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Islet structures and distribution of insulin-positive cells (black) and glucagon-positive cells (red) in
Wistar rat (A), sucrose-fed Wistar rat (B), Goto—Kakizaki (GK) rat (C), and sucrose-fed GK rat
(D) at 12 weeks of age. Note that the GK rat is a spontaneously diabetic animal model of non-
insulin-dependent diabetes mellitus, which is characterized by progressive loss of B cells in the
pancreatic islets with fibrosis. There is marked islet fibrosis with 3-cell depletion in GK and sucrose-
fed GK rats, in which the latter showed more severe changes. Double immunostaining for insulin
and glucagon. Magnification x300 (A-D). (Reprinted with permission from Koyama M et al:
Accelerated loss of islet B cells in sucrose-fed Goto-Kakizaki rats, a genetic model of non-insulin-
dependent diabetes mellitus, Am J Pathol 153:537-45, copyright 1998.) See color insert.
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ANATOMY AND PHYSIOLOGY OF THE PANCREAS

Structure [19.1]

The pancreas is an organ located in the upper abdominal cavity, behind the stomach, and
between the spleen and duodenum. The pancreas consists of two functional systems: the
endocrine and exocrine systems. The endocrine system is composed of the islets of Lang-
erhans, which produce and secret insulin, glucagon, and somatostatin into the blood (Fig.
19.1). In the human pancreas, there are more than 1 million of Langerhans islets. These
islets contain several types of cell, including the o, B, and & cells. The exocrine system
is composed of secretary units known as pancreatic acini, which contain exocrine cells.
These cells produce and secrete enzymes for the digestion of proteins, carbohydrates, and
fats. The pancreatic acini are connected to small ductules, which converge to larger ducts
and eventually to the pancreatic duct. The pancreatic duct system conducts pancreatic
juice to the duodenum, where proteins, carbohydrates, and fats are digested.

Functions of the Pancreatic Endocrine System [19.1]

The endocrine o, B, and  cells of the Langerhans islets produce three hormones, includ-
ing glucagon, insulin (chapter 19 cover page), and somatostatin, respectively. Insulin is a
hormone that participates in regulating the metabolism of carbohydrates, fats, and pro-
teins. Insulin is initially produced in the form of preproinsulin, which is cleaved into

Figure 19.1. Histological micrograph of pancreatic islet from a wildtype mouse (C57BL/6J).
Magnification x200. (Reprinted with permission from Barlow SC et al: Am J Pathol 165:1849-52,
copyright 2004.)
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pro-insulin and then into insulin. Insulin is stored in the secretory granules. The
release of insulin is triggered in response to an increase in the level of blood glucose
after food ingestion. Once in the blood, insulin stimulates glucose uptake, metabolism,
and storage by almost all cell types, thus reducing the level of blood glucose. There
are several mechanisms for these processes. In the skeletal muscular system, insulin
enhances glucose transport from the blood into the muscular cells. Excessive glucose is
converted to glycogen for glucose storage. In addition, insulin stimulates the liver cells to
take up glucose, which is converted to glycogen in the liver. This is a rapid process when
the level of blood insulin is increased following food ingestion. When insulin is degraded
and blood insulin is decreased, the stored glycogen is converted to glucose, an important
mechanism for the maintenance of the blood glucose level. The lack of insulin results in
a persistent increase in blood glucose, a pathological disorder known as diabetes mellitus
(see page 822 of this chapter). After released into the blood, insulin can be degraded
within about 15min, a mechanism by which glucose metabolism can be effectively
controlled.

Insulin plays a role in the regulation of fat metabolism. Insulin stimulates the synthesis
of fatty acids from glucose. When the glycogen level reaches a critical level, excessive
glucose is used to synthesize fatty acids and triglycerides in the liver cells. Insulin medi-
ates the storage of fatty acids and triglycerides in adipocytes. In the absence of insulin,
fatty acids are metabolized and used for energy production. Insulin also participates in
the regulation of protein metabolism. Insulin stimulates protein synthesis and storage,
which occur primarily following food ingestion. There are several mechanisms for these
processes. Insulin enhances the transport of amino acids into the cell, stimulates mRNA
transcription and protein translation, and inhibits protein degradation. Thus, the lack
of insulin not only influences carbohydrate metabolism, but also fat and protein
metabolism.

Glucagon is a hormone produced by the o-cells of the Langerhans islets. Its functions
are opposite to those of the insulin. Glucagon is capable of degrading glycogen to produce
glucose and enhancing gluconeogenesis from amino acids, thus increasing the level of
blood glucose. Glucagon is activated when the blood glucose level reduces to a critical
level, and suppressed when blood glucose is increased to a critical level. Somatostatin
(SST or SMST) is a hormone produced by the & cells of the Langerhans islets. It is first
generated as a preproprotein (116 amino acids, about 13kDa in molecular weight). The
preproprotein is cleaved into two active forms of somatostatin: 14- and 28-amino acid
peptides. The primary function of somatostatin is to inhibit the secretion of insulin and
glucagon via interacting with the G-protein-coupled somatostatin receptors. This hormone
is activated by an increase in blood glucose, amino acids, and fatty acids. Somatostatin
also interacts with pituitary growth hormone and hormones produced by the gastrointes-
tinal tracts and enhance the function of these hormones. Taken together, insulin, glucagon,
and somatostatin coordinately control the level of blood glucose, amino acids, and fatty
acids, ensuring appropriate metabolism of these nutrients.

