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Metabolic diseases, including diabetes (and its complica-
tions), obesity, dyslipidemia, and hypertension, are common
diseases and frequently occur in combination. To study these
diseases, many hereditary animalmodels have been reported,
such as ob/ob mouse, db/db mouse, KK-Ay mouse, Goto-
Kakizaki (GK) rat, Zucker diabetic fatty (ZDF) rat, Otsuka-
Long-Evans-Tokushima-fatty (OLETF) rat, Spontaneously
Diabetic Torii (SDT) rat, spontaneously hypertensive rat
(SHR), Watanabe Heritable hyperlipidemic (WHHL) rabbit,
and Postprandial hypertriglyceridemia (PHT) rabbit. Chem-
ical (e.g., streptozotocin (STZ), alloxan) and diet-induced
(e.g., high sucrose, high fat, high cholesterol) experimental
animal models have been in general use for a long time,
and genetically modified animals have also been used widely
in recent decades. Although molecular biological techniques
have become more important for clarifying the mechanisms
of the diseases, the importance of animal models has not
changed. Animal models are needed to reveal the under-
lying pathophysiology of metabolic diseases; this approach
provides information that is the key to the development of
new therapies and drugs to treat and manage these diseases.
In this special issue, we aim to provide information on
recent beneficial experimental animal models in this field
and present up-to-date information on the pathophysiology,
therapeutic drugs, and diagnosis of metabolic diseases using

valuable animal models. We believe that the 14 articles in this
special issue satisfy these aims.

Type 2 diabetes (T2D) is a complex, multifactorial dis-
ease. Both genetic and environmental factors are known to
contribute to its development; however, the precise patho-
genesis of T2D remains largely unclear. In the present
special issue, various spontaneous T2D rodent models are
summarized in “Spontaneous type 2 diabetic rodent models”
by Y.W. Wang et al.

Several new animal models are introduced in this special
issue. Three papers introduce new diabetic animal models,
SDT rat and its derivative SDT fatty rat. The SDT rat, a
nonobese T2Dmodel, shows severe hyperglycemia accompa-
nied with hypoinsulinemia. In the review article “The Sponta-
neously Diabetic Torii rat: an animal model of nonobese type 2
diabetes with severe diabetic complications” by T. Sasase et al.,
characteristics of diabetic complications in SDT rats, such as
diabetic retinopathy, diabetic peripheral neuropathy, diabetic
neuropathy, and osteoporosis, are described. Among these
diabetic complications, ocular complications are notably a
unique characteristic of this animal model. Using this model,
A. Ota et al. evaluated ranirestat, a novel aldose reductase
inhibitor that is currently in phase III clinical trial, on diabetic
complications, and report their findings in “Effects of long-
term treatment with ranirestat, a potent aldose reductase
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inhibitor, on diabetic cataract and neuropathy in Sponta-
neously Diabetic Torii rats.”The SDT fatty rat is an obese T2D
model established by introducing the fa allele of Zucker fatty
rat into the SDT rat genome. In the review article “Metabolic
disorders and diabetic complications in Spontaneously Diabetic
Torii 𝐿𝑒𝑝𝑟𝑓𝑎 rat: a new obese type 2 diabetic model,” Y.
Kemmochi et al. review the pathophysiological features of
this animal model.

In “A novel rat model of type 2 diabetes: the Zucker
fatty diabetes mellitus ZFDM rat,” N. Yokoi et al. report
the establishment and characteristics of ZFDM rat. This
new T2D model is derived from the ZF rat, presents with
hyperglycemia, and is phenotypically distinct from normo-
glycemic ZF rats. Loss of islet architecture and fibrosis are
also observed in the ZFDM rat. This model is useful for
investigating young- to middle-aged adult-onset T2D.

T. Okamura et al. report the establishment and charac-
teristics of Long-Evans Agouti (LEA) rat derived from Long-
Evans (LE) strain, in “Phenotypic characterization of LEA
rat: a new rat model of nonobese type 2 diabetes.” The LEA
rat displays moderate hyperglycemia and glucose intolerance
along with impaired insulin secretion that is caused by
progressive fibrosis in pancreatic islets. This model is useful
in investigations on the progression of T2D with age.

