulation of the acute inflammatory response forms a potential
means to prevent later immunosuppression-related complications such as secondary
infections®".

A novel and effective strategy to attenuate the acute inflammatory response is

314 Enteral lipid-rich

nutritional activation of the vagal anti-inflammatory reflex
nutrition stimulates the autonomic nervous system via activation of cholecystokinin
(CCK)-1 receptors on afferent vagal fibers'. In turn, parasympathetic outflow
suppresses cytokine release via binding of cholinergic neurotransmitters to nicotinic
acetylcholine receptors on inflammatory cells"™®. Next to attenuation of the acute
inflammatory response, nutritional activation of the vagal reflex preserves organ
integrity and promotes gastrointestinal motility in diverse models of acute
inflammation including endotoxemia, hemorrhagic shock, exposure to bacterial DNA

131618 Considering these broad protective effects, we

and postoperative ileus
hypothesized that lipid-rich  nutrition  prevents the development of
immunosuppression during sepsis through attenuation of the early inflammatory
response.

This study investigates the capacity of short-term intervention with lipid-rich enteral
nutrition to reduce cytokine levels during early polymicrobial sepsis. Next, the impact

of nutrition on the pulmonary immune defense in the immunosuppressive state of
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sepsis is assessed. For this, cecal ligation and puncture (CLP) was applied as a model for
immunosuppression induced by polymicrobial sepsislg.

Materials and methods

Animals

Female BALB/c mice, aged 8-10 weeks, were purchased from Harlan Winkelmann
(Borchen, Germany). The mice were housed under controlled conditions of
temperature and humidity and had ad libitum access to standard rodent chow and
water. Prior to CLP, mice were randomly assigned to one of the study groups. The
groups in the early sepsis experiments consisted of 8 animals each; the group size was
based on the reduction of cytokine levels by lipid-rich nutrition in previous studies™".
The groups of the late sepsis experiments included 17 animals each; the group size was
based on earlier reported microbial counts in this model’. All animal procedures were
carried out following institutional guidelines and approved by the regional ethics

committee LANUV NRW, Recklinghausen, Germany.

Cecal ligation and puncture model

Polymicrobial sepsis was induced as described previously with minor modifications’.
Briefly, mice were anesthetized using an i.m. application of 100 mg/kg Ketamin and
13 mg/kg Xylazin (both Ceva Sante Animale, Dusseldorf, Germany). After a midline
laparotomy, the cecum was exposed and ligated by 50%. A 27-gauge needle was used
to puncture the cecum once, and a small amount of cecum content was extruded. The
cecum was then replaced into the abdominal cavity, and the incision was closed with
two layers. Sham mice were treated identically except for the ligation and puncture of
the cecum. All mice were resuscitated by an intraperitoneal injection of 1 ml sterile
saline. The mice did not receive antibiotics. In order to measure early cytokine levels in
serum, mice were sacrificed at 6 hours after CLP by vena cava puncture. To investigate
the responsiveness to secondary infections, mice were infected with P. aeruginosa on
day 4 after CLP or sham treatment. These animals were sacrificed 24 hours later by
cervical dislocation to determine the bacterial load and cytokine levels in the lung
(Figure 10.1). Samples were stored at -80°C until analysis.

All mice showed signs of severe illness within 24 h after induction of sepsis (including
shaggy fur, shaking, apathy, reduced food intake) but recovered during the following
4 days. The death of mice occurred within the first 24 hours after CLP but not
thereafter. The mortality rate following CLP was 17% in fasted, 17% in low-lipid and
24% in lipid-rich fed animals, which is in congruence with previous reports’. In
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addition, five animals died during anesthesia before CLP or sham operation (two mice
in the acute sepsis experiments and three mice in the late sepsis experiments).

nutrition

v v 1- early 1' late
|

-18h -2h -45° 0 +3h +6h +d4 +d5

Fo | cp | [stop Fo | Pa

Figure 10.1 Study design. Polymicrobial sepsis in mice was induced by cecal ligation and puncture (CLP).
Animals were either food-deprived (FD) for 18 hours before CLP until 3 hours post-CLP (stop
FD) or received enteral lipid-rich or low-lipid nutrition at -18 hours, -2 hours, -45 minutes and
+3 hours. Animals were sacrificed at 6 hours (T early) or at day 5 after CLP (* late). Animals
sacrificed at day 5 received an intranasal bolus of Pseudomonas aeruginosa (Pa) at day 4
following CLP.

Nutritional intervention

All animals were food-deprived between 18 hours prior to and 3 hours after CLP or
sham operation. Nutritional groups were fed lipid-rich or control low-lipid nutrition via
oral gavage 18 hours (0.3 ml), 2 hours (0.2 ml) and 45 minutes (0.2 ml) before CLP and
3 hours after CLP (0.2 ml) (Figure 10.1). To reduce the number of animals, in the
current study the low-lipid control group was only included in the late sepsis
experiments. The total energy provided by the 4 enteral feedings approximated 9% of
the normal daily energy expenditure of mice. The feeding regimen, food quantities,

13,17
. From 3 hours

and selected compositions were based on previous rodent studies
post-CLP onwards, all animals regained access to standard chow.

The lipid-rich nutrition was isocaloric (1.3 kcal/ml) and isonitrogenous to the control
nutrition. The amount of lipids in the control nutrition was isocaloric to that present in
standard rodent chow. The liquid lipid-rich diet contained 50.4 energy percent (en%,
i.e. percentage of total calories) fat, 8.7 en% protein, and 40.9 en% carbohydrates. The
fat fraction contained 30% phospholipids. The low-lipid control nutrition contained
16.0 en% fat, 8.7 en% proteins, and 75.3 en% carbohydrates. The lipid source was
lecithin. Omega-3 and omega-6 fatty acids constituted less than 5 weight percent

(<5 g/100 ml). Proteins were derived from lean milk powder, containing 80% casein
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and 20% whey protein. The carbohydrate source was a mixture of sucrose and
maltodextrins (Glucidex 19DE). The protein and carbohydrate compositions of the two
feedings were identical.

Infection with Pseudomonas aeruginosa

P. aeruginosa (strain ATCC 27853) was plated overnight on tryptic soy agar plates at
37°C. After resuspension in tryptic soy broth, bacteria were grown for 1 hour. Bacteria
were harvested during the logarithmic growth phase according to the optical density
by pelleting and resuspension in fresh tryptic soy broth [20]. Prior to infection, bacteria
were washed twice in RPMI 1640. Mice were intranasally infected with 5x10°® CFU of
P. aeruginosa in 20ul. The experimental groups to which the mice belonged were
concealed at the moment of microbe administration. After 24 hours, lungs were
removed and homogenized in 1 ml phosphate buffered saline using an Ultra-Turrax
disperser (IKA, Staufen, Germany). For determination of the bacterial load,
homogenates were lysed for 10 min with saponin (5 mg/ml; Sigma-Aldrich,
Taufkirchen, Germany) to release intracellular bacteria”®. Serial dilutions were cultured
on tryptic soy agar plates for 18 hours, colonies were counted, and the number of
colony-forming units (CFU) was calculated. Prior to the quantification of proteins,
homogenates were centrifuged at 13 000 g to clear from debris.

ELISA

Cytokine levels in serum were determined by standard enzyme-linked immunosorbent
assays (ELISA) for murine IL-6 and IL-10 (R&D Systems, Minneapolis, MN; detection
limits both 20 pg/ml). Concentrations of IFN-y, IL-12, and IL-10 in cleared lung tissue
homogenates were detected using ELISA for murine IFN-y and IL-10 (R&D Systems),
and murine IL-12 (eBioscience, San Diego, CA). The concentration of total protein in
lung tissue homogenates was quantified using the DC™ Protein Assay (Bio-Rad,
Munchen, Germany). Cytokine levels in the lung were expressed as pg/mg total
protein.

Statistical analysis

Data are presented as median, interquartiles, and range. The Mann-Whitney U-test
was used to compare the fasted and lipid-rich nutrition fed CLP groups in the acute
sepsis experiments (Figure 10.2). The Kruskal-Wallis test with Dunn's post-test was
applied to perform multiple comparisons between the state of fasting and different
nutritions in CLP mice and sham mice in the late sepsis experiments (Figure 10.3 and
10.4). Differences were considered statistically significant at P<0.05. Prism 5.02 for
Windows (GraphPad Software Inc., San Diego, CA) was used for computations.
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Results

Enteral lipid-rich nutrition reduces inflammatory parameters in the
early phase of polymicrobial sepsis

At 6 hours after CLP, elevated circulatory levels of the cytokines IL-6 and IL-10 were
observed in fasted CLP mice (Figure 10.2). CLP mice that were treated with lipid-rich
nutrition showed significantly reduced serum levels of IL-6 and IL-10 compared to
fasted CLP mice (P=0.05 and P<0.01, respectively).
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Figure 10.2 Lipid-rich nutrition attenuates the inflammatory response in the early phase of polymicrobial
sepsis. Mice were fasted or received enteral lipid-rich nutrition before and shortly after CLP. At
6 hours following CLP, enteral lipid-rich nutrition significantly reduced the circulatory levels of
both IL-6 and IL-10 compared with fasted mice.

Lipid-rich nutrition preserves the pulmonary cytokine secretion
pattern in response to a secondary infection in the lung during the
protracted phase of sepsis

Fasted CLP mice that underwent a secondary P. aeruginosa infection showed
significantly reduced pulmonary levels of IL-12 and IFN-y in comparison to sham mice
(both P<0.05; Figure 10.3A,B). Intervention with the lipid-rich nutrition led to a
significant increase of IL-12 and IFN-y in the lungs of CLP mice (both P<0.05 vs fasting).
Likewise, lipid-rich nutrition caused higher pulmonary levels of IFN-y in CLP mice than
the low-lipid nutrition (P<0.05). The lungs of CLP mice that had received the lipid-rich
nutrition contained concentrations of IL-12 and IFN-y that were comparable with
concentrations found in the corresponding sham operated animals. In addition, no
significant IL-12 and IFN-y differences were observed between CLP mice and sham
mice that had received the low-lipid diet (Figure 10.3A,B).
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A trend towards increased pulmonary levels of immunosuppressive mediator IL-10 was
observed in fasted CLP animals compared to fasted sham (P=0.10; Figure 10.3C), but
did not reach statistical significance. In low-lipid nutrition-treated animals, the content
of IL-10 in the lungs was significantly higher in CLP mice than in sham mice (P<0.05).
CLP animals that had received the lipid-rich nutrition showed reduced pulmonary IL-10
concentrations compared with control diet-treated CLP mice (P<0.05; Figure 10.3C). In
mice receiving lipid-rich feeding, the levels of IL-10 in the lung did not differ between
CLP and sham operation, indicating that lipid-rich nutrition prevents the increase of

anti-inflammatory signaling during late sepsis.
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Figure 10.3 Treatment with lipid-rich nutrition increases pulmonary IL-12 and IFN-y concentrations and
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reduces the pulmonary anti-inflammatory response upon secondary infection during late
sepsis. In fasted animals, CLP led to reduced pulmonary IL-12 (A) and IFN-y (B) levels after a
secondary infection compared to sham treated controls, whereas no significant decrease of
IL-12 and IFN-y was observed between CLP and sham treatment in lipid-rich and low-lipid fed
animals. Pulmonary cytokine levels in septic animals that had received lipid-rich nutrition were
significantly increased compared to septic mice that had fasted (IL-12 and IFN-y) or had
received low-lipid nutrition (IFN-y). Compared with corresponding sham treated controls, IL-10
concentrations in the lungs following P. aeruginosa installation tended to be increased in
fasted and low-lipid treated CLP mice (C), whereas in lipid-rich fed animals, IL-10
concentrations after CLP did not differ from sham operated animals. Furthermore, lungs from
lipid-rich fed CLP mice contained decreased amounts of IL-10 in comparison to low-lipid fed
CLP mice. * P<0.05 vs. CLP fasted. # P<0.05 vs. CLP low-lipid. NS=not significant.
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The defense against a secondary infection in the lungs of septic mice is
improved by lipid-rich nutrition

At 24 hours following intranasal installation of P. aeruginosa, a significantly increased
number of microbes was detected in the lungs of fasted CLP mice compared with sham
operated mice, indicating a state of immunosuppression (P<0.001; Figure 10.4). These
findings are in line with previous reports on CLP that is complicated by a secondary
infection”*. Also in animals that received low-lipid nutrition, an enhanced number of
bacteria was observed in the lungs of CLP mice in comparison to the corresponding
group of sham operated mice (P<0.05). In contrast, after intervention with lipid-rich
nutrition, the bacterial load in the lungs of mice undergoing CLP and secondary
P. aeruginosa infection did not differ from the lungs of sham operated mice. These
findings implicate that lipid-rich nutrition preserves the immune defense during
polymicrobial sepsis.
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Figure 10.4 The bacterial clearance following secondary infection in septic mice is improved by lipid-rich
nutrition. At 24 hours after secondary infection with P. aeruginosa, the bacterial load in the
lungs of septic mice was determined. In fasted and low-lipid fed animals, the number of colony
forming units (CFU) in the lungs was significantly increased in CLP mice compared to sham
operated mice. Intervention with lipid-rich nutrition resulted in similar bacterial loads in CLP
mice and sham operated controls. NS = not significant.

Discussion

The early delivery of nutritional support, preferably via the enteral route, is considered
a proactive therapeutic strategy in critically ill patients to reduce disease severity,

21,22 .
. In several patient
22,23

diminish complications and decrease the length of ICU stay

groups, the supplemental use of omega-3 fatty acids is advocated™™*". The immune-

modulating effects of omega-3 polyunsaturated fatty acids are attributed to a direct

inhibition of NFkB-mediated pro-inflammatory signaling and through modification of

24,25

the pattern of diverse lipid mediators™ . A totally different mechanism via which
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enteral nutrition modulates the inflammatory response was previously described by
our group. Intervention with limited amounts of enteral lipid-rich nutrition, containing
less than 5 en% omega-3 fatty acids, was demonstrated to attenuate inflammation and
preserve organ integrity in rodents by activation of the autonomic nervous system via
peripheral CCK-1 receptorsl3’14.

