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Abstract

Congenic and inbred strains of rats offer researchers invalu-
able insight into the etiopathogenesis of diabetes and asso-
ciated complications. The inbred Bio-Breeding Zucker
diabetic rat (BBZDR)/Wor rat strain is a relatively new and
emerging model of type 2 diabetes. This strain was created
by classical breeding methods used to introgress the defec-
tive leptin receptor gene (Leprfa) from insulin-resistant
Zucker fatty rats into the inbred BBDR/Wor strain back-
ground. The diabetic male BBZDR/Wor rat is homozygous
for the fatty mutation and shares the genetic background of
the original BB strain. Although lean littermates are pheno-
typically normal, obese juvenile BBZDR/Wor rats are hy-
perlipidemic and hyperleptinemic, become insulin resistant,
and ultimately develop hyperglycemia. Furthermore, the
BBZDR/Wor rat is immune competent and does not de-
velop autoimmunity. Similar to patients with clinical diabe-
tes, the BBZDR/Wor rat develops complications associated
with hyperglycemia. The BBZDR/Wor rat is a model sys-
tem that fully encompasses the ability to study the compli-
cations that affect human type 2 diabetic patients. In this
review, recent work that has evaluated type 2 diabetic com-
plications in BBZDR/Wor rats is discussed, including the
authors’ preliminary unpublished studies on cardiovascular
disease.
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Human Type 2 Diabetes Mellitus

D iabetes mellitus is a term that is used loosely to de-
scribe a group of disorders simply characterized by
hyperglycemia (elevated blood sugar levels). The

hyperglycemic state can result from the destruction of pan-
creatic insulin-producing beta cells, the inadequate action of
insulin due to faulty insulin secretion and/or peripheral re-
sistance to the action of insulin. Primarily hyperglycemia
may be controlled through diet and/or exogenous insulin

therapy; however, diabetics continue to experience both
acute and chronic metabolic complications.

Type 2 diabetes (formerly called “adult onset” diabetes
or non-insulin-dependent diabetes mellitus) is a term ap-
plied to several categories of diabetic patients, including a
majority with an undefined cause. Characteristics consist of
a number of health disorders, including obesity, polycystic
ovary disease, and syndrome X (also known as metabolic
syndrome); features are similar to those of type 2 diabetes,
including dyslipidemia (elevated triglycerides and de-
creased high-density lipoprotein [HDL1] levels), hyperten-
sion, and insulin resistance (Arthur et al. 1999; Kotake and
Oikawa 1999; Lender et al. 1997; Pugeat and Ducluzeau
1999; Watanabe et al. 1999). Type 2 diabetes is more preva-
lent than type 1 diabetes; it affects more than 6% of the total
US population with more than 1.3 million new cases diag-
nosed each year. Overall, diabetes is the sixth leading cause
of death in the United States. Disturbingly, the number of
new cases affecting adolescents is increasing exponentially,
and type 2 diabetes in the United States is reaching epi-
demic proportions (CDC 2003).

Type 2 diabetes is generally recognized as the culmina-
tion of genetic and environmental risk factors, and genetic
susceptibilities comprise one of the greatest risk factors. The
concordance rate among identical twins is higher in type 2
diabetics than seen in type 1 diabetics (Kaprio et al. 1992;
Medici et al. 1999). Aside from the small number of patients
with mutations in proinsulin, glucokinase, insulin receptor
genes, or mutations in specific mitochondrial functions, the
frequent genetic risk factors include insulin resistance, de-
creased insulin secretion, and postreceptor defects (Weir
1996). A second prevalent risk factor associated with type 2
diabetes is obesity, a major health problem affecting more
than 1 billion people worldwide (Imai 2003). Modifiable
behavioral risk factors associated with insulin resistance in-
clude poor diet, lack of exercise, smoking, and stress (Kelly
2000).
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The pathogenesis of type 2 diabetes is not well under-
stood. The two metabolic characteristics of type 2 diabetes
are (1) alterations in insulin secretion and (2) inability of
peripheral tissues to respond to insulin (insulin resistance).
Prediabetics present with impaired glucose tolerance (IGT1)
due to faulty insulin secretion. Over time, the demand for
insulin production due to increased insulin resistance leads
to excessive stress on the beta cells, which can lead to
complete beta-cell failure. Therapies for type 2 diabetics are
limited. Overweight individuals who present with impaired
glucose tolerance are encouraged to lose weight, adhere to
recommended diets, and exercise regularly, because weight
loss and muscle gain delay the onset of type 2 diabetes (Pan
et al. 1997). In the presence of continued hyperglycemia,
patients may receive drugs that reduce the overall blood
glucose level (Chiasson et al. 1994; Coniff et al. 1995;
Iwamoto et al. 1996). The effectiveness of many of these
glucose-lowering drugs is temporary and within 4 to 5 yr of
therapy can no longer compensate for beta-cell failure
(Turner et al. 1996). Thiazolidinediones (TZDs1) can act as
adjunct therapy to increase the effectiveness of glucose-
lowering drugs, but recent evidence also suggests that TZDs
alone may rejuvenate beta cells (Bell 2003). Therapeutic use
of TZDs leads to partial improvement (20-40%) of insulin-
stimulated glucose removal in several human insulin-
resistant states (reviewed in Olefsky 2000). TZDs can act
through the adipocyte nuclear peroxisome proliferator-
activated receptor-gamma (PPAR�) to enhance insulin
sensitization, but they may also work through PPAR�-
independent pathways through direct interaction with
muscle and liver (Furnsinn and Waldhausl 2002; Kahn and
Flier 2000; Olefsky 2000). As the disease progresses, type 2
diabetics may also require exogenous insulin therapy.