Functions of the Pancreatic Exocrine System [19.1]

The acini of the pancreatic exocrine system produce a number of enzymes, including
trypsin, chymotrypsin, polypeptidase, amylase, lipase, cholesterol esterase, phospholipase,
and nuclease. Trypsin and chymotrypsin are responsible for the digestion of proteins into
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peptides. Polypeptidase can digest peptides into amino acids. Pancreatic amylase hydro-
lyzes glycogens and starches into disaccharides and trisaccharides. Pancreatic lipase can
break down fats into fatty acids and glycerides. Cholesterol esterase and phospholipase
are responsible for the digestion of cholesterol and phospholipids, respectively. Deoxyri-
bonuclease and ribonuclease can digest DNA and RNA, respectively. It is important to
note that the exocrine enzymes are initially produced in inactive forms, which are acti-
vated by enzyme cleavage in the small intestine. For example, the inactive forms of trypsin
and chymotrypsin are trypsinogen and chymotrypsinogen, respectively. These inactive
proenzymes are produced in the pancreas and secreted into the intestine, where the
proenzymes are cleaved by trypsin and enterokinase, resulting in the activation of these
enzymes.

The epithelial cells of the pancreatic ductules and ducts can produce and secret sodium
bicarbonate, which plays a critical role in neutralizing the acidic solution secreted by the
stomach. The formation of sodium bicarbonate involves mechanisms of ion transport
across the epithelial cells of the pancreatic ductules and ducts. The source of bicarbonate
is carbon dioxide, which diffuses from the blood to the epithelial cells. Under the action
of an enzyme called carbonic anhydrase, carbon dioxide reacts with water to form car-
bonic acid, which is further dissociated into bicarbonates and hydrogen ions. The bicar-
bonate ions are transported into the pancreatic ductules and ducts. The hydrogen ions are
transported into the blood in exchange with sodium transport in the opposite direction.
The sodium ions are secreted into the pancreatic ductules and ducts and react with bicar-
bonate to form sodium bicarbonate.

The secretion of pancreatic exocrine enzymes and sodium bicarbonate is regulated by
several substances, including acetylcholine, cholecystokinin, and secretin. Acetylcholine
is a neurotransmitter for the parasympathetic nervous system. The ingested foods, when
entering the small intestine, can activate the parasympathetic nerves to release acetylcho-
line, which stimulates the pancreatic acinar cells to secret exocrine enzymes. Similarly,
the ingested foods stimulate the release of cholecystokinin by the epithelial cells of the
duodenum. This substance stimulates the acinar cells of the pancreas to secret exocrine
enzymes. Secretin is released by the epithelial cells of the duodenum when acidic foods
enter the duodenum. This substance stimulates the secretion of sodium bicarbonate by the
pancreatic ductule cells.

PANCREATIC DISORDERS

Diabetes Mellitus

Pathogenesis, Pathology, and Clinical Features [19.2]. Diabetes mellitus is a metabolic
disorder induced by decreased or abolished secretion of insulin from the pancreatic f3 cells
and characterized by an increase in the level of blood glucose. Diabetes is also associated
with abnormalities in the metabolism of glucose, fatty acids, and proteins as well as the
formation of pathological lesions in blood vessels (arteriosclerosis). During the end stage,
acidosis and diabetic coma may occur. Diabetes is a relatively common disorder. The
prevalence of the disorder is about 1%. Diabetes is often associated with obesity, hyper-
tension, hyperlipidemia, and atherosclerosis. However, the cause-and-effect relationship
between these disorders remains poorly understood.

Diabetes is classified in to two types: primary and secondary diabetes. Primary dia-
betes is defined as diabetes that is not induced by other diseases and is further divided
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into two subtypes: insulin-dependent and non-insulin-dependent diabetes. Primary diabe-
tes is also defined on the basis of pathogenic mechanisms related to the involvement of
immune reactions. Immune reaction-mediated diabetes is defined as type I diabetes,
whereas non-immune-reaction-mediated diabetes is defined as type II diabetes. Type I
diabetes may include insulin- and non-insulin-dependent diabetes. Type II diabetes is
usually non-insulin-dependent. Secondary diabetes is defined as diabetes induced by other
diseases and is further divided into several subtypes: diabetes due to pancreatic diseases,
such as pancreatitis and cancers, chemical toxicity, hormonal abnormalities, and genetic
mutation. Chronic pancreatitis is often associated with diabetes due to the involvement of
the B cells. Certain drugs and chemicals may impair the function of the 3 cells and reduce
the production and release of insulin. Hormonal abnormalities such as Cushing’s syn-
drome, pheochromocytoma, and administration of steroid hormones, may cause malfunc-
tion of the B cells, leading to a reduction in insulin release. Several genetic disorders,
including myotonic dystrophy, lipodystrophy, and ataxia—telangiectasia, are often associ-
ated with the impairment of the [ cells, reducing the secretion of insulin.

