Chapter 13
Enterohormones and the Response
to Critical Illness

Mark P. Plummer, Annika Reintam Blaser, and Adam M. Deane

Abstract The secretion of a number of enterohormones is disordered in the criti-
cally ill which may mediate abnormalities in motility and glycaemia. However,
these mediators can also potentially serve a protective role, dampening inflamma-
tion and modulating the enteral immune response. There are over 30 recognised
enterohormones, and therapeutic manipulation of specific enterohormones or their
receptors is a burgeoning area of critical care research with promising preclinical
data and an increasing number of small clinical trials. Further characterisation of the
effect of critical illness on the endocrine gut and how it can be manipulated to
improve outcomes in critical illness warrants evaluation.

13.1 Introduction

The enteroendocrine cells constitute less than 1 % of the total epithelial cell popula-
tion of the gastrointestinal tract yet together form the largest endocrine system in the
body [1]. These cells are responsible for the production of over 30 peptides which in
health modulate gastrointestinal motility, secretory, absorptive and immune functions
and mucosal growth and repair [2]. The physiological stress of critical illness and the
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Table 13.1 Function of enterohormones and impact of critical illness

Enterohormone | Site of secretion Dominant effects Effect of critical illness
Ghrelin Parietal cells 1 Growth hormone 1 Total concentration
Gastric fundus 1 Appetite ? | Active
concentration

1 Gastric emptying
Energy homeostasis

Motilin M cells 1 Fasting intestinal motility Unknown
Proximal 1 Gastric emptying
duodenum (supraphysiological)
CCK I cells 1 Gallbladder contraction 1 Concentration
Duodenum and | Gastric emptying
Jejunum 1 Pancreatic enzyme secretion
| Appetite
GLP-1 L cells 1 Insulin (glucose dependent) 1 Concentration
Distal ileum and | Glucagon (glucose dependent)
colon | Gastric emptying
| Appetite
GIP K cells 1 Insulin (glucose dependent) No effect
Duodenum and 1 Glucagon (glucose dependent)
jejunum
GLP-2 L cells 1 Intestinal mucosal growth Unknown
Distal ileum and 1 Intestinal absorptive capacity
colon | Intestinal permeability

1 Intestinal mucosal blood flow
Peptide YY L cells | Gastric emptying 1 Concentration
Distal ileum, colon | | Gallbladder contraction
and rectum | Gastric acid secretion

| Pancreatic exocrine secretion

treatments administered are associated with substantially disordered gastrointestinal
and metabolic functions [3], many of which have been shown to be associated with
adverse outcomes [4]. While it is not a clinical practice to measure plasma enterohor-
mone levels, which may contribute to the current paucity of data, it is increasingly
evident that a number of enterohormones mediate, or have the potential to mediate,
many of the functional gastrointestinal and metabolic abnormalities that occur during
critical illness. This chapter will review the enterohormones most likely to be of clini-
cal significance: ghrelin, motilin, cholecystokinin (CCK), glucagon-like peptide 1
(GLP-1), glucose-dependent insulinotropic polypeptide (GIP), glucagon-like peptide
2 (GLP-2) and polypeptide YY (PYY). A summary for each hormone is provided with
a focus on location of the secretory cell and receptor for hormone function, stimulus
for secretion, and if there are sufficient data, the effect of critical illness on plasma
concentrations and action is outlined (Table 13.1). In addition, studies relating to
enterohormone receptor pharmacological agonism or antagonism and therapeutic
potential in critical illness are presented where relevant.
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13.2 Ghrelin