Long-term poor glycemic control in diabetic patients
leads to the development of microvascular (neuropathy, ret-
inopathy, and nephropathy) and macrovascular (coronary
artery disease) complications. The results of the United
Kingdom Prospective Diabetes Study, the Diabetes Control
and Complications Trial, and the Epidemiology of Diabetes
Interventions and Complications study have clearly shown
that long-term glycemic control is important to prevent the
accompanying complications of diabetes (Keen 1994; Klein
1995; Malone et al. 2001; Molyneaux et al. 1998; Peterson
and Smith 1995; Service and O’Brien 2001; White et al.
2001; Zhang et al. 2001; Zinman 1998). Clinicians and pa-
tients therefore routinely monitor the control of diabetes and
development of complications through blood chemistry mo-
lecular markers, including blood glucose levels and glyco-
sylated hemoglobin (Peters et al. 1996; Weir 1996). The
pathways involved in the development of complications of
type 2 diabetes are similar to those in type 1 diabetic pa-
tients (nonenzymatic glycosylation, increased flux through
the polyol pathway, activation of protein kinase C, and in-
creased hexosamine pathway flux). These pathways are dis-
cussed elsewhere in this issue of ILAR Journal (Eiselein et
al. 2004).

Animal Models for Type 2 Diabetes

Numerous induced and spontaneous rodent models have
been used to model various defects of human type 2 diabe-
tes. A comprehensive overview of these models is beyond
the scope of this review. We instead briefly review several
frequently used spontaneous rat models: Otsuka Long-
Evans Tokushima fatty (OLETF1), Goto-Kakizaki (GK1),
Zucker Diabetes Fatty (ZDF1), and Bio-Breeding Zucker
diabetes-resistant (BBZDR1)/Wor rats. The relevant char-
acteristics of these animal models compared with human
disease are listed in Table 1 and discussed below.

OLETF Rat

In the mid-1980s, spontaneous diabetes was detected in an
outbred colony of Long-Evans rats maintained at the
Tokushima Research Institute, Otsuka Pharmaceuticals
(Shima et al. 1999). Subsequent selective breeding for more
than 20 generations has led to the generation of a sponta-
neously diabetic strain of rat that displays polyuria, poly-
dipsia, and slight obesity (Man et al. 1997). The OLETF rat
develops hyperphagia and insulin resistance between 12 and
24 wk of age, and mild obesity, hyperglycemia, and hyper-
insulinemia between 20 and 28 wk of age. By 40 wk of age,
the diabetic rats are hypoinsulinemic and exhibit defects in
insulin secretion (Kawano et al. 1991, 1992; Yamamoto et
al. 1999). Obese OLETF rats are unable to control indi-
vidual meal size due to the loss of cholecystokinin-A re-
ceptors (Bi and Moran 2002, 2003). Diabetic disease
sequelae in the OLETF rat are similar to human disease
although there is a gender bias with diabetes observed in
most (86%), but not all, male rats (Kawano et al. 1991,
1992; Yamamoto et al. 1999). These rats have proven useful
in studying the effects of exercise and diet on the develop-
ment of type 2 diabetes, to test the efficacy of antidiabetic
agents, and to study the complications of diabetes (Shima et
al. 1999). However, the utility of this strain is hampered
by lack of availability to the research community outside
Japan.

