
iabetes mellitus is a frequently encoun-
tered disease in small animal practice. It
appears to have a similar prevalence in

dogs and cats.1 In humans, the number of cases
of type 2 diabetes mellitus is exploding, prima-
rily because of a rise in obesity and inactivity. As
obesity and sedentary lifestyles become more
prevalent in the pet population, it is likely that
the incidence of diabetes in companion animals
will rise accordingly. This may be a particularly
relevant issue for cats, in which the prevalence of
diabetes mellitus has increased over the past 30
years.2 Cats, more commonly than dogs, experi-
ence a form of diabetes most closely related to
type 2 diabetes mellitus in humans.This form of
the disease has been clearly linked to diet and
lifestyle. Although dogs and cats share aspects of

diabetes pathophysiology, diagnosis, and treat-
ment, it is important for veterinarians to keep in
mind that there are salient differences with
important implications for the diagnosis and
treatment of feline diabetes.

STRUCTURE AND FUNCTION
OF INSULIN
Diabetes mellitus is a disease of the endocrine
pancreas characterized by a relative or absolute
deficiency in insulin secretion. Insulin is normally
secreted by the β cells of the pancreas (approxi-
mately 70% of the endocrine cell population) in
response to an influx of glucose through glucose
transporters. Insulin is a polypeptide molecule
composed of two chains linked together by disul-
fide bonds. In all species, the insulin molecule is
made up of 51 amino acids; human insulin differs
from canine insulin by only one amino acid and
from feline insulin by four.

In normal humans, about 50% of the total
daily insulin is secreted during basal periods,
serving to inhibit lipolysis, glycogenolysis, and
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other than the liver, activation of
insulin receptors up-regulates intra-
cellular vesicles. These vesicles con-
tain a specific insulin-sensitive
glucose transporter (GLUT-4).
Approximately 90% of GLUT-4
transporters are sequestered intra-
cellularly in the absence of insulin or
other stimuli. When stimulated, the
vesicles move to the cell membrane,
fuse with it, and insert the trans-
porter into it. This allows glucose to
diffuse into the cell. When insulin
activity decreases, the transporter is
endocytosed and resides again in the
cytoplasm until reactivated by the
presence of insulin on the receptor.
In humans, cells with the GLUT-4
transporter are also up-regulated in
response to exercise, independent of
the action of insulin. Therefore,
exercise independently lowers blood
glucose levels, possibly through
exercise induction of nitric oxide
and bradykinin.3,4

In the liver, glucose diffuses freely
even in the absence of insulin. The

main effect of insulin in the liver of most animals is to trap
glucose within hepatic cells, increase enzyme activity that
promotes glycogenesis and lipogenesis, and inhibit
enzyme activity that supports glycogenolysis and gluco-
neogenesis. Specifically, insulin facilitates the phosphory-
lation of glucose to glucose-6-phosphate via the action of
the enzyme glucokinase. Once phosphorylated to glucose-
6-phosphate, glucose cannot diffuse out of cells into the
vascular space. There is substantial evidence that cats do
not have glucokinase activity in their livers and therefore
cannot take up and use as much glucose as other species.5

In addition to glucose, insulin promotes the entry of
amino acids and the electrolytes potassium, magnesium,
and phosphate into cells. These are considered the
rapid-onset actions of insulin. Intermediate and longer-
term actions of insulin include increased protein synthe-
sis, glycogenesis, inhibition of gluconeogenesis, and
increased lipogenesis. Insulin promotes fat storage by
stimulating lipoprotein lipase activity and uptake of free
fatty acids into adipocytes. Insulin secretion is triggered
not only by glucose but also by the release of glucagon-
like peptide 1 and gastric inhibitory polypeptide before
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Figure 1. The binding of insulin to its receptor initiates a conformational change
that activates tyrosine kinase on the β subunits.The short-term effects of insulin
binding include translocation of GLUT-4 transporters, allowing glucose, amino acids, and
electrolytes to enter the cell. Long-term actions of insulin affect gene expression that
promotes cell growth and intermediate metabolism. P = phosphorus; S = sulfur
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proteolysis. Cats also secrete insulin during basal peri-
ods. The remainder of the insulin is secreted postpran-
dially in two phases. The first phase is a rapid release of
insulin f rom preformed granules inside β cells. In
humans, this phase occurs within a few minutes of
ingestion and continues for about 10 to 15 minutes.The
second phase of insulin secretion then begins and con-
tinues until normoglycemia is restored.

