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Kaplan and Wagner.  Type 2 Diabetes – An Introduction to the Development and Use of Animal Models, pp. 181-185

Type 1 diabetes = autoimmune disorder; insulin-dependent diabetes

Type 2 diabetes (T2D) = non-insulin dependent or adult-onset diabetes; accounts for 90-95% of all diagnosed cases of diabetes in US; total prevalence in population is approximately 6% and rising due to aging, increasing obesity; 6th leading cause of death in US

The need for animal models of T2D

Pre-diabetic state involves peripheral insulin resistance and a compensatory hyperinsulinemia as pancreas tries to reestablish glucose homeostasis.  Ultimately, the beta cells fail resulting in sustained hyperglycemia.  Many lifestyle factors (e.g., increase body weight, lack of exercise) are likely primary contributors to adverse changes in muscle and fat cells during this pre-diabetic state.  The mechanisms are poorly understood.  Other factors that coincide with insulin resistance include visceral fat deposition, dyslipidemia, elevated blood pressure and increased circulating inflammatory markers.  The exact factors that affect the transition from insulin resistance to diabetes remain to be elucidated.

The ideal model for T2D would include:  individual variability in insulin resistance and its effect with increased caloric intake and lack of exercise; development of compensatory hyperinsulinemia with elements of the metabolic syndrome; females have more severe cardiovascular health consequences than males; pancreatic changes would include accumulation of amyloid and experience beta cell apoptosis; and individuals would be markedly more at risk of experiencing the micro and macrovascular consequences of diabetes. These are all characteristics of T2D in humans.

Models reviewed in this issue of ILAR:

Rodents:  purpose bred and genetically altered strains and desert rodents - have led to progress in understanding of the polygenic nature and mechanisms of T2D
Cats:  one of the few outbred models characterized by insulin resistance, defective insulin secretion, islet amyloid formation, and beta cell loss; also, polygenic disorder and is associated with obesity in midlife.

Swine:  particularly useful for testing pharmacological interventions and vascular and/or cardiovascular changes with diabetes

NHP:  particularly old world primates (e.g., macaques, baboons); naturally develop T2D with clinical and pathologic changes similar to humans; potential for testing of treatment regimens.

Novel questions that can be addressed with animal models

1.
Sex differences in development and consequences of T2D: prevalence of diabetes relatively equal between sexes, but health consequences more severe in females; possible contributing factors include differences with risk factors, estrogen deficiency, hormone replacement therapy, premenopausal period, etc.

2.
CNS role poorly understood:  involvement of psychosocial stress and insulin resistance; involvement of the hypothalamic pituitary adrenocortical (HPA) axis and the sympathetic nervous system; role of depression and hypercortisolism;

3.
Evolutionary origins of T2D:  best known evolutionary hypothesis currently concerning T2D involves that humans have developed a series of "thrifty genes" that were selected during the ice ages to (a) provide for rapid uptake and storage of energy in the form of fat when plentiful to survive the famine periods and (b) to spare sufficient glucose for critical CNS functions by allowing for peripheral insulin resistance in the context of low carb, hi protein diet at that time.  Thus, given the changes in our environment today, these gene functions result in an exaggerated insulin response that is no longer adaptive and results in T2D.  Interestingly, the desert rodent conserves glucose by a different mechanism.  Data on this evolutionary hypothesis are not complete.

No questions or answers were provided with this summary.
Cefalu.  Animal Models of Type 2 Diabetes: Clinical Presentation and Pathophysiological Relevance to the Human Condition, pp. 186-198

Summary: Type 1 diabetes (T1D) develops secondary to autoimmune destruction of the insulin-producing β-cells of the pancreas. T1D is associated with other autoimmune diseases such as thyroid disease, celiac disease, & Addison’s disease and are referred to as autoimmune polyendocrine syndrome I, autoimmune polyendocrine syndrome II, and immuno-dysregulation-polyendocrinopathy-enteropathy X-linked syndrome.  Unlike T1D, T2D can be associated with elevated, normal, or low insulin levels, depending on the stage at which the levels are measured. Insulin resistance, defined as a clinical state in which a normal or elevated insulin level produces an inadequate biological response, is hallmark for the presence of metabolic syndrome and T2D. Metabolic syndrome may precede the development of diabetes by many years, which may partially explain the increase in CVD risk observed years before the diagnosis of diabetes.

Mouse models: Nonobese diabetic (NOD) mouse and streptozotocin injected mouse have been used as model for T1D. The models with mutations either in leptin gene (ob/ob) or in the leptin receptor (db/db) develop severe obesity and are used commonly as model for T2D. Other strains like KK mouse and Nagoya-Shibata-Yasuda (NSY) are also used as model for T2D. A significant limitation is that mouse models of diabetes do not demonstrate the same islet pathology as humans with T2D (islet amyloid).

Rat models: Zucker diabetic fatty rat (ZDF) harbors mutations on leptin receptors and is commonly used as model for the study of T2D. The ZDF rat does not display the same islet pathology as humans. The Goto-Katazaki (GK) rat is nonobese and has decreased =DF-cell mass. The GK rat displays abnormalities characteristic of human T2D in the presentation of liver and skeletal muscle insulin resistance.

Other rodent models: Spiny Mice (Acomys cahirinus) gain weight markedly and manifest glucose intolerance when subjected to high energy diet. Overnutrition affects β-cells causing hypertrophy and proliferation with a propensity toward islet cell disintegration. In Desert gerbil (Psammomys obesus), high energy diet leads to muscle insulin resistance and the inability of insulin to activate the insulin signaling. Insulin resistance leads to a vicious cycle of hyperglycemia and compensatory hyperinsulinemia, which leads to β-cell failure and increased secretion of proinsulin. P. obesus shares many of the clinical and metabolic characteristics of T2D observed in humans such as the presence of insulin resistance, increased hepatic glucose production, and the ability to attenuate progression based on reduction in energy intake. However, there are significant differences in etiology for β-cell failure (IL1β/Nf/(B pathway) in this model compared with human (amyloid), which may limit the usefulness of this model for pancreatic pathology.

Transgenic models: The HIP rat is h-IAPP (islet amyloid polypeptide) transgenic on the Sprague-Dawley background. Homozygous HIP rats develop diabetes rapidly within the first 2 mo of life, whereas hemizygous HIP rats spontaneously developed mid-life diabetes (6-12 mo) associated with islet amyloid.

Feline models: Diabetes in cats resembles human T2D in many respects including clinical and physiologic features of the disease. These features include age of onset in middle age, association with obesity, residual insulin secretion, development of IA deposits, loss of approximately 50% of β-cell mass, and development of complications in several organ systems including peripheral polyneuropathy and retinopathy.

Swine models: Two lines of Yucatan minipigs, one with impaired glucose tolerance and the other with enhanced tolerance, have been described. Gottingen minipig was suggested as model for metabolic syndrome based on its response to a high-fat high-energy diet. Use of swine models has been very beneficial in the specific studies of complications of streptozotocin-induced diabetes mellitus for cardiovascular, renal, and ophthalmic complications. These models allow investigators to define the precise biochemical changes and mechanisms that initiate and perpetuate atherosclerotic lesion progression. Pigs fed a high-fat high-cholesterol diet develop coronary, aortic, iliac, and carotid atherosclerotic lesions in anatomical locations extremely relevant to the human condition.

Primate models: Spontaneous diabetes has been reported in cynomolgus, rhesus, bonnet, Formosan rock, pig-tailed, and Celebes macaques, in addition to African Green monkeys and baboons. Majority of cases reported in primates represent T2D and are associated with both obesity and increasing age. The most remarkable similarity is in the identification of the prediabetic phase, with the observation of insulin resistance and compensatory hyperinsulinemia. Another important similarity is the eventual pancreatic exhaustion with replacement of normal islet architecture with an islet-associated amyloid. Such phases for diabetes progression have been reported in cynomolgus and rhesus monkeys. Islet amyloidosis has been reported in spontaneous cases of diabetes in M. mulatta, M. nigra, M. nemestrina, M. fascicularis, and baboons. As with swine models, NHPs may be useful for determining mechanisms of increased cardiovascular disease in diabetes.

Questions:

1) 
Type 1 diabetes can be associated with elevated, normal, or low insulin levels, depending on the stage at which the levels are measured. T/F

2)  
Which mouse strain is the model for Type I diabetes:

a)
ob/ob

b)  
db/db

c)  
NOD

d)  
KK

3)  
Which of the following mouse strain is not a model of Type II diabetes?
a)  
ob/ob

b)  
NOD

c)  
db/db

d)  
KK

e)  
NSY

4) 
db/db mouse strain harbors mutation in leptin gene and develops severe obesity, making it a good model for Type II diabetes. T/F

5)  
Mouse models of diabetes demonstrate same islet pathology as humans. T/F

6) 
Zucker diabetic fatty rat (ZDF) harbors mutation on leptin receptors and is used as model to study Type II diabetes. T/F

7) 
The etiology for (-cell failure in Desert gerbils is similar to humans. T/F

8)  
Which animal model develops diabetic neuropathy and retinopathy?
a)
HIP transgenic rat

b) 
ob/ob mouse

c) 
Spiny mice (Acomys cahirinus)

d)  
Domestic cat

e)  
Zucker rat

9)
Which animal develops atherosclerotic lesions in anatomical locations relevant to human conditions?
a)
Domestic cat

b)  
Desert gerbil

c)  
Zucker rat

d)  
Pig

10)
Islet amyloidosis has been reported in spontaneous cases of diabetes in nonhuman primates. T/F

Answers:

1)
False

2)  
C

3) 
B

4)  
False

5)  
False

6)  
True

7)  
False

8)  
D

9)  
D

10)
True

>
Neubauer and Kulkarni.  Molecular Approaches to Study Control of Glucose Homeostasis, pp. 199-211

Maintenance of glucose homeostasis is critical to generation of energy to support optimal functioning of all tissues in mammals. Glucose is the major energy source for metabolism. Circulating glucose levels must be regulated by the endocrine component of the pancreas to promote normal metabolism and to prevent cellular toxicity in various tissues.  Pancreatic beta-cells, neurons, renal cells, and retinal cells are all susceptible to elevated levels of glucose. The inability to regulate blood glucose within the physiological range results in diabetes. Type 1 and type 2 forms of diabetes are disease conditions associated with perturbations in processes that maintain normal blood glucose levels. Type 1 or insulin-dependent diabetes mellitus is diagnosed in younger patients (8-10% of all diabetic cases). It is caused by irreversible autoimmune destruction of insulin-producing beta-cells in the pancreas requiring lifelong insulin replacement therapy. Maturity-onset diabetes of the young, gestational diabetes and latent autoimmune diabetes in adults are other rare forms of diabetes. Diabetes mellitus afflicts 150 million people worldwide (18.2 million in the US) doubling by 2025 due to unhealthy diets, obesity, and lifestyle. All forms of diabetes are characterized by uncontrolled hyperglycemia and abnormalities such as hypoinsulinemia and reduced insulin sensitivity, as well as alterations in glycogen function and fat mobilization and deposition.

Type 2 diabetes is a polygenic disease that cause result in severe complications in multiple tissues. Studying glucose homeostasis associated with the pathogenesis of diabetes has been centered on modulation through peroxisome proliferators-activated receptor (PPARs) signaling, insulin sensitivity, and leptin function. Various animal models of diabetes have been used to decipher the pathogenesis of the type 2 diabetes. Mice with various naturally occurring mutations have been used as models. Mice treated with streptozotocin or allozan which destroy the pancreatic beta-cells have been used as models of insulin dependent diabetes. Obese mice (Lep-ob or Lep-db) with mutations of either leptin or leptin receptor genes have also be used to study type 2 diabetes. Mice on the C57Bl/6 background fed high fat diets are more susceptible to obesity and diabetes while mice on dilute brown nonagouti 2/2 (DBA/2) background are characterized by more rapid pancreatic islet failure. 

Various knockout (KO) or transgenic mice have been used to study diabetes. Mice with overt diabetes include KOs of the insulin receptor, insulin receptor substrate-2, glucokinase, or insulin receptor in Beta-cells. They are all characterized by hyperglycemia. Diabetic mouse models exhibiting minimal effects on glucose homeostasis include KOs of the insulin receptor in adipose tissue; insulin receptor in muscle; insulin receptor substrate (IRS)-3; IRS-4; GLUT-4 (glucose transporter); Aktl (acute transforming retrovirus thymoma homology); or PPAR-gamma in beta-cells.

Mice models with glucose intolerance have been used to study diabetes. These include KO of the IRS-1; insulin receptor (IR) in liver; IR KO in brain; insulin-like growth factor receptor beta-cell; Akt2; GLUT-4 KO in muscle; GLUT-4 KO in adipose tissue; PPAR-gamma in adipose tissue; and PPAR-gamma in muscle. The use of multiple animal models has provided insight into the complex mechanisms of diabetes and associated modulation of glucose homeostasis. It is important to note that type 2 diabetes is a polygenic disease and that different single nuclear polymorphisms in combination with environmental factors, lead to the complex manifestation of the disease. Animal models provide important clues in the quest to fully characterize the diabetic phenotype. 
Questions
1.
Identify the mouse model characterized by severe hyperglycemia and hyperketonemia which die due to ketoacidosis.

a.
IRS-2 knockout

b.
Glucokinase knockout

c.
Insulin receptor knockout

d.
Insulin receptor in Beta-cell knockout
2.
Identify the mouse model characterized by mild glucose intolerance, mild insulin resistance, growth retardation and reduced adipose tissue.

a.
IRS-3 knockout

b.
GLUT-4 knockout

c.
Aktl knockout

d.
PPAR-gamma Beta-cell knockout
3.
Identify the mouse model characterized by severe insulin resistance and glucose intolerance, plus normal body weight, with reduced weight gain after 6 months of age.

a.
GLUT-4 knockout in adipose tissue

b.
PPAR-gamma knockout in adipose tissue

c.
Aktl knockout

d.
GLUT-4 knockout in muscle tissue
4.
Identify the inbred mouse characterized by moderate obesity, hyperinsulinemia, and hyperglycemia.

a.
KK mouse

b.
NSY mouse

c.
C57Bl/6 mouse

d.
DBA/2 mouse

Answers

1.
c

2.
b

3.
d

4.
a

Shafrir et al.  Nutritionally Induced Diabetes in Desert Rodents as Models of Type 2 Diabetes: Acomys cahirinus (Spiny Mice) and Psammomys obesus (Desert Gerbil), pp. 212-224
Spiny mice (Acomys cahirinus) and desert gerbils (Psammomys obesus) are two desert species that have different metabolic responses to dietary induction of diabetes.  Studying type 2 diabetes in these mutation-free rodent species is of particular interest when investigating the effects of modern life style and increased food consumption on the prevalence of diabesity (diabetes + obesity).

Acomys cahirinus

Spiny mice originate from the arid areas of eastern Mediterranean countries and in North Africa.  Diabesity was discovered in a spiny mouse colony that had been sent to Geneva from Jerusalem.  These rodents were maintained on initially a high-fat seed diet, and then transferred to an institute where they were given rodent chow supplemented by seeds.  Characteristics of these mice included low insulin secretion, low glucose response, and faint first-phase insulin release, despite pancreatic islet hypertrophy and hyperplasia.  Initially, it was thought that a mutation occurred in the Geneva colony (which had been separated from the Jerusalem mice for 15 years) and that these mice were genetically different than the wild mice in Jerusalem, but further investigations concluded that it was a characteristic of desert species to respond in this manner to nutritional plenty, rather than a genetic mutation.
As opposed to a high-fat diet, spiny mice placed on a sucrose-rich diet developed hepatomegaly, hyperactive lipogenesis, significant elevation of VLDL, and elevated serum T3 and decreased serum T4.  These mice survived longer, compared to the high-fat diet-fed mice, but they were less fertile.
There is some debate over the taxonomic classification of these rodents.  They are currently classified in the Murinae family, but some have suggested a closer relation to Gerbilinae.

Psammomys obesus

The desert gerbil, Psammomys obesus, is also known as the "sand rat," but this is a misnomer, as they belong to the rodent family Gerbilinae.  Diabetes was first discovered in this species from animals collected in Egypt and sent to a laboratory at Duke University.  It occurred in animals maintained on regular chow, but not on a vegetable diet.  The reproductive success was not high in this colony, and thus development of multigenerational studies was not possible.  A research group in Jerusalem, however, was successful in maintaining these animals on a diet consisting of succulent desert leaves, branches from a bush found in the Dead Sea region, and a few pellets of rodent chow.  Animals from this colony fit into one of four categories, or stages:

A.  normoglycemic, normoinsulinemic
B.  normoglycemic, hyperinsulinemic
C.  hyperglycemic, hyperinsulinemic
D.  hyperglycemic, insulinopenic (only ~6% of the colony)

Psammomys maintained on a high-energy diet undergo severe B-cell degranulation (associated with glycogen deposits), loss of insulin immunostaining, apoptosis and necrosis.  There is no evidence for gluco- or lipotoxicity in the B-cell lesions; rather, damage to these cells is likely secondary to exhaustion from hypersecretion.

In the original colony of Psammomys, there was variation in the response to the high-energy diet.  By using a assortative mating system, the colony was separated into two distinct lines: diabetes-prone (DP) and diabetes-resistant (DR).  Relevant similarities and differences between these two lines are as follows.

1.  Sensitivity to high-energy diet peaks at 5 months of age in both DP and DR lines.

2.  DR lines have a higher metabolic efficiency.

3.  Reproductive efficiency is greater in the DP lines due to the lower percentage of non-reproductive females, and increased number of litters per female.

Important points regarding insulin resistance in Psammomys:

· Primary insulin resistance in liver and muscle is a species characteristic.

· Inborn insulin resistance allows desert species to divert glucose to glucose obligatory tissues.

· There is a low insulin receptor (IR) content in liver and muscle compared to the albino lab rat

· As the diabetes progresses to stages B and C, IR function declines.

· There is overexpression of PKC-e in the muscle

· Overexpression of PKC-e is associated with increased muscle content of diacylglycerol

It is also important to point out that the Psammomys liver is high in lipogenic enzyme, and it is the main site of lipogenesis.

Psammomys are an excellent model to study antihyperglycemic drugs; specifically, animals in stages B or C.

Complications of diabetes that have been reported in Psammomys include: cataracts (stages C and D only), microangiopathy, intervertebral disc degeneration, spondylosis, neuropathy, and hepatic malignancy.

Questions:

1.  
What is the genus and species of the spiny mouse?  To what family does it belong?

2.  
What is the genus and species of the desert gerbil?  To what family does it belong?

3.
True or false: Spiny mice placed on a high-sucrose diet will develop a significant increase in body weight, fat tissue deposition, and high serum insulin.

4.  
In Psammomys, what organ/tissue is responsible for most of the synthesis of fat?

5.  
Insulin resistance has been linked to a low level of what receptor, and overexpression of what enzyme in Psammomys?

Answers:

1.  
Acomys cahirinus, Murinae

2.  
Psammomys obesus, Gerbilinae

3.  
False (this occurs with a high-fat diet)

4.  
Liver

5.  
Insulin receptor (IR) and Protein Kinase C (specifically, PKC-e)

Matveyenko and Butler.  Islet Amyloid Polypeptide (IAPP) Transgenic Rodents as Models for Type 2 Diabetes, pp. 225-233

Summary:  Blood glucose concentrations are maintained by insulin secreted from β-cell located in the islets of Langerhans of pancreas.  The islets in type 2 diabetes mellitus (T2D) have deficient (-cell mass due to increased β-cell apoptosis and islets amyloid derived from islet amyloid polypeptide (IAPP).  Humans, monkeys, and cats express an amyloidogenic toxic form of IAPP and spontaneously develop diabetes characterized by islets amyloid deposits.  Using cats and monkeys as IAPP models have several drawbacks because the disease in these animals is sporadic and unpredictable. Therefore, T2D prevention studies require keeping large number of animals for many years.  So, focus has been shifted to develop a rodent model of  T2D that resembles human pathophysiological changes.   Rat and mouse IAPP is not amyloidogenic, due to presence of proline residues in amyloidogenic region of IAPP.  Several mice and recently a rat transgenic model for human IAPP (h-IAPP) have been developed.  The study of h-IAPP transgenic rodent showed that increasing h-IAPP expression by breeding or induction of insulin resistance leads to increased (-cell apoptosis and T2D development.  The IAPP toxicity appears to be associated with the formation of small intracellular IAPP oligomers rather than the large extracellular islet amyloid deposits that may develop subsequently.  The h-IAPP transgenic rodent model can be used to study the mechanism of IAPP induced β-cell apoptosis and ultimately to prevent T2D disease or to develop novel therapeutics.

Questions
1.  
Which species below do not produce amyloidogenic toxic form of IAPP?
a.
Cats

b.
Monkeys

c.
Mice

d.
Humans
2.  
Which cells secret insulin?
a.
Pancreatic exocrine cells

b.
Pancreatic β-cells located in the islets of Langerhans

c.
Hepatocytes
d.
Kupffer cells
3.  
In h-IAPP rat model of T2D which of the following will not occur (figure 5)
a.
Increase in fasting blood glucose

b.
Decrease in β-cell mass

c.
Increase in β-cell apoptosis

d.
Decrease in β-cell apoptosis

Answers: 1. c, 2. b,   3. d.

Henson and O’Brien.  Feline Models of Type 2 Diabetes Mellitus, pp. 234-242

Summary: Feline diabetes mellitus (FDM) closely resembles human type 2 diabetes mellitus (T2DM) in many respects including clinical, physiological, and pathological features of the disease.  T2DM is characterized by insulin resistance, defective insulin secretion, islet amyloid formation, and â cell loss.  In addition to humans and macaques, the domestic cat is one of the few species that develops diabetes with all of these characteristics.
Depending on the population studied the incidence of diabetes in cats ranges from one in 50 to one in 400.  Similar to humans, the typical onset for diabetes in the cat is in middle age or older, with the peak incidence occurring between 9 and 13 years of age.  Also similar to humans, FDM is associated with disease or drugs that increase insulin resistance, such as acromegaly or hyperadrenocorticism or treatment with corticosteroids or progestagens.    Diabetes occurs when the â cell can not produce enough insulin to maintain normal blood glucose.  Obesity is a risk factor for diabetes in cats, and weight loss improves glucose tolerance in both species (humans and cats).  Approximately 25% of non-obese individuals with normal glucose tolerance are insulin resistance.  Approximately 6% of humans with impaired glucose tolerance progress to T2DM per year.  Genetic play an important role in diabetes risk.  Lean relatives of type 2 diabetics are insulin resistant and have increased risk of diabetes.  In Australia, the frequency of diabetes in Burmese breed is approximately one in 50, compared with one in 200 domestic cats.  The predisposition of Burmese cats is not sex linked or dominant.  Other cat breeds are under represented in the diabetic population relative to domestic short-and long haired cats.  The most striking and provocative similarities between human T2DM and FDM are the lesion occurring in the pancreatic islets, namely Islet amyloidosis (IA) and partial loss of â cells.  IA occurs in nearly all spontaneously diabetic cats and has been detected in more than 90% of humans with type 2 diabetes.  IA is therefore a hallmark lesion of both human T2DM and spontaneous FDM.  IA was shown to be present in 67% of cystic fibrosis patients with diabetes but only in 27% of age-matched non-diabetic patients, and it was associated with a 50% loss of â-cell mass.  Cats with impaired glucose intolerant that also have been an increase incidence of IA have increased IAPP (islet amyloid polypeptide) content versus controls, suggesting increased IAPP production as a precursor to IA development in this species.  Human IAPP in mice led to the development of diabetes mellitus with pathological and clinical features of FDM and human T2DM.  In addition to spontaneous diabetes, induced-disease models have also been developed in the cat.  Unlike rodents, cats are resistant to the diabetogenic effects of streptozotocin and alloxan, yet they remain susceptible to their toxic side effects.  Partial pancreatectomy alone (>75% removed) or in combination with local injection of alloxan was effective in inducing diabetes in 70% or 100% of cats.  The induced model that most closely resembles spontaneous involves partial pancreatectomy (50% removed) combined with growth hormone and d to dexamethasone treatment to induce insulin resistance.  In this study, eight cats were evaluated and all remained hyperglycemic after growth hormone and dexamethasone therapy were discontinued.  
The most thoroughly evaluated diabetic complications in cats are diabetic neuropathy and retinopathy.  Both rodents with experimental diabetes and cats with spontaneously occurring diabetes develop neurological complications.  The symptoms associated with diabetic retinopathy in the cat include a plantigrade stance, less frequency a palmigrade stance, posterior paresis, postural reaction deficits, depressed patellar reflexes, and increased flinching in response to light touch.  Similar to changes noted in human diabetics.  The most significant change associated with diabetes in cats is Schwann cell injury resulting in myelin splitting, ballooning, and subsequent demyelination.  The reactive, degenerative, and proliferative changes seem in the Schwann cells of diabetic cats are similar to those seen in human diabetic neuropathy.  Diabetic neuropathy in the domestic cat may serve as an excellent model for the pathogenesis and treatment of early diabetic neuropathy in humans.  Diabetic neuropathy in humans and cats share multiple electrophysiological, pathological and biochemical similarities making the feline diabetic an excellent model of the condition in humans.  In contrast to other animal models of diabetes, the ocular lens of the adult cat is resistant to the development of diabetic cataracts.  The pathogenesis of diabetic neuropathy is complex, but retinal hypoxia appears to play a significant role.  Hypoxia stimulates increased production of vascular endothelial cell growth factor (VEGF), which in turn promotes non vascularization, a major course of blindness.  The inner half of the retina of the cat becomes hypoxic early in diabetes, before capillary closure and non perfusion become clinically apparent.  This finding coincides with studies showing increased VEGF expression in diabetic humans with minimal or no signs of retinopathy.  Diabetic cats have enhanced superoxide radical production from activated polymorphonuclear leucocytes, which may contribute to microvascular injury and capillary plugging in the retina.  In addition, abnormal blood rheology and leukocyte deformability have been documented in both diabetic humans and diabetic cats.  Thus, domestic cat has played and will likely continue to play a valuable role in the study of the ocular manifestations of diabetes in humans.

Questions:

1.  Feline diabetes mellitus (FDM) closely resembles human type 2 diabetes mellitus (T2DM) in many respects including ______________ of the disease.

A.  
Clinical;

B.  
Physiological; and 

C.  
Pathological features

D.  
All of the above
E.  
None of the above
2.  
Similar to humans, the typical onset for diabetes in the cat is in middle age or older, with the peak incidence occurring between __________, and __________ of age.  

3.  
T or F.  Diabetes occurs when the â cell can not produce enough insulin to maintain normal blood glucose.  
4.
T or F.  Obesity is not a risk factor for diabetes in cats, and weight loss will not improve glucose tolerance in both species (humans and cats).  
5.
T or F.  Human IAPP in mice led to the development of diabetes mellitus with pathological and clinical features of FDM and human T2DM.  
6.
T or F.  Like rodents, cats are not resistant to the diabetogenic effects of streptozotocin and alloxan.
7.  
T or F.  Partial pancreatectomy alone (>75% removed) or in combination with local injection of alloxan was not effective in inducing diabetes in 70% or 100% of cats.  
8.  
The symptoms associated with diabetic retinopathy in the cat include:
A.  
A plantigrade stance;

B.  
Less frequency a palmigrade stance;

C.  
Posterior paresis;

D. 
Postural reaction deficits;

E.  
Depressed patellar reflexes;

F.  
Increased flinching in response to light touch

G.  
All of the above

H.  
None of the above
9.
In contrast to other animal models of diabetes, the ocular lens of the adult cat is resistant to the development of ________________.
10.
T or F.  Diabetic neuropathy in humans and cats share multiple electrophysiological, pathological and biochemical similarities making the feline diabetic an excellent model of the condition in humans.  

11.
T or F.  Domestic cat has played and will likely continue to play a valuable role in the study of the ocular manifestations of diabetes in humans.

Answers:

1.  
D.  All of the above

2.  
9 and 13

3.  
T

4.  
F.  Obesity is a risk factor; weight loss will improve glucose tolerance in both humans and cats.

5.  
T
6.  
F.  Unlike rodents; cats are resistant to the diabetogenic effects of streptozotocin and alloxan.

7. 
F.  It was effective in inducing diabetes in 70% or 100% of cats.  

8.  
G.  All of the above

9.  
Diabetic cataracts.

10.
T

11.
T

>>
Bellinger et al.  Swine Models of Type 2 Diabetes Mellitus: Insulin Resistance, Glucose Tolerance, and Cardiovascular Complications, pp. 243-258

Abbreviations: DM, diabetes mellitus; IR, insulin resistance; INSR, insulin receptor; IRS, receptor substrate

Abstract: In humans, diabetes mellitus (DM) is considered a heterogeneous metabolic disorder. Swine have been used as a model for many human conditions including type 1 (insulin-deficient) and type 2 (insulin-resistant) DM research because of their phenotypic similarities to humans including: cardiovascular anatomy and function, metabolism, lipoprotein profile, size, tendency to obesity, and omnivorous habits. There is phenotypic overlap between the two types of DM and pig models show characteristics and complications of both. Streptozotocin and alloxan have been used to create insulin deficient diabetes in pigs. One of the most unique and useful phenotypes is that these insulin-deficient pigs develop more severe coronary atherosclerosis than nondiabetic controls. It is not fully understood why patients with either type 1 or type 2 DM have increased severity and diffuseness of atherosclerosis compared with nondiabetic patients. The current human epidemic of type 2 DM and its attendant cardiovascular complications underscore the unmet need for creating a useful, readily available animal model of type 2 insulin resistant DM that also develops coronary artery atherosclerosis. The phenotypic susceptibility to coronary atherosclerosis makes pigs an attractive species to identify causative mechanisms. Suggested criteria for validation of an animal model of humanoid type 2 DM are described. The goal would be to develop a useful animal model for mechanistic studies as well as to develop and test novel therapeutics both for type 2 DM as well as its cardiovascular complications (Table 1). 
Introduction: DM comprises a group of disorders with the common characteristic of elevated blood glucose (Fig 1). Type 1 is due to pancreatic B-cell destruction leading to insulin deficiency and is generally characterized by weight loss, polyuria, polydipsia, and abrupt onset usually after puberty.  Type 2 is characterized by insulin resistance (IR) with slow onset and hyperglycemia. Patients are usually overweight and asymptomatic in early stages. Multiple murine models have been used to study the consequences of genetic manipulations that induce IR. The most informative is with the insulin receptor (INSR) and the receptor substrate (IRS)-1 and IRS-2, and peroxisome proliferative activated receptor (PPAR). The murine models mimic some of the changes that occur in the human IR and additional animal models are needed such as pigs. Human and pigs have similar pharmacokinetics, gastrointestinal structure and function, pancreatic morphology, and overall metabolic status.  
Yucatan Minipigs: Selective breeding has been reported to be successful for producing pigs with impaired glucose tolerance. Two lines are developed "low K" with impaired tolerance and "high K" with enhanced tolerance. Model for diabetic dyslipidemia with alloxan has several advantages to study also microvascular diseases, coronary arteries. Model for childhood obesity and insulin resistance without chemical induction was created by overfeeding a Western style diet high in saturated fat and carbohydrates.  
Sinclair Minipigs: Yucatan Minipigs is also introduced in this strain. Used to study the relationship of diabetes to vascular dysfunction in combination with alloxan.  
Gottingen Minipigs: Used to study physiological aspects of diabetes and pharmacological therapies for diabetes and as a model for the "metabolic syndrome", and therapies for hyperglycemia. The diabetes can be induced with nicotinamide, SZT, alloxan 
Yorkshire and Yorkshire-crossed strains: Model of SZT-induced diabetes.  
Chinese Guizhou Minipigs: Used to study the interaction of type 2 DM and atherosclerosis. Useful for drug testing  
Ossabaw pigs: This is a unique strain that has lived in relative genetic isolation for centuries. Reported to be insulin resistant. It is a novel model for metabolic syndrome. Useful to study cardiovascular complications associated with diabetes without chemical induction.  
Familial hypercholesterolemic pigs: Develop severe coronary and abdominal aortic atherosclerosis. This strain has causative mutation C253/T253 in the LDL receptor. In addition, also has spontaneous dyslipidemia which is characteristic of the IR in humans.  
Low birth weight pigs and type 2 DM: In humans low birth weight is associated with an increased risk of glucose intolerance and type 2 DM and cardiovascular disease in adult life. 
Criteria for validating models of type 2 insulin resistant DM: Detailed complications in humans are described on NIH, Animal Models of Diabetic Complications Consortium https://www.amdcc.org/index.aspx 
A seven-step model process is used to characterize an animal model of human type 2 DM:

· Step 1: Documenting fasting hyperinsulinemia, insulin sensitivity, and serum glucose levels.
· Step 2: Determining lipoprotein concentration and particle size. 
· Step 3: Obtain total body fat measurements.
· Step 4: Characterize serum markers.

· Step 5: measure arterial blood pressure.
· Step 6: Document end organ damage due to type 2 insulin resistant DM.
· Step 7: Document reduction in end organ damage due to type 2 insulin resistant DM with intervention. 
Summary and future directions
Pigs have many attributes that make them suitable for creating animal model for type 2 DM to determine the mechanisms that mediate cardiovascular complications: Pigs develop atherosclerosis in anatomic locations that are relevant to the human condition. The lesions recapitulate the histopathology seen in humans.  Pigs recapitulate many metabolic abnormalities presented in type 2 DM.

Questions: 

1. 
Name eight pig animal models used to study diabetes in humans. 
2. 
A seven-step model process is used to characterize an animal model of human type 2 DM.  Describe those steps.
Answers:
1.
Yucatan Minipigs

Sinclair Minipigs

Gottingen Minipigs 

Yorkshire and Yorkshire-crossed strain

Chinese Guizhou Minipigs 


Ossabaw pigs 


Familial hypercholesterolemic pigs 

Low birth weight pigs and type 2 DM  
2.
Step 1: Documenting fasting hyperinsulinemia, insulin sensitivity, and serum glucose levels.

Step 2: Determining lipoprotein concentration and particle size. 

Step 3: Obtain total body fat measurements.

Step 4: Characterize serum markers.


Step 5: measure arterial blood pressure.

Step 6: Document end organ damage due to type 2 insulin resistant DM.

Step 7: Document reduction in end organ damage due to type 2 insulin resistant DM with intervention. 
Wagner et al.  Old World Nonhuman Primate Models of Type 2 Diabetes Mellitus, pp. 259-271

SUMMARY: Old world nonhuman primates (NHP) are a valuable model of type 2 diabetes, a disease that is steadily increasing in the human population.  Approximately 21% of the US population has diabetes with most being type 2 diabetes (T2DM).  Complications related to diabetes include “microvascular disease (e.g., retinopathy, neuropathy, and nephropathy) and macrovascular disease (e.g., coronary heart disease and stroke)”.  The earliest metabolic abnormality prior to the development of T2DM likely is insulin resistance.  A compensatory hyperinsulinemia often develops as insulin resistance worsens since larger amounts of insulin are required to drive glucose into target tissues.

Insulin resistance is also frequently seen with obesity.  Obesity is also strongly associated with a metabolic syndrome that may include increased blood pressure, inc plasma triglyceride concentrations, and decreased high-density lipoprotein cholesterol concentrations.

Subclinical inflammation is thought to play an important role in both diabetes and cardiovascular disease.  It is interesting that adipose tissue is a significant source of circulating inflammatory cytokines.  It is hypothesized that this may partially account for the link between obesity and both diabetes and cardiovascular disease.

Due to the similarity in disease and genetic make-up in both old world NHPs and humans, NHPs are frequently used in studies examining disease progression, associated risk factors, and potential treatments including diabetes-related pharmacologic studies.  The signalment and development of type 2 diabetes in NHPs shares many similarities with that seen in humans including 1) the disease is most common in older, obese animals, 2) NHPs frequently have a period of obesity-associated insulin resistance that initially stimulates compensatory insulin secretion, 3) clinical signs develop as fasting blood glucose concentrations increase. 4) the pathologic changes noted in the pancreatic islets are very similar to that seen in humans and include an initial hyperplasia of pancreatic islets (with increased overall insulin production) followed by amyloid deposition within the islets).

Risk factors for the development of T2DM in NHPs is similar to that in humans and includes obesity, aging, and, in females, pregnancy, menopause, and sex hormone treatments.  Diet, housing conditions, and stress may also affect T2DM development.

Overview of Diabetes in Old World NHPs

Diabetes has been reported in macaques, African green monkeys, and baboons.  Cynomologus and rhesus monkeys may develop insulin resistance and hyperinsulinemia for a long time before developing overt diabetes.  As the disease progresses, impaired glucose tolerance develops followed by a slight elevation in fasting glucose and then significant hyperglycemia secondary to either a relative or absolute decrease in pancreatic insulin secretion.  Amyloid deposition may occur in the pancreatic islets.  The disease may be present for many years before treatment is required.  For many animals, use of caloric restriction may be adequate to delay the need for more active treatments.

Clinical Parameters Associated with Early Changes in Progression to T2DM

Overt diabetes is classified as a fasting glucose of 126 mg/dL a  fasting glucose of 100-126 mg/dL is likely to indicate disease.  Numerous changes occur before fasting glucose is elevated including elevations in plasma insulin concentrations and reductions in peripheral tissue sensitivity to insulin.  The authors used the intravenous glucose tolerance test (IVGTT) to characterize disease progression in nondiabetic cynos.  Based upon the test results, they were able to classify some animals as ‘prediabetic’.  These designated animals became diabetic within one year of the IVGTT.

Clinical Parameters Associated with T2DM in Monkeys

Spontaneous T2DM monkeys:

a)  
Are older and weigh more (than nondiabetic monkeys)

b) 
Develop dyslipidemia, glucosuria, lose weight, and eventually become ketotic without treatment

c) 
Were treated by the authors with insulin to standardize experimental conditions for intervention studies

d) 
Have lower adiponectin concentrations (than non-diabetics)

e) 
Have increased leptin concentrations (that also correlate with body weight)

f) 
Have increased plasma triglyceride and total cholesterol concentrations

In NHPs, glucose control can be more accurately assessed my measuring glycated proteins instead of fasting glucose since glycated proteins increase with both fasting and postprandiol glucose levels.

Fructosamine concentrations are increased.

Islet Amyloidosis Associated with T2DM

The major effect of T2DM on the pancreas is islet amyloidosis.  Amyloid is toxic to B-cells and incites apoptosis.  In macaques, amyloid deposition often precedes overt diabetes.  When compared to age-matched controls, islets from monkeys with advanced T2DM are hypocellular with a large amount of islet amyloidosis.

Sex Hormones and Risk of T2DM

Estrogen and progestogens affect both body weight and insulin resistance/diabetes.  Therefore the sex hormones associated with both pregnancy and menopause can influence the rate of diabetes.

Gestational diabetes has been described in cynos and rhesus.

Natural menopause has been described in cynos, rhesus, chimps, and baboons.

Estrogen therapy of naturally postmenopausal cynos resulted in improved glycemic control.

Stress and Risk of T2DM

It is suggested that stress is related to the development of T2DM since stress-induced disturbances of the hypothalamic pituitary adrenocortical system can increase visceral fat disposition.

Insulin-Resistant and Diabetic Monkeys in Pharmacological Studies

A major research focus is on developing drugs that improve insulin action.  One class of oral antidiabetic drugs being examined is the thiazolidinediones which are agonists of the peroxisome proliferator-activated receptor (PPAR-gamma).  This receptor is highly expressed in brown and white adipose tissue and is thought to trigger adipocyte differentiation, promote lipid storage, and modulate the action of insulin.  NHPs (including cynos and rhesus) are being used as subjects when evaluating the application of this drug class.

QUESTIONS:

1)  
The majority of diabetic humans in the US suffer from type 1 or type 2 diabetes?

2)  
List 3 risk factors for old world monkeys to develop type 2 diabetes mellitus.

3)  True/False:  In NHPs, type 2 diabetes mellitus most frequently develops acutely with little to no prior abnormalities in clinical pathology

4) 
What histopathologic changes are noted in the pancreas of NHPs with advanced type 2 diabetes?
5)
Fill in the blank:  One class of oral antidiabetic drugs being examined are the ____________________which are agonists of the peroxisome proliferator-activated receptor (PPAR-gamma).  This receptor is highly expressed in brown and white adipose tissue and is thought to trigger adipocyte differentiation, promote lipid storage, and modulate the action of insulin.

ANSWERS:

1)  Type 2 diabetes

2) 
Obesity, aging, and, in females, pregnancy, menopause, and sex hormone treatments.  Diet, housing conditions, and stress may also affect T2DM development.

3)  
False.  The disease is usually more chronic, progressive in nature.

4) 
When compared to age-matched controls, islets from monkeys with advanced T2DM are hypocellular with a large amount of islet amyloidosis.

5) 
Thiazolidinediones
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