GK Rat

The GK rat is a widely accepted model for research in type
2 diabetes. The GK rat was created by selective breeding of
Wistar rats for oral glucose intolerance, and it is >35 gen-
erations inbred (Goto et al. 1988). Hyperglycemia in GK
rats has been mapped to the genomic segment Niddm1,
which encodes at least two loci responsible for high blood
glucose (Fakhrai-Rad et al. 2000; Galli et al. 1999). Males
and females become diabetic at weaning age, most likely
due to an overall inherent lack of normal beta cell mass.
Diabetes in the GK rat is characterized by fasting hypergly-
cemia, impaired secretion of insulin in response to glucose,
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and hepatic and peripheral insulin resistance. In contrast to
other rodent models of type 2 diabetes, the GK rat is non-
obese and therefore does not accurately mimic all of the
features of human type 2 diabetes. However, late onset com-
plications such as retinopathy, microangiopathy, neuropa-
thy, and peripheral nephropathy have been described in the
literature (Carmo et al. 2000; Murakawa et al. 2002; Riley
et al. 1999; Sato et al. 2003; Yoshida et al. 1996). In an
attempt to generate a more appropriate nephropathy model,
this strain was recently used for the introgression of genes
from the Fawn-hooded hypertensive (FHH) rat, which de-
velops progressive renal disease in the absence of diabetes
(Nobrega et al. 2004).

ZDF Rat

The ZDF is an outbred rat model that spontaneously ex-
presses diabetes. The homozygous mutation (fa/fa) of the
leptin hormone receptor results in the development of type
2 diabetes in male rats when they are fed a high-energy
rodent diet (Purina 5008). The diabetic ZDF begins to de-
velop hyperglycemia at ∼7 wk of age, and glucose levels in
the fed state typically reach 500 mg/dL by 10 to 11 wk of

age. Triglyceride and cholesterol levels of obese rats are
higher than those of lean rats. Very high lipid levels can be
induced in the obese ZDF using high saturated fat and su-
crose-containing diets. Obese male infertility hampers re-
search in these rats, and it has been addressed by the use of
testosterone propionate (TP1; Hemmes and Schoch 1988).
Depending on the amount and duration of TP administra-
tion, obese males increase their probability of ejaculation
and sexual activity. Diabetic ZDFs do not spontaneously
develop hypertension or cardiovascular disease (Clark et al.
1983).

Type 2 Bio-Breeding (BB1) Rat Models

We wished to develop a model for type 2 diabetes that
encompassed all of the human features and could be used to
study the associated complications. We chose the BB rat
strain background for development of the model. Since the
mid-1970s, the BB rat has been used as an animal model for
human type 1 diabetes, which comprises ∼10% of all dia-
betes mellitus. This model has been extremely useful for
studying both spontaneous diabetic-prone (BBDP1) and in-
duced diabetic-resistant (BBDR1) diabetes and associated

Table 1 Comparative characteristics of spontaneous type 2 diabetes in humans and in BBZDR/Wor,
ZDF, GT, and OLETF rat model systemsa

Humanb BBZDR/Wor ZDF GK OLETF

Age of onset (hyperglycemia) Adult
adolescence
on rise

10 wk ∼7 wk ∼12 wk 12-24 wk

Obesity (hyperleptinemia) + + + − + (slight)
Insulin resistance

(hyperinsulinemia)
+ + + + +

Prediabetes fasting IGT 14.9% + + + +
MHC genes HLA-DQ and DR RT1u RT1uv1 RT1u RT1u

Other known
diabetes-associated
genes

Obh-1, CTLA-4.
At least 2 loci,
perhaps �16

fa/fa fa/fa Niddm/kdp1 Obh-1, Dmo1,
Olep1, Olep2

Gender effect (%) M = F (50%) M = ∼100%
F = <3%

M = ∼100%*
F = ∼0%;
unless
induced

M = F M = 86%
F = 0%

Microvascular complications
Retinopathy up to 80% + − + +
Neuropathy 70-80% + + + + (sucrose fed)
Nephropathy 10-21% + + + +

Macrovascular complications
CAD 65% cause of

death
+ − + (microangiopathy) + (microangiopathy)

aBBZDR/Wor, Bio-Breeding Zucker diabetic rat; ZDF, Zucker diabetic fatty rat; GK, Goto-Kakizaki rat; OLETF, Otsuka Long-Evans Tokushima
fatty rat; IGT, impaired glucose tolerance; CAD, coronary artery disease; MHC, major histocompatibility complex; M, male; F, female; +, present;
−, not present.
bCDC [Centers for Disease Control and Prevention]. National Diabetes Fact Sheet: General Information and National Estimates on Diabetes in
the United States, 2002. US Department of Health and Human Services. Atlanta: CDC.
*Diet induced.
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diabetic complications. The BB rat model of type 1 diabetes
and human type 1 diabetes are more comprehensively ad-
dressed in accompanying reviews in this issue (Mordes et al.
2004; Eiselein et al. 2004, respectively).