Using the same nutritional composition and feeding schedule as before, in the current
study we first investigated the effects of lipid-rich nutrition on the early inflammatory

117 six hours post-CLP, markedly enhanced serum levels of the pro-

response after CLP
inflammatory cytokine IL-6 and the anti-inflammatory regulator IL-10 were detected,
which is characteristic for the early hyperinflammatory state of sepsis. Early
measurement of both cytokines was reported to predict mortality in settings of trauma

2627 The current data are the first to demonstrate that short-term enteral

and sepsis
lipid-rich nutrition reduces both pro- and anti-inflammatory cytokine release during
the first hours of polymicrobial sepsis. These findings are in line with previous studies
showing a broad reduction of the early inflammatory response in models of
endotoxemia, hemorrhagic shock and exposure to bacterial DNA''#28,

Patients who survive the initial hyperinflammatory phase of sepsis are at risk to
develop secondary infections due to the state of sustained immunosuppression. In
accordance with previous clinical and experimental findings, we observed that septic
animals displayed an impaired microbial clearance in the lung upon secondary

7,19,29

infection with P. aeruginosa . The reduced ability to clear pulmonary microbes

during sepsis has previously been attributed to impaired responsiveness of innate
immune cells like alveolar macrophages, neutrophils and dendritic cells”®. A
disturbed production of pro-inflammatory cytokines such as IL-12 and an increased
release of immunosuppressive mediators like IL-10 are considered to play a key role in

9,10,30 .
. In accordance, in the current

the diminished defense against secondary infections
study the decrease of microbial eradication was paralleled by a decreased formation of
IL-12 and IFN-y and a concomitant increase of IL-10 levels in the lungs upon secondary
P. aeruginosa infection.

Importantly, we provide evidence that enteral lipid-rich nutrition at the onset of
polymicrobial sepsis reduces the pulmonary dissemination of bacteria upon a
secondary P. aeruginosa infection in the lung. The improved defense of CLP animals
fed lipid-rich nutrition against P. aeruginosa was associated with enhanced pulmonary
IL-12 and IFN-y levels and maintained IL-10 concentrations, which resulted in a
cytokine profile that was similar to that of sham operated mice. The preservation of
immune competence by lipid-rich nutrition during the immunosuppressive phase of
sepsis might be explained by the attenuation of the early inflammatory responsez. In
line with our findings, Takahashi et al. demonstrated that a mild initial immune
reaction leads to an improved resistance to secondary infections, whereas a secondary
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bacterial infection following a severe insult results in enhanced mortality>". Also clinical
studies report a close relation between excessive early inflammation and late
mortality, thus supporting the modulation of the initial immune response as a
potential therapeutic target to improve outcome”*”. However, the pathways that
connect the lipid-mediated limitation of the initial inflammatory response during sepsis
and the reduction of immunosuppression at several days thereafter remain to be
defined. Further investigations are required to determine the role of nutrition-induced
vagus nerve activation and subsequent binding of acetylcholine to nicotinic
acetylcholine receptors on innate immune cells in the reversion of cellular dysfunction
and attenuation of the concomitant immunosuppressed state®> .

The reduction of both pro- and anti-inflammatory mediators during early sepsis by
lipid-rich nutrition is unlike the effects of many other anti-inflammatory interventions.
For instance, phosphodiesterase inhibitors piclamilast and pentoxifylline couple early
inhibition of pro-inflammatory cytokines such as TNF-a to an increase of anti-

36,37

inflammatory mediators, including IL-10™"". The disappointing effects of inhibiting
specific pro-inflammatory cytokines in settings of sepsis, e.g. through neutralizing
antibodies against TNF-a, have been attributed at least partly to increased
immunosuppressive  signaling and subsequent development of infections™.
Interestingly, in comparison with single-hit models such as endotoxemia, inhibition of
single inflammatory mediators including TNF-a was shown to be less effective in CLP
models in which initial inflammation is followed by a state of immunosuppression™.
Here, lipid-rich nutrition is shown to preserve immune competence also during
ongoing polymicrobial sepsis. Conform earlier reports, enrichment of the feeding with
lipids led to stronger protective effects compared to isocaloric low-lipid nutrition*>"’.
Implementation of international guidelines has improved sepsis survival considerably,
nevertheless the need for better control of the immune response remains eminent™.
Although observations in rodents should be extrapolated to clinical settings with
caution, the present study suggests that administration of limited quantities of
enriched enteral nutrition may be of additional value to prevent inflammatory
complications of sepsis. With regard to its potential clinical implications, it should be
noted that the current study is the first that demonstrates a protective effect of short-
term intervention with lipid-rich nutrition in female animals. Also post-treatment with
lipid-rich feeding has been shown to reduce inflammation and preserve organ
integrity, therefore further studies should clarify whether nutritional intervention is
applicable when sepsis is already manifest’.
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Conclusions

The current study demonstrates that enteral lipid-rich nutrition attenuates the initial
hyperinflammatory response during polymicrobial sepsis. In the prolonged phase of
sepsis, lipid-rich nutrition sustains the immune function and prevents the state of
immunosuppression. Of major clinical importance is the observation that short-term
intervention with lipid-rich nutrition promotes microbial eradication during late sepsis.
Together, the present study implicates early administration of enriched nutrition as a
novel and physiological adjuvant therapy to preserve immune competence during
ongoing sepsis.
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Abstract

Introduction: Dysregulated inflammation in surgical and critical care patients is
associated with increased morbidity and mortality. Previously, it was shown in rodents
that stimulation of a cholecystokinin (CCK)-mediated vagal anti-inflammatory reflex
with lipid-rich enteral nutrition attenuates inflammation and reduces organ damage.
This study assesses means to select a nutritional intervention to be used as an anti-
inflammatory intervention in a future human proof-of-principle study.

Methods: After an overnight fast, healthy subjects (n=12) received a 200 ml or 400 ml
bolus of lipid-rich nutrition Diasip and a 200 ml or 400 ml bolus of the low-lipid
nutrition Respifor on 4 consecutive days. Both nutritional formulas are commercially
available. Subsequently, 6 healthy subjects ingested a custom-made lipid- and protein-
enriched (enriched) nutrition, designed to induce intestinal CCK release, at day 1,
followed by a standard tube feed on day 2. CCK levels were determined in blood that
was withdrawn before ingestion of the feeding and at indicated time points thereafter.
Finally, in 6 healthy subjects, vagus nerve activity following a 200 ml bolus of Diasip or
Respifor was assessed. The level of vagus nerve signaling was determined by
measuring the high frequency domain of heart rate variability (HRV).

Results: Within 15 minutes after ingestion of 200 ml Diasip or Respifor, peak CCK
plasma levels were observed (7.0 £ 1.1 pmol/l and 8.2 + 2.0 pmol/I, respectively). CCK
plasma levels steadily decreased afterwards, approximating the detection level at
90 minutes. No differences in the CCK plasma response were observed between Diasip
and Respifor (P=0.44). Doubling of the nutritional dose of Diasip and Resipfor tended
to protract the CCK plasma response compared with the single dose P=0.05 and
P=0.06, respectively), but resulted in similar peak plasma levels compared with the
lower dose (Diasip: 8.6 + 1.8 pmol/l; P=0.77 and Respifor: 7.8 + 1.7 pmol/l; P=0.98).
The CCK plasma response following ingestion of the custom-made enriched nutrition
was identical to the standard tube feed (P=0.99). Furthermore, following intake of
Diasip and Respifor, no differences in vagus nerve signaling were observed (area under
the curve: P=1.00).

Conclusions: This study indicates that determination of CCK plasma levels and heart
rate variability are ineffective tools to select a suitable nutritional composition to be
used in further human studies based on activation of the vagal anti-inflammatory
reflex. The finding that increasing the ingested dose resulted in a protracted CCK
plasma response implicates that the intestine should be continuously exposed to
nutrients in order to activate the vagus nerve.
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Introduction

Excessive inflammation in surgical, trauma and ICU patients, defined as sepsis and
related syndromes, results in strongly increased morbidity and mortalityl’z. Until today,
modulation of the immune response during these conditions has been proven to be
extremely difficult. Promising experimental interventions, usually aimed to neutralize
single inflammatory mediators, failed to improve outcome in clinical trials or even
aggravated the course of disease™*.

Enteral administration of lipid-rich nutrition was recently shown to effectively
attenuate inflammation and reduce tissue injury in several inflammatory rodent
models, including hemorrhagic shock, endotoxemia and postoperative ileus’’. The
beneficial effects of lipid-rich nutrition were also observed when the intervention was
started following hemorrhagic shock, a setting similar to trauma where inflammation
and tissue injury are already present®. Ingestion of lipid-rich nutrition triggers a novel
gut-brain-immune axis. In this pathway, the luminal presence of lipid results in
intestinal release of cholecystokinin (CCK), which activates afferent vagal fibers via
peripheral CCK-1 receptors’. Subsequent activation of the efferent vagus nerve
reduces release of pro-inflammatory mediators via activation of nicotinic receptors on
inflammatory cells’®™. Nutritional stimulation of the CCK-mediated vagovagal anti-
inflammatory reflex provides a promising and physiological approach to modulate the
immune response in clinical settings and improve outcome.

The current pre-clinical study aims to identify an optimal nutritional intervention to be
used during a human proof-of-principle study and future clinical interventions. Based
on rodent studies that elucidated the underlying mechanism, an enriched feeding
should, in comparison to a standard feeding, induce 1) enhanced CCK release and 2)
increased vagus nerve activity. First, plasma CCK responses following ingestion of a
commercially available lipid-rich nutrition, Diasip, and a control low-lipid nutrition,
Respifor, were determined in healthy subjects. In addition, the CCK plasma response
was investigated following a twofold increase in the nutritional dose. We studied also
the effects of a lipid- and protein-enriched (enriched) nutrition, developed to induce
intestinal release of CCK, on circulatory levels of CCK. Finally, the impact of Diasip and
Respifor on vagus nerve signaling was determined by assessment of heart rate
variability.

Materials and methods

Subjects

This study consisted of 2 arms: measurement of CCK plasma level and vagus nerve
activity. In the CCK arm, 6 healthy male and 6 healthy female subjects between the age
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of 45 and 60 years were included. Next, 6 healthy male subjects in the age of
18-25 years underwent vagus nerve recording. Subjects with diabetes, cardiovascular
disease or previous head, neck or thoracic surgery were excluded. Subjects gave
written informed consent to participate in the experiments in accordance with the
Declaration of Helsinki 2008. This study was registered at ClinicalTrail.gov as
NCT00468507 and approved by the local ethics committee of the Maastricht University
Medical Centre+.

Nutritional intervention

The nutritional intervention was performed in both study arms in a double-blind
randomized setting with cross-over design. In the first part of the CCK experiments,
subjects received Diasip and Respifor in a dose of 200 ml and 400 ml on four separate
days. Next, all subjects received 200 ml of enriched nutrition and Nutrison Standard on
two days. In the second part of the study in which vagus nerve activity was assessed,
subjects received Diasip and Respifor in a dose of 200 ml on three separate days. The
first day was used to get the subjects accustomed to the heart rate variability
measurements and was not used for statistical analysis. On the evening prior to all
experiments, subjects were deprived of food from 24.00 hrs onwards. At t=0, subjects
ingested 200 ml of the liquid nutrition within one minute. During the experiments in
which a total of 400 ml was administered, subjects were asked to drink a second bolus
within 1 minute at 5 minutes following the first bolus (Figure 11.1).

Time (min) -30 0 +5 +10  +15  +20 +30 +45 +60  +90
Arm | X B1 B2 X X X X X X X
Arm |l B1

& HRV recording ﬁ\

Figure 11.1 Experimental procedure. At t=0, subjects ingested 200 ml (B1) of one of the nutritional
compositions. In the experiments in which the effects of a double dose were assessed, subjects
received a second bolus of 200 ml (B2) at t=+5 min. In arm |, blood samples were withdrawn at
the indicated time points (x) to measure CCK concentrations. In arm I, heart rate variability
(HRV) was recorded from t=-30 min until t=+30 min.

Feeding composition

Table 11.1 shows the macronutrient composition of the commercially available
products Diasip, Respifor and Nutrison Standard and the custom-made enriched
nutrition. The fat fraction of the enriched feeding contained 10% phospholipids. The
protein fraction consisted of intact casein, whey protein and soy protein hydrolysate.
All nutritional compositions provided 1 kcal/ml.
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Table 11.1 Macronutrient composition of the feedings
Fat (en%) Protein (en%) Carbohydrate (en%)
Diasip 49 16 35
Respifor 20 20 60
Nutrison Standard 35 16 49
Enriched 44 25 31

Blood withdrawal and CCK determination

In order to measure CCK concentrations, venous blood was withdrawn via an
intravenous catheter before administration of the enteral nutrition and serially
thereafter until 90 minutes (Figure 11.1). Blood was collected in pre-chilled glass tubes
(BD Biosciences, Breda, the Netherlands), put on ice, centrifuged and stored at -20°C
until analysis. Systemic CCK levels were determined in plasma using a highly specific
CCK-radioimmunoassay with a detection limit of 0.3 pmol/l (Eurodiagnostica, Malmo,
Sweden). Collection tubes and micro plates were from Greiner Bio-One (Alphen a/d
Rijn, the Netherlands).

Heart rate variability

Series of R-R intervals were derived from continuous ECG measurement for the
analysis of heart rate variability according to the guidelines of the Task Force of the
European Society of Cardiology and the North American Society of Pacing and
EIectrophysioIogy13. Using the Task Force Monitor (CNSystems, Graz, Austria),
frequency domain analysis of the HRV power (in ms2 or in normalized units) was
computed in the high frequency (HF: 0.15-0.5 Hz) and low frequency (LF: 0.04-0.15 Hz)
bands based on the Welch’s periodogram. The LF:HF ratio was computed as well®™,
Assessment of heart rate variability started 30 min before the intake of nutrition to
assess baseline activity and terminated at 30 min post-feeding (Figure 11.1). Patients

were instructed not talk or move throughout the experiments.

Statistical analysis

All values are depicted as mean + SEM. Two-way analysis of variance was used to
detect differences between groups for serial data. Differences in serial data within
groups were analyzed by one-way ANOVA with Bonferroni’s post-hoc test. Heart rate
variability in the HF domain is displayed as normalized units or as a percentage of
baseline recordings. Prism 5.02 for Windows (GraphPad Software Inc., San Diego, CA)
was used for computations. A P-value less than 0.05 was considered statistically
significant.
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Results

A bolus of a high-lipid and low-lipid commercially available nutrition
result in comparable CCK plasma levels

Circulating CCK was undetectable in all fasted subjects. Ingestion of 200 ml of Diasip
and Respifor resulted in a significant rise in CCK plasma levels over time (both P<0.001,
Figure 11.2A). CCK levels peaked at 15 minutes following ingestion of high-lipid
nutrition (7.0 = 1.1 pmol/l) and at 10 minutes in the low-lipid nutrition group
(8.2 2.0 pmol/l). The CCK peak levels of both compositions were similar (P=0.98).
Following the plasma peak, circulating levels of CCK returned to baseline at
90 minutes. The plasma CCK response and area under the curve (AUC) did not differ
between the two feedings (P=0.44 and P=0.84, respectively; Figure 11.2C).
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Figure 11.2 Diasip and Respifor demonstrate similar CCK plasma responses. A. CCK levels were
undetectable in fasted subjects. Ingestion of 200 ml Diasip and Respifor resulted in peak
plasma levels within 15 minutes, after which the CCK levels gradually decreased. In the low
volume group, CCK plasma levels approximated fasted levels at t=90 minutes B. During the
high dose experiments, peak levels equaled those observed with the lower dose, while the CCK
response tended to be protracted. C. No differences in plasma CCK response and AUC were
observed between the lipid-rich and low-lipid nutrition, however the AUC tended to be
increased in subjects receiving 400 ml compared with 200 ml.
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Doubling the dose of both nutritional compositions did not affect peak plasma levels of
CCK (Figure 11.2B). A 400 ml dose of Diasip or Respifor resulted in similar peak plasma
CCK levels compared with the 200 ml dose of both compositions (Diasip:
8.6 = 1.8 pmol/l; P=0.77 and Respifor: 7.8 = 1.7 pmol/l; P=0.98). No differences in the
plasma CCK response and AUC were observed between the higher dose of lipid-rich
and the low-lipid nutrition (P=0.80 and P=0.78, respectively). Increasing the dose of
Diasip tended to enhance the AUC (P=0.05; Figure 11.2C). Doubling the dose of
Respifor displayed a similar trend (P=0.06). No gender differences in the plasma CCK
response could be observed during the four different nutritional interventions (data
not shown).