The pathogenic mechanisms vary among different types of diabetes. Primary type I
insulin-dependent diabetes is a disorder potentially induced by autoimmune reactions. In
patients genetically susceptible to diabetes, viral infection activates the host immune
system. Certain viruses may contain antigens that are similar in structure to the membrane
components of the pancreatic 3 cells. Virus-activated T cells may infiltrate into the islets
of Langerhans and attack the [ cells that contain proteins similar to the viral antigens,
resulting in B-cell destruction and insulin deficiency. The pathogenic mechanisms of non-
insulin-dependent primary diabetes remains poorly understood. It has been thought that
this type of diabetes may be a result of genetic disorders. Gene mutation may play a role
in the initiation and development of non-insulin-dependent primary diabetes. In patients
with this type of diabetes, abnormal insulin secretion is often found. In addition, cells are
usually resistant to insulin, meaning that insulin is no longer effective in the regulation
of glucose metabolism. A reduction in the density of insulin receptor and intracellular
disorders of glucose metabolism may be responsible for the pathogenesis of non-insulin-
dependent primary diabetes. In secondary diabetes, the destruction of the B cells due to
pancreatic diseases as listed above is responsible for the deficiency of insulin and the
pathogenesis of diabetes.

In diabetes, there are several common pathophysiological changes regardless the types
and causes of the disorder. The B cells are often committed to apoptosis, a major cause
for insulin deficiency (Fig. 19.2). Because of insulin deficiency, the level of blood glucose
increases, a change known as hyperglycemia. When the blood glucose content exceeds a
critical level (about 180mg/dL), glucose is excreted from the kidneys. Because the pres-
ence of glucose increases the osmotic pressure in the renal tubules, which reduces tubular
reabsorption and enhances urea formation, osmotic diuresis often occurs, resulting in
increased urination. In severe cases, diabetes may induce two acute complications: keto-
acidosis and hyperosmotic coma. Ketoacidosis is usually found in insulin-dependent dia-
betes and results from cessation of insulin administration. Because of insulin deficiency,
the utilization of glucose is reduced. As a compensating mechanism, fatty acids are mobi-
lized from fat-storage tissue (liver and adipose tissue) and used for energy production.
The metabolism of fatty acids generates several acidic substances, including keto acids
and acetoacetic acid, resulting in an increase in the serum concentration of hydrogen ions,
a condition known as acidosis. The acidic environment induces impairment of cell func-
tions. When the serum pH reduces to a critical level, the central nerve cells are injured,
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Figure 19.2. Apoptotic B cells (arrow) (black nucleus) in sucrose-fed Goto—Kakizaki (GK) rat, a
spontaneously diabetic animal model of non-insulin-dependent diabetes mellitus, at 12 weeks of
age detected by the TUNEL method. Apoptotic B cells were found only in sucrose-fed GK rats,
not in GK and Wistar rats. Double staining is shown for 3 cells positive for insulin (red) and apop-
tosis (black). Magnification x480. (Reprinted with permission from Koyama M et al: Accelerated
loss, of islet beta cells in sucrose-fed Goto-Kakizaki rats, a genetic model of non-insulin-dependent
diabetes mellitus, Am J Pathol 153:537-45, copyright 1998.)

resulting in acidosis coma. In addition, hyperglycemia is associated with an increase in
the osmotic pressure in the serum. This osmotic change exerts a dehydration effect on the
cells, mobilizing water from the interior to the exterior of the cells. Hyperosmotic coma
occurs when the central nerve cells are injured due to overdehydration.

Long-term diabetes is associated with chronic complications in the vascular system. A
major complication is arteriosclerosis. The incidence of arteriosclerosis in diabetics is
much higher than that in the general population. Arteriosclerotic lesions are often found
in the arteries of the heart, brain, kidney, and extremities of patients with diabetes. Patho-
logical changes of the atherosclerotic lesions are similar to those described in Chapter 15.
Clinical consequences of these changes include cardiac ischemia and infarction, stroke,
renal ischemia, and extremity ulcers and gangrene. In addition to pathological lesions in
large arteries, other blood vessels including small arteries, arterioles, and capillaries also
undergo pathological changes in diabetes. A typical example is retinopathy. In this case,
diabetes induces an increase in the permeability of the retinal capillaries, which is fol-
lowed by gradual destruction and occlusion of the capillaries. The capillary lesions are
associated with scattered hemorrhages in the retina. These pathological changes induce
proliferative reactions, fibrosis, and scar formation, leading to retinal detachment and
blindness. However, the pathogenic mechanisms of diabetic retinopathy remain poorly
understood. Another example is nephropathy, one of the leading causes of death due to
diabetes. In this disorder, diabetes induces thickening of the basement membrane of the
glomerular blood vessels, and hyalinization and occlusion of glomerular arterioles. These
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lesions are collectively defined as glomerulosclerosis. The consequences of this disorder
are renal dysfunction and failure.

Experimental Models of Diabetes Mellitus [19.2]. Experimental diabetes can be
established in rodents by intravenous injection of an antineoplastic biotic streptozocin (2-
deoxy-2-[(methylnitrosoamino)carbonyl]amino-D-glucopyranose), which is derived from
Streptomyces achromogenes. This substance induces the destruction of pancreatic [3 cells,
inducing experimental diabetes. In the rat and mouse models, the substance can be injected
into the femoral vein. One injection is sufficient for the induction of diabetes. Blood
glucose can be measured with a glucose sensor at desired timepoints. An increase in the
blood glucose level can be seen within 5 days. It is important to note that streptozocin is
only effective in rodents and does not induce diabetes in large animals and humans.