Once in circulation, insulin has a half-life of about 3
to 5 minutes. It binds to insulin receptors, which are
glycoprotein molecules found on many cells in the body.
The receptor is a tetramer with two α and two β sub-
units. The α portion of the molecule is extracellular and
binds insulin. Binding to the α portion causes a confor-
mational change that triggers autophosphorylation of
tyrosine residues found on the intracellular β subunits.
This turns the receptor into an enzyme, tyrosine kinase,
which mediates the effect of insulin on cellular mecha-
nisms, specifically phosphoinositide 3-kinase, leading to
diffusion of glucose into the cell (Figure 1).

Insulin receptors exert effects on many body tissues, par-
ticularly adipose, muscle, heart, and liver tissue. In tissues



glucose is absorbed in the gut. Amino acids, glucagon,
and β-adrenergic agonists, among others, are also
known to influence insulin secretion. Insulin secretion is
inhibited by somatostatin, α-adrenergic agonists, and β-
adrenergic antagonists.

PATHOPHYSIOLOGY OF INSULIN
RESISTANCE AND β CELL DYSFUNCTION
Insulin resistance is defined as a condition in which a
normal amount of secreted insulin produces a subnor-
mal response. Obesity, a common cause of insulin resis-
tance, is associated with a decreased number of insulin
receptors and postreceptor failure to activate tyrosine
kinase.6 Resistance to insulin not only impairs glucose
uptake into insulin-sensitive cells but also stimulates
hepatic cells to shift from glycolysis to gluconeogenesis,
thereby further increasing plasma glucose levels. Insulin
resistance is initially compensated for by an increase in
insulin secretion. However, prolonged exposure to high
levels of blood glucose leads to β-cell exhaustion and

glucose toxicity. When the pancreas cannot secrete
enough insulin to attain a level of euglycemia, a persis-
tent state of hyperglycemia and thus diabetes ensues.

Diabetic cats have been found to be about six times
less sensitive to insulin than healthy cats.7 Much of the
recent focus of research has been on the role of obesity
in the development of an insulin-resistant state. In one
study, cats of normal weight that were allowed to
become obese demonstrated a 52% decrease in tissue
sensitivity to insulin.8 In addition, normal-weight cats
with initial lower insulin sensitivities have a greater risk
of developing impaired glucose tolerance as they
become obese.

Recently, it has been demonstrated that GLUT-4
expression is decreased in the early stages of feline obe-
sity and that insulin resistance may be partly due to
GLUT-4 defects.9 On a molecular level, defects in
insulin signaling pathways responsible for GLUT-4
translocation, such as phosphoinositide 3-kinase, or up-
regulation of proteins that inhibit signaling pathways
are noted in obese human subjects with insulin resis-
tance or overt diabetes. Male cats may be more prone to
diabetes than females because they are at greater risk of
becoming obese and tend to have lower insulin sensitiv-

ity even at a normal weight.8 Decreased insulin sensitiv-
ity and the resultant hyperglycemia lead to excessive
production of insulin and eventual β-cell exhaustion.

The effects of hyperglycemia can be divided into three
stages: glucose desensitization, β-cell exhaustion, and
glucose toxicity. Initially, exposure to high levels of glu-
cose leads to a desensitized or potentially reversible state
of decreased insulin production. Prolonged exposure
leads to β-cell exhaustion, whereby stores of insulin are
depleted. β-cell exhaustion is considered to be poten-
tially reversible because there are no defects in insulin
synthesis. Glucose toxicity represents an irreversible
state whereby cellular defects permanently impair cellu-
lar components of insulin production.10 Studies have
demonstrated that the severity of glucose toxicity
depends on the degree of hyperglycemia and that insulin
secretion can begin to be suppressed within 2 days of
persistent hyperglycemia. Histologic abnormalities asso-
ciated with glucose toxicity include glycogen deposition
and cell death.11

β-cell dysfunction may play a more important role
than β-cell destruction in the development of diabetes
in cats and humans. The mechanisms that lead to β-
cell dysfunction are complex and multifactorial, involv-
ing dyslipidemia, leptin, and cytokines as well as the
direct effects of hyperglycemia. Regardless of the incit-
ing cause, some of the markers of β-cell dysfunction
have been identified. In human medicine, it is well rec-
ognized that a decrease in the first phase of postpran-
dial insulin secretion is an early marker of β-cell
dysfunction and the development of diabetes. In cats
with impaired glucose tolerance, first-phase secretion
has also been demonstrated to be delayed, while the
second phase is both delayed and exaggerated.12 Dia-
betic cats appear to then progress to a loss of the first
phase of secretion, with persistent abnormalities in sec-
ond-phase secretion.

