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Abstract
The endocrine pancreas is comprised of the islets
of Langerhans which contain beta cells that
secrete insulin and amylin, alpha cells that secrete
glucagon, delta cells that secrete somatostatin,
pancreatic polypeptide cells that secrete pancre-
atic polypeptide, and epsilon cells that secrete
ghrelin. The islets have a complex innervation
and capillary network that enables communica-
tion and coordination of hormone secretion to
regulate glucose and nutrient homeostasis.

Keywords
Islets • beta cell • insulin • alpha cell • gluca-
gon • amylin • ghrelin

Contents
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

Beta Cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
Insulin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
Amylin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

Alpha Cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
Glucagon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
Glucagon-Like Peptides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Delta Cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
Somatostatin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

PP Cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
Pancreatic Polypeptide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Epsilon Cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
Ghrelin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
Islet Cell Transplantation, Future Directions . . . . . . . . . 53

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

Introduction

The endocrine pancreas is comprised of the islets
of Langerhans and is functionally separate from the
exocrine pancreas. While the exocrine pancreas is
responsible for secreting digestive enzymes for
nutrient absorption, the endocrine pancreas regu-
lates glucose and nutrient homeostasis and metab-
olism. Adults have approximately one million
islets that constitute 1–2% of pancreatic mass.

The majority (~70%) of islet cells are beta (β)-
cells which are located centrally in the islet and
are surrounded by alpha (α)-cells, delta (δ)-cells,
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pancreatic polypeptide (PP) cells, and ε-cells
(Table 1).

β-cells secrete insulin and amylin, α-cells
secrete glucagon, δ-cells secrete somatostatin,
PP cells secrete pancreatic polypeptide, and
ε-cells secrete ghrelin. The islets have a rich vas-
cular supply and receive 5–10 times more blood
compared to a similar volume of exocrine tissue.
This vascular supply enables secreted hormones
to access the circulation quickly. The islets have a
complex innervation and capillary network, such
that all islet cells communicate with each other via
gap junctions or paracrine signaling, allowing the
islets to integrate the hormonal response and func-
tion as a coordinated secretory unit. For example,
the central location of β-cells and the direction of
blood flood flow from center to periphery allows
insulin-secreting cells to exert a tonic inhibitory
effect on glucagon-secreting α-cells. Disruption
of the balance between insulin and glucagon in
controlling glucose homeostasis is a contributing
factor to the development of diabetes.

This chapter will discuss the functions of each
islet cell’s hormones and their roles in glucose and
nutrient homeostasis.

Beta Cell

Insulin

Insulin Secretion
Insulin is a 51-amino acid peptide that is synthe-
sized within the β-cells of the islets. Preproinsulin
is synthesized in the rough endoplasmic reticulum
of β-cells and is quickly cleaved to proinsulin,
which is transported to the Golgi apparatus for

packaging in secretory granules. Clathrin-coated
vesicles containing proinsulin can fuse directly
with the cell membrane prior to vesicle maturation
(constitutive pathway) or can fuse with endosomes
before release (constitutive-like pathway) (Fig. 1).
However, only a small amount (less than 10%) of
proinsulin is secreted unregulated through these
pathways; most proinsulin will follow the secre-
tory pathway, where proinsulin is converted
to insulin and C-peptide by cleavage enzymes
[1]. The secretory granules then fuse with
the cell membrane, and insulin and C-peptide
are exocytosed in equimolar amounts, making
C-peptide a useful marker of endogenous insulin
secretion.

After it was discovered that C-peptide had no
insulin-like activity, it was presumed to have no
biological activity. However, in the past 20 years,
research has shown that C-peptide not only has
biological activity but may have beneficial effects
in improving microvascular complications of type
1 diabetes. C-peptide binds to cell membranes,
resulting in increases of intracellular calcium con-
centrations and activation of nitric oxide synthase
in endothelial cells, leading to nitric oxide release
[2]. There is also evidence of a direct relationship
between C-peptide levels and sodium, potassium-
ATPase activity: sodium, potassium-ATPase activ-
ity is reduced proportionally to the reduction in
C-peptide level, and C-peptide stimulates sodium,
potassium-ATPase activity [3]. C-peptide has also
been shown to have anti-inflammatory and antiox-
idant activity, bymediating a negative effect on the
nuclear factor kappa β pathway, and a reduction in
reactive oxygen species [4]. C-peptide also
downregulates expression of VEGF [5], TGF-β
[6], PAI-1 [7], ICAM, and VCAM [8]. In clinical
studies, treatment with C-peptide improved symp-
toms of sensory neuropathy and vibration percep-
tion [9, 10], and reduced albuminuria excretion
and glomerular hyperfiltration in patients with
early nephropathy [11]. In streptozoticin diabetic
rats, C-peptide prevented retinal vascular leakage
[5, 12]. Thus, treatment with C-peptide shows
promise as a therapeutic approach for type 1 diabe-
tes; however, more research is needed to identify
its cell membrane receptor and its normal
physiological role.