Another model is pancreatectomy or the removal of the pancreas. To create a pancre-
atectomy model, an animal is anesthetized by peritoneal injection of sodium pentobarbital
at a dose of 50mg/kg body weight. The upper abdominal skin is sterilized with 75%
alcohol, Betadine, and 75% alcohol again. The abdominal cavity is opened at a location
in the upper middle area and the pancreas is identified. The pancreatic blood vessels are
tied off with surgical sutures, the pancreas is removed, and the abdominal wound is closed.
At scheduled times following the surgery, blood glucose level can be measured with a
glucose sensor.

Conventional Treatment of Diabetes [19.3]. There are several strategies for the treat-
ment of diabetes. These include dietary control, insulin administration, and managements
of complications, if any. The most important treatment is to control diet and to prevent
obesity. The total calories necessary for each patient should be estimated on the basis of
accepted standards, which are about 40kcal (1000 calories) per kg body weight per day
for youths and about 35 kcal per kg body weight per day for adults. Insulin administration
is necessary for all type I diabetics and is recommended for type II diabetics. Such a
treatment significantly reduces or prevents the occurrence of diabetic complications such
as arteriosclerosis, retinopathy, and nephropathy. Insulin can be administrated via mus-
cular and subcutaneous injections or mechanical pump-mediated subcutaneous insulin
infusion. The insulin infusion method provides a sustained injection of insulin at a con-
stant rate, an effective approach for the achievement of a relatively stable concentration
of blood glucose. Treatments for common diabetic complications, including arteriosclero-
sis, retinopathy, and nephropathy are discussed in Chapter 15, 20, and 23, respectively. In
the case of gangrene, it is often necessary to carry out amputations.

Molecular Regenerative Engineering. As discussed above, the administration of insulin
is effective in the treatment of diabetes. However, it is difficult to achieve a rate of
insulin delivery that matches or simulates the physiological insulin profile. Often, blood
insulin concentration overshoots the physiological level immediately following insulin
injection, resulting in rapid development of hypoglycemia. Since insulin is rapidly degraded
in the blood, hyperglycemia occurs when the concentration of blood insulin is below the
physiological level. Even though the pump-mediated insulin infusion method provides
insulin delivery at a constant rate, the insulin level is often insufficient for the metabolism
of glucose immediately following food ingestion, but exceeds the physiological level in
the fasting state. To date, a method that controls insulin release in response to the blood
glucose level is not available.
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Molecular regenerative engineering or therapy has been proven a potential approach
to control glucose metabolism. Several strategies have been established for the molecular
treatment of diabetes, including the enhancement of glucose uptake and storage, inhibition
of glucose production, facilitation of insulin synthesis, promotion of the survival and
proliferation of the pancreatic B cells, and suppression of autoimmune processes.

Enhancement of Glucose Uptake and Storage and Inhibition of Glucose Production
[19.4]. Glucose is stored in the form of glycogen. Glycogen formation is a process medi-
ated by enzymes. A critical enzyme is glucokinase, which catalyzes the phosphorylation
of glucose in the presence of ATP, forming glucose-6-phosphate (see Table 19.1). Glucose-
6-phosphate can be catalyzed to form glucose-1-phosphate, which is further converted to
uridine diphosphate glucose. Uridine diphosphate glucose is the final form used for the
synthesis of glycogen. Thus an increase in the glucokinase activity enhances glycogen
synthesis and reduces the level of blood glucose. Mutations of the glucokinase gene have
been shown to induce non-insulin-dependent diabetes mellitus (NIDDM), also known as
type 2 maturity onset diabetes of the young (MODY2). The transfer of the glucokinase
gene into the liver and skeletal muscles results in over-expression of the glucokinase gene
and enhances glycogen synthesis. The enhancement of glycogen synthesis is associated
with an increase in glucose uptake and a decrease in glucose production from the stored
glycogen in the cells, thus lowering the blood glucose concentration. In general, genes
encoding proteins that facilitate glycogen synthesis can all be used for the molecular
treatment of diabetes.

Facilitation of Insulin Synthesis and Activation [19.5]. Insulin is produced in the pan-
creatic P cells by several processes. The translation of insulin mRNA generates prepro-
insulin (~12kDa), which is cleaved in the 3 cells to form proinsulin (~9kDa). A large
fraction of proinsulin (~80%) is further cleaved in the B cells to form insulin (~6kDa),
while the remaining proinsulin is released into the blood. One of the molecular approaches
for treating diabetes is to facilitate the expression of insulin gene in diabetes. The transfer
of the insulin gene into the pancreatic 3 cells enhances the expression of preproinsulin,
leading to an increase in the production of insulin. An important aspect in molecular
treatment of diabetes is to enhance the responsiveness of the f§ cells for releasing insulin
upon an increase in the blood glucose level. In experimental investigations, several

TABLE 19.1. Characteristics of Glucokinase*

Molecular
Amino  Weight
Proteins Alternative Names  Acids (kDa) Expression Functions
Glucokinase  GK, GCK, GLK, 466 52 Liver, skeletal Phosphorylating
hexokinase muscle, glucose to produce
4 (HK4) pancreas glucose-6-phosphate

and promoting the
formation of
glycogen

*Based on bibliography 19.4.
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glucose-responsive gene promoters, including those from the glucose-6-phosphatase gene
and L-pyruvate kinase gene (see list of proteins in Table 19.2), have been used for such a
purpose. These investigations have demonstrated that the overexpression of these gene
promoters by gene transfer enhances the responsiveness of the insulin gene upon the
stimulation of increased blood glucose. However, there is always a lag of several hours in
insulin release following the stimulation. This period is necessary for gene transcription
and protein translation.