Enriched nutrition and Nutrison Standard exhibit a similar CCK
response

As no gender difference was observed in the plasma CCK response in the first part of
the study, 6 male subjects were included in a subsequent experiment. Peak CCK
plasma levels of 7.1 £ 1.6 pmol/I for the specifically designed enriched nutrition and
7.4 + 1.7 pmol/l for Nutrison Standard were observed at 10 min following
administration (P=0.82; Figure 11.3A). Both feeding compositions displayed an
identical plasma CCK response and AUC (P=0.99 and P=0.42, respectively;
Figure 11.3B).

101 4001
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Figure 11.3 No differences are observed in the plasma CCK response following Nutrison Standard and
Enriched nutrition. A. Ingestion of enriched nutrition and Nutrison Standard resulted in similar
peak plasma CCK levels at 10 minutes . Next, CCK levels steadily dropped. No differences in
CCK plasma response (A) and AUC (B) were demonstrated following ingestion of enriched
nutrition and Nutrison Standard.
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No differences in vagus nerve signaling are recorded following a high-
lipid or a low-lipid nutrition

Frequency domain measures of the heart rate variability were used to assess
sympathetic and parasympathetic activity. Activity in the high frequency (HF) domain,
indicating parasympathetic activity, was not significantly different following the intake
of Diasip and Respifor (Figure 11.4A,B). Also the activity in the low frequency,
representing both sympathetic and parasympathetic activity, and the HF: LF ratio did
not differ between feedings (data not shown). Next, the post-nutritional activity in the
HF domain was compared with pre-nutritional levels. Again, no differences were
observed between Diasip and Respifor (Figure 11.4C).
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Figure 11.4 Parasympathetic activity following Diasip and Respifor is similar. A,B. No differences were
observed in the high frequency domain of HRV variability, representing vagus nerve activity,
between 6 and 30 min following the intake of either Diasip or Respifor. C. Also compared to
pre-nutritional levels of activity in the high frequency domain, the parasympathetic activity
between 6 and 30 min after intake of Diasip and Respifor did not differ.

Discussion

Rodent studies from our group demonstrated that the protective effects of lipid-rich
nutrition are mediated by CCK-mediated stimulation of the vagus nerve®™. This study
aimed to select a nutritional intervention to be used in further studies in man by
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measuring CCK levels and vagus nerve activity following diverse nutritional
interventions.

Unfortunately, local intestinal CCK levels cannot be analyzed in the human setting.
Therefore, the CCK plasma response following ingestion of various nutritional
compositions was determined as a surrogate marker for intestinal CCK release.
Whereas plasma CCK levels are undetectable in rats and mice (unpublished data),
plasma CCK levels in humans are known to be readily detectable following ingestion of

. 16,17
nutrients

. In rodents, our group demonstrated that lipid-rich nutrition displayed a
superior anti-inflammatory potential compared with low-lipid nutrition®. Therefore, in
the first set of human experiments, the CCK plasma response was investigated
following ingestion of Diasip and Respifor, as these nutritional compositions are akin to
the high-lipid and low-lipid rodent feedings regarding fat, protein and carbohydrate
content. In line with previous reports, plasma CCK levels peaked within 15 minutes
following administration of Diasip and Respifor and returned to baseline within

18-20 o . . . . .
. However, in our studies, no difference in circulating CCK levels was

90 minutes
observed following ingestion of the two feedings. Remarkably, in a subsequent
experiment, even the custom-made enriched nutrition displayed similar plasma CCK
responses compared with Nutrison Standard. This enriched nutrition contained a high
lipid content supplemented with phospholipids and a high protein content containing
hydrolyzed protein and whey protein. This composition and these specific components

212 The current data suggest that oral

are known to induce CCK release in man
ingestion of isocaloric mixed meals with different macronutrient compositions likely
results in comparable CCK plasma responses. In accordance with our findings, Maffeis
et al. demonstrated that ingestion of a high-fat mixed meal of which 52% were lipids
and a low-fat mixed meal of which 27% were lipids resulted in equivalent CCK plasma
levels*®. As all macronutrients induce CCK release to a certain extent in man”’z", we
hypothesize that differences in macronutrient content in a mixed meal should be
larger to induce differences in CCK plasma levels. In line, Pilichiewicz et al
demonstrated that a threefold increase of lipid infusion significantly enhanced CCK

1725 As the differences in

plasma levels compared with the lower lipid concentration
lipid load between feedings in their experiment were comparable with the lipid load
differences between Diasip and Respifor in our study, the absence of a statistical
difference in the CCK response in our study may be attributed to the additional
presence of proteins and carbohydrates in the investigated compositions.

In the current experimental approach, the plasma CCK response is also influenced by
the phenomenon of gastric emptying. Gastric emptying, which is predominantly
mediated via CCK, is the rate limiting step in the transport of nutrients from the
stomach to the duodenum®®?*%. In our study, this is most likely visualized by the
prolonged CCK plasma response following the 400 ml dose of Diasip and Respifor. In
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these experiments, peak levels of CCK were similar compared with the lower dose,
while the plasma CCK response was protracted. These data suggest that the amounts
of nutrition that directly enter the duodenum is similar between the high and low
dose, but the luminal exposure to nutrients is prolonged following the high dose.
Moreover, these findings imply that the CCK-driven gastric emptying dictates CCK peak
levels and subsequent plasma response following oral ingestion of nutrients. In
accordance, it has been demonstrated that the duration of duodenal nutrient
exposure determines the CCK plasma response17'25. Consequently, continuous
intraduodenal administration of nutrients is an attractive means to bypass gastric
emptying, maintain a high and protracted CCK plasma response and effectively
stimulate the CCK/CCK-1 receptor mediated vagal anti-inflammatory pathway.

Based on CCK plasma levels, a suitable nutritional composition to be used in a human
study could not be identified in the current study. However, circulating CCK levels
might not reflect local intestinal CCK levels and subsequent activation of the nutritional
pathway via vagal afferents, as the CCK peptide is rapidly inactivated in plasma®>™.
Moreover, we have recently shown that activation of glucagon-like peptide-1 (GLP-1)
receptors is also involved in the nutritional anti-inflammatory reflex’’. In addition,
other intestinal peptides might play a role****

Next to CCK concentration measurement, also heart rate variability was applied as a
biomarker to identify a nutritional intervention that optimally stimulates the vagal
anti-inflammatory reflex’. Heart rate variability analysis is a well-established and
noninvasive means to assess autonomic nervous system functionalitya‘r’. Heart rate

36,37

variability has been related to inflammatory markers in health and disease™". Since

age and BMI are inversely related to heart rate variability, this study was performed

38,39 .
. As also sex was shown to influence

with young volunteers having a normal posture
heart rate variability parameters in young people, only men were included®®**". The
Task Force of the European Society of Cardiology and the North American Society of
Pacing and Electrophysiology has stated that measurements should at least take
20 minutes in order to obtain reproducible data®. In our experiments, baseline
recording lasted between 30 minutes before nutrition was given until 30 minutes after
food intake. Since circulatory CCK was measured as soon as 10 minutes postprandially
and the vagus nerve is stimulated as a direct response to locally released CCK, the
supposed peak of vagus nerve signaling is likely to occur within 30 min after nutrient
ingestion. The one hour period of vagus nerve measurement prevents the
development of uncomfortable feelings that are reported during prolonged
measurement that may affect the vago-sympathetic balance®. To avoid stress and get
the subjects accustomed to the experimental setting of vagus nerve measurement, the
first testing day was not used for analysis. Throughout the experiments, disturbance of

the vagus nerve activity was reduced by instructing patients not to move or talk">*".
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The pilot study described in the current thesis did not show significant differences
following a bolus of Diasip or Respifor. Neither in the high frequency domain,
representing parasympathetic activity, nor in the low frequency domain, representing
both sympathetic and parasympathetic activity nor in the LF:HF ratio, a trend towards
difference between feedings was observed. Apart from the possibility that the feedings
in the doses given activate the vagal anti-inflammatory reflex to a similar extent, other
factors may account for the lack of discrimination between feedings. The experimental
setting was standardized as much as possible, however, in this study the respiration
was not synchronized. Whereas many heart rate variability studies are performed in
settings of uncontrolled normal breathing, some authors state that the respiration has
to be standardized in order to improve the recording of parasympathetic activity"z’43
Furthermore, it can not be ruled out that the branches that innervate the heart and
modulate heart rate variability are different from the bundles that innervate the
reticulo-endothelial system™. Indeed, vagal effects on the heart and anti-inflammatory
effects were previously shown to be discernible®.

In conclusion, this study shows that measurement of circulatory CCK levels and heart
rate variability can not be readily used to select nutritional interventions for human
studies based on activation of the vagal anti-inflammatory reflex. Considering the
finding that increasing the nutritional dose results in a protracted CCK response,
postpyloric administration of a lipid- and protein-enriched nutrition is proposed as a
feasible approach to induce prolonged stimulation of vagal signaling in humans.
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Vagal control over inflammation

With great interest we read the recent report of Thayer and Fischer in the November
online edition of the Journal of Internal Medicine. They showed an inverse association
between indices of vagally mediated heart rate variability and sub-clinical plasma
levels of CRP, a predictor of cardiovascular morbidity and mortalityl. This association
was present also after controlling for confounders as sympathetic nervous activity. In
contrast to previous studies on the relation between the vagus nerve and
inflammation, Thayer and Fischer investigated a healthy population”. As a
consequence, the current findings expand the potential applicability of vagus nerve
modulation to pre-clinical settings.

A growing number of experimental studies identifies the efferent vagus nerve as a
potent physiological modulator of the immune system. This signaling pathway may
have direct clinical implications, as in various experimental studies electrical,
pharmacological and nutritional activation of the so-called cholinergic anti-
inflammatory pathway attenuated the inflammatory responsez'S’G. These findings fit in
our expanding knowledge of the complex mechanisms by which the brain monitors
and modulates diverse physiological processes7. However, communication between
the central nervous system and peripheral organs is bidirectional. The brain is
continuously fuelled with a plethora of signals from the whole body. Notably the
peripheral presence of inflammatory mediators affects brain function®. Therefore, it
may well be that processes that underlie elevated levels of circulatory inflammation
markers are not merely a result but also a cause of a chronically altered sympathetic /
parasympathetic balance.

Measurement of the heart rate variability is an interesting tool to assess vagal activity
in man. However, we should bear in mind that the vagus nerve consists of a large
number of nerve bundles with diverse effects on various organs. Therefore, it remains
to be elucidated to which extent vagally mediated heart rate variability represents
activation of the vagus bundles that control inflammation via the cholinergic pathway.
Taken together, the study of Thayer and Fischer raises intriguing questions about vagal
control over inflammation that ask for further exploration. Hopefully, increased insight
in this field will lead to a clinically feasible application of vagus nerve modulation to
control or prevent inflammatory diseases.
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Abstract

Introduction: An overzealous inflammatory response is an important cause of
morbidity and mortality in surgical, trauma and critically ill patients. Enteral
administration of lipid-rich nutrition was previously shown to attenuate inflammation
and reduce organ damage via a cholecystokinin-1 receptor mediated vagovagal reflex
in animal studies. The current pre-clinical study investigates the immunomodulatory
potential of a custom-made enteral nutrition during systemic inflammation in man.

Methods: After an overnight fast, 18 healthy male volunteers received an intravenous
bolus of Escherichia coli lipopolysaccharide (LPS; 2 ng/kg). Subjects in the fasted group
(n=6) were deprived of food throughout the study, while subjects in the intervention
groups were fed either custom-made lipid- and protein-rich nutrition (n=6) or
isocaloric control nutrition (n=6) via nasojejunal tube, starting 1 hour prior to LPS
administration until 6 hours afterwards. This double-blind randomized controlled trial
was performed at an intensive care research unit.

Results: Bolus LPS administration resulted in a marked inflammatory response.
Continuous postpyloric administration of nutrition significantly increased plasma
cholecystokinin levels throughout the LPS-induced inflammatory response. Lipid- and
protein-rich nutrition attenuated circulating levels of the pro-inflammatory cytokines
TNF-a and IL-6 and the IL-1 receptor antagonist compared with control nutrition (all:
P<0.05) and fasted subjects (all: P<0.05). Additionally, lipid- and protein-rich nutrition
augmented the anti-inflammatory response, reflected by increased plasma levels of
IL-10 compared with fasted subjects (P<0.0001).

Conclusions: The current pre-clinical study expands the immunomodulating effects of
enteral nutrition as previously observed in rodents to man. Continuous administration
of enteral nutrition resulted in a rapid anti-inflammatory effect. Moreover, enrichment
of the nutritional composition with lipid and protein was shown to enhance the anti-
inflammatory potential. Therefore, continuous enteral administration of lipid- and
protein-rich nutrition is a promising intervention to modulate the immune response in
the early course of systemic inflammation in man.

214



Enteral nutrition reduces inflammation in a human endotoxemia model

Introduction

Despite diagnostic and therapeutic advances in medical care, a dysregulated systemic
inflammatory response remains a major complication in surgical, trauma and critically
ill patients, leading to increased morbidity and mortality™. Modulation of the early
excessive inflammatory response represents a potential therapeutic option to improve
outcome’. Although experimental studies demonstrated promising results of
interventions aimed at inhibition of single pro-inflammatory mediators, clinical
implementation has failed to be successful’. Enhanced insight in disease pathology and
development of novel treatment modalities which broadly affect the inflammatory
response are warranted to reduce morbidity and mortality®”.