Table 1 Islet cell types

Cell type
Percentage of
total Hormone

Alpha (a) 15–20 Glucagon, ghrelin

Beta (β) 65–80 Insulin, amylin

Delta (δ) 3–10 Somatostatin

PP 1 Pancreatic
polypeptide

Epsilon (ε) 1 Ghrelin
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The total amount of insulin secreted at any
given time reflects the sum of the insulin secreted
by individual islets. Glucose is the main regulator
of insulin secretion. Increases in glucose, either
due to an ingested meal or intravenous glucose,
lead to a rapid release of insulin that lasts about
10 min – the first phase insulin response. The
second phase insulin response is a prolonged pla-
teau of insulin secretion (from both stored insulin
and newly synthesized insulin) that lasts as long as
the blood glucose remains elevated. In type 2 dia-
betes, the first phase insulin response, to both oral
and intravenous glucose, is lost early in the dis-
ease, indicating beta cell dysfunction. However,
in the same subjects with diabetes, the first phase
response to iv arginine is intact, demonstrating
that the loss of glucose-stimulated first phase insu-
lin secretion is due to failure to transduce a
glucose-associated signal. Sustained levels of
high glucose stimulation result in a reversible

desensitization of the beta cell response to glucose
(“glucose toxicity”), but not to other stimuli.

Insulin is secreted at a rate that depends
partly on the blood concentration of glucose.
The “fuel hypothesis” states that the intracellu-
lar glucose concentration determines the rate of
glucose metabolism, and the rate of glucose
metabolism determines the rate of insulin secre-
tion (Fig. 2) [13].

Metabolism of glucose increases the ATP:
ADP ratio. ATP interacts with ATP-dependent
potassium channels to close the channels, lead-
ing to depolarization of the membrane potential
and opening voltage-gated calcium channels.
The cytoplasmic calcium concentration rises,
resulting in activation of protein kinases, fusion
of insulin secretory granules to the cell mem-
brane, and exocytosis of insulin, i.e., insulin
secretion. First phase insulin response is due to
immediate release of insulin secretory vesicles

Fig. 1 Insulin biosynthesis and secretion
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that are “docked” and “primed” at the β-cell
membrane, awaiting glucose-dependent calcium
signal, while the second phase represents replen-
ishment of exocytosis-competent secretory
vesicles.

Sulfonylureas are able to bind to receptors on
the potassium-ATP channels, causing closure of
the channels and increasing insulin release. Trans-
genic mice whose potassium-ATP channels have
reduced sensitivity to ATP (and thus channels are
not able to close) develop hypoinsulinemia,
severe hyperglycemia, and ketoacidosis shortly
after birth [14]. Mutations in the sulfonylurea
receptor gene (SUR1) or the Kir6.2 gene that
encodes the potassium channel subunit have
been identified in causing neonatal diabetes
mellitus. Treatment with high-dose sulfonylureas
in these patients will improve glycemic control, as
sulfonylureas will still close the mutated
potassium-ATP channels [15, 16].

Glucose enters the β-cell through glucose
transporters, GLUT2, which are constitutively
expressed on the plasma membranes of islets.
Chronic exposure to hyperglycemia increases
GLUT2 expression. Glucokinase phosphorylates
glucose to glucose-6-phosphate in the rate-
limiting step in glycolysis. Thus, since insulin
secretion is proportional to the rate of glucose
metabolism, which is determined by the actions
of GLUT2 and glucokinase, their combined
actions form a physiological “glucose sensor.”
Mutations in the glucokinase gene can cause

either hyperglycemia or hypoglycemia by altering
the rate of glucose metabolism. Heterozygous
mutation of the glucokinase gene results in one
of the forms of mature-onset diabetes of the young
(MODY2) [17].

Other factors regulating insulin secretion
include surrounding nutrients (free fatty acids,
amino acids), endocrine hormonal inputs (e.g.,
glucagon), neural activity within the islets, and
interactions between the islets.

Nutrients and Insulin Secretion
The principal role of the pancreatic hormones is to
regulate the uptake and release of metabolic fuels
from hormone-sensitive tissues, liver, muscle, and
fat. Insulin secretion is stimulated after meals,
when nutrient levels in the blood are high. Gluca-
gon secretion is inhibited, and high insulin:gluca-
gon ratio promotes nutrient storage. During
fasting, when stored fuel energy is needed, insulin
secretion is inhibited, glucagon secretion is stim-
ulated, and low insulin:glucagon ratio promotes
nutrient release from storage.