BBZDP/Wor Rat

The BBZDP/Wor strain carries the Iddm2 type 1 diabetes-
associated genetic locus (reviewed by Mordes et al. 2004) in
addition to encoding the Leprfa mutation. In this strain, dia-
betes is manifested by lymphopenia, obesity, hyperinsu-
linemia, and autoimmune diabetes (Guberski et al. 1988,
1993; Vernet et al. 1995). Islets from obese rats reveal beta-
cell hyperplasia, and diabetes develops due to a combina-
tion of insulin resistance and autoimmune insulitis
(Guberski et al. 1988). Although the BBZDP/Wor rat is a
potentially important animal model of type 2 diabetes, in-
terpretation of the existing data is often complicated by the
presence of both type 1 and type 2 diabetes characteristics.
We have previously shown that injections of BBDR/Wor
splenocytes into BBZDP/Wor rats correct lymphopenia and
prevent autoimmune insulitis (Guberski et al. 1988). How-
ever, nonlymphopenic obese male BBZDP/Wor rats still
become diabetic, in spite of the absence of insulitus. These
results suggested the ability to create a nonlymphopenic
type 2 diabetic rat model from these animals.

BBZDR/Wor Rat

The BBZDR/Wor rat is an inbred rat strain (>40 genera-
tions) that was developed as an animal model for type 2
diabetes and is emerging as the most applicable model of
type 2 diabetic complications. To produce the BBZDR/Wor
type 2 diabetic rat, classical genetic methods were used to
remove the recessive Iddm2 gene responsible for lympho-
penia and spontaneous autoimmunity and retain the Leprfa

(fa1) mutation by crossing BBZDP/Wor animals with the
lean, nondiabetic BBDR/Wor rats. Both male and female
obese BBZDR/Wor rats are infertile, and strain lines are
maintained through mating of heterozygous (lean) litter-
mates. Although obese females rarely (<3%) develop dis-
ease, the obese male BBZDR/Wor rat spontaneously
develops type 2 diabetes at approximately 10 wk of age
(∼100%) when fed standard rat chow (Purina 5010; Ellis et
al. 1998, 2000, 2002; and our unpublished data). Heterozy-
gous lean rats of either sex do not develop glycosuria or
hyperglycemia. Thus, obese females and lean littermates are
generally used as age-matched controls, and except where
noted otherwise, this article focuses on the research gener-
ated using the type 2 diabetic male.

Salient features of the BBZDR/Wor diabetic rat include
dyslipidemia, hyperglycemia, insulin resistance, hyperten-
sion, and decreased levels of the beta cell-specific glucose
transporter type-2 (GLUT-21) (Ellis et al. 1998; Sima and
Merry 1997; our unpublished observations). In comparison,

we have observed that obese female BBZDR/Wor rats have
impaired glucose tolerance, but rarely (<3%, age of onset 21
wk) develop hyperglycemia. In addition, as in human type 2
diabetics, we observed that the BBZDR/Wor male and fe-
male rats developed IGT (glycemic values that exceeded
200 mg/dL by 2 hr after dextrose injection) and insulin
resistance (manuscript in preparation). We analyzed pancre-
atic islets isolated from lean and obese BBZDR/Wor. Islets
from lean nondiabetic BBZDR/Wor rats were normal in all
respects and displayed maintenance of normal islet archi-
tecture and normal levels of glucagon, insulin, and GLUT-2
(Figure 1, A and B; GLUT-2 not shown). In contrast, islets
from young obese diabetic males were profoundly enlarged
and demonstrated beta-cell hyperplasia and mild fibrosis,
commonly seen in islets from patients with type 2 diabetes
(Figure 1, C and D). An overall reduction in insulin and
GLUT-2 was also observed. Progression of diabetes led to
a decrease in beta-cell mass and disorganization of islet
architecture seen in older diabetic obese males (Figure 1, E
and F). Studies of pancreatic sections from older diabetic
rats immunostained for insulin revealed focal reduction in
beta-cell insulin content (Figure 1F). We also observed an
overall reduction of GLUT-2 staining of beta-cell surface
membranes (data not shown).

Collectively, these data show that similar to the human
disease, the BBZDR/Wor type 2 rat demonstrates classic
disease progression, as outlined below. Furthermore, rats
with 4 mo of diabetes develop both microvascular and mac-
rovascular complications, as described below.

Genetic Predisposition (fa/fa homozygous)

↓

Obesity (Hyperleptinemia)

↓

Insulin Resistance (Hyperinsulinemia)

↓

Impaired Glucose Tolerance

↓

Type 2 Diabetes (Hyperglycemia)

Macrovascular Complications Microvascular Complications

Coronary Artery Disease Neuropathy

Retinopathy

Nephropathy
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