Previously, our group demonstrated in rodents that enteral administration of lipid-rich
nutrition attenuates inflammation and reduces organ damage via a hard-wired
pathway®. The luminal presence of lipid-rich nutrition triggers a vagal reflex via
peripheral CCK-1 receptors, that reduces local and systemic inflammation and
decreases organ damage through activation of peripheral nicotinic acetylcholine
receptors on inflammatory cells**". Well-timed nutritional stimulation of this novel
gut-brain-immune axis could be a promising intervention to prevent or even treat
overzealous inflammation in the clinical setting, as lipid-rich nutrition was also shown
to control the immune response and reduce organ damage when administered after
the inflammatory trigger’. Therefore, the aim of the current pre-clinical study was to
investigate the anti-inflammatory potential of a nutritional intervention, specifically
designed to result in a marked and prolonged CCK-release, in man. Based on
observations that predominantly enteral lipids and proteins trigger CCK release®?,
continuous postpyloric administration of a custom-made lipid- and protein-rich
nutrition was compared to an isocaloric low-lipid and low-protein control nutrition and
to fasted subjects. The effect of lipid- and protein-rich nutrition on acute inflammation
was studied in a model of human endotoxemia™. Furthermore, the influence of lipid-
and protein-rich nutrition on endotoxin-induced sub-clinical intestinal damage was
investigated.

Materials and methods

Subjects

This study was registered at ClinicalTrial.gov (NCT01100996). After approval of the
ethics committee of the University Medical Centre Nijmegen, 12 healthy male subjects
gave written informed consent to participate in the experiments in accordance with
the Declaration of Helsinki. Samples of fasted subjects (n=6) were obtained from the
placebo-group that participated in another double-blind LPS study performed in
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parallel (NCT00513110). There were no differences in subject characteristics
(Table 13.1). All subjects tested negative for HIV and hepatitis B. The subjects did not
have any febrile illness or use any medications in the two weeks preceding the study.

Table 13.1  Subject characteristics

Fasted Enriched Control P-value between groups
Age (y) 24+1 23+1 25+2 0.30
BMI (kg/cm’) 22.0+0.7 23.0+0.6 23.1+0.9 0.60
BMR (kcal) 2822 +44 2845 +79 3020 £ 137 0.22
Rate of infusion (kcal/min) NA 2.0+0.1 2.1+0.1 0.31

Data are represented as mean + SEM. NA, not applicable.

Experimental human endotoxemia

Subjects were prehydrated with 1.5 L glucose 2.5%/NaCl 0.45% after which they
received an intravenous bolus of 2 ng/kg body weight U.S. reference E. coli endotoxin

(Escherichia coli 0:113, Clinical Center Reference Endotoxin, National Institute of

Health, Bethesda, MD) within one minute™. The pre-hydration protocol was

issued by

the local ethics committee to reduce the risk of endotoxin-induced hypovolemia. LPS-

induced symptoms were rated using grades ranging from 0 (no symptoms) to 5 (most

. . . . o 15
severe ever experienced), resulting in a cumulative sickness score™. Blood was drawn

before the start of postpyloric feeding and serially thereafter up to 24 hours after LPS

administration (Figure 13.1). Routine hematology parameters were determined using

flow cytometry (Sysmex XE-2100; Goffin Meyuvis, Etten-Leur, the Netherlands).

Blood sampling @ [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]

| Continuous enteral nutrition |

Prehydration
>

} S

24

t

Admittance to ICU LPS End of hospitalization  End of experiment

Figure 13.1 Experimental design. Subjects were admitted to the intensive care unit (ICU) after an overnight
fast. One hour prior to LPS administration, subjects were pre-hydrated and the continuous
administration of enteral nutrition commenced in the nutritional intervention groups, lasting
until six hours after LPS administration. Blood was drawn at several time points during the
experiment. Subjects left the hospital 12 hours after intravenous administration of LPS and

returned the day after for final blood sampling.
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Postpyloric feeding

On the experimental day, two groups received a nutritional intervention in a double-
blind randomized fashion, while one group was fasted during the entire experiment
(all groups: n=6). The nutritional intervention groups received continuous postpyloric
infusion with a liquid, lipid- and protein-rich nutrition or an isocaloric control nutrition
for 7 hours via a self-advancing nasojejunal feeding tube (Tiger 2, Cook Medical,
Bloomington, IN). No feeding was aspirated via nasogastric tube or regurgitated
throughout the experiment. The rate of feeding for each subject was based on their
total energy requirement (TER). TER was calculated by multiplying basal metabolic rate
of each subject with their activity level (1.55 times for all subjects) using the Harris-
Benedict equation (Table 13.1).

Feeding composition

The lipid- and protein-rich nutrition contained 44 energy percent (en%) fat, 25en%
protein and 31en% carbohydrates. The protein fraction consisted of intact casein,
whey protein and soy protein hydrolysate. The control nutrition contained 20en% fat,
16en% protein and 64en% carbohydrates. The lipid fraction of both feedings contained
less than 5 weight percent omega-3 fatty acids. Both the lipid- and protein-rich and
control nutrition provided 1 kcal/ml.

Determination of plasma CCK, cytokines and sub-clinical intestinal
damage

During the experiment, EDTA anticoagulated blood was collected from the arterial line
and immediately centrifuged at 4°C to obtain plasma. Samples were stored at -80°C
until analysis. TNF-a, IL-6, IL-10, and IL-1 receptor antagonists (IL-1RA) were measured
batch wise in duplicate using a multiplex Luminex Assay (Millipore, Billerica, MA).
Intestinal-fatty acid binding protein (i-FABP), a marker of intestinal epithelial cell
damage, was determined in plasma using an in-house developed, validated and
standardized ELISA'®"
radioimmunoassay (Eurodiagnostica, Malmd, Sweden).

. Systemic CCK levels were determined in plasma using a CCK-

Statistical analysis

All values are depicted as mean + SEM. Two-way analysis of variance was used to
detect differences between groups for serial data. Differences in serial data within
groups were analyzed by one-way ANOVA with Bonferroni’s post-hoc test. Data were
excluded from the analysis after being identified as significant outlier using the Grubb’s
test (extreme studentized deviate method). The TNF-a values of one subject in the
lipid- and protein-rich nutrition group were removed from the analysis after being
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identified as significant outlier. A P-value less than 0.05 was considered statistically
significant.

Results

Hematologic and clinical response

As summarized in Table 13.2, administration of endotoxin resulted in changes in
hematologic and clinical parameters in the fasted and nutritional intervention groups.
In all groups, mean arterial blood pressure decreased from 90 minutes after LPS
administration onwards (P<0.001), while a compensatory rise in heart rate was
observed (P<0.001). Also, endotoxemia resulted in a rise in core body temperature
(P<0.001) and white blood cell count (P<0.001) in both the fasted and nutritional
intervention groups. The LPS-induced changes in hemodynamic parameters, body
temperature and white blood cell count were not affected by enteral nutrition.
Administration of endotoxin resulted in flu-like symptoms such as headache, nausea,
vomiting, shivering and myalgia, which were expressed as sickness score. The sickness
score of all subjects peaked at 90 minutes following LPS administration. Administration
of lipid- and protein-rich or control nutrition did not affect the sickness score
compared with fasted subjects (P=0.43 and P=0.28, respectively).

Enteral feeding with lipid- and protein-rich nutrition attenuates pro-
inflammatory and augments anti-inflammatory cytokines during
experimental human endotoxemia

Intravenous administration of LPS resulted in a marked pro-inflammatory response.
Treatment with lipid- and protein-rich nutrition significantly attenuated TNF-a levels
compared with fasted (P<0.0001) and control nutrition (P<0.05; Figure 13.2A). Lipid-
and protein-rich nutrition lowered peak TNF-a levels with 40 + 8% compared with
fasted subjects and 29 + 10% compared to control nutrition. The control nutrition
demonstrated a trend towards lower TNF-a plasma levels compared with fasted
subjects (P=0.06). Lipid- and protein-rich nutrition also significantly reduced IL-6
plasma concentrations during the endotoxemia protocol compared with control
nutrition (P<0.001) and fasting (P<0.05; Figure 13.2B), while the control nutrition did
not affect IL-6 compared with fasted subjects (P=0.63). Administration of lipid- and
protein-rich nutrition attenuated peak levels of IL-6 with 41 + 9% compared to fasted
subjects and 54 + 7 % compared to control nutrition.
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Intravenous injection of LPS is known to trigger a complex compensatory anti-
inflammatory response. Lipid- and protein-rich nutrition decreased circulating levels of
the specific IL-1 receptor antagonist IL-1RA throughout the experiment compared with
control nutrition (P<0.0001) and fasting (P<0.0001; Figure 13.2C). Peak levels of IL-1RA
were 37 + 8% lower in the lipid- and protein-rich nutrition group compared with fasted
subjects and 25 + 6% compared with control nutrition. The control nutrition did not
affect IL-1 RA levels compared with fasted.

Continuous postpyloric infusion of lipid- and protein-rich nutrition resulted in elevated
plasma concentrations of IL-10 over time compared with fasting (P<0.0001), while the
control nutrition demonstrated a trend towards higher IL-10 levels (P=0.07; Figure
13.2D). Lipid- and protein-rich nutrition enhanced peak levels of IL-10 with 231 + 19%
compared with fasted subjects and 130 £ 12% with control nutrition.
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Figure 13.2 Enriched nutrition modulates the inflammatory response during endotoxemia. Mean plasma
concentrations of TNF-a (A), IL-6 (B), IL-1RA (C) and IL-10 (D) following intravenous LPS
administration. Enriched nutrition attenuated TNF-a, IL-6 and IL-1RA levels compared with
control nutrition (P<0.05) and fasting (P<0.0001). Administration of the control product
displayed a trend towards lower TNF-a levels (P=0.06). The enriched nutrition enhanced IL-10
release (P<0.0001 vs fasted), while a trend was observed with control nutrition (P=0.07 vs.
fasted).
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Endotoxin-induced enterocyte damage

In all subjects, administration of LPS resulted in a gradual increase in i-FABP plasma
levels until 4 hours post-LPS, representing the occurrence of enterocyte damage
(Figure 13.3A). From 4 hours post-LPS to 8 hours, levels of i-FABP in all groups returned
to baseline. Fasted subjects and subjects receiving control nutrition displayed a more
prominent increase in i-FABP levels during the experiment compared with subjects fed
with lipid- and protein-rich nutrition. Total i-FABP release tended to be lower for the
lipid- and protein-rich nutrition group compared with control nutrition and fasted
subject, although this did not reach statistical significance (Figure 13.3B).
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Figure 13.3 Administration of LPS results in sub-clinical intestinal damage. A. Intravenous administration of
LPS resulted in a gradual increase of plasma i-FABP levels in all groups. A-B. Subjects fed
enriched nutrition displayed a smaller increase in circulating i-FABP levels, although this did
not reach statistical significance.

Enteral nutrition increases plasma CCK levels during the inflammatory
response

In order to assess the effect of continuous duodenal infusion on CCK release, plasma
CCK levels were measured on indicated time points (Figure 13.4A). CCK levels
increased from non-detectable values (<0.3 pmol/l) before administration of enteral
nutrition (T=-1 hrs) to 2.3 + 0.5 pmol/l at 1 hour after onset of continuous
administration of lipid- and protein-rich and control nutrition (T=0) at which time the
bolus of endotoxin was administered. CCK plasma levels in the control group dropped
four hours after intravenous LPS injection (0.7 £ 0.2 pmol/l; P<0.05) compared with the
levels at T=0 hours. The drop in CCK levels tended to be smaller in the lipid- and
protein-rich group. There were no significant differences in total plasma CCK release
between lipid- and protein-rich or control nutrition (Figure 13.4B). CCK levels dropped
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to non-detectable levels at 8 hours after cessation of the nutrient infusion. In fasted
subjects, plasma CCK levels were below detection level throughout the protocol.
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Figure 13.4 Postpyloric administration of control or enriched nutrition increases plasma levels of CCK. A.
Continuous enteral administration of both the control and enriched nutrition resulted in an
increase in CCK plasma levels compared with fasted subjects. Both nutritional interventions
demonstrated a slight decrease in CCK plasma levels at 4 hours following LPS administration.
After cessation of nutrient infusion, plasma CCK levels rapidly dropped below detection level.
B. No differences in total plasma CCK release were observed between subjects fed enriched
nutrition or control nutrition and fasted subjects.

Discussion

During the last decades, the catabolic state of surgical and critically ill patients

18,19 . .
. The observed negative correlation between

increasingly gained interest
catabolism and clinical outcome resulted in more liberal nutritional regimes, such as
reduced pre-operative fasting and early administration of enteral nutrition™.
Implementation of these renewed nutritional support regimes reduced morbidity and

2021 Although the exact mechanisms behind these beneficial

length of hospital stay
effects are not well known, it is assumed that adequate nutritional support prevents
immunodeficiency induced by caloric deficits’. Enteral nutrients are known to also
activate digestive and metabolic feedback responsesZ3’Z4. Previously, our group
described a novel pathway via which enteral nutrition is able to modulate the
inflammatory response in rodents. Short term administration of lipid-rich nutrition was
shown to limit inflammation and reduce organ damage via CCK-1 receptor mediated
activation of the so-called cholinergic anti-inflammatory pathway in several

8,9,25-27

experimental models . Herein, we present the first evidence that continuous
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postpyloric administration of enteral nutrition during the course of endotoxemia
modulates inflammation in man.

Virtually every surgical, trauma and ICU patient suffers from systemic inflammation.
The complex interplay between pro- and anti-inflammatory mechanisms during such a
systemic inflammatory response is still incompletely understood”®. Excess release of
TNF-a is known to contribute to the development of systemic inflammatory response
syndrome, organ damage and mortality in sepsiszg. Furthermore, circulating levels of
TNF-a and IL-6 are correlated with the severity of sepsis in patientsao. In line with these
clinical observations, excessive release of pro-inflammatory mediators should be
minimized in the early course of systemic inflammation to improve clinical outcome™.
The current study demonstrates that lipid- and protein-rich nutrition limits systemic
inflammation during human experimental endotoxemia by lowering circulating levels
of TNF-a and IL-6. These findings are in line with rodent data from our groupg’az.
Moreover, the intervention with lipid- and protein-rich nutrition resulted in decreased
IL-1RA plasma levels. These data are conform previous reports from others,
demonstrating that TNF-a and IL-6 enhance IL-1RA release during endotoxemia, while
inhibition of these cytokines using epinephrine or glucocorticoids lowers circulating
IL-1RA*. In parallel with these reports, our findings that lipid- and protein-rich
nutrition not only decreases plasma levels of TNF-a and IL-6 but also lowers circulating
IL-1RA, reflect an overall reduced pro-inflammatory state. Interestingly, postpyloric
administration of lipid- and protein-rich nutrition amplified the anti-inflammatory
response to endotoxin as evidenced by a pronounced increase in circulating IL-10.
Production of the cytokine IL-10 is considered to be part of the host-protective
mechanism that counterbalances the pro-inflammatory response during acute
infection and inflammation®>. Furthermore, administration of IL-10 has been shown to
reduce endotoxin-induced lethality in mice®’. Together, these data indicate that pre-
treatment with lipid- and protein-rich enteral nutrition is a promising and above all
physiological intervention to control acute systemic inflammation in man.