Three articles describe genetic factors of spontaneous
T2D models, in detail. In “Genetic dissection of complex
genetic factor involved in NIDDM of OLETF rat,” T. Yamada et
al. review 14 QTLs (Nidd1–14/of ) identified in OLETF rat that
are responsible for noninsulin dependent diabetes mellitus
(NIDDM). Their work showed that NIDDM in the OLETF
rat is a highly heterogeneous and complex genetic disorder.
In “Single diabetic QTL derived from OLETF rat is a sufficient
agent for severe diabetic phenotype in combination with leptin-
signaling deficiency,” H. Kose et al. map hyperglycemia QTLs
in the OLETF rat and show thatNidd2/of is highly responsive
to obesity. In addition, Nidd2/of and another hyperglycemia
QTL, Nidd1/of, appear to act in combination to lead to the
development of diabetes.Their new congenic strain, carrying
a single QTL, may be helpful in identifying the causative gene
and should aid future investigations on understanding the
mechanism by which obesity interacts with QTLs to regulate
diabetic traits.

In the article “Dose effect and mode of inheritance of
diabetogenic gene on mouse chromosome 11,” N. Babaya et
al. revealed that the introgression of chromosome 11 of
T2D Nagoya-Shibata-Yasuda (NSY) strain onto nondiabetic
C3H caused marked changes in glucose tolerance and STZ
susceptibility, even in heterozygous state. However, hyper-
glycemia and STZ sensitivity in heterozygous C3H-11NSY

mouse was not as severe as in the homozygous mouse. The
consomic strains constructed in their studies will facilitate
finemapping and identification of responsible genes for T2D-
related phenotypes.

Islet transplantation is an effective treatment for severe
diabetes. N. Sakata et al. review three types of animal
models (STZ-induced diabetes, pancreatomized diabetes,
and spontaneous diabetes) used for preclinical islet trans-
plantation research in “Animal models of diabetes mellitus for

islet transplantation.” As highlighted in this review, selecting
the appropriate models based on the study’s objective is
paramount to properly interpret a study’s findings and critical
to advance this area of research.

Cardiovascular disorders (CVDs) are the leading cause
of death in humans. In “Cardiovascular changes in animal
models of metabolic syndrome” by A. M. Lehnen et al.,
cardiovascular findings in animal models with obesity, dys-
lipidemia, diabetes, or hypertension are summarized.The use
of different experimental models is important in order to
better understand the mechanisms involved in CVDs caused
by metabolic disease.

Because the mortality due to CVD is greater in type 1
diabetic (T1D) patients than in the general population, C. H.
Hung et al. aimed to investigate the severity of cardiopul-
monary dysfunction caused by lipopolysaccharide (LPS)
in T1D rats in “Cardiopulmonary profile in streptozotocin-
induced type 1 diabetic rats during systemic endotoxemia.” In
this study, despite higher TNF-𝛼 level in serum and bron-
choalveolar lavage fluid between nondiabetic and STZ T1D
rats, there was only a modest difference of cardiopulmonary
dysfunction between the two groups.

T1D is an autoimmune disease that is characterized by
the selective destruction of pancreatic 𝛽 cells. Both envi-
ronmental and genetic factors are known to contribute to
the progression of this autoimmunity. In the review article
“Rodent models for investigating the dysregulation of immune
responses in type 1 diabetes” by F. C. Chou et al., non-
obese diabetic (NOD)mouse and other spontaneous diabetes
models are introduced. In addition, this review discusses
genetically manipulated NOD mice that overexpress protec-
tive genes in islet, T-cell receptors, islet-specific neoantigens,
or humanized MHC.

Lastly, in their review article entitled “𝐹𝑜𝑥𝑝3+ regulatory
T cells in mouse models of type 1 diabetes,” C. Petzold et al.
focus on a murine model of T1D that expresses the Foxp3+
transcription factor in CD4+ CD25+ regulatory T (Treg) cells.
In this review, spontaneous and genetically engineered NOD
mice for studying the role of Foxp3+ Treg cells in 𝛽 cell
autoimmunity are overviewed.

Tomohiko Sasase
Marcus G. Pezzolesi

Norihide Yokoi
Takahisa Yamada
Kozo Matsumoto
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Studies on human type 1 diabetes (T1D) are facilitated by the availability of animal models such as nonobese diabetic (NOD) mice
that spontaneously develop autoimmune diabetes, as well as a variety of genetically engineered mouse models with reduced genetic
and pathogenic complexity, as compared to the spontaneous NOD model. In recent years, increasing evidence has implicated
CD4+CD25+ regulatory T (Treg) cells expressing the transcription factor Foxp3 in both the breakdown of self-tolerance and the
restoration of immune homeostasis in T1D. In this paper, we provide an overview of currently available mouse models to study the
role of Foxp3+ Treg cells in the control of destructive 𝛽 cell autoimmunity, including a novel NOD model that allows specific and
temporally controlled deletion of Foxp3+ Treg cells.