Lipids and Insulin Secretion
Free fatty acids, also known as nonesterified fatty
acids, are an important energy source for many
tissues of the body. In addition, they are metabo-
lized in β-cells where they also serve as important
signaling molecules regulating β-cell function.
Acute exposure to free fatty acids increases both
basal and glucose-stimulated insulin secretion.
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Fig. 2 Schematic View of fuel hypothesis
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However, chronically elevated free fatty acid
levels, as seen in patients with type 2 diabetes
mellitus, may have deleterious effects on β -cell
function and contribute to β -cell dysfunction and
insulin resistance [18].

High glucose and insulin levels lead to Krebs
cycle activation, resulting in increased citrate and
acetyl-CoA, which are converted to malonyl-CoA
via acetyl-CoA carboxylase. Malonyl-CoA is a
potent inhibitor of carnitine palmitoyltrasnferase-
I (CPT-I), the outer mitochondrial membrane
enzyme that transports fatty acyl-CoA into the
mitochondria, thereby playing a central role in
the balance between mitochondrial glucose and
fatty acid metabolism. CPT-I inhibition leads to an
increase in cytoplasmic fatty acyl-CoA, which
ultimately increases insulin secretion (Fig. 3).

The accumulation of lipids in muscle leads to
insulin resistance [19]. Insulin resistance is
defined as impaired insulin-stimulated glucose
disposal. Obese subjects who are insulin resistant
require higher concentrations of insulin to main-
tain normoglycemia. Insulin-resistant individuals
who have beta cell dysfunction and are unable to
attain the compensatory insulin response will
develop hyperglycemia and type 2 diabetes.

Neural Regulation of Insulin Secretion
The islets are richly innervated by autonomic and
sensory nerves. Insulin secretion is enhanced by
stimulation of parasympathetic nerves and
inhibited by sympathetic nerve stimulation. Sen-
sory pathways are generally inhibitory. Additional
neural pathways mediate direct enteropancreatic
interactions.

The first phase insulin response, also known as
the cephalic phase of insulin secretion, is triggered
by the sight, smell, and anticipation of food. This
phase is abolished by vagotomy or by ganglionic
blockade with muscarinic antagonists, demon-
strating that it is mediated by cholinergic neurons
of the parasympathetic system. Administration
of trimethaphan, a ganglionic blocker, leads to
reduction of insulin response and consequently
postprandial hyperglycemia at 25–60 min after
meal ingestion [19]. Conversely, giving a small
amount of insulin in the first 15 min of meal
ingestion improves glucose tolerance.

Insulin secretion from the pancreas is pulsa-
tile, suggesting synchronization between the
islets. Blocking pancreatic ganglia abolishes this
synchronization. Individuals with impaired glu-
cose tolerance and type 2 diabetes lack oscillatory
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Fig. 3 Malonyl-CoA inhibits CPT-I leading to rise in cytoplasmic fatty acyl-CoA available to enhance insulin
secretion [13]
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insulin secretion, suggesting its clinical
importance.

The parasympathetic nerves innervating the
islets originate in the dorsal motor nucleus of the
vagus. Pregangliionic fibers traverse the vagus in
the bulbar outflow tract and the hepatic and gastric
branches of the vagus. They enter the pancreas
and terminate in intrapancreatic ganglia, from
which postganglionic fibers emerge to innervate
the islets. Postganglionic nerve terminals contain
acetycholine, gastrin-releasing peptide (GRP),
vasoactive intestinal polypeptide (VIP), and pitu-
itary adenylate cyclase-activating polypeptide
(PACAP), which bind to their respective G
protein-coupled receptors, ultimately leading to
increased levels of cAMP and phospholipase acti-
vation [20]. Vagal activation stimulates insulin
secretion. Stimulation of postganglionic fibers
releases acetylcholine, which binds to M3 musca-
rinic receptors on islet cells.

At times of physiological stress (such as
prolonged fasting, exercise, hypoglycemia,
hypovolemia), maintaining blood glucose levels
becomes vitally important. Glucose output by the
liver plays the main role, stimulated in part by the
counterregulatory hormones cortisol, epineph-
rine, and growth hormone. In addition, activation
of local sympathetic nerves stimulates glucagon
secretion, and concurrently inhibits insulin secre-
tion. The decreased insulin:glucagon ratio triggers
hepatic glucose production and output.

The adrenergic nerves innervating the islets
originate from the hypothalamus and its postgan-
glionic fibers and are derived from the celiac
ganglion and paravertebral sympathetic ganglia.
Postganglionic nerve terminals contain norepi-
nephrine, galanin, and neuropeptide Y (NPY).
Norepinephrine-induced inhibition of insulin
secretion is mediated via α2-adrenoreceptor acti-
vation leading to hyperpolarization of the β-cell
through opening of the ATP-dependent potassium
channels. This prevents the increase in intracellu-
lar calcium that is needed for exocytosis of
insulin-secretory granules. In addition, there is
inhibition of cAMP formation [21].