Another approach to enhance insulin activity is to activate proinsulin in the liver and
other tissues. As discussed above, about 20% insulin exists in the form of proinsulin,
which does not have insulin activity. The activation of the proinsulin may significantly
increase the activity of insulin. In pancreatic [ cells, the proinsulin is converted to insulin
by proinsulin convertases. However, other types of cell are not able to conduct such a
function because of the lack of these conversion enzymes. To solve such a problem,
researchers have engineered the structure of the insulin gene by adding proteolytic target
sites for proteases. An example of such proteases is furin, also known as paired basic
amino acid cleaving enzyme and proprotein convertase subtilisin/kexin type 3 (794 amino
acids and 87 kDa in molecular weight). Furin is expressed in the liver cells and can convert
precursor proteins to their active forms by cleavage at their paired basic amino acid sites.
When a target encoding site for furin is inserted into the insulin gene at an appropriate
location and the modified insulin gene is transferred into the liver cells, the proinsulin
proteins can be cleaved by furin to form insulin. This is a potential method that can be
used to activate proinsulin, thus enhancing the total activity of insulin. In addition to
proinsulin, furin can cleave other protein precursors such as proparathyroid hormone,
transforming growth factor B1 precursor, proalbumin, pro-B-secretase, membrane type 1
matrix metalloproteinase, the B subunit of pronerve growth factor and von Willebrand
factor.

Promotion of Survival and Prevention of Apoptosis of B-Cells [19.6]. The apoptosis of
pancreatic P cells is a major cause for type I and type II diabetes. Thus it is essential to
prevent apoptosis and promote the survival and proliferation of the B cells. Adult pancre-
atic B cells can regenerate through two mechanisms: B cell proliferation and differentiation
of stem and progenitor cells into B-cells. The latter is referred to as B-cell neogenesis. 3-
cell proliferation and neogenesis are regulated by a number of growth factors, including
insulin-like growth factor (IGF)1, growth hormone (GH), epithelial growth factor (EGF),
fibroblast growth factor (FGF), hepatocyte growth factor (HGF), keratinocyte growth
factor (KGF), nerve growth factor (NGF), platelet derived growth factor (PDGF), and
vascular endothelial growth factor (VEGF). These growth factors also play a role in the
prevention of cell apoptosis. The genes encoding these growth factors can be used for
molecular treatment of diabetes by gene transfer. The characteristics of these growth
factors are described in Chapter 15.

Among the growth factors listed above, the role of insulin-like growth factor 1 in the
regulation of B-cell survival and proliferation have been investigated extensively. Insulin-
like growth factor 1 interacts with its receptor, inducing activation of the receptor tyrosine
kinase in the cytoplasmic domain. The receptor induces tyrosine phosphorylation of
insulin receptor substrate (IRS) family members (primarily IRS2) and a Src family
member Shc. The phosphorylated tyrosine residues serve as docking sites for the recruit-
ment of downstream signaling molecules, including Grb2 and PI3 kinase. Grb2 is coupled
to the Ras-MAPK signaling pathway. The Ras-MAPK and PI3 kinase signaling pathways
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are described in Chapter 5. The activation of these pathways promotes the transcription
of mitogenic genes, prevents cell apoptosis, and enhances cell survival and proliferation.
Investigations with transgenic and gene transfer models have demonstrated the role of
insulin-like growth factor-1 in promoting the survival of the B cells (Fig. 19.3). The over-
expression of the insulin-like growth factor 1 gene in a transgenic mouse model suppresses
hyperglycemia when the mouse was administrated with streptozocin, a substance causing
B-cell death and diabetes. The administration of the same dose of streptozocin to wild-
type mice induced a significantly higher level of hyperglycemia (Fig. 19.4). The overex-
pression of the insulin-like growth factor 1 gene also extended the lifespan of the mice
with streptozocin-induced diabetes (Fig. 19.4).

The gene of insulin-like growth factor 1 is a potential candidate for the molecular
treatment of human diabetes. In addition, genes that encode signaling factors, such as

IGF-I

Insulin Glucagon

Figure 19.3. Immunohistochemical analysis of insulin growth factor I (IGF-I), glucagon, and
insulin expression in pancreatic islets. IGF-1 (A,D,G,J), insulin (B,E,H,K,M,N), and glucagon
(C,FLL) staining of representative sections of pancreas before (A-F) and 3 months after (G-N)
STZ treatment. Wildtype mice (Con): A—C, G-I (x400) and M (x40); C57BL/6-SJL transgenic
mice (Tg, overexpressing IGF-1): D-F, J-L (x400) and N (x40). (Reprinted with permission from
George M et al: J Clin Invest 109:1153—-63, copyright 2002.)
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Figure 19.4. (A) Blood glucose levels in wildtype mice and C57BL/6—-SJL transgenic mice, which
overexpress insulin growth factor-I (IGF-1), after STZ treatment. Squares, wildtype mice (n = 15);
circles, transgenic mice (n = 15). (B) Percent survival of control (squares; n = 20) and transgenic
(circles; n = 20) mice after STZ treatment. Results are mean = SEM of the indicated mice.
(Reprinted with permission from George M et al: J Clin Invest 109:1153—63, copyright 2002.)