Intestinal epithelial cell damage often accompanies sepsis, trauma and major surgery
163839 Additionally,
intestinal compromise has been implicated in the development of inflammatory

and is related to the degree of gastrointestinal hypoperfusion

complications following injury4°. Here, intravenous administration of LPS resulted in
increased i-FABP levels. i-FABP is a small cytosolic protein that is present in mature
enterocytes and released into the circulation upon cell damage'®. The rise in plasma i-
FABP levels was smaller in subjects treated with lipid- and protein-rich nutrition
compared with control nutrition or fasted subjects, although this did not reach
statistical significance. These data are supported by rodent studies demonstrating that

25,41

lipid-rich nutrition preserves intestinal integrity in several models™"". The small overall

increase in i-FABP plasma levels is likely attributable to the relative low dose of LPS in
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combination with the prehydration protocol. It is to be expected that the prehydration
protocol resulted in limited endotoxin-induced (splanchnic) hypoperfusion, thereby
reducing enterocyte damage'®. Future studies are needed to investigate a gut-
protective effect of lipid- and protein-rich nutrition in man.

In rodents, activation of the nutritional anti-inflammatory pathway was shown to be
mediated via peripheral CCK-1 receptors’. Intestinal release of CCK and subsequent
activation of CCK-receptors are predominantly triggered by the luminal presence of

12,42 . . . . . .
, while termination of nutrient exposure results in a rapid drop of

lipid and protein
CCK levels®. To this end, we continuously administered lipid- and protein-enriched
nutrition in order to optimally stimulate peripheral CCK-1 receptors throughout the
endotoxin-induced inflammatory response. Although the observed effects of enteral
lipid- and protein-enriched nutrition on systemic inflammation were comparable to
our rodent data, the human data do not support a clear role for CCK in the anti-
inflammatory potential of lipid- and protein-enriched nutrition. The differences in anti-
inflammatory potential between our nutritional compositions might be explained by
the fact that circulating CCK levels do not reflect local intestinal concentrations and
subsequent activation of afferent vagal fibers in the gut43. Moreover, it can also be
explained by species differences between rodent and man combined with involvement
of other neuropeptides, as the luminal presence of nutrients induces release of several
neuropeptides resulting in a complex interplay of signals**. Therefore, it remains to be
determined via which pathway enteral lipid- and protein-enriched nutrition modulates
inflammation in man.

Together, the current study reveals a novel application of enteral nutrition to
modulate inflammation in man. In contrast to the immunomodulating effects
transferred by prolonged ingestion of omega-3 fatty acids and glutamine45'46, our
intervention demonstrated a rapid anti-inflammatory effect, which is suggestive for a
direct feedback mechanism. This is underlined by the fact that the anti-inflammatory
effect is achieved by continuous infusion of small amounts of nutrients, while bolus
administration of enteral nutrition, delivering nearly twice the amount of lipid two
hours prior to the induction of endotoxemia, did not affect the inflammatory
response”’.

In conclusion, the current pre-clinical study demonstrates that: 1) short-term
continuous administration of enteral nutrition starting prior to the inflammatory
trigger modulates the acute systemic inflammatory response in humans, and 2)
enrichment of the nutritional composition with lipid and protein reinforces this anti-
inflammatory potential. Taken together, our data implicate continuous administration
of lipid- and protein-rich nutrition as a promising intervention to control an excessive
inflammatory response in the clinical setting.
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Summary and discussion

The immune system has developed a complex range of protective mechanisms during
evolution to preserve homeostasis by detecting, controlling and eliminating pathogens
and noxious substances. Usually, the immune response is adequate and proportional
to the threats that are posed by a breach of tissue barriers”?. Under certain
circumstances, an excessive systemic spread may occur, causing collateral damage to
the host and resulting in prolonged hospital stay, organ failure and even death.
Particularly surgical, trauma and critically ill patients are prone to develop an
uncontrolled inflammatory reaction, defined as systemic inflammatory response
syndrome (SIRS), sepsis, and related syndromes>*. Therefore, over the past decades
substantial efforts have been made and resources have been spent worldwide to
develop therapies that regulate and attenuate the immune response’. Unfortunately,
most of the anti-inflammatory strategies aimed at neutralization of single
inflammatory mediators did not improve clinical outcome. Referring to the long history
of unsuccessful trials, Riedemann even described sepsis as the “graveyard for
pharmaceutical companies”. In the past years however, increasing insight in the
immunological control by the central nervous system has opened a novel window for
therapeutic opportunities. In particular the parasympathetic system was identified as a
strong modulator of the inflammatory response. In addition to classical functions of
regulating heart rate, hormone secretion, gastrointestinal peristalsis and nutrient
digestion, the vagus nerve was demonstrated to attenuate inflammation, limit tissue
damage and reduce mortality in several experimental models®’.

Next to electrical stimulation and pharmacological simulation, a more physiological
way to enhance vagus nerve signaling is administration of enteral nutrition. Via
sensory fibers, enteral nutrients regulate satiety and processing of food on the short
term and maintenance of energy homeostasis on the long term®’. Importantly, our
group previously showed that nutrition enriched with lipids attenuates the acute
inflammatory response and promotes tissue integrity via CCK receptor-dependent
stimulation of the vagus nerve'®. These findings are supported by the work of Glatzle
et al, showing that short-term exposure of the intestine to intraluminal lipids reduces
macrophage activation and limits pulmonary dysfunction following LPS exposure™*%.
The studies described in this thesis can be considered as steps towards clinical
application of the nutrition-induced neuro-immune axis. The first aim was to enhance
the insight in the afferent and efferent arms of this anti-inflammatory pathway. The
second aim was to explore the therapeutic window of intervention with lipid-rich
nutrition in experimental models of hemorrhagic shock, acute hemolysis,
endotoxemia, and polymicrobial sepsis. The third aim was to translate the
experimental body of data to a human setting. In healthy volunteers, several
nutritional formulas were tested in order to identify a suitable nutritional composition
for further testing. Next, in a human model of endotoxemia, the effects of continuous
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administration of a custom-made lipid- and protein-rich feeding on the inflammatory
response were investigated.

The development of safe and effective clinical treatment modalities based on enteral
administration of enriched nutrition requires profound knowledge of the pathways
that are activated. Whereas modulation of immune cell activity by efferent vagus
nerve stimulation was extensively studied, the afferent pathway that transmits the
nutritional anti-inflammatory signal to the central nervous system remained to be
determined. The autonomic nervous system is informed about ingested nutrients
either via sensory afferent nerves or via hormones that enter the brain via the
circulation®. First, the anti-inflammatory effects of lipid-rich nutrition were determined
in animals lacking a functional afferent vagus nerve (chapter 2). Afferent neural
signaling was disrupted using perivagal application of capsaicine, a procedure that
preserves the efferent vagus fibers™. In deafferented animals, neither a reduction of
TNFa and IL-6 levels following lipid-rich nutrition was observed, nor a decrease in gut
wall permeability™. These findings indicate that, combined with earlier reports that
demonstrated the involvement of the efferent vagus nerve and release of cholinergic
neurotransmitters, lipid-rich nutrition regulates the inflammatory response via a hard-
wired vagovagal reflex'®*.

Subsequently, the activation of sensory fibers by luminal nutrients was studied in more
detail. Previously, the involvement of CCK receptors was demonstrated'®. Using
specific antagonists for CCK-1 receptor and CCK-2 receptor (devazepide and L365,260
respectively), both receptors were shown to be involved in the anti-inflammatory
signaling, with strongest inhibition of the nutritional effects by blockage of the CCK-1
receptor. Interestingly, CCK receptors are found both in the central nervous system
and in the periphery. To differentiate between a centrally and a peripherally mediated
effect of CCK, a highly specific CCK-1 receptor antagonist, A70104, was applied that
does not cross the blood-brain barrier™. The finding that the reduction of circulating
cytokine levels by lipid-rich nutrition was taken away by A70104 points at a principal
role for peripherally located CCK-1 receptors.

CCK-mediated activation of the nutritional anti-inflammatory reflex was further
assessed by administration of CCK in fasted animals. Intravenous infusion of a
physiological CCK subtype (sulphated CCK8) did not affect inflammatory parameters,
which can be explained by the short half-time of CCK™. Previous reports indicate that,
to generate local CCK levels that are sufficient to activate sensory vagus fibers,
supraphysiological plasma levels need to be induced that however lead to severe side-
effects including anxiety and pancreatitisls. Therefore, a pegylated CCK construct
(pegylated CCK9) with an enhanced bioavailability was applied that binds solely to
peripheral CCK-1 receptors®’. Pegylated CCK9 reduced inflammation in fasted animals,
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thus mimicking the CCK-mediated immunomodulation by lipid-rich nutrition. Taken
together, these data indicate that the protective effects of lipid-rich nutrition are
triggered via CCK dependent activation of peripheral CCK-1 receptors. This signaling
cascade is similar to the pathways that mediate important digestive and metabolic

. . . 14,18,19
responses following food ingestion

. The significance of CCK, which is released in
particular upon exposure to hydrolyzed proteins and medium and long-chain fatty
acids®’, is supported by repeated observations that nutrition enriched with
phospholipids exerts stronger anti-inflammatory effects compared with isocalorical
control nutrition.

The release of CCK by I-cells in the intestinal wall depends on the formation of
chylomicrons, the principle lipid carriers in the circulation. Chylomicrons are known to
attenuate gastric emptying via afferent sensory nerves’’. Blocking the chylomicron
formation without affecting lipid uptake abrogated the anti-inflammatory effects of
lipid-rich nutrition, indicating that lipids need to be processed into chylomicrons in

order to trigger the anti-inflammatory reflex’>>

. Remarkably, our group previously
demonstrated that bile-duct ligation, resulting in lower plasma triglyceride levels, did
not affect the anti-inflammatory effects of lipid-rich nutrition®®. This seemingly
discrepancy could be explained by the fact that, in the absence of bile acids, the
intestinal wall is still, to a certain degree, exposed to fatty acids, resulting in afferent
vagus stimulation that is sufficient to modulate the immune response.

Next to CCK, a range of neuropeptides affects food intake by stimulation of the
afferent vagus nerve’. In parallel studies, administration of a glucagon-like
peptide 1-receptor antagonist, but not leptin or peptide YY antagonists, suppressed
the anti-inflammatory effects of lipid-rich nutrition. These findings point at a co-
stimulatory role of the glucagon-like peptide 1-receptor. The fact that the anti-
inflammatory actions of lipid-rich nutrition were completely taken away by CCK
receptor antagonists and mimicked by a CCK-1 receptor agonist is in accordance with
previous reports showing that CCK strongly sensitizes vagal afferent neurons for

stimulation by other gut peptides, thus acting as a gatekeeper’>*>?.

Representing the largest area of contact between the body and its environment, the
gut wall has an important immunological function’®. Various lines of experimental and

clinical evidence point at a major role for early loss of intestinal integrity in the

29-31

development of systemic inflammatory complications™ . Penetration of microbes,

toxins and digestive enzymes into the gut wall and beyond via the lymphatic system

and circulation are considered to induce distant damage and systemic

32,33

inflammation™"". Next to a weakened barrier function, also the presence of early

enterocyte damage has been demonstrated in septic patients and patients undergoing

non-abdominal surgery®*®. Furthermore, Derikx et al showed that the early
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occurrence of enterocyte damage is associated with poor clinical outcome. In diverse
inflammatory settings including sepsis, interventions that specifically aim to improve
intestinal integrity were reported to reduce distant organ damage and improve

33,36-39

survival Interestingly, the concept of selective gut decontamination as

implemented in a growing number of intensive care units is based on the notion that
translocation of intestinal microbes causes pulmonary infections***".

A major patient group prone to develop inflammatory complications are trauma
patients. Although gut permeability is reportedly increased within 48 hours after
trauma®, it remained to be clarified whether intestinal damage is present in the early
hours post-trauma and forms a potential target of therapy. In this thesis, plasma
concentrations of circulatory fatty acid binding proteins (FABP) are shown to be
strongly increased already upon arrival at the Emergency Department in a cohort of
polytrauma patients (chapter 3)*. Whereas low levels of FABPs indicate enterocyte
turnover, strongly increased serum concentrations point at intestinal cell damage***.
The extent of enterocyte damage after trauma was related to the height of the Injury
Severity Scale (ISS). Notably, I-FABP levels in the early phase after trauma correlated
with the subsequent rise of inflammatory markers such as PCT, IL-6 and CRP in the
days thereafter. These observations lend support to the body of literature on the
causal relation between gut wall compromise and dysregulated inflammation / distant
organ injury33'46. The findings indicate that early assessment of enterocyte damage
may help to identify patients who are at risk to develop excessive inflammation in a
later stage. In addition, this study implicates preservation of the intestinal barrier in
trauma patients as a potential therapeutic target.

Before investigating the effects of lipid-rich nutrition on the breakdown of the
intestinal barrier, the early structural and functional alterations in the intestinal wall
were studied in a model of hemorrhagic shock. In this model, a third of circulating
blood volume is withdrawn, resulting in systemic inflammation and intestinal barrier
dysfunction”. Chapter 4 describes the disruption of the filamentous actin cytoskeleton
of enterocytes via activation of actin-depolymerizing factor / cofilin as soon as
15 minutes post- shock®. This intracellular shift preceded the breakdown of the tight
junctions that connect the enterocytes and thus form a vital part of the intestinal
barrier. The structural changes were reflected in an increase of gut wall permeability,
represented by bacterial translocation, and the development of an inflammatory
response in the gut wall. These local intestinal events were followed by the occurrence
of inflammatory markers in plasma.

After showing that early loss of the gut barrier develops following hemorrhagic shock,
in a subsequent study the effects of nutritional vagus stimulation on the densely
innervated intestinal wall were explored (chapter 5). The loss of gut barrier function
early after shock was shown to be prevented by lipid-rich nutrition®. Furthermore,
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lipid-rich nutrition reduced the early increase of FABP levels in plasma. Considering the
important contributory function of gut wall compromise to the development of
inflammation, these findings may at least partially explain the modification of the
systemic inflammatory response by lipid-rich nutrition. Interestingly, in settings of
restraint stress in rodents, cholinergic signaling has been shown to decrease gut

. . 50,51
barrier function

. The finding that the increase of intestinal permeability was
mediated by muscarinic receptors rather than nicotinic receptors indicates that vagus
nerve signaling causes differential effects, the dominance of which may be dependent
on the mode of vagus nerve activation.