The islets are also innervated by sensory affer-
ent nerves containing calcitonin gene-related pep-
tide (CGRP) and substance P. CGRP has an

inhibitory effect on insulin secretion that is medi-
ated by a reduction in islet cAMP, which probably
reflects α2-adrenoreceptor activation. CGRP also
stimulates glucagon secretion. The actions of sub-
stance P in the islets are not well known, with both
stimulatory and inhibitory effects reported. Other
nerves that innervate the islets include neurons
that contain nitric oxide synthase and cholecysto-
kinin (CCK), both of which stimulate insulin
secretion. In addition, nerves originating in the
duodenal ganglia directly innervate islets and
probably play roles in enteropancreatic neural
mechanisms.

Intracellular Pathways and Insulin
Secretion
Neurotransmitters and hormones bind to specific
cell surface receptors activating second messen-
ger systems that regulate insulin secretion. As
mentioned above, binding of VIP, PACAP,
GLP-1, and GIP to their respective G protein-
coupled receptors generates cAMP and magnifies
insulin secretion. Conversely, norepinephrine
binding to its inhibitory G protein-coupled recep-
tor inhibits cAMP formation and ultimately insu-
lin secretion.

Cyclic AMP increases intracellular calcium
both directly, by activating L-type calcium chan-
nels, and indirectly, by activating protein
kinase A, which phosphorylates and closes potas-
sium channels that depolarize the plasma mem-
brane potential. In addition, cAMP sensitizes the
insulin-secretory machinery by shifting the dose-
response curve of calcium–induced insulin secre-
tion to lower calcium concentrations. Protein
kinase A also rapidly phosphorylates a set of pro-
teins that potentiate insulin secretion. Finally,
cAMP stimulates insulin gene transcription both
directly, by binding to a cAMP response element
of the insulin promoter, and indirectly, by phos-
phorylating a cAMP response element-binding
protein (Fig. 4).

Three phospholipases in β-cells play roles in
regulating insulin secretion: phospholipase A2, C,
and D. Phospholipase C activation from acetyl-
choline binding to its G protein-coupled receptor
hydrolyzes membrane-bound phospholipids to
inositol triphosphate (IP3) and diacylglycerol
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(DAG). IP3 then signals intracellular stores of
calcium to be released. DAG-activated protein
kinase C phosphorylates proteins that ultimately
amplify glucose-stimulated insulin secretion.
DAG also increases the pool of insulin-secretory
granules that can be exocytosed and activates
DAG lipase, which liberates arachidonic acid
from phospholipids. Arachidonic acid amplifies
insulin secretion by increasing voltage-dependent
calcium entry, as well as by mobilizing calcium
from intracellular stores via protein kinase C.

Amylin

Amylin, also known as islet amyloid polypeptide,
is a 37 amino-acid peptide hormone that was
discovered in 1986 as a major component of islet
amyloid deposits. Amylin is cosecreted with insu-
lin by β-cells in a 15:1 ratio (insulin:amylin). Its

secretion is stimulated by glucose, arginine, and
free fatty acids. Amylin levels increase after a
meal, while fasting decreases its levels. Major
effects of amylin include suppression of glucagon,
reduction of blood glucose, reduction in food
intake, and slowed gastric emptying (Fig. 5).

Amylin receptors are closely related to calcito-
nin receptors, as they consist of a complex of the
calcitonin receptor and a receptor activity-
modifying protein (RAMP). There are three
types of RAMPs and several splice variants of
the calcitonin receptor, leading to many possible
amylin receptor subtypes. Amylin binding sites
are present in the lung, stomach, spleen, and
brain, especially the brainstem. Amylin, with lep-
tin, has been shown to overcome leptin resistance
and reduce food intake in obese rats [24].

Pramlintide is a synthetic analogue of amylin
that is as potent as human amylin, and has been
developed and studied as an agent for type 1 and
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type 2 diabetes and obesity. Though most of
amylin research is focused on food intake and
weight regulation, amylin is also being studied
in Alzheimer’s disease. Lower levels of amylin
are found in patients with Alzheimer’s disease,
and administration of amylin or pramlintide to
animals showed improvement in learning and
memory, decreased markers of inflammation,
and increased markers of synaptic formation [25].

Alpha Cell

Glucagon

Glucagon is synthesized in α -cells and is derived
from a large precursor prohormone,
preproglucagon, which is cleaved by specific
prohormone convertase enzymes, yielding bio-
logically active hormones. In α-cells, prohormone
convertase 2 cleaves preproglucagon, resulting in
glucagon and a major proglucagon fragment. In

L-cells in the intestine, prohormone convertase
1 cleaves the prohormone, resulting in formation
of GLP-1 and GLP-2. Additional peptides derived
from preproglucagon include glicentin and
oxyntomodulin (Fig. 6).