MAPK and protein kinase B (PKB; note that PBK is a molecule downstream to insulin
receptor substrate 2), can be potentially used for molecular therapy.

There are several genes encoding proteins that regulate the differentiation of stem and
progenitor cells to pancreatic B cells. One of such genes is the insulin promoter factor 1
gene (IPF1), also known as pancreatic duodenal homeobox gene 1 (Pdx1) and somatosta-
tin transcription factor 1 (STF1). This gene encodes the insulin promoter factor 1 protein
(283 amino acids, 31-kDa), which is expressed in the pancreas, brain, and intestine. This
protein promotes the differentiation of stem and progenitor cells to insulin-producing 3
cells, stimulates pancreatic development, and activates the transcription of the insulin and
somatostatin genes. When this gene is transferred into the liver cells in animal models,
its protein product stimulates the formation of 3 cells and the expression of insulin in
these cells.

Another gene is the neurogenic differentiation factor 1 (NeuroD1; see Table 19.3) gene
that encodes a protein for the regulation of B-cell differentiation. In humans and mice,
the deficiency of this gene results in pathological changes found in diabetes. In experi-
mental models of diabetes, the transfer of the NeuroD gene into the mouse liver induces
the formation of pancreatic islets. The islet cells can produce insulin, glucagon, and soma-
tostatin. As a result, the level of blood glucose is restored and diabetic changes are reduced.
Fibroblast growth factor (FGF) has also been shown to regulate the development and
survival of pancreatic B cells. The genes of insulin promoter factor 1, NeuroD, and FGF
can be considered potential genes for the molecular treatment of human diabetes.

Suppression of Autoimmune Processes [19.7]. Autoimmune reactions, which are immune
processes directed against host cells, play a critical role in the induction of type I diabetes.
Thus, an important strategy in molecular treatment for diabetes is to suppress autoimmune
reactions. Cell types that are directly involved in autoimmune reactions are antigen pre-
senting dendritic cells and antigen-specific T cells. These cell types are the targets of
molecular therapy for autoimmune disorders. Antiautoimmune cytokine genes can be
prepared and transferred into these cells, reducing the cell immune activities. Potential
antiautoimmune cytokines include transforming growth factor (TGF)f, interleukin (IL)4,
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and IL10, which suppress the activity of T cells. Genes encoding these factors can be
transferred into T cells and antigen-presenting cells. The transferred cells can be trans-
planted into the host. Preliminary investigations have demonstrated that the transfer of
these genes significantly prevents the damage of pancreatic islet cells and reduces diabetic
changes in animal models of diabetes.

Cell and Tissue Regenerative Engineering. 9Diabetes is induced primarily by B-cell
malfunction and apoptosis. There are about 10" B cells in the pancreatic islets of Langer-
hans. At a given time, certain [3 cells are committed to apoptosis. The apoptotic cells are
replaced with new cells generated from progenitor cells or existing B cells (Fig. 19.5).
Thus, the total number of B cells is maintained at a relatively constant level. Under the
influence of genetic and environmental factors, such as viral infection, the rate of cell
apoptosis may increase and exceed that of cell proliferation. When the majority of cells
are destroyed, diabetes occurs. Thus, the principle of cell and tissue engineering for treat-
ing diabetes is to restore and maintain the B-cell population. In the section on molecular
regenerative engineering, various methods have been discussed for the promotion of cell
regeneration and prevention of cell apoptosis. In this section, strategies and methods are
introduced for the restoration of [ cells by cell transplantation.

There are several steps for the restoration of B cells, including the identification and
collection of candidate cells, manipulation of collected cells, if necessary, packaging of
cells into appropriate devices, and transplantation of prepared cells into a desired organ
or tissue. There are several types of candidate cells for the treatment of diabetes, including
autogenous B cells, autogenous stem and progenitor cells, embryonic and fetal stem cells,
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Figure 19.5. The pancreas as a source of new 3 cells. The pancreas itself is likely to be the main
source of new insulin-producing [ cells and of cells that can regenerate the acini and ducts. Several
processes have been proposed: replication of preexisting B cells, possibly thorough epithelial—
mesenchymal transition, including dedifferentiation, expansion, and redifferentiation; differentia-
tion of progenitors within the ductal epithelium; transdifferentiation of acinar cells; and
differentiation of pancreatic stem/progenitors that are not of B-cell, duct, or acinar origin. (Reprinted
by permission from Macmillan Publishers Ltd.: Bonner-Weir S, Weir GC: New sources of pancre-
atic beta-cells, Nature Biotechnol 23:857-61, copyright 2005.)
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allogenic B cells, allogenic stem and progenitor cells, xenogenic [ cells, and xenogenic
stem and progenitor cells. It is important to note that the cell transplantation therapy for
diabetes is only in its infant stage. At present, cell transplantation may have not offered
advantages over insulin injection. It is hoped, however, that with a better understanding
of the differentiation control of the B cells the function of the Langerhans islets can be
restored permanently with molecular and cellular regenerative approaches.