1. Introduction

Type 1 diabetes (T1D) is a chronic disease manifested by
the loss of functional insulin producing 𝛽 cells of pancreatic
islets, caused by islet infiltrating self-reactive CD4+ andCD8+
T cells that mediate 𝛽-cell destruction [1]. Many of the
immunological aspects of human T1D are mimicked by the
nonobese diabetic (NOD) mouse model, which shows islet
infiltration and destructive autoimmune insulitis as early as
four weeks of age and spontaneously progresses to overt
diabetes in the adult [2]. Observations in mice and humans
have demonstrated thatCD4+CD25+ regulatoryT (Treg) cells
expressing the forkhead box transcription factor Foxp3 play
an indispensable role in the maintenance of immune home-
ostasis by regulating inflammatory responses against invad-
ing pathogens and preventing destructive autoimmunity [3–
6]. A particularly striking example of Foxp3+ Treg cell func-
tion that restrains destructive tissue-specific autoimmune
responses is the observation that acute ablation of Treg cells
in adult NODmice carrying a pancreatic 𝛽 cell-reactive T cell

receptor (TCR) as a transgene unleashes overt autoimmune
diabetes within days (see Section 4.3). Given their nonredun-
dant function in maintaining immune homeostasis, it is not
surprising that Foxp3+ Treg cells have attracted considerable
attention as particularly promising gain-of-function targets
in clinical settings of unwanted immune responses, such as
T1D. Here, we provide an overview of mouse models for
T1D that, in our view, appear particularly suitable to study
various aspects of Foxp3+ Treg cell-mediated control of 𝛽
cell autoimmunity, ranging from classical diabetes models
adapted to the functional analysis of Treg cells to novel
genetic tools for Treg cell depletion in NODmice.

2. Pancreatic 𝛽 Cell Expression of
Neo-Self-Antigens

2.1. Spontaneous Models. Double-transgenic mice that coex-
press model antigens (such as ovalbumin, LCMV glycopro-
tein, or influenza hemagglutinin; HA) in pancreatic 𝛽 cells
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together with TCRs reactive to the respective 𝛽 cell neo-
self-antigen (either MHC class I- or class II-restricted)
spontaneously develop autoimmune diabetes, recapitulating
some aspects of the spontaneous NOD model, albeit with
faster kinetics [8]. As an example, transgenic expression of
an HA-reactive TCR on CD4+ (TCR-HA107–119) [9, 10] or
CD8+ (CL4-HA512–520) [11] T cells promotes spontaneous
diabetes development in mice that additionally express HA
under control of the rat insulin promoter (RIP-HA) [12].
Potential limitations of the RIP-HAmodel,many of which are
shared between the various double-transgenic diabetes mod-
els, have been discussed in detail elsewhere [13]. Nevertheless,
TCR-HA × RIP-HA mice offer some advantages that appear
particularly relevant in the context of mechanistic studies on
antigen-specific tolerance induction. While limiting 𝛽 cell
pathogenicity to a single, well-defined neo-self-protein, and
in contrast to many other transgenic TCRs (e.g., DO11.10),
the TCR-HA is expressed only on a fraction of CD4+ T
cells (ranging from 5% to 20% in different lymphoid tissues)
that coexist with polyclonal populations of TCR-HA− CD4+
T cells expressing endogenous TCR gene rearrangements
[14]. In the TCR-HA × RIP-HA model, selective delivery of
agonist ligand to steady-state DEC-205+DCs has been shown
to interfere with the development of autoimmune diabetes
[15], probably due to the extrathymic induction of antigen-
specific Foxp3+ Treg cells from initially näıve Foxp3−TCR-
HA+ T cells [16, 17]. However, it appears desirable that find-
ings observed in double-transgenic models of spontaneous
autoimmune diabetes will subsequently be extended to the
nontransgenic NODmodel.

2.2. Adoptive Transfer Models. In immunodeficient (Rag−/−,
nude) RIP-HA recipient mice, adoptive transfer of naı̈ve
CD4+TCR-HA+ T cells (i.e., without prior T cell activation
in vitro) from TCR-HA donor mice induces autoimmune
diabetes within 1-2 weeks [10, 14, 18]. In immunocompe-
tent recipient mice, näıve CD4+TCR-HA+ T cell transfer
(Figure 1(a)) fails to induce overt diabetes (Figure 1(c)), per-
haps due to extrathymic induction of a Foxp3+ Treg cell
phenotype in a significant proportion of initially Foxp3− T
cells, upon recognition of the cognate antigen on antigen-
presenting cells residing in peripheral lymphoid tissues
(Figure 1(b)). Notably, initially näıve CD8+CL4+ [19] and
CD4+TCR-HA+ (Figure 1(c)) T cells, which had been pre-
activated in vitro as previously described [7], can promote
autoimmune diabetes development shortly after injection
into immunocompetent recipient mice. It is important to
emphasize that kinetics and efficiency of diabetes induction
critically depend on suitable culture conditions for preactiva-
tion.