Relative or absolute insulin deficiency leads to decreased
peripheral use of glucose, amino acids, and fatty acids.This
contributes to increased hyperglycemia.The added contri-
bution of glucose from hepatic gluconeogenesis only
serves to worsen the situation. Hyperglycemia leads to a
hyperosmotic state, dehydrating the cells. As the blood
glucose level rises, the renal threshold for reabsorption of
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Insulin resistance is common in diabetic cats.



glucose is exceeded. This threshold is higher in cats (200
to 280 mg/dL) than in dogs (180 to 220 mg/dL).The loss
of glucose in the urine promotes osmotic diuresis, leading
to an appreciable loss of sodium and potassium as well.
Polyuria is followed by polydipsia, which leads to initial
clinical signs of disease.

HISTOLOGIC FEATURES
Insulin hypersecretion, concomitant with an increase in
islet amyloid polypeptide (IAPP) secretion, can set the
stage for the development of islet amyloidosis and pro-
gressive islet destruction. IAPP, a 37-amino-acid peptide
that delays gastric emptying and facilitates glycogen
breakdown in striated muscle, is stored and secreted with
insulin. Although IAPP is secreted by many species,
amyloid deposits associated with diabetes mellitus have
been described only in humans, cats, and nonhuman pri-
mates. Amyloid deposition is important in the progres-
sion of feline diabetes mellitus.13

Histologically, more than 80% of diabetic cats have
been shown to have amyloid deposits from IAPP.14 Not
all cats that develop islet amyloidosis have diabetes mel-

litus. Additional histologic features noted in diabetic
cats include β-cell vacuolar degeneration, chronic pan-
creatitis, and reduced numbers of islets or β cells.

Islet amyloidosis has been demonstrated to develop in
histologically normal cats following a state of induced
diabetes mellitus.13 Clinical diabetes mellitus was induced
in previously healthy cats by partial pancreatectomy, fol-
lowed by administration of growth hormone and dexa-
methasone. The cats were then treated with either insulin
or glipizide, an insulin secretagogue used orally to treat
feline diabetes. All the cats treated with glipizide devel-
oped amyloid deposits, but only one of the four insulin-
treated cats had evidence of amyloid deposition.

Islet amyloidosis is associated with β-cell destruction.
IAPP has been shown in vitro to trigger apoptosis in β
cells, and increasing levels of islet amyloidosis lead to
progressive β-cell failure.15 Because insulin and IAPP
are cosecreted, it is logical to assume that decreasing the
level of insulin secretion may slow progression of amy-
loidosis and thus diabetes. This raises concern about the
impact of oral hypoglycemic drugs, particularly those
that promote insulin secretion and thus IAPP secretion.

COMPARATIVE PHYSIOLOGY
In humans, type 1 diabetes is characterized by immune-
mediated destruction of the β cells and is often diag-
nosed in childhood or young adulthood. These patients
are considered insulin dependent, and tests of insulin
secretion with insulin secretagogues show markedly
reduced insulin levels. The etiology of type 2 diabetes
mellitus, the most common form of diabetes mellitus in
humans, has genetic and behavioral components.

Humans with type 2 diabetes are considered to have
peripheral insulin resistance with some degree of insulin
secretory defect. Type 2 diabetes mellitus most often
occurs in adults, although the increase in childhood obe-
sity appears to be a factor in diagnosis of type 2 diabetes
in a younger population. These patients may or may not
need insulin to manage their disease. Histologically,
more than 90% of humans with type 2 diabetes have
evidence of amyloid deposition.

In veterinary medicine, there appears to be a shift in
the literature to replace the terms type 1 and type 2 dia-
betes mellitus with insulin-dependent diabetes mellitus
(IDDM) and non–insulin-dependent diabetes mellitus

(NIDDM) as more appropriate to describe the clinical
entity seen in dogs and cats.16 This classification focuses
on the essential component of treatment without regard
to etiologic and pathologic features. However, genetic,
pathologic, and histologic features are becoming more
defined in veterinary patients.

FELINE DIABETES MELLITUS
The development of feline diabetes can be associated with
age, weight, sex, genetic predisposition, preexisting disease,
and, undoubtedly, numerous other factors.17 A significant
number of cats, like dogs, require insulin to regulate their
blood glucose level and thus are classified as having
IDDM.However, a large proportion of cats are considered
to have NIDDM.16 Recent studies have demonstrated
that between 30% and 83% of diabetic cats can become
non–insulin dependent with a period of initial insulin
administration and diet therapy.18,19 However, it is very dif-
ficult to initially differentiate insulin-dependent from
non–insulin-dependent cats, and often, a diagnosis of
IDDM or NIDDM can be made only after the initiation
of therapy and evaluation of the response to treatment.
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Obesity contributes to an insulin-resistant state in cats.