Also local intestinal inflammation, represented by mucosal mast cell protease levels in
circulation and intestinal myeloperoxidase concentrations, was significantly reduced by
lipid-rich nutrition before systemic inflammation was detectable (chapter 5). The
protective effects of lipid-rich nutrition were mediated by CCK receptor antagonists,
which identified activation of the vagal anti-inflammatory reflex as a potential therapy
to preserve intestinal integrity in the earliest phase of a systemic inflammatory
response. However the extent to which intestinal barrier breakdown contributes to
systemic inflammation remains to be determined®. It has been postulated, e.g. by
Fink, that intestinal barrier breakdown represents a more generalized phenomenon
that affects epithelial barrier function in a variety of organs, including the lungs,
kidneys and liver®. In support of a multi-organ effect of lipid-rich nutrition, also local
inflammation in liver and spleen was shown to be reduced by nutritional intervention
(chapter 9). Furthermore, in a model of hemorrhage followed by bacterial DNA
exposure, a reduction of hepatic cell damage was reported following intervention with
lipid-rich nutrition>.

In this thesis, further investigations on the effects of nutritional vagus nerve activation
on mast cell activity are described (chapter 6). Mast cells were activated using LPS as a
common inflammatory trigger. Lipid-rich enteral feeding administered prior to LPS
significantly decreased circulatory levels of mouse mast cell protease at 30 minutes
post-LPS. Antagonists of the CCK-1 receptor reversed the inhibitory effects of lipid-rich
feeding, whereas the peripheral CCK-1 receptor agonist pegylated-CCK9 mimicked
nutritional mast cell inhibition. In line with earlier work in the hemorrhagic shock
model, the mast cell inhibitory effects of lipid-rich nutrition were blocked by nicotinic
receptor antagonists. Furthermore, using a specific blocker, mast cell activation was
shown to be inhibited via the a7-subunit containing nACh receptor. In bone marrow
derived maste cells, the involvement of a7nACh receptors was confirmed by
employment of a specific a7nACh receptor agonist. These findings are first to directly
connect vagal anti-inflammatory signaling by lipid-rich nutrition with the a7nACh
receptor-dependent mechanism described by Tracey™. The importance of mast cell
inhibition lies in the principle role of mast cells in the immunological barrier between
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the internal milieu and the environment. Whereas for decades mast cells were
investigated solely in the context of allergy and asthma-like reactions, the role of mast
cells in the orchestration of the innate immune reaction is increasingly

acknowledgedss'57

. In situations of a compromised intestinal barrier, mucosal mast
cells are among the first immune cells to release inflammatory mediators. Mucosal
mast cell degranulation is associated with gut barrier dysfunction and drives

. . . . . . . ._58-60
mesenteric afferent signaling during acute intestinal ischemia

. The finding that pre-
treatment with histaminic receptor-1 blocker and mast cell stabilizer ketotifen
decreased plasma IL-6 and ileal leakage of HRP after LPS, emphasizes the role of mast

cells activation in the development of inflammation and intestinal compromise.

The capacity of enriched nutrition to attenuate inflammation and reduce organ injury
was further explored in animal models for clinical settings that are characterized by a
dysregulated immune response. In patients with severe trauma, excessive
inflammation is common and often leads to SIRS and sepsis, which are associated with
high morbidity and mortality". In contrast to patients undergoing elective surgery,
interventions in trauma patients can only be initiated once tissue damage is already
present and the immune response is unfolding. To test the effectiveness of post-
treatment with lipid-rich nutrition, after shock nutritional intervention was started at
30 minutes when intestinal injury had developed, or at 80 minutes in presence of
systemic inflammation (chapter 7)%". Treatment with lipid-rich nutrition post-shock
reduced plasma levels of IFNy, a potent late inflammatory mediator with multiple
actions on both innate and adaptive immune systemsez. Importantly, also
concentrations of IL-10 were decreased, indicating that both pro- and anti-
inflammatory signaling is inhibited by nutritional intervention®. Furthermore,
enterocyte damage and gut wall permeability were reduced in a CCK-receptor
dependent manner, implicating vagus nerve stimulation as the underlying mechanism.
Taken together, the effectiveness of nutritional activation of the vagal anti-
inflammatory reflex was demonstrated in a setting of manifest inflammation and
tissue damage.

Intravascular hemolysis is a common event in diverse clinical situations, e.g. during
major cardiovascular surgery, extracorporeal circulation with membrane oxygenation,
sickle cell crisis or malaria infections. Hemolysis leads to organ damage and

64,65

inflammation””". Endothelial dysfunction as a consequence of nitric oxide (NO)

scavenging by sequestered cell-free hemoglobin is considered crucial in the

¥ NO is a pivotal signalling molecule in the

detrimental sequelae of hemolysis®®
regulation of smooth muscle relaxation, endothelial adhesion molecule expression and
platelet activation. In hemolytic disease, the sensibility for NO-independent vasoactive

. .. 68 . . . . .
mechanisms is increased . Since acetylcholine is a potent vasodilator acting largely
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independent of NO, nutritional vagus stimulation, resulting in acetylcholine release,
was hypothesized to counteract the vasoconstrictive effects of NO depletion and

69-71 .. .
. The clinical scenario

prevent the development of organ damage and inflammation
of ongoing hemolysis was mimicked in rodents by continuous infusion of lysed
erythrocytes (chapter 8). Induction of clinically relevant cell-free hemoglobin
concentrations in circulation resulted in rapid organ damage and systemic
inflammation. Enteral lipid-rich nutrition significantly reduced the loss of renal, hepatic
and intestinal integrity during hemolysis and decreased circulatory IL-6 levels. CCK-1
receptor antagonist A70104 as well as nACh receptor antagonist chlorisondamine
reversed the protective nutritional effects, whereas PEG-CCK9 mimicked the impact of
enteral feeding in fasted animals. Moreover, nutritional intervention increased renal,
hepatic and intestinal perfusion in a CCK-1 receptor dependent manner, as evaluated
using fluorescent microspheres. These data implicate stimulation of the vagal anti-
inflammatory reflex by nutritional means as a potential therapy to prevent tissue injury
and reduce inflammation in patients prone to develop hemolysis. Such intervention
would be of additional value to existing and experimental therapeutic approaches to
reduce hemolytic complications, such as inhalation of NO gas and administration of

haptoglobin or nitrite®®’>".

Before investigating the anti-inflammatory effects of lipid-rich enteral nutrition in a
human model of endotoxemia as described in chapter 13, we first studied the effects
of lipid-rich nutrition in @ murine endotoxemia model in which mice received an
intraperitoneal bolus of endotoxin (chapter 9). Endotoxin is a component of the outer
cell wall of Gram-negative microbes that provokes a strong TLR-4 dependent
immunologic response. Both lipid-rich and low-lipid nutrition dose-dependently
reduced endotoxin-induced release of TNFa’®. Lipid-rich nutrition attenuated the
inflammatory response at lower dosages than low-lipid nutrition, indicating that
enrichment of enteral nutrition with specific nutrients augments the anti-inflammatory
potential. In addition, administration of lipid-rich nutrition reduced endotoxin-induced
enterocyte damage and decreased inflammation in the liver and spleen. The anti-
inflammatory impact of both lipid-rich and low-lipid nutrition was mediated through
CCK receptors and peripheral nACh receptors. Moreover, lipid-rich nutrition enhanced
firing of jejunal mechanosensitive afferents following gut wall distension compared
with discharges before treatment and after treatment. These findings implicate vagus
nerve signaling via enteral lipid-rich nutrition as a promising intervention to modulate
the inflammatory response and prevent organ dysfunction during septic conditions.
The protective effects of enriched nutrition in the endotoxemia model are comparable
to the benefits obtained by electrical vagus nerve stimulation or pharmacological

activation of nACh receptors’>’®.

237



Chapter 14

Having established protective effects of lipid-rich nutrition in an acute setting of Gram-
negative sepsis induced by a bolus of endotoxin, we further investigated the protective
capacity of nutrition in a model of polymicrobial sepsis induced by cecal ligation and
puncture (CLP) (chapter 10). This model is considered to represent a polymicrobial
peritoneal infection that is complicated by a state of immunosuppression. In line with
the anti-inflammatory effects in the endotoxemia model, lipid-rich nutrition reduced
levels of circulatory cytokines in the early phase after CLP. Classically, the course of
sepsis is divided in an early hyperinflammatory phase and a subsequent state of
protracted immunosuppression. This inactivity of the immune system is a feared
consequence of septic disease that results in an inability to control infections and a
predisposition to secondary infections caused by opportunistic pathogens77’79. The
severity of late immunosuppression is considered to correlate with the extent of

. . . . 80,81
inflammation during early sepsis

. Therefore, broad suppression of the acute
inflammatory response may prevent later immunosuppression-related infections.

To replicate the clinical scenario of polymicrobial sepsis complicated by a secondary
pneumonia, CLP was followed by intranasal application of P. aeruginosa 4 days later®.
Compared to sham operated animals, in CLP animals the microbial count in the lungs
was strongly enhanced following a secondary P. aeruginosa infection. Lipid-rich
nutrition prevented the increase of the bacterial load in the lungs of mice undergoing
CLP and secondary pneumonia. Next to enhancement of microbial clearance, a shift
towards increased levels of pro-inflammatory cytokines IL-12 and IFNy was observed in
the lungs whereas concentrations of anti-inflammatory cytokine IL-10 were decreased.
These findings are in line with a study of Wen et al, showing that restoration of the
IL-12/1L-10 balance during sepsis improves the defense against opportunistic
pathogenssa.

Together, early intervention with specifically enriched enteral nutrition may help to
prevent secondary infections in the protracted immunosuppressive phase of sepsis,
thus contributing to the solution of a major clinical problem. Notably, the CLP study
described in chapter 10 is the first to describe protective effects of nutritional
intervention in female animals. In previous studies, solely male animals were used. It is
important that nutritional intervention is demonstrated to be effective in both sexes,
considering the significant role of sex hormones in the immune response to trauma®.

By demonstrating 1) a reduction of the acute inflammatory response, 2) enforcement
of immune competence during prolonged sepsis, 3) reduction of organ damage and 4)
providing insight in the underlying neural pathway, the rodent studies form a solid
base for the translation of nutritional intervention to the human setting.

The first preclinical studies with enriched nutrition are described in part IV. Since
rodent studies repeatedly demonstrated a crucial role for CCK release in the anti-
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inflammatory effects of lipid-rich nutrition, nutritional intervention in man should
logically induce a fierce CCK response. Therefore, CCK levels were assessed in healthy
volunteers following ingestion of a commercially available lipid-rich nutrition (Diasip)
or a low-lipid nutrition (Respifor) (chapter 11). The compositions of these feedings are
comparable to the formulas applied in the rodent studies. Since local intestinal CCK
cannot be measured in man, CCK concentrations in circulation were determined as a
surrogate marker. No differences in CCK peak levels following intake of both feedings
were found. Based on previous studies showing that in particular proteins and fatty
acids with aliphatic tails of more than 12 carbons are potent triggers of CCK release, in
a subsequent series of experiments a lipid- and protein-enriched nutrition was
compared with standard tube feedingzo. Again, no differences in CCK levels were
observed between groups. These findings suggest that circulatory CCK is an ineffective
tool to select a nutritional composition based on its capacity to activate the vagal anti-
inflammatory pathway. Circulatory CCK levels may represent an overflow that does not
reflect the level of local CCK concentrations in the gut wall that are required to
stimulate the sensory nerves®. However, it cannot be ruled out that the nutritional
compositions and doses applied did indeed not lead to different CCK responses but
rather to differences in other enteral mediators such as GLP-1. Interestingly, increasing
the dose of nutrition did not increase the CCK peak levels but tended to protract the
CCK response. This phenomenon could be explained by a prolonged period of gastric
emptying that results in continuous exposure of the duodenal wall to nutrients and
hence, to a prolonged release of CCK. In order to induce ongoing CCK release, feeding
should either be orally given as a bolus with an intact passage to the duodenum or
administered continuously beyond the pylorus.

A second measure that was hypothesized to indicate activation of the vagal anti-
inflammatory reflex by enteral nutrition is heart rate variability (HRV). Assessment of
HRV is a well-characterized diagnostic tool to assess the functioning of the autonomic
nervous system in humans. In a cross-over study, beat-to-beat variations were
measured in healthy volunteers that received either Diasip or Respifor. Using standard
methodology to discriminate sympathetic and parasympathetic input, no differences in
parasympathetic activity were observed between feedings. Possibly, both lipid-rich and
low-lipid feeding resulted in a comparable activation of the vagus nerve, and hence, to
a similar activation of the anti-inflammatory pathway. An alternative explanation for
the lack of discrimination between feedings could be that the parasympathetic output
measured by HRV does not represent activation of the efferent vagus nerve bundles
that transfer the anti-inflammatory signal. In support of the second possibility, the
effects of vagus nerve activation on blood pressure and the immune system were
shown to be dissociable®. This line of thought has also been followed in a letter that
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responded to a cohort study by Thayer et al in which decreased HRV was related to
increased markers of inflammation (chapter 12)87.

Finally, a proof of principle study was performed in a human setting of endotoxemia
(chapter 13). In this well-established model, a homogenous group of healthy
volunteers was exposed to an intravenous bolus of endotoxin in a highly standardized
manner, resulting in symptoms of sickness and increased plasma levels of
inflammatory markers®. In order to minimize the risk of aspiration and to induce a
constant exposure of the proximal intestinal wall to nutrition, a custom-made lipid-
and protein-enriched nutrition or an isocaloric control nutrition were continuously
administered via a duodenal tube. Since pre-treatment was previously shown to exert
stronger anti-inflammatory effects compared with post-treatment, nutrition was

initiated before the endotoxin bolus was administered'®®*

. Compared with volunteers
that received control feeding or were fasted, enriched nutrition significantly reduced
the pro-inflammatory parameters TNFa, IL-6 and IL-1RA. Furthermore, lipid-rich
nutrition increased the levels of anti-inflammatory marker IL-10. A trend towards
lower plasma FABP levels was observed in the lipid-rich fed group. These findings are
first to translate the anti-inflammatory effects of short-term intervention with
enriched enteral nutrition to a human setting of acute inflammation. Future studies
should delineate to what extent the vagal anti-inflammatory reflex mediates the
observed anti-inflammatory effects of the enriched feeding.

It should be noted that in this proof-of-principle study, circulatory inflammatory
mediators were used as surrogate parameters. The significant improvement of these
secondary markers is an important indicator that the acute immune response is
attenuated, including a reduction of phagocytosis and granulocyte recruitment. As
early regulation of inflammation has been associated with benefits on primary clinical
outcome parameters such as improvement of survival and a decreased hospital stay,
future studies should be powered to demonstrate differences in such primary clinical
parameters.