13.2.1 Ghrelin in Health

Ghrelin is primarily secreted during fasting from parietal cells of the gastric fun-
dus in the inactive (nonacylated) form [5]. Its secretion is suppressed in the post-
prandial phase as a result of the interaction of nutrient with the small intestine [5].
Ghrelin is a prohormone and requires posttranslational acylation for the majority
of its biological activity [6]. Acylated ghrelin is the endogenous ligand for the
growth hormone secretagogue receptor (GHS-R1a) on the anterior pituitary, and
therefore it is a natural secretagogue for growth hormone [7]. The GHS-R1a is
expressed widely beyond the anterior pituitary including on pancreatic islets, B
and T lymphocytes, neutrophils, myocardium, thyroid tissue and at multiple sites
throughout the central nervous system, which explains the diverse physiological
actions of this hormone [8]. As well as regulating growth hormone secretion,
ghrelin plays important roles in stimulating appetite and modulating glucose
homeostasis, decreasing insulin secretion and increasing insulin sensitivity [8]. It
also modulates stress, anxiety and sleep, protects against muscle atrophy, modu-
lates taste sensation and has vasodilatory effects [8]. Studies using exogenous
ghrelin at supraphysiological concentrations indicate that ghrelin accelerates gas-
tric emptying in humans and in animal models of sepsis-induced gastroparesis [9,
10]. In ambulant patients with diabetic gastroparesis, a ghrelin agonist has been
shown to stimulate gastrokinesis [11].

13.2.2 Ghrelin in Critical Illness

In the largest study to date of endogenous ghrelin concentrations in critical illness,
Koch et al. analysed plasma ghrelin in 170 critically ill patients and 60 healthy persons
as a control group [12]. While they demonstrated that total ghrelin concentrations are
increased during critical illness, they did not differentiate between the active (acylated)
and inactive form [12]. This is important as the majority of circulating ghrelin is in the
inactive form and is renally cleared, unlike the active form which undergoes organ-
independent enzyme metabolism with a short half-life of 10 min [13]. Inactive ghrelin
accumulates in renal failure [11], and Koch et al. demonstrated an inverse association
between renal function and ghrelin concentration in non-septic critically ill patients
[12]. In the only study to date to measure both active and inactive ghrelin in critical
illness, Crona and MacLaren demonstrated that compared to patients tolerating enteral
nutrition, patients with feed intolerance had higher concentrations of total ghrelin but
lower concentrations of active ghrelin [6]. These data suggest that while total ghrelin
concentrations may be elevated during critical illness, active ghrelin levels may be
decreased and contribute to slow gastric emptying. Studies into the effect of exogenous
ghrelin, or its agonists, to manage feed intolerance in this population are warranted.
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As well as influencing gut motility, there is mechanistic plausibility that ghrelin
may be protective in sepsis; in multiple animal models, exogenous ghrelin has been
found to downregulate proinflammatory cytokines [14], protect against endotoxae-
mia-induced acute kidney injury [15], ameliorate gut mucosal barrier function [16],
attenuate sepsis-induced acute lung injury [17] and improve tissue perfusion [18].
Exogenous ghrelin has not been evaluated as a therapy in the critically ill but has
been shown to reduce cachexia, increase appetite and improve exercise tolerance in
patients with cancer, heart failure, end-stage renal disease and chronic obstructive
pulmonary disease [19]. This is likely due to both anabolic growth hormone depen-
dent and independent effects, for example, improved appetite [4].

While growth hormone is suppressed in critical illness, trials with suprapharma-
cological doses of growth hormone have reported adverse outcomes [20]. Despite
this adverse effect of growth hormone administration, careful evaluation of ghrelin
therapy in the critically ill appears warranted to establish the effects on gastric emp-
tying, appetite and anabolism.

13.3 Motilin

13.3.1 Motilin in Health

Motilin is synthesised by M cells in the proximal duodenum and regulates the
fasting pattern of motility of the gut by binding to the motilin-specific G-protein-
coupled receptor [21]. Motilin is predominantly secreted in the interdigestive state,
and the peak plasma motilin concentration coincides with the onset of the antegrade
contractions during the fasting phase III-migrating motor complex [22].
Pharmacological concentrations of exogenously administered motilin accelerate
gastric emptying in healthy individuals and in patients with gastroparesis [23]. The
macrolide antibiotic erythromycin is a motilin receptor agonist and potently
stimulates gastric emptying which has led to its additional use as a gastric prokinetic
agent for the treatment of gastroparesis of multiple aetiologies [24].