Candidate Cell Types

AUTOGENOUS PANCREATIC [ CELLS [19.8]. Autogenous [ cells derived from the host pan-
creas are an ideal cell type for the treatment of diabetes by cell transplantation (Fig. 19.5).
However, a large number of cells are usually needed for cell transplantation. Diabetic
patients rarely possess a sufficient number of functional B cells when the disease is identi-
fied. Even though the disease can be identified in the early stage, it is difficult to collect
a large number of  cells. Whereas host B-cell regeneration and transplantation are not a
suitable approach at present, it is possible to generate semi-autogenous B cells by transfer-
ring the host B-cell nuclei into donor oocytes. Such an approach may produce functional
B cells with reduced immune rejection reactions. Further research is necessary to achieve
such a goal.

ALLOGENIC 3 cELLS [19.8]. Allogenic f3 cells can be harvested from donor subjects, cul-
tured for expansion, and used for cell transplantation. To successfully restore the function
of the islets of Langerhans, a sufficient number of B cells are needed for each recipient.
While allogenic cell transplantation is potentially an appropriate treatment for diabetes,
three problems hinder the application of this approach: (1) there is a shortage of organ
donors—in the United States, the incidence of type I diabetes is about 1 million per year,
whereas, the number of suitable organ donors is only about 10,000 per year; (2) allogenic
cell transplantation always induces acute immune rejection—patients with allogenic 3-cell
transplantation will have to receive lifetime immunosuppression therapy; and (3) trans-
planted B cells may undergo cell apoptosis even under immunosuppression therapy. It is
usually difficult to maintain the survival of the transplanted cells. To overcome these dif-
ficulties, allogenic B cells can be transfected with oncogenes or growth factor genes, pro-
moting cell survival and preventing cell apoptosis. Transformed [ cells usually become
immortal with enhanced cell proliferation. Such a manipulation has been shown to improve
the survival rate of transplanted 3 cells. However, oncogene transformation may impair
the physiological function of the B cells and introduce the risk of tumorigenesis to the cell
recipient.

PANCREATIC STEM AND PROGENITOR CELLS [19.9]. The pancreas contains stem and pro-
genitor cells, which can differentiate into the insulin-producing [ cells. The epithelial cells
of the pancreatic ductules and ducts are potential stem cells. In preliminary studies con-
ducted in humans and mice, the pancreatic epithelial cells could be collected, cultured,
and induced to form insulin-producing cells in cell culture models. These cells are suitable
candidates for the cellular treatment of diabetes. However, a practical difficulty is that
diabetic patients, when diabetes is diagnosed, do not have a sufficient number of functional
stem and progenitor cells. It is often necessary to collect stem and progenitor cells from
allogenic donors.
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EMBRYONIC STEM CELLS [19.10]. Embryonic stem cells can be induced to differentiate into
various specialized cells types, including the insulin-producing B cells. Thus, embryonic
cells are candidate cells for the cellular treatment of diabetes. To use embryonic cells, it
is necessary to carry out several steps: (1) collecting embryonic cells, (2) inducing the
differentiation of stem cells to insulin-producing B cells, (3) identifying and selecting 8
cells, (4) engineering selected cells to express desired features such as enhanced survival
and antiautoimmune capabilities, (5) expanding selected cells to a sufficient number for
cell transplantation, and (6) transplanting the insulin-producing cells directly to a target
tissue or packaging the cells into a desired device followed by device transplantation.

Embryonic stem cells can be collected from the embryonic blastocyst as described in
Chapter 9. The collected stem cells can be cultured under pancreatic conditions to induce
differentiation into insulin-producing [ cells. Preliminary investigations have demon-
strated the possibility of forming insulin-producing B cells from human and mouse
embryonic stem cells, although the fraction of insulin-producing f cells is small. To
identify insulin-producing cells, it is necessary to introduce a marker specific to these
cells. The promoter of the insulin gene can be turned on by factors that stimulate insulin
gene transcription and thus can be used as a specific marker. A green fluorescent protein
(GFP) gene can be inserted into the insulin gene to form a recombinant gene so that the
GFP gene can be driven by the insulin gene promoter. The recombinant gene can be
transferred into embryonic stem cells. Any cells that express the green fluorescent protein
are cells with activated insulin gene. These cells are considered insulin-producing f cells.
The identified cells can be collected by fluorescence-activated cell sorting and further
expanded in culture. The collected cells can be engineered by transferring genes for
enhancing desired features. For example, the insulin-producing [ cells can be transferred
with oncogenes or growth factor genes to enhance their survival and proliferative capabili-
ties. Certain cell membrane molecules may serve as antigens for autoimmune reactions.
Such antigens can be identified and the genes of the antigens can be removed, resulting
in a reduction in autoimmune responses. When the cell number reaches a sufficient level,
the cells can be used for transplantation.

ADULT STEM CELLS [19.11]. There exist stem cells in various types of adult tissue and
organ, including the bone marrow, liver, intestine, and the nerve system. These cells are
responsible for the regeneration of adult cells when cell injury and death occur. While
most adult stem cells are committed to the formation of specialized cells within a defined
developmental system, certain types of adult stem cells are capable of differentiating into
cells for different systems. A typical example is the bone marrow stromal cells. These
cells have been shown to differentiate into various specialized cell types including mus-
cular cells and neurons, depending on the local environment of a tissue or organ, in
humans and rodents. The transplantation of bone marrow stem cells into the pancreas
may induce differentiation of the stem cells into insulin-producing [ cells.