Glucagon was discovered in 1923 [26] when
transient hyperglycemia was initially observed
after crude pancreatic extracts (that were con-
taminated with glucagon) were given to ani-
mals. The name glucagon was abbreviated
from “glucose agonist.” Glucagon secretion is
stimulated by hypoglycemia and suppressed by
hyperglycemia, and thus plays a central role in
the maintenance of blood glucose concentra-
tions. Glucagon levels rise with fasting and
exercise. During hypoglycemia, insulin levels
are low, releasing glucagon from tonic suppres-
sion, and glucagon is one of the first hormones
secreted in response to falling glucose concen-
trations. Other counterregulatory hormones,
such as catecholamines and cortisol, also play
roles in increasing glucose concentrations in
response to hypoglycemia. Additional positive
regulators of glucagon include sympathetic
nerve stimulation, CCK, and GIP, while inhibi-
tors of glucagon secretion include somatostatin,
hyperglycemia, and increased levels of fatty
acids (Table 2).

The main site of glucagon action is the liver,
where glucagon binds to its G-protein coupled
receptors on hepatocytes, leading to production
of cAMP via adenylate cyclase. This leads to
activation of protein kinase A, phosphorylase
kinase, and phosphorylase. The result is stimula-
tion of gluconeogenesis and glycogenolysis and
inhibition of glycolysis, to increase hepatic glu-
cose output (Fig. 7) [27].

Glucagon also regulates lipid metabolism; in
adipocytes, glucagon acts via increased cAMP to
stimulate lipolysis, while inhibiting glucose
uptake, thereby decreasing triglyceride synthesis.
Glucagon also stimulates hepatic fatty acid
oxidation [28].

While diabetes was initially considered to be a
disease of solely insulin deficiency, it is now
accepted that disruption of glucagon secretion
(namely excess) is a contributing factor to the
development of diabetes. In both type 1 and type
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2 diabetes, there is chronic hyperglucagonemia
despite hyperglycemia that contributes to both
fasting and postprandial hyperglycemia. In addi-
tion, there is an impaired glucagon response to
hypoglycemia, the mechanisms of which are not

known, but can have dangerous consequences. α
-cell mass is increased in both type 1 and type
2 diabetes, and α-cell archtitecture is also altered,
which presumably affects islet communication and
contributes to abnormal glucagon secretion [29].

Table 2 Major regulators of glucagon secretion

Stimulators Inhibitors

Decreased plasma glucose levels Elevated plasma glucose levels

Catecholamines Insulinc

Gastrin Somatostainc

Cholecystokinin Increased levels of circulating fatty acids

Gastric inhibitory polyeptide Gamma-aminobutyric acid (GABA)

Amino acids (such as: argininea, alanineb, cysteineb, serineb, glycineb)

Glucocorticoids

Pituitary adenylate cyclase activating peptide (PACAP) [32]

Sympathetic and parasympathetic stimulation
aStimulates both glucagon and insulin release
bStimulates mainly glucagon release
cDirect inhibition of a cells
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Fig. 7 Mechanism of Glucagon action
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Glucagon-Like Peptides

As mentioned above, GLP hormones are derived
from the same preproglucagon gene that yields
glucagon, via a different cleavage enzyme, PC1,
that is present in L-cells in the intestine. GLP-1 is
the major GLP to consider. GLP-1 belongs to a
class of incretin hormones, which are responsible
for 70% of insulin response to an oral glucose
load. Its actions include stimulating insulin secre-
tion, reducing glucagon secretion, promoting sati-
ety, and delaying gastric emptying, all of which
are desirable characteristics for a diabetes agent.
Its half-life is short (few minutes) due to rapid
degradation by dipeptidyl peptidase-4 (DPP-4)
enzyme, and prolonging GLP-1 action by either
inhibiting DPP-4 or by creating an agonist resis-
tant to degradation has become attractive targets
for diabetes agents.

Delta Cell

Somatostatin

Delta cells comprise 5–10% of islet cell volume
and secrete somatostatin. Actions of somatostatin
include inhibiting gastric hormones (such as gas-
trin, CCK, secretin, GIP), inhibiting glucagon and
insulin, and decreasing the rate of gastric empty-
ing. Its concentration in the blood increases after
meals, as a consequence of both gastrointestinal
and pancreatic secretions. Intravenous administra-
tion of somatostatin inhibits insulin secretion, as
well as exocrine pancreatic secretion. However,
the precise role of somatostatin in islet function
has not been determined. Somatostatin receptors
are present on islet β and α cells, suggesting that
somatostatin may have a direct role in regulating
insulin and glucagon secretion.