13.3.2 Motilin in Critical Illness

Erythromycin potently stimulates gastric emptying in critically ill patients with
feed intolerance and large gastric residual volumes [25-27]. Tachyphylaxis to
stimulation of the motilin receptor develops quickly with erythromycin, and the
effects are diminished in 60 % of critically ill patients within 1 week of regular
administration [25]. While a more effective gastrokinetic drug than metoclo-
pramide, observational data indicate that erythromycin is administered less fre-
quently [28], perhaps because of concerns regarding adverse effects, such as the
potential to exacerbate bacterial resistance, interaction with other medications
metabolised by the cytochrome P450 3A4 system and prolongation of the QT
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interval [29]. For these reasons there is increasing effort to identify a selective
motilin receptor agonist without macrolide antibiotic properties for clinical use.
There are preliminary data from a small phase 2 study that a non-macrolide selec-
tive motilin receptor agonist accelerates gastric emptying in the critically ill com-
pared to placebo, and larger randomised controlled trials are keenly awaited [30].

13.4 Cholecystokinin

13.4.1 Cholecystokinin in Health

Cholecystokinin (CCK) is a peptide hormone secreted by I cells in the mucosa
of the duodenum and jejunum in response to dietary fat, protein and, to a lesser
extent, carbohydrates [31]. It binds to its specific G-protein-coupled receptor on
the gastric, gallbladder and small intestinal mucosa, vagal afferents and cen-
trally in the hypothalamus and hindbrain where it acts as a neuropeptide [32].
Endogenous CCK is the principal regulator of gallbladder contraction and has
been shown to slow gastric emptying, relax the sphincter of Oddi and stimulate
pancreatic enzyme secretion [33, 34]. Interaction of CCK with central satiation
receptors in the hypothalamus reduces hunger and energy intake [35].

13.4.2 Cholecystokinin in Critical Illness

Our group has previously demonstrated elevated fasting and nutrient-stimulated
plasma CCK levels in critical illness compared to healthy subjects [36]. Furthermore,
fasting plasma CCK concentrations were higher in critically ill patients with delayed
gastric emptying compared to those with normal emptying, suggesting a role for
CCK in the pathogenesis of delayed gastric emptying [37]. However, our experi-
ence from studies performed in healthy participants with normal rates of gastric
emptying is that the magnitude of acceleration that occurs when antagonising
endogenous hormones is much less than during administration of pharmacological
concentrations [38, 39]. Given that gastric emptying is slow in many patients and
can be due to many causes, our opinion is that CCK antagonists would have only a
modest effect on gastric emptying and feed intolerance in the critically ill.

There are preclinical data to suggest that endogenous cholecystokinin medi-
ates the beneficial immune and antiinflammatory effects attributable to enteral
nutrition in critical illness [40, 41]. In a rat model of haemorrhagic shock, CCK
released in response to an enteral lipid load activates immunomodulatory recep-
tors via vagal pathways, dampening the systemic inflammatory response and
attenuating gastric epithelial permeability and bacterial translocation [40, 41].
Further studies are required to characterise the effect of critical illness on plasma
CCK, the associations between plasma CCK and gastric emptying and the poten-
tial immunomodulatory role of CCK.
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Fig. 13.1 The incretin effect (Adapted from Nauck et al. [45]). There is a substantially greater
release of insulin in response to oral glucose as compared to an isoglycaemic intravenous infusion
of glucose. The difference between the plasma insulin, as demonstrated by the arrow, is the incretin
effect and is mediated by the enterohormones glucagon-like peptide 1(GLP-1) and glucose-
dependent insulinotropic polypeptide (GIP)