XENOGENEIC 3 CELLS, STEM CELLS, AND PROGENITOR CELLS [19.11]. Xenogeneic [ cells,
stem cells, and progenitor cells are considered only when no other cell sources are avail-
able. The identification, collection, culture, manipulation, and transplantation of these
cells are similar to those described above. A major concern is that, because of their xeno-
genic nature, these cells cause severe acute immune rejection reactions. It is necessary to
establish devices for the isolation of the transplanted cells from the host system. This issue
is discussed in the section on “transplantation of -cell-protecting devices.”
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Prevention of Immune Reactions and B-Cell Injury [19.12]. While the approaches dis-
cussed above show potential for the treatment of diabetes, there is a common problem for
most approaches: acute immune rejection. Furthermore, autoimmune reactions may occur
as these reactions are the original cause of diabetes. Immunity-suppressing agents have
long been used for suppressing immune responses. The requirement of lifelong adminis-
tration of immune suppressing agents renders molecular and cellular engineering
approaches less favorable compared to insulin injection. To overcome such a problem,
selected cells for transplantation can be transfected with genes that encode immune sup-
pressing cytokines, such as interleukin (IL)4, IL10, and transforming growth factor
(TGF)B. These cytokines inhibit the function of T cells, which are responsible for immune
rejection and autoimmune responses. Preliminary investigations have demonstrated the
effectiveness of these suppressing cytokines. In addition, calls can be transfected with
genes encoding protective antioxidant proteins, such as copper/zinc and manganese super-
oxide dismutases, catalase, and thioredoxin, and antiapoptotic proteins, such as Bcl2 and
A20. Experimental investigations have demonstrated that the transfer of these genes pro-
tects insulin-producing P cells from injury and apoptosis.

Transplantation of B-Cell-Protecting Devices [19.13]. Because of the susceptibility of
transplanted cells to immune attacks, several types of protective devices have been devel-
oped and used for B-cell transplantation. These devices include microcapsules and biohy-
brid pancreas-mimicking apparatuses with blood circulation. These devices are
manufactured with semipermeable membranes, which prevent the entrance of immune
cells into the device and protect the B cells from immune attack. Various polymeric mate-
rials can be used to fabricate semipermeable membranes with a desired pore size (see
Chapter 12 for polymeric materials). Microcapsules can be used to enclose 3 cells and
transplant into a desired tissue or cavity of the recipients. Since the capsules are usually
small, allowing oxygen and nutrient diffusion into the enclosed cells, it is not necessary
to introduce blood circulation into the capsules.

When a large pancreas-mimicking device is used, it is often necessary to establish a
blood circulation system. A double-tube system can be fabricated with a semipermeable
membrane. One of the tubes is used for packaging the 3 cells and the other is used for
introducing bloodflow to the B cells (Fig. 19.6). The device can be implanted into the
abdominal cavity of the recipients. The inlet and outlet ports of the blood circulatory
system can be anastomosed to a selected artery and vein, such as the inferior mesentery
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Figure 19.6. Schematic representation of an artificial pancreas containing functional B cells. Based
on bibliography 19.13.
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artery and vein. The blood circulation provides oxygen and nutrients to the cells, and
insulin and other molecules from the B cells can diffuse across the semipermeable mem-
brane into the blood compartment. Such a device can be potentially used for the trans-
plantation of [ cells into diabetic patients. A problem for such a device is blood coagulation
and thrombosis. Blood coagulation occurs within the device, and thrombosis occurs at
the anastomoses. It is necessary to administrate anticoagulants when such a device is
transplanted.

Pancreatic Cancer

Pathogenesis, Pathology, and Clinical Features. Pancreatic cancer is one of the four
most frequent types of cancer in humans, which include lung, colon, breast, and pancreatic
cancers. Pancreatic cancer is often originated from the epithelial cells of the pancreatic
ductules and ducts. Pancreatic cancer progresses rapidly. When pancreatic cancer is diag-
nosed, more than half of the patients are associated with cancer metastasis. As for other
types of cancer, the pathogenesis of pancreatic cancer remains poorly understood. Epide-
miologic studies have suggested that cigarette smoking, fat diets, and coffee intake may
serve as risking factors for the development of pancreatic cancer. Pathological changes in
pancreatic cancer are similar to those found in other types of cancer as described in
Chapter 25. There are several unique clinical features for pancreatic cancer. These include
rapid and extensive loss of body weight (due to the loss of digestion enzymes), severe
upper abdominal pain, anorexia, nausea, vomiting, hyperglycemia (due to the destruction
of the B cells) and jaundice (due to the compression of the bile duct by tumors in the head
region of the pancreas).

Treatment of Pancreatic Cancer. Pancreatic cancer exhibits genetic, pathological, and
clinical characteristics similar to those described in Chapter 25. Thus, similar therapeutic
strategies can be used for the treatment of pancreatic cancer. In general, surgical removal
of pancreatic cancer is the most effective treatment, provided that the cancer is identified
in the early stage before the occurrence of metastasis. In the presence of metastasis, che-
motherapy and radiotherapy are the methods of choice. Molecular therapy can be poten-
tially used. The principles and methods of molecular therapy for cancers are discussed in
Chapter 25.
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