The present thesis describes a CCK / CCK-1 receptor mediated vagovagal reflex that
underlies the immune-modulatory effects of enteral lipid-rich nutrition (part 1). In
addition, a protective nutritional impact that encompasses a reduction of the
inflammatory response and maintenance of intestinal integrity is demonstrated in
several rodent models representing diverse surgical and critical care settings (part Il
and I1ll). Finally, in this thesis a proof-of-principle study performed in a human
endotoxemia model is described, indicating that enteral enriched nutrition attenuates
the inflammatory response also in man (part IV).

Under physiological circumstances, this previously unknown anti-inflammatory gut-
brain-immune axis may prevent the development of an unnecessary and energy-
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consuming immune response following the intake of nutrients and the concomitant
low-grade exposure of the body to antigens and microbes®°. In non-physiologic
settings of major surgery, severe trauma or critical iliness, the activation of the vagal
anti-inflammatory reflex by nutritional means may form a therapeutic option to
regulate the immune response. Such nutritional approach fits with current guidelines
that promote optimal nutritional support in surgical and critical care patients’ .
Although so far many facets of the nutritionally induced neuro-immune axis have been
elucidated, more questions remain to be answered. At a cellular level, the range of
effector cells of vagal anti-inflammatory signaling, which encompasses macrophages,
mast cells (chapter 6) and more, requires further definition. Since cholinergic receptors
are expressed by all human cell types, both neural and non-neural, in theory all human
cells are to some extent under cholinergic control®. Next, the effects of nutritional
vagus signaling on several important inflammatory disease entities needs to be
established. For example, administration of nACh receptor agonists decreased
inflammation and reduced symptoms in models of colitis, arthritis and pancreatitis™*°°,
however whether nutritional activation of the vagal anti-inflammatory reflex exerts the
same beneficial effects in these settings is unclear. With regard to the
representativeness of animal models, it should be noted that, whereas hospitalized
patients are mostly elderly, experimental animals are usually young. Although it
remains controversial to what extent the immune response in ‘old’ animals reflect the
immunological characteristics of elderly patients, in the members of both species age-
related changes of immune parameters take place97. Therefore, to gain insight in the
potential applicability in elderly patients, it would be highly interesting to investigate
the effects of enriched nutrition in older animals submitted to inflammation.

It is important to note that side effects or health hazards of nutritional intervention
were observed neither in the rodent studies, nor in the human proof-of-principle
study. Postpylorical feeding, as described in chapter 13 of this thesis, is an attractive
option in future studies in order to avoid aspiration and deliver adequate amounts of
feeding in the proximal intestinal segment that contains most CCK-releasing
enteroendocrine cells. Duodenal feeding is regarded as a safe and well-tolerated
means to administer nutrients. In theory, enteral nutrition may increase splanchnic
metabolic demands, which in turn may lead to a mismatch between the need and

%% However, even in clinical patients with hemodynamic instability

supply of oxygen
that are prone to develop ischemic injury, no complications of duodenal feeding have
been observed. Complications of duodenal feeding were reported only in patients that
received long-term duodenal feeding or in patients with a pre-existent compromised
guthO. The following step to be taken towards clinical implementation of enriched
feeding is a phase | study to assess the safety and tolerability of nutritional

intervention. Such phase | trial should determine whether it is safe to initiate
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consecutive studies on the nutritional effects on inflammation, organ integrity and
primary clinical parameters such as the development of inflammatory complications
and survival. Since pre-treatment was shown to result in more potent
immunomodulation compared with post-treatment, future studies should preferably
be performed in patients undergoing elective surgery.

In a meta-analysis performed by Cerantola and colleagues, immunonutrition
significantly reduced overall complications when applied either before surgery, or both
before and after surgery, or solely after surgery. In addition, immunonutrition led to a
shorter hospital stay, however did not affect mortality. Omega-3 fatty acids, arginine,
glutamine and RNA are the most common components of immunonutrition that are
applied in various combinations and doses. These nutritional supplements are
reported to exert direct effects on cell-mediated immune function, release of acute-
phase proteins, development of the post-traumatic inflammatory cascade, and release
of hormones such as insulin'®’. Activation of the vagal neuro-immune axis as described
in this thesis adds a novel dimension to the concept of immunonutrition. As a
supplement to the current nutritional support of surgical and critically ill patients,
activation of the vagal anti-inflammatory reflex with lipid- and protein-enriched
nutrition may expand the treatment arsenal in patients that succumb to dysregulated
inflammation.
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Verschillende barriéres beschermen het lichaam tegen het binnendringen van
pathogenen. Een beschadiging van deze barriéres leidt tot een reactie van het
immuunsysteem. Deze reactie wordt niet alleen worden veroorzaakt door
binnendringende pathogenen, maar kan ook worden opgeroepen door lichaamseigen
stoffen die bijvoorbeeld vrijkomen bij weefselschade. Een adequate en proportionele
immuunrespons leidt tot neutralisatie van ziekteverwekkers en herstel van de geleden
schade. Echter, vooral traumapatiénten, patiénten die een grote operatie krijgen of
patiénten die een zware chemokuur ondergaan lopen risico op het ontwikkelen van
excessieve ontstekingsreacties. Dergelijke buitensporige reacties van het immuun-
systeem worden gedefinieerd als sepsis en sepsis-achtige syndromen. Hoewel de
behandeling van sepsis in de laatste jaren is verbeterd, blijven de morbiditeit en
mortaliteit van patiénten met deze ziektebeelden zeer hoog. Er bestaat daarom een
grote behoefte aan nieuwe methoden om de immuunreactie onder controle te
houden, zodat sepsis kan worden voorkomen of beter kan worden behandeld.

Een veelbelovende manier om de ontstekingsreactie te beinvloeden is stimulering van
het autonome zenuwstelsel, en in het bijzonder het parasympatisch zenuwstelsel. De
ontstekingsremmende impulsen van het parasympatisch zenuwstelsel, die vooral via
de nervus vagus worden voortgeleid, werden voor het eerst door dr. Tracey en
collega’s beschreven. In septische proefdieren toonden zij aan dat zowel elektrische
prikkeling van de nervus vagus als farmacologische stimulering van nicotinerge
acetylcholine (nACh) receptoren de afgifte van ontstekingsstoffen (bijvoorbeeld
cytokines) remt. Ook leiden deze interventies tot minder orgaanschade en minder
sterfte. Onze onderzoeksgroep liet eerder in een diermodel zien dat lipiderijke voeding
via stimulatie van de nervus vagus de ontstekingsreactie remt en schade aan de darm
en lever vermindert. Bij gezonde mensen zouden deze dempende effecten van
enterale voeding een onnodige ontstekingsreactie kunnen voorkomen. Inname van
voeding leidt namelijk tot een beperkte blootstelling van de darmwand aan micro-
organismen en antigenen die doorgaans geen sterke afweerreactie vereist. Bij
patiénten bij wie de ontstekingsreactie te hevig is, zou activatie van deze
ontstekingsremmende neuro-immuun-as door specifieke voeding kunnen bijdragen
aan de behandeling. De in dit proefschrift beschreven studies kunnen worden
beschouwd als stappen op de weg naar klinische toepassing van stimulering van het
parasympatische zenuwstelsel door middel van enterale voeding.

Het eerste doel van dit proefschrift is het verder ontrafelen van het mechanisme dat
aan de ontstekingsremmende werking van lipiderijke voeding ten grondslag ligt. Het
tweede doel is de werkzaamheid van stimulatie van het autonome zenuwstelsel door
voeding te onderzoeken. Hiervoor gebruiken we verschillende diermodellen voor
belangrijke ziektebeelden in chirurgische en intensive care patiénten. Het derde doel is
het vertalen van deze experimentele bevindingen naar de mens. Voor het eerst wordt




aangetoond dat kortdurende interventie met verrijkte enterale voeding een acute
ontstekingsrespons bij de mens remt.

Kennis van de mechanismen die de ontstekingsremmende werking van lipiderijke
voeding verklaren is noodzakelijk om een optimale klinische behandeling te
ontwikkelen en gezondheidsrisico’s te beperken. In het eerste deel van dit proefschrift
wordt onderzocht op welke manier voeding het centraal zenuwstelsel aanzet tot
remming van de ontstekingsreactie. In eerdere studies bleek de communicatie tussen
enterale voedingsstoffen en het brein te verlopen zowel via sensorische zenuwen als
via de bloedbaan. Om de route te achterhalen waarlangs het ontstekingsremmende
signaal wordt overgebracht, worden de sensorische zenuwen op cervicaal niveau
uitgeschakeld door middel van capsaicine. Wanneer de signaaloverdracht via afferente
vagusbundels op deze wijze wordt onderbroken, is lipiderijke voeding niet langer in
staat om de ontstekingsreactie te dempen (hoofdstuk 2). Vervolgens wordt ingegaan
op de activatie van de zenuwuiteinden in de darmwand. In eerdere studies werd
aangetoond dat cholecystokinine (CCK) receptoren een essentiéle schakel vormen in
de ontstekingsremmende werking van lipiderijke voeding. CCK-receptoren komen
onder meer voor op de perifere uiteinden van de afferente nervus vagus. Met behulp
van specifieke antagonisten stellen we vast dat perifeer gelegen CCK-1 receptoren een
cruciale schakel vormen in de gunstige effecten van lipiderijke voeding. In
overeenstemming hiermee leidt toediening van een vorm van CCK die specifiek aan
perifeer gelegen CCK-1 receptoren bindt, in gevaste dieren tot een zelfde mate van
ontstekingsremming als lipiderijke voeding. Concluderend toont deze studie een
voorheen onbekende darm-hersen-immuun reflex aan, berustend op activatie van
perifeer gelegen CCK-1 receptoren en aanvoerende takken van de nervus vagus door
nutriénten in het darmlumen.

In het tweede deel van dit proefschrift wordt de aantasting van de darmwand in de
vroege fase van een systemische ontstekingsrespons bestudeerd, en de effecten van
lipiderijke voeding hierop. Verschillende experimentele en klinische studies wijzen op
een belangrijke rol van de darm in de ontwikkeling en ontsporing van de systemische
ontstekingsreactie. Met behulp van de in het bloed gemeten biomarker I-FABP werd
door dr. Derikx en collega’s aangetoond dat schade aan enterocyten
(darmepitheelcellen) plaatsvindt zowel in een vroeg stadium van sepsis als kort na
niet-abdominale chirurgie. De mate van enterocytschade bleek samen te hangen met
de prognose van deze patiénten en het ontstaan van complicaties. Een belangrijke
patiéntengroep met een sterk verhoogd risico op het ontstaan van sepsis zijn mensen
met een groot fysiek trauma. In hoofdstuk 3 wordt beschreven hoe met behulp van I-
FABP is vastgesteld dat enterocytschade na trauma al detecteerbaar is op het moment
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dat patiénten arriveren op de spoedeisende hulp. De mate van vroege
enterocytschade is gerelateerd aan de omvang van het trauma, alsook aan de hoogte
van ontstekingsparameters IL-6, CRP en procalcitonine, gemeten in de dagen na het
trauma. Deze bevindingen impliceren dat vroege aantasting van de darmwand als een
aangrijpingspunt kan worden beschouwd voor ontstekingsremmende interventies in
traumapatiénten.

De veranderingen in de darmwand kort na activatie van het afweersysteem worden
nader bestudeerd in een diermodel van hemorragische shock. In hoofdstuk 4 wordt
beschreven dat afbraak van de actinefilamenten die de enterocyt structuur geven al
een kwartier na shock plaatsvindt. De verstoring van de celstructuur wordt gevolgd
door afbraak van de ‘tight junctions’ die de enterocyten onderling verbinden. Deze
structurele veranderingen gaan gepaard met een toename van de permeabiliteit van
de darmwand en het ontstaan van een lokale ontstekingsrespons. Deze processen in
de darmwand gaan vooraf aan het verschijnen van ontstekingsstoffen in de circulatie.
Vervolgens worden de effecten van lipiderijke voeding op de vroege aantasting van de
darmwand bestudeerd. In hoofdstuk 5 wordt beschreven dat toediening van lipiderijke
voeding de doorlaatbaarheid van de darmwand beperkt. Verder leidt
voedingsinterventie tot een afname van enterocytschade en minder ontsteking van de
darmwand. Blokkade van de CCK-receptoren, die een cruciale rol spelen in de activatie
van de nervus vagus, neemt de effecten van voeding weg. Concluderend tonen deze
data aan dat lipiderijke voeding vroege aantasting van de darmwand voorkomt via
activatie van de vagale reflex.

Wanneer de darmbarriére wordt aangetast, behoren mestcellen tot de eerste cellen
van het afweersysteem die immuno-actieve mediatoren uitscheiden. Verschillende
recente studies tonen aan dat mestcellen een belangrijk onderdeel vormen van de
immunologische barriére tussen de darminhoud en het lichaam. De reactiviteit van
mucosale mestcellen wordt nader bestudeerd in het endotoxinemodel, een veel
gebruikt model voor de systemische ontstekingsreactie die tijdens de vroege fase van
sepsis optreedt (hoofdstuk 6). Toediening van een bolus endotoxine, een component
van de celwand van Gramnegatieve bacterién, roept een respons van het
afweersysteem op. Behandeling met histamine receptor-1 blokker en mestcel-
stabilisator ketotifen leidt tot lagere concentraties ontstekingsstoffen in de circulatie
en behoud van de darmbarriére. Hiermee wordt het belang van mestcelactivatie in het
ontstaan van ontsteking en aantasting van darmintegriteit bevestigd. Lipiderijke
voeding voorafgaand aan de gift endotoxine remt de mestcelactivatie. Blokkade van
zowel CCK-1 receptoren als nACh receptoren neemt de remmende effecten van
voeding op mestcelactivatie weg, wat een cruciale rol van de CCK-1 receptor-
afhankelijke vagale reflex aantoont. Deze bevindingen worden ondersteund door in
vitro experimenten waarin een dosisafhankelijke mestcelremming wordt aangetoond
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door nicotine en acetylcholine (agonisten van de nACh receptor). Concluderend blijkt
uit deze experimenten dat remming van mucosale mestcellen een aangrijpingspunt is
voor de door enterale voeding geactiveerde vagale reflex.