13.5 Glucagon-Like Peptide 1 (GLP-1)

13.5.1 GLP-1 in Health and Diabetes

GLP-1 is an incretin hormone stored in enteric L cells located predominantly in the
distal small intestine and colon and is secreted in response to luminal fat,
carbohydrate, protein and bile acids [42, 43]. Incretins are gut hormones that
potentiate insulin secretion after a meal in a glucose-dependent manner [44].
Together with glucose-dependent insulinotropic polypeptide (GIP), GLP-1 accounts
for the two to threefold greater insulinotropic response to an oral glucose load
compared to the equivalent intravenous glucose load (Fig. 13.1) [46]. The primary
physiological role of endogenous GLP-1 is to lower blood glucose [47] via direct
effects on pancreatic islet cell G-protein-coupled receptors to propagate secondary
messenger signals that stimulate insulin and suppress glucagon release and indirect
effects on the gut to slow gastric emptying and small intestinal motility [38, 47, 48].
The insulinotropic and glucagonostatic effect on the pancreatic o and p cells are
strictly glucose dependent such that below a blood glucose of ~6 mmol/L, even
pharmacological doses of GLP-1 (and its agonists) have little or no impact on blood
glucose [49]. In contrast, the ability of exogenously administered GLP-1 to slow
gastric emptying persists during hypoglycaemia [39]. GLP-1 receptors are expressed
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widely beyond the pancreas and gut including in the lung, kidney, skin, heart and
brain [50]. A detailed review of the extrapancreatic effects of endogenous GLP-1 is
beyond the scope of this chapter; however, GLP-1 is thought to play a role in regu-
lating appetite, learning and memory, preventing cardiac cell apoptosis, increasing
bone formation and decreasing dermal cytokine expression [51].

The glucose-dependent insulinotropic effect of GLP-1 is preserved in patients
with type 2 diabetes [52], making the GLP-1 receptor an attractive therapeutic target
in this group [53]. Native GLP-1 is rapidly metabolised by dipeptidyl peptidase-4
(DPP-4) predominantly on capillary endothelia, imparting the enterohormone with
a short half-life of 1-2 min [54, 55] which makes therapeutic delivery of native
GLP-1 impractical. This has led to the development of subcutaneously administered
GLP-1 receptor agonists that are resistant to DPP-4 degradation such as exenatide
and lixisenatide, as well as oral DPP-4 inhibitors such as sitagliptin, linagliptin and
vildagliptin that have now been incorporated into standard algorithms for the
management of type 2 diabetes [56].

13.5.2 GLP-1 in Critical Illness

In the critically ill, endogenous GLP-1 concentrations are increased [57-59] when
compared to nutrient-stimulated physiological levels in healthy persons [60]. There
appear to be associations between plasma concentration and biomarkers of
inflammation, illness severity [58] and feed intolerance [59]. Murine studies have
demonstrated inducible GLP-1 secretion by a range of inflammatory stimuli
including endotoxin, IL-1 and IL-6 [58, 61]. Interestingly, when systemic
inflammation is induced in healthy volunteers by a TNF-a infusion, there is no
demonstrable change in the incretin effect [62].

13.5.3 Therapeutic Potential of GLP-1-Based Therapy
in the Critically 11l

The rapid, organ-independent metabolism of a therapy that causes controlled, glu-
cose-dependent glucagon suppression and insulin release makes GLP-1 a promising
agent for the management of stress hyperglycaemia [43, 63]. To date, the use of
GLP-1 in the critically ill is limited to small studies to establish proof of principle,
albeit with promising results [64]. With pharmacological concentrations of intrave-
nous GLP-1, marked glucose lowering has been observed in patients with type 2
diabetes postcardiac surgery [65, 66]. In a heterogeneous cohort of mechanically
ventilated patients, exogenous GLP-1 has been observed to reduce the glycaemic
response to small intestinal nutrient delivery in patients with type 2 diabetes [67]
and to intragastric and intestinal nutrient delivery in patients without pre-existing
diabetes [68, 69]. In a small (n=18) randomised, double-blind, placebo-controlled
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crossover study in critically ill surgical patients, GLP-1 in combination with inten-
sive insulin therapy was also shown to reduce glycaemic variability when compared
to intensive insulin therapy alone [70].

Administration of the commercially available GLP-1 agonist exenatide is also
being explored. In an open-label, nonrandomised pilot study, Abuannadi and col-
leagues administered intravenous exenatide to 40 patients following major cardiac
surgery [71]. Intravenous exenatide was associated with significantly reduced glycae-
mic variability compared to conventional intravenous insulin therapy and achieved
equipotent blood glucose lowering with no episodes of severe hypoglycaemia [71].
Exenatide has also been administered subcutaneously in an open-label study in paedi-
atric burn patients where it was shown to reduce exogenous insulin requirements [72].