Double-transgenic TCR-HA × Pgk-HA mice represent a
convenient source of antigen-specific Foxp3+ Treg cells, as
expression of HA under control of the phosphoglycerate
kinase promoter (Pgk-HA) results in peripheral accumu-
lation of intrathymically induced Foxp3+TCR-HA+ Treg
cells [22]. Foxp3−TCR-HA+ T regulatory 1 cells with potent
suppressor capacity can be readily isolated from peripheral
lymphoid tissues of TCR-HA mice that coexpress HA under
the control of the Ig-𝜅 promoter [23]. Overall, the RIP-HA

model offers unique opportunities to study mechanisms of
antigen-specific suppression of 𝛽 cell autoimmunity, employ-
ing cotransfer of TCR-HA+ Treg cells, either with a Foxp3+ or
Foxp3− phenotype, together with pathogenic T effector cells
(CD4+TCR-HA+ or CD8+CL4+).

3. NOD Adoptive Transfer Models

3.1. Adoptive BDC2.5 TCell Transfer. CD4+ T cells expressing
the BDC2.5 TCR as a transgene, which is reactive to islet
𝛽 cells in the context of MHC class II Ag7 molecules, are
highly diabetogenic in NOD mice [24, 25]. While agonis-
tic mimotope peptides that stimulate BDC2.5+ T cells at
nanomolar concentrations had been described some years
ago [26], chromogranin A has only recently been proposed
to represent the natural self-antigen responsible for pan-
creatic 𝛽 cell pathogenicity of BDC2.5+ T cells [27]. Näıve
BDC2.5+ T cells, FACS purified (Figure 2(a)) from peripheral
lymphoid tissues of immunocompetent NOD.BDC2.5 mice
with Foxp3-dependent GFP expression (see Section 4.3) and
adoptively transferred into either TCR-𝛽−/− [28] or Rag1−/−
(Figure 2(b)) NOD mice, undergo lymphopenia-driven pro-
liferation, resulting in the acquisition of a Foxp3+ Treg cell
phenotype in a significant proportion of initially Foxp3− T
cells [29–31]. Nevertheless, without prior T cell activation
in vitro, adoptive transfer of 5 × 105 näıve BDC2.5+ T cells
consistently induces autoimmune diabetes in lymphopenic
NOD mice within 13.0 ± 1.2 days, as revealed by high
blood glucose concentrations (Figure 2(c)). In this adoptive
transfer model, autoimmune diabetes onset can be further
accelerated by TCR prestimulation in vitro and injection
of increasing numbers of BDC2.5+ T cells (Figure 2(c)). In
fact, adoptive transfer of in vitro activated BDC2.5+ T cells
into neonatal or immunodeficient (scid, TCR-𝛽−/−, Rag1−/−)
NOD recipientmice is commonly used as a standard protocol
for the induction of autoimmune-mediated pancreatic 𝛽 islet
inflammation. In contrast to T helper (Th) 2 [32] and Th17
[33] cells that had been generated from BDC2.5+ T cells in
vitro,Th1-polarized BDC2.5+ T cells efficiently induce aggres-
sive autoimmune diabetes upon injection into neonatal NOD
mice [32], whereasTh17 BDC2.5+ cells have been reported to
promote rapid onset of diabetes in adult NOD.scid mice [33].

In addition to providing diabetogenic CD4+BDC2.5+
T effector cells, NOD.BDC2.5 mice with Foxp3-dependent
GFP expression [28, 34–37] represent a convenient source
of Foxp3+ Treg cells with the same antigen specificity, which
can be readily FACS purified (V𝛽4+CD4+CD25+GFP+) from
CD25 bead enriched single cell suspensions of peripheral
lymphoid donor tissues (Figure 3(a)). Importantly, cotransfer
of as few as 5 × 104 Foxp3+BDC2.5+ Treg cells is sufficient to
mediate long-term autoimmune protection of NOD.Rag1−/−
mice that additionally received 5 × 105 diabetogenic naı̈ve
BDC2.5+ T cells (Figure 3(b)). Besides studies on the suppres-
sor function of Foxp3+BDC2.5+ Treg cell populations natu-
rally developing inNOD.BDC2.5mice, the adoptive BDC2.5+
T cell transfer model provides the opportunity to assess
the suppressive capacity of Foxp3+ Treg cells that had been
artificially generated from initially Foxp3−BDC2.5+ T cells
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Figure 1: Adoptive TCR-HA+ T cell transfer into immunocompetent RIP-HAmice. (a) Using the clonotypic antibody 6.5, naı̈ve TCR-HA+ T
cells (CD4+6.5+CD62Lhigh CD25−GFP−) were FACS purified