In het derde deel van dit proefschrift wordt de werkzaamheid van verrijkte voeding
onderzocht in verschillende situaties waarin een ontregelde afweerreactie centraal
staat. Al eerder werden patiénten met een ernstig trauma genoemd als een
patiéntengroep bij wie een sterke activatie van het immuunsysteem optreedt.
Logischerwijs kan bij deze patiénten de behandeling pas worden gestart op het
moment dat er al weefselschade is en de ontstekingsrespons zich reeds ontwikkelt.
Om deze situatie na te bootsen wordt in het hemorragische shockmodel pas gestart
met voeding op het moment dat shock-gerelateerde ontsteking en weefselschade al
aanwezig zijn (hoofdstuk 7). Lipiderijke voeding toegediend na shock resulteert in een
vermindering van de ontstekingsrespons en behoud van de darmwand in vergelijking
met gevaste dieren. Het feit dat blokkers van de CCK-receptor het beschermende
effect van voeding na shock wegnemen wijst erop dat stimulatie van de CCK receptor
afhankelijke vagale reflex ook in deze situatie cruciaal is.

Afbraak van erytrocyten, oftewel hemolyse, is een fenomeen dat frequent wordt
waargenomen bij verschillende groepen (cardio)chirurgische patiénten en patiénten
op de intensive care. Recente studies leggen een verband tussen massale hemolyse,
het optreden van circulatieproblemen en een verslechterde orgaanfunctie. Tijdens
hemolyse komen grote hoeveelheden hemoglobine vrij, dat een onomkeerbare reactie
met stikstofmonoxide aangaat. De tekorten aan stikstofmonoxide die vervolgens
ontstaan worden verondersteld een belangrijk deel van de circulatieproblemen te
verklaren. Stikstofmonoxide zorgt namelijk voor relaxatie van glad spierweefsel. Het is
bekend dat de gevoeligheid voor stikstofmonoxide-onafhankelijke vaatverwijders
tijdens hemolyse juist toeneemt. Aangezien acetylcholine, een neurotransmitter die
vrijkomt door stimulatie van de nervus vagus, als een krachtige en stikstofmonoxide-
onafhankelijke vaatverwijder functioneert, veronderstelden wij dat lipiderijke voeding
via het vrijkomen van acetylcholine de schadelijke gevolgen van acute hemolyse zou
kunnen beperken. Het effect van lipiderijke voeding wordt onderzocht in een
diermodel waarin hemolyse wordt nagebootst door infusie van gelyseerde
erythrocyten (hoofdstuk 8). Conform de hypothese leidt interventie met enterale
voeding via activatie van CCK-1 receptoren en nACh receptoren tot een sterke
vermindering van orgaanschade en afname van de systemische ontstekingsreactie.
Bovendien wordt met behulp van microsferen (fluorescente bolletjes) aangetoond dat
lipiderijke voeding de microcirculatie in de nier, darm en lever verbetert. Deze data
impliceren dat stimulatie van de vagale reflex door middel van voeding kan bijdragen
aan het voorkomen van complicaties van acute hemolyse.
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Samenvatting

Sepsis is een veel voorkomende excessieve reactie van het lichaam op een bacteriéle
infectie. In hoofdstuk 9 worden de effecten van nervus vagusstimulatie met enterale
voeding in het endotoxinemodel beschreven. Zowel lipiderijke voeding als
controlevoeding remmen dosisafhankelijk de afgifte van cytokines. Lipiderijke voeding
vermindert de ontstekingsreactie in lagere doseringen dan de controlevoeding, wat
aangeeft dat het ontstekingsremmende effect van voeding kan worden vergroot door
toevoeging van specifieke voedingsstoffen. Ook de mate van enterocytschade en
ontsteking in de lever en milt zijn verminderd in dieren die lipiderijke voeding krijgen.
De betrokkenheid van de nervus vagus wordt aangetoond door middel van blokkers
van CCK receptoren en nACh receptoren. Bovendien leidt lipiderijke voeding tot een
toegenomen activiteit van mechanosensitieve zenuwen na rek van de darmwand.
Overigens resulteert het oprekken van de maag op zichzelf niet in een significante
remming van de ontstekingsrespons, wat er op wijst dat de aanwezigheid van
voedingsstoffen essentieel is.

De effecten van lipiderijke voeding op sepsis worden verder onderzocht in een model
voor polymicrobiéle sepsis waarbij de blinde darm wordt afgebonden en geperforeerd
(CLP; cecal ligation and puncture). Ook in dit sepsismodel leidt voedingsinterventie tot
een afname van de acute ontstekingsrespons (hoofdstuk 10). Een belangrijk kenmerk
van het CLP-model is de ontwikkeling van een immuunsuppressieve periode na de
initiele hyperinflammatoire fase. In de kliniek wordt de periode waarin het
afweersysteem minder responsief is gekenmerkt door het optreden van
opportunistische infecties die moeilijk te behandelen zijn. De verminderde reactiviteit
van het immuunsysteem op deze secundaire infecties is gecorreleerd met de mate van
ontsteking in de vroege fase van sepsis. Daarom wordt vermindering van de acute
ontstekingsrespons als een potentieel aangrijpingspunt beschouwd om de daarop
volgende non-responsiviteit van het immuunsysteem te verminderen. Na het
induceren van een secundaire luchtweginfectie met Pseudomonas aeruginosa vier
dagen na CLP is de hoeveelheid bacterién in de long hoger in vergelijking met een
controle operatie (niet leidend tot sepsis). Dit geeft een toestand van
immunosuppressie tijdens sepsis weer. In dieren die lipiderijke voeding krijgen
toegediend, is de kolonisatie in de long echter niet verschillend tussen septische en
niet-septische dieren. Het behoud van de afweerrespons gaat gepaard met een
toename van de inflammatoire markers IL-12 en IFN-y en een afname van
immunosuppressor IL-10. Hiermee wordt aangetoond dat lipiderijke voeding niet
alleen de acute ontstekingsrespons remt, maar ook een verzachtende werking
uitoefent op de daarop volgende immunosuppressieve fase.

De dierexperimentele studies laten samen een breed beschermend effect van
lipiderijke voeding zien en verschaffen bovendien inzicht in de onderliggende vagale
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reflex. Op grond van deze kennis zijn de eerste humane studies met verrijkte voeding
uitgevoerd. Eerst wordt gezocht naar een optimale voedingscompositie
(hoofdstuk 11). Een veelgebruikte klinische voeding met een hoge lipidenfractie
(Diasip) wordt vergeleken met een klinische voeding met een laag lipidengehalte
(Respifor). Omdat CCK concentraties in de darmwand niet op een non-invasieve
manier gemeten kunnen worden in de mens, worden de CCK spiegels in het bloed
bepaald voor en na voeding. Hieruit blijken geen verschillen tussen beide voedingen.
Dit is een opvallende bevinding, aangezien de samenstelling van deze klinische
voedingen vergelijkbaar is met de lipiderijke en controlevoeding die in de
dierexperimentele studies werden toegepast. Uit de literatuur blijkt dat vooral
vetzuren met koolstofketens van meer dan twaalf koolstofatomen en gehydrolyseerde
eiwitten leiden tot afgifte van CCK. Op basis van deze gegevens werd een speciale
eiwit- en lipiderijke voeding ontwikkeld gericht op maximale CCK afgifte. Echter ook
deze voeding resulteert niet in hogere CCK-spiegels in het bloed in vergelijking met
isocalorische controlevoeding. Deze gegevens wijzen erop dat de serumconcentraties
van CCK geen goede maat zijn om een voeding gericht op optimale nervus
vagusstimulatie te selecteren. Het gebrek aan onderscheidingsvermogen tussen beide
voedingen kan liggen in het feit dat systemische spiegels een overmaat betekenen van
lokaal CCK in de darmwand en de mate van nervus vagus-activatie dus niet goed
representeren.

Nadere experimenten tonen aan dat ophoging van de voedingsdoseringen niet tot
hogere CCK-pieken in het plasma leidt, maar wel tot een langer aanhoudende stijging
van de CCK-waarden. Dit fenomeen kan worden verklaard door de vertraagde
maaglediging na een grotere hoeveelheid voeding, wat resulteert in verlengde
blootstelling van de darmwand aan de voedingsstoffen. Met het oog op klinische
toepassing zou voeding, om een aanhoudende afgifte van CCK te bewerkstelligen,
ofwel als een bolus in de maag, ofwel continu voorbij de pylorus toegediend moeten
worden. Een tweede marker die wordt verondersteld het ontstekingsremmende effect
van voeding weer te geven is de variabiliteit van de hartslag (heart rate variability). Uit
verschillen tussen de hartslag-intervallen kan de mate van sympatische en
parasympatische activiteit worden afgeleid. Echter de variabiliteit van de hartslag
blijkt niet te verschillen tussen vrijwilligers die 200 ml Diasip of Respifor drinken
(hoofdstuk 12). Mogelijk komen de zenuwbanen die het hart beinvloeden niet overeen
met de nervus vagus-vezels die de ontstekingsrespons remmen. Deze gedachte wordt
ook verwoord in een reactie van onze onderzoeksgroep op een studie van dr. Thayer,
die een verband aantoonde tussen de hoogte van ontstekingsmarkers en de
variabiliteit van de hartslag in een cohort met overwegend gezonde mensen
(hoofdstuk 13).

256



Samenvatting

Eerder werd in muizen aangetoond dat lipiderijke voeding een endotoxine-
gemedieerde ontstekingsrespons remt (hoofdstuk 9). Wij beschrijven in hoofdstuk 14
een proof-of-principle studie naar het effect van eiwit- en lipiderijke voeding op een
endotoxine-gemedieerde ontstekingsrespons in de mens. Bij gezonde vrijwilligers
resulteert een bolus endotoxine in ziekteverschijnselen en stijging van ontstekings-
waarden in het bloed. Om aspiratie te voorkomen wordt de voeding via een
nasojejunale sonde toegediend. Verrijkte voeding leidt tot een significante afname van
pro-inflammatoire markers TNFa, IL-6 en IL-1RA en een toename van anti-
inflammatoire marker IL-10 in vergelijking met zowel controlepersonen die geen
voeding krijgen als personen die de controlevoeding ontvangen. Daarmee is dit de
eerste studie die een beschermend effect van kortdurende toediening van eiwit- en
lipiderijke voeding laat zien tijdens een acute ontsteking in de mens. Toekomstige
studies dienen vast te stellen in hoeverre de vagale ontstekingsremmende reflex deze
effecten verklaart.

Samenvattend verschaft dit proefschrift inzicht in het mechanisme dat aan de
ontstekingsremmende werking van lipiderijke voeding ten grondslag ligt, wordt een
breed beschermend effect aangetoond in verschillende modellen voor belangrijke
ziektebeelden in chirurgische en intensive care patiénten en wordt tenslotte een
vertaalslag van deze bevindingen naar de mens gemaakt. Stimulatie van het autonome
zenuwstelsel door enterale voeding sluit goed aan bij de recent aangepaste richtlijnen
rondom het voeden van patiénten perioperatief en op de intensive care. In deze
richtlijnen wordt aanbevolen om periodes van vasten te reduceren en voeding zo
mogelijk enteraal toe te dienen. Wat toekomstige humane studies betreft die zich
richten op stimulatie van de vagale reflex, is het van groot belang om te vermelden dat
er tot dusver geen bijwerkingen of gezondheidsrisico’s naar voren zijn gekomen. Het
voeden per duodenumsonde, zoals in deze studie werd uitgevoerd, wordt wereldwijd
als een veilige wijze van voedseltoediening beschouwd, ook in hemodynamisch
instabiele patiénten. Complicaties van duodenaal voeden worden alleen beschreven in
patiénten met een pre-existent aangetaste darm die langdurig werden gevoed. De
volgende stap richting klinische toepassing van stimulatie van het autonoom
zenuwstelsel door middel van voeding is een studie waarin de specifiek de veiligheid
van voedingsinterventie wordt onderzocht en de mate waarin voeding wordt
verdragen. Hieruit zal blijken of vervolgstudies uitgevoerd kunnen worden naar de
effectiviteit van voedingsinterventies die door modulatie van de ontstekingsrespons
het klinisch herstel gunstig beinvloeden. Aangezien voeding voorafgaand aan de
ontsteking tot sterkere bescherming leidt ten opzichte van voeding gestart tijdens een
al bestaande ontsteking, vormen patiénten die electieve chirurgie ondergaan een
geschikte populatie voor verdere studies.
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het meest in het hier en nu leeft zonder daarvoor een cursus te hebben gevolgd.
Geweldig mens, dank voor je vriendschap! Na jouw optreden in de Sint Jan durf ik het
paranimfenschap wel aan je over te laten. Denk ik. Ook Tom, Margreet, Floris, Bram,
Joost, Janneke, Femke, Thijs, Inge, Gitty, Edgar en het vele grut dat de laatste jaren
exponentieel toeneemt, bedankt voor alle gezelligheid en flauwekul in de afgelopen
jaren, met Heppenbach als epicentrum. Dan de wollen muizen van de fietsgroep,
waarvan de kern wordt uitgemaakt door Martijn, Marc, Luc, Chris, Jan, Anke, Tinneke,
Andrea en Elske, bedankt voor de mooie momenten zowel op als van het zadel. Dankzij
jullie heb ik geleerd dat je met hard werken tot mooie prestaties kunt komen, zelfs
wanneer het talent beperkt is (zie mijn strijd tegen de man met één been). Anderen
die ik wil bedanken voor hun vriendschap zijn Geert & Sanne, Anneke, Oscar, Francisca
& Geert, Lukas & Tabea en Willem & Elise. Verder de mannen van de vaste pokeravond
in M’streech / Bung: dank!

Mijn ouders bedank ik voor hun onvoorwaardelijke steun en alles wat ze mij hebben
meegegeven. Jullie zijn fantastisch. Daniel en Lucia, fijn dat we elkaar de laatste tijd
weer wat vaker zien, ik ben blij met jullie als broertje en schoonzusje. Wim, Wilma,
Michel en Helene, dank voor jullie betrokkenheid. Erik, Simone, Jikke en Hidde, wat fijn
dat ik deel van jullie warme en kleurrijke gezin mag uitmaken, sinds kort samen met
Khoa en Sietske. Ook de families Heineman en Bots in ruimer verband wil ik bedanken
voor hun gezelligheid en belangstelling, vaak gekoppeld aan mooie wijnen. Met name
wil ik Ama bedanken voor alle mooie bezoeken aan het Gergiev-festival en opa
Heineman voor de avonturen in lJsland en Noorwegen. Karen, dank voor je gouden tip
over Alexander Calder.

Tot slot mijn eigen gezinnetje. Fiep, mijn kleine grote dochter. Wat een feest om jou de
wereld te zien ontdekken, met je tomeloze energie, je vrolijkheid en je vermeelmuisde
blik. En dat brengt me bij Heike. Zoals het boekje met jouw naam begint als creatief
brein achter de kaft, zo zijn ook de laatste woorden voor jou. Lieve Heike, wat ben ik
iedere dag weer blij met je! Dank voor alles, met jou heb ik geen stip aan de horizon
nodig.
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