In the anterior pituitary, somatostatin inhibits
release of growth hormone, thyroid stimulating
hormone, and prolactin. Somatostatin and its
receptors are found in all neuroendocrine tissues,
as well as in the central and peripheral nervous
systems. The somatostatin gene encodes two bio-
logically active peptides, named somatostatin-14
and somatostatin-28, reflecting the number of

amino acids present. In islets, δ-cells release
mostly somatostatin-14, while intestinal cells
release somatostatin-28. In addition to acting as
hormones, these peptides act as neurotransmitters,
neuromodulators, and local paracrine regulators.
Their diverse physiological actions include mod-
ulation of islet hormone secretion, neurotransmis-
sion, smooth muscle contractility, and cell
proliferation [29].

PP Cell

Pancreatic Polypeptide

PP cells are mostly located ventrally in the islets,
with scattered, individual cells containing PP in
exocrine tissue. PP is secreted in response to food
intake, with levels increasing 100% above base-
line during tasting or chewing food. Its main
action appears to be reducing gastric emptying
and motility which leads to delaying insulin secre-
tion. In addition to a gastric stimulus, PP is also
under vagal regulation; its secretion is stimulated
by cholinergic agents and inhibited by anticholin-
ergic agents. Thus, PP cells play an important role
in the “gut-brain” axis [30].

Epsilon Cell

Ghrelin

Epsilon cells originate from neurogenin3 (ngn3)-
expressing precursor cells, which are common to
the other four islet cell types. Epsilon cells com-
prise up to 30% of islet cells during gestation, but
are reduced to less than 5% at birth, and less than
1% in the adult pancreas [31]. Epsilon cells pro-
duce only ghrelin, however the main source of
ghrelin production is the stomach. Ghrelin is a
28 peptide hormone that was originally found in
rat stomach as an endogenous ligand for growth
hormone secretagogue receptor, and its name is
derived from the Proto-Indo-European word root
“ghre”meaning “to grow” [32]. Ghrelin receptors
are mainly expressed in hypothalamus, pituitary,
first trimester human placenta, and germ cells.
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Ghrelin, however, also has actions in
nonhypothalamic brain areas, adipose tissue, and
the heart (Fig. 8).

Ghrelin stimulates appetite, and its concentra-
tion is increased during fasting and reduced after
eating, giving ghrelin its nickname as the “hunger
hormone” However, the actions and effects of
ghrelin are much more complex than its effect
on food intake. Other reported effects of
ghrelin include regulation of glucose metabolism
(decreases insulin secretion), suppression of brown
fat metabolism (and increasing lipogenesis), mod-
ulation of sleep and stress, and improvements in
cardiac function (vasodilatation, cardiac output)
[33]. Ghrelin levels are lower in obese and
insulin-resistant subjects and higher in patients
with weight loss due to exercise or anorexia.
Patients who undergo bariatric surgical procedures
(Roux-en-Y, sleeve gastrectomy, gastric banding)

have lower levels of ghrelin, which is thought to
contribute to the weight-reducing effect and suc-
cess of the procedure [34].

The role of ghrelin within the pancreas is not
known; one hypothesis is that ghrelin is important
for islet development and growth, given its abun-
dance in the fetal pancreas [33].

Islet Cell Transplantation, Future
Directions

While islet transplantation was first successfully
performed to correct hyperglycemia in diabetic
mice in the 1970s, islet cell transplantation in
human subjects did not occur until the 1990s,
after improved methods to isolate and purify
large quantities of islets were developed. How-
ever, islet cell transplantation in the 1990s were

Hypothalamus
Non-Hypothalamic Brain Areas

Sympathetic nervous system

BAT

Heart

Stomach

Pituitary

Pancreas

Liver

Intestine

Adipose tissue

- appetite↑
- food intake↑

- growth hormone↑

- cardiac output↑
- cardiac contractility↑
- vasodilatation↑

- gastric emptying↑
- gastric motility↑
- gastric acid secretion↑

- ACTH↑

- lipid sensing

- taste sensation
- reward behavior
- olfaction and sniffing
- learning and memory
- depression
- sleep/wake rhythm
- neuroprotection

- SNS activity ↓

- thermogenesis ↓

- insulin secretion↓
- insulin sensitivity↑

- IGF1↑

- Intestinal motility↑

- glucose metabolism

- lipid oxidation ↓
- lipogenesis ↑
- Inflammation ↓

Fig. 8 Physiologic effects of ghrelin [33]
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performed with a low success rate (9%). In 2000,
the Edmonton Protocol [35] reported successful
islet cell transplantation in seven patients, each of
whom received islets from two donors, followed
by steroid-free immunosuppressive therapy.
Long-term follow-up reported that all patients
demonstrated islet cell function (measured by
C-peptide) though three patients received an addi-
tional islet transplant [36]. The Collaborative Islet
Transplant Registry (CITR) reported 44% of
transplant recipients (of 677 total islet transplants)
were insulin independent at 3 years post trans-
plant, from 2007 to 2010, compared to 27% in
1999–2002.