While GLP-1 and its agonists have an inherently low risk of hypoglycaemia,
there is a dose-dependent relationship between GLP-1 and the slowing of gastric
emptying, and this has raised concerns that pharmacologically induced slower
emptying may predispose to aspiration in mechanically ventilated critically ill
patients [63]. Somewhat reassuringly, in a population of nondiabetic critically ill
patients, our group has demonstrated that acute infusion of GLP-1 at pharmacological
concentration slows gastric emptying when gastromotor function is normal at base-
line but has no effect when gastric emptying is already delayed [68].

There have been no human studies into the therapeutic potential of DPP-4
inhibitors in the critically ill which may be due to their oral route of administration
and resultant variable pharmacokinetics.

Whether GLP-1, its agonists or the DPP-4 inhibitors could be used as stand-
alone therapy or in combination with insulin for the management of stress
hyperglycaemia warrants further investigation.

13.6 Glucose-Dependent Insulinotropic Polypeptide (GIP)

13.6.1 GIP in Health and Type 2 Diabetes

Glucose-dependent insulinotropic polypeptide, previously known as gastric
inhibitory polypeptide, is secreted from duodenal and jejunal K cells in response to
luminal fat and carbohydrate [44]. GIP exerts its incretin effect through distinct
G-protein-coupled receptors that are highly expressed in islet B-cells, and like GLP-
1, the insulinotropic action of GIP is strictly glucose dependent [44]. GIP also has
glucose-dependent effects on the a-cell, dose dependently stimulating glucagon
secretion during hypo- and euglycaemia with no effect during hyperglycaemia [73].
GIP has no direct enterogastrone effect on either gastric acid secretion or gastric
emptying but may slightly accelerate gastric emptying via indirect mechanisms
through lowering systemic glycaemia [32]. GIP receptors are expressed widely and
have been identified in the fat, bone, brain and cardiac tissue with in vitro and
murine studies, suggesting potential roles for GIP in triglyceride metabolism, bone
formation and neuroprotection [44]. GIP is also metabolised by DPP-4 with a resul-
tantly short half-life of ~4 min [74].
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Unlike GLP-1, the insulinotropic effect of GIP is profoundly reduced in patients
with type 2 diabetes and long-standing chronic hyperglycaemia [45]. This is likely
due, at least in part, to the direct toxic effects of chronic hyperglycaemia downregulat-
ing GIP receptor expression on the 3-cell [75], an effect which may be reversible with
Hdojberg et al. reporting that the insulinotropic property of GIP increased severalfold
following 4 weeks of near-normal glycaemia in patients with type 2 diabetes [76].

13.6.2 GIP in Critical Illness

It does not appear that critical illness alters fasting or nutrient-stimulated GIP levels
[57,77]. There is a persuasive rationale for a potential therapeutic role for exogenous
GIP in the management of stress hyperglycaemia, specifically its inherent safety
profile; it stimulates glucagon release during hypoglycaemia and insulin release
during hyperglycaemia and does not slow gastric emptying [78, 79].

In the only studies in the critically ill to date, our group has investigated GIP both
as a solo agent and in combination with GLP-1 for the management of stress
hyperglycaemia [78, 80]. Consistent with the lack of effect in patients with type 2
diabetes, we have shown that GIP has a negligible effect on glycaemia, gastric
emptying, glucose absorption, insulin or glucagon secretion during critical illness
[80] and provides no additional glucose lowering or insulinotropic effect when
administered in conjunction with GLP-1 [78]. Together, these data suggest that
future studies should focus on GLP-1 or its agonists, rather than GIP for the
management of stress hyperglycaemia.

13.7 Glucagon-Like Peptide-2

13.7.1 GLP-2 in Health

GLP-2 is co-secreted with GLP-1 in response to luminal nutrient from L cells that
are located primarily in the distal ileum and colon [81]. GLP-2 is a pleiotropic hor-
mone influencing multiple facets of intestinal physiology, the foremost of which is
stimulation of intestinal mucosal growth in the small and, to a lesser extent, the
large bowel [82]. GLP-2 acts through G-protein-coupled receptors primarily located
in the small intestine [82]. While the receptor has been demonstrated on gastrointes-
tinal endocrine cells, enteric neurons and myofibroblasts, its absence on both crypt
epithelial cells and enterocytes suggests an indirect mechanism of its primary intes-
tinotrophic action [81]. Like GLP-1 and GIP, GLP-2 is rapidly inactivated by the
ubiquitous enzyme DPP-4, conferring a short half-life of ~7 min [83].