Intravenous glucose tolerance tests used to differentiate
between NIDDM and IDDM in humans have not
proven reliable for use in cats. Both NIDDM and IDDM
cats have been shown to have low baseline insulin concen-
trations and lack of response to a glucose challenge.20

The difference between NIDDM cats and IDDM cats
is not clear, although it may represent a matter of degree
of loss of β cells and reversibility of insulin resistance.
There appears to be a continuum of histopathologic
lesions that correlate with the likelihood that a cat is
insulin dependent, rather than a distinct etiologic or
pathophysiologic distinction. In comparison to human
and canine diabetes, there is little evidence for an
immune-mediated process leading to autoantibody
destruction of β cells. A study of 26 newly diagnosed dia-
betic cats failed to find any evidence of autoantibodies.21
Therefore, investigation has not yet demonstrated a feline
analog to the type 1 diabetes found in people or dogs.

Researchers believe that feline diabetes more closely
mirrors type 2 diabetes in humans, although, clinically, a
greater proportion of feline patients may be dependent
on insulin for treatment than human patients. The
course of the disease, risk factors, and histologic features
of feline diabetes are similar to those of type 2 human
diabetes.The typical diabetic cat is middle-aged or older,
with most diabetic cats being more than 6 years of age at
presentation.20 Neutered and male cats have a higher

incidence of the disease. With the exception of Burmese
cats, there does not appear to be a breed predisposition.
Obesity is a known risk factor for cats and is thought to
increase the risk of disease three- to fivefold.22

Diet may also be a factor in the development of feline
diabetes because persistent hyperglycemia in the absence
of obesity also leads to glucose intolerance. Many com-
mercial cat foods contain high levels of carbohydrates,
and diets containing a high level of carbohydrates have
been shown to decrease insulin sensitivity.13 In addition,
diets higher in protein have been shown to decrease the
insulin dosage needed in diabetic cats.23

Regardless of whether a cat needs insulin to regulate
blood glucose, the key feature of feline diabetes mellitus
is a combination of increased peripheral insulin resis-
tance and decreased insulin secretion. The interplay of
insulin resistance and β-cell dysfunction leads to a self-
perpetuating cycle that ultimately culminates in diabetes
mellitus. The relative importance of each factor, the
inciting events, and the nature of β-cell dysfunction are
all controversial.

Secondary Diabetes Mellitus
Many cats develop diabetes in association with other
diseases or predisposing states. In humans, this form of
diabetes falls into the “other,” or type 3, category. Dis-
eases or drugs that cause insulin resistance and diseases
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Table 1. Conditions CommonlyAssociatedWith the Development
of Insulin Resistance in Cats20

Condition Mechanism ofAction

Obesity Down-regulation of insulin receptors, reduced insulin binding affinity, postreceptor
defects

Chronic pancreatitis Increased circulation of diabetogenic hormones (glucagon, cortisol, catecholamines,
growth hormone)

Renal insufficiency Decreased tissue insulin sensitivity

Bacterial infection Increased circulation of diabetogenic hormones (glucagon, cortisol, catecholamines,
growth hormone)

Hyperthyroidism Possible decrease in insulin synthesis, impaired insulin binding and postreceptor defects

Progestogen therapy Reduction of insulin binding to receptors, decreased glucose uptake

Hyperadrenocorticism Glucocorticoid-induced reduction in number or efficacy of glucose transporters

Acromegaly Decreased number of insulin receptors; receptor and postreceptor defects, partially
offset by IGF-1 and improved insulin sensitivity

Concurrent illness Increased circulation of diabetogenic hormones (glucagon, cortisol, catecholamines,
growth hormone)



that cause pancreatic destruction can lead to secondary
diabetes mellitus in both humans and cats (Table 1). For
example, concurrent endocrinopathy, such as hyperthy-
roidism, hyperadrenocorticism, and acromegaly, and
exogenous steroid hormone administration are known
to cause insulin resistance in peripheral tissues.20,24 The
reversibility of diabetes secondary to other disease states
likely depends on the ability to successfully treat the pri-
mary disease and the extent of β-cell destruction at the
time of diagnosis.