Islet donor availability is one of the
main reasons limiting islet transplantation.
Transplanted islet mass requires two or more
donors, and the amount of pancreatic mass
transplanted does not correlate with graft func-
tion due to variable loss of functioning islets
during the transplantation procedure. Isolating
islets from exocrine pancreas tissue without dam-
aging them and culturing islets are challenging
processes. Islets require abundant vasculature,
especially in the immediate post-transplant
state. Transplantation into the liver provides the
needed vascular supply, however oxygen tension
is not as optimal as in the pancreas, and it is
estimated that 50% or more of transplanted islets
do not survive transplantation [37]. Another
obstacle to islet transplantation is the need for
lifelong immunosuppressant therapy to prevent
graft rejection and also future autoimmune attack
on the transplanted β-cells.

Islet cell transplantation can be considered for
patients with type 1 diabetes who experience fre-
quent hypoglycemia or extreme glycemic lability.
Patients who are well controlled with conven-
tional insulin regimens would not be candidates
for islet transplantation because of the lifelong
need for immunosuppressant therapy.

Future directions for β-cell replacement
include development of β-cells from stem cell
lines, creating β-like cells (from non-β-cells),
increasing β-cell replication (similar to the com-
pensatory increase seen in obese and insulin-
resistant patients), encapsulation of β-cells
prior to transplantation for protection (against

autoimmune attack), and xenotransplantation
from porcine donors.

References

1. Rhodes CJ, Halban PA. Newly synthesized proinsulin/
insulin and stored insulin are released from pancreatic
B cells predominantly via a regulated, rather than a
constitutive pathway. J Cell Biol. 1987;105:145–53.

2. Wallerath T, Kunt T, Forst T, et al. Stimulation of
endothelial nitric oxide synthase by proinsulin
C-peptide. Nitric Oxide. 2003;9:95–102.

3. Forst T, De La Tour DD, Kunt T, et al. Effects of
proinsulin C-peptide on nitric oxide microvascular
blood flow and erythrocyte Na, K-ATPase activity in
diabetes mellitus type 1. Clin Sci. 2000;98:283–90.

4. John W, Larsson C. C-peptide: new findings and ther-
apeutic possibilities. Diabetes Res Clin Pract.
2015;107:309–19.

5. Lim YC, Bhatt MP, Kwon MH, et al. Prevention of
VEGF-mediated mircorvascular permability by
C-peptide in diabetic mice. Cardiovasc Res.
2014;101:155–64.

6. Hills CE, Willars GB, Brunskill NJ. Proinsulin
C-peptide antagonizes the profibrotic effects of
TGF-beta1 via upregulation of retinoic acid and
HGF-related signaling pathways. Mol Endocrinol.
2010;24:822–31.

7. Lindenblatt N, Braun B, Menger MD, et al. C-peptide
exerts antithrombotic effects that are repressed by insu-
lin in normal and diabetic mice. Diabetologia.
2006;49:792–800.

8. Luppi P, Cifarelli V, Tse H, et al. Human C-peptide
antagonizes high glucose-induced endothelial dysfunc-
tion through the nuclear factor-kappa β pathway.
Diabetologia. 2008;51:1534–43.

9. Ekberg K, Brismar T, Johansson B-L,
et al. Amelioration of sensory nerve dysfunction by
C-peptide in patients with type 1 diabetes. Diabetes.
2003;52(2):536–41.

10. Ekberg K, Brismar T, Johansson B-L, et al. C-peptide
replacement therapy and sensory nerve function in
type 1 diabetic neuropathy. Diabetes Care. 2007;
30(1):71–6.

11. Johansson BI, Borg K, Fernqvist-Forbes E,
et al. Beneficial effects of C-peptide on incipient
nephropathy and neuropathy in patients with type 1 dia-
betes mellitus. Diabet Med. 2000;17:181–9.

12. Ido Y, Vindigni A, Chang K, et al. Prevention of
vascular and neural dysfunction in diabetic rats by
C-peptide. Science. 1997;277:563–6.

13. Newgard C, McGary J. Metabolic coupling factors in
pancreatic ß-cell signal transduction. Ann Rev
Biochem. 1995;64:689–719.

14. Koster JC, Marshall BA, Ensor N, et al. Targeted over-
activity of beta call K(ATP) channels induces profound
neonatal diabetes. Cell. 2000;100:645.

54 E.P. Liao et al.



15. Hattersley AT, Ashcroft FM. Activating mutations in
Kir6.2 and neonatal diabetes: new clinical syndromes,
new scientific insights, and new therapy. Diabetes.
2005;54:2503–13.

16. Pearson ER, et al. Switching from insulin to oral sul-
fonylureas in patients with diabetes due to Kir 6.2
mutations. N Engl J Med. 2006;355:507–10. Look
into ABCC8 gene?.

17. Froguel P, Zouali H, Vionnet N, et al. Familial hyper-
glycemia due to mutation in glucokinase. N Engl J
Med. 1993;328(10):697–702.

18. Nolan C, Madiraju MSR, Delghingaro-Augusto V,
et al. Fatty acid signaling in the beta cell and insulin
secretion. Diabetes. 2006;55:S16–23.

19. Ahrén B, Holst J. The cephalic insulin response to meal
ingestion in humans is dependent on both cholinergic
and noncholinergic mechanisms and is important for
postprandial glycemia. Diabetes. 2001;50(5):1030–8.

20. Ahrén B, Wierup N, Sundler F. Neuropeptides and the
regulation of islet function. Diabetes. 2006;55:
S98–107.

21. Cheng H, Straub S, Sharp G. Protein acylation in the
inhibition of insulin secretion by norepinephrine,
somatostatin, galanin, and PGE2. Am J Physiol
Endocrinol Metab. 2003;285:E287–94.

22. Liang Y, et al. Mechanisms of action of non glucose
insulin secretagogues. Ann Rev Nutr. 1994;14:59–81.

23. Hay DL, Chen S, Lutz TA, et al. Amylin: pharmacol-
ogy, physiology and clinical potential. Pharmacol Rev.
2015;67:564–600.

24. OstoM,Wielenga PY, Alder B, et al. Modulation of the
satiating effect of amylin by central ghrelin, leptin and
insulin. Physiol Behav. 2007;91:566–72.

25. Adler BL, Yarchoan M, Hwang HM, et al.
Neuroprotective effects of the amylin analogue
pramlintide on Alzheimer’s disease pathogenesis and
cognition. Neurobiol Aging. 2014;35:793–801.

26. Murlin JR, Clough HD, Gibbs CBF, et al. Aqueous
extracts of pancreas: influence on the carbohydrate

metabolism of depancreatized animals. J Biol Chem.
1923;56:253–96.

27. Jiang G, Zhang BB. Glucagon and regulation of glu-
cose metabolism. Am J Physiol Endocrinol Metab.
2003;284:E671–8.

28. Vuguin PM, Charron MJ. Novel insight into glucagon
receptor action: lessons from knockout and transgenic
mouse models. Diabetes Obes Metab. 2011;13 Suppl
1:144–50.

29. Brereton M, Vergari E, Zhang Q, et al. Alpha-, delta-,
and PP- cells: are they architectural cornerstones of
islet structure and coordination? J Histochem
Cytochem. 2015;63(8):575–91.

30. Holzer P, Reichmann F, Farzi A. Neuropeptide Y, pep-
tide YY and pancreatic polypeptide in the gut-brain
axis. Neuropeptides. 2012;46:261–74.

31. Andralojc KM, Mercali A, Nowak KW, et al. Ghrelin-
producing epsilon cells in the developing and adult
human pancreas. Diabetologia. 2009;52(3):486–93.

32. Kojima M, Hosoda H, Date Y, et al. Ghrelin is a
growth-hormone-releasing actylated peptide from
stomach. Nature. 1999;402:656–60.

33. Muller TD, Nogueiras R, Andermann ML,
et al. Ghrelin. Mol Metab. 2015;4:437–60.

34. Cummings D, Weigle D, Scott Frayo R, et al. Plasma
ghrelin levels after diet-induced weight loss or
gastric bypass surgery. N Engl J Med. 2002;346:
1623–30.

35. Shapiro AM, Lakey JR, Ryan EA, et al. Islet
transplantation in 7 patients with type 1 diabetes
using glucocorticoid-free immunosuppressant regi-
men. N Engl J Med. 2000;343:230.

36. Brennan DC, Kopetskie HA, Sayre PH et al. Long term
follow-up of the Edmonton protocol of islet transplan-
tation in the United States. Am J Transplant. 2016; Feb
16(2):509-17.

37. Robertson RP. Islet transplantation for type 1 diabetes,
2015: what have we learned from alloislet and autoislet
successes? Diabetes Care. 2015;38:1030–5.

3 Endocrine Pancreas 55


	3: Endocrine Pancreas
	Introduction
	Beta Cell
	Insulin
	Insulin Secretion
	Nutrients and Insulin Secretion
	Lipids and Insulin Secretion
	Neural Regulation of Insulin Secretion
	Intracellular Pathways and Insulin Secretion

	Amylin

	Alpha Cell
	Glucagon
	Glucagon-Like Peptides

	Delta Cell
	Somatostatin

	PP Cell
	Pancreatic Polypeptide

	Epsilon Cell
	Ghrelin
	Islet Cell Transplantation, Future Directions

	References