The majority of the gastrointestinal effects of GLP-2 have been elucidated
following exogenous administration of GLP-2 or degradation-resistant GLP-2
analogues such as teduglutide. The intestinotrophic effects of GLP-2 are mediated
via an increase in intestinal crypt cell proliferation, a reduction in villous cell
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apoptosis and improved mesenteric blood flow, collectively increasing mucosal
mass and surface area with an accompanied increase in intestinal digestive and
absorptive capacity [81, 83]. GLP-2 administration also decreases gastric acid
secretion and is glucagonotropic, but unlike GLP-1 has no effect on insulin secre-
tion, gastric emptying or postprandial glycaemia [4].

13.7.2 Therapeutic Role of GLP-2 in Gastrointestinal Disease

Exogenously administered GLP-2 and GLP-2 analogues significantly improve mor-
bidity and increase gastrointestinal absorptive capacity in a diverse range of preclini-
cal intestinal injury models, including small bowel resection [84], enteritis [85],
necrotizing pancreatitis [86] and ischaemic-reperfusion injury [87]. Furthermore,
GLP-2 enhances epithelial barrier capacity, decreasing transcellular and paracellular
permeability and reducing bacterial translocation [81, 86, 88]. These promising pre-
clinical results encouraged human trials of the GLP-2 analogue, teduglutide, which
has since gained FDA approval for the management of short bowel syndrome after
demonstrating increased gastrointestinal absorptive capacity and a reduction in faecal
weight, energy expenditure and total parenteral nutrition (TPN) requirement [89].

13.7.3 Therapeutic Potential of GLP-2 in Critical Illness Implicate

Critically ill patients fasted for >4 days, demonstrating significant duodenal muco-
sal atrophy and increased gut permeability [90], and bacterial translocation has been
implicated to play a role in the development of sepsis and multi-organ failure [91].
The physiological concentrations and potential effects of pharmacological concen-
trations of GLP-2 are yet to be studied in the critically ill. It is plausible that during
critical illness the administration of GLP-2 may attenuate mucosal atrophy, improve
nutrient absorption and reduce secondary infections.

13.8 Peptide YY

13.8.1 Peptide YY in Health

Peptide YY (PYY) also known as peptide tyrosine-tyrosine is secreted by L cells
located throughout the gastrointestinal tract but with the highest density in the colon
[92]. PYY is released in response to enteral nutrient with fat being the most potent
stimulus [93]. As PYY levels increase within 15 min of meal ingestion, an indirect
mechanism mediated via CCK-dependent pathways has been proposed to initiate
the initial secretory response which is later maintained via direct enteral stimulation
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of the lower gastrointestinal tract [93]. PYY exerts predominantly inhibitory
functions in health, slowing gastric and gallbladder emptying and inhibiting gastric
acid and pancreatic exocrine secretion [32]. PY'Y receptors are also located centrally,
and exogenous PYY has been shown to be anorectic, inhibiting appetite and energy
intake in overweight humans [94].

13.8.2 PYY in Critical Illness

Fasting and nutrient-stimulated PY'Y concentrations are elevated two to threefold in
critical illness which progressively normalise as critical illness resolves [95]. The
PYY response is substantially greater in those critically ill patients with feed
intolerance, suggesting a role for PYY in critical illness-induced delayed gastric
emptying [96]. This highlights a potential role for PYY receptor antagonists in the
management of feed intolerance in the critically ill; however, at present there are no
PYY antagonists available for clinical use.

13.9 Conclusion

The secretion of a number of enterohormones is disordered in the critically ill which
may mediate abnormalities in motility and glycaemia while also potentially serving
a protective role, dampening inflammation and modulating the enteral immune
response. There are over 30 recognised enterohormones, and therapeutic
manipulation of specific enterohormones or their receptors is a burgeoning area of
critical care research with promising preclinical data and an increasing number of
small clinical trials. Further characterisation of the effect of critical illness on the
endocrine gut and how it can be manipulated to improve outcomes in critical illness
warrants evaluation.
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