Transient Diabetes Mellitus
An estimated 20% of diabetic cats are transiently dia-
betic.20 These cats present with clinical and laboratory
findings of diabetes, but their clinical signs and blood
glucose levels return to normal about 4 to 6 weeks after
initiation of treatment. Some of these cats may be able to
permanently discontinue treatment, while others may
redevelop clinical signs and require future treatment. It is
theorized that transiently diabetic cats have subclinical
disease and become clinically affected when a predispos-
ing factor places additional demand on the pancreas.20

Stress or diseases causing insulin resistance can lead to
hyperglycemia and subsequent β-cell exhaustion or glu-
cose toxicity. Once good glycemic control is attained, β
cells can take weeks to recover from moderate exhaus-
tion. Severe exhaustion may lead to glucose toxicity and
become irreversible.11 The possibility of a transient dia-
betic state underlies the importance of ruling out predis-
posing factors that lead to disease as well as closely
monitoring for significant improvement in disease once
treatment is initiated.
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1. Which statement regarding insulin is correct?
a. The amino acid sequence of the insulin molecule dif-

fers between humans and cats by one amino acid.
b. In circulation, insulin has a half life of 30 to 60 min-

utes.
c. Insulin is a polypeptide molecule composed of two

chains linked by disulfide bonds.
d. The main effect of insulin in the liver is to promote

gluconeogenesis.
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2. Which of the following is not a primary function
of insulin?
a. initiation of a chain of intracellular events leading to

translocation of the GLUT-4 transporter to the cell
membrane of insulin-sensitive cells

b. promotion of the entry of amino acids into cells
c. promotion of the dispersal of electrolytes into inter-

stitial fluid
d. promotion of increased glycogenesis and inhibition of

gluconeogenesis

3. Which statement best describes the pathophysi-
ology of feline diabetes mellitus?
a. Most cats experience an immune-mediated destruc-

tion of pancreatic β cells, leaving them unable to pro-
duce insulin in sufficient quantities.

b. The key feature of feline diabetes mellitus is a combi-
nation of increased peripheral insulin resistance and
decreased insulin secretion from the pancreas.

c. Different pathophysiologic mechanisms determine
whether a cat develops NIDDM or IDDM.

d. Diet has not been shown to affect insulin sensitivity.

4. Which statement about islet amyloid polypep-
tide (IAPP) is not correct?
a. Only humans, cats, and nonhuman primates secrete

IAPP.
b. IAPP delays gastric emptying and facilitates glycogen

breakdown.
c. IAPP has been shown to lead to β-cell destruction in

vitro.
d. IAPP is cosecreted with insulin.

5. Which statement best describes the role of obe-
sity in the development of feline diabetes?
a. Obesity leads to a decrease in the number of insulin

receptor sites but increases GLUT-4 expression.
b. Obesity leads to immune-mediated destruction of β

cells and thus decreased insulin production.
c. Cats do not demonstrate changes in insulin sensitiv-

ity as they gain weight.
d. Decreased GLUT-4 expression in the early stages of

feline obesity may contribute to insulin resistance.

6. β-cell dysfunction in cats
a. is characterized by a delayed first phase of insulin

secretion and a delayed, exaggerated second phase of
insulin secretion.

b. is an irreversible state that necessitates exogenous
insulin administration for life.

c. is caused solely by the direct effects of hyperglycemia.
d. can be divided into three stages, all of which are

reversible if the inciting cause is withdrawn.

7. Insulin resistance
a. is initially compensated for by a decrease in insulin

secretion.
b. leads to increased plasma glucose levels.
c. is a common cause of obesity.
d. is the result of defects in insulin synthesis.

8. Compared with dogs, cats
a. have a higher incidence of diabetes mellitus.
b. are more likely to have a form of diabetes similar to

type 1 diabetes in humans.
c. have a higher renal threshold for reabsorption of glu-

cose.
d. experience a similar immune-mediated process lead-

ing to the destruction of β cells.

9. Which statement about insulin is true?
a. It is trapped inside feline hepatic cells by the action of

the enzyme glucokinase.
b. Its release can be triggered by the release of glucagon-

like peptide 1.
c. Its secretion is promoted by α-adrenergic agonists.
d. It is necessary for the diffusion of glucose into hepatic

cells.

10. Which statement about pancreatic islet amyloi-
dosis is true?
a. It is a common histologic finding in diabetic dogs but

a rare finding in diabetic cats.
b. It has been shown to develop in more than 80% of

diabetic cats.
c. It has not been associated with β-cell destruction.
d. In a research setting, it was demonstrated to develop

more frequently after insulin therapy than after glip-
izide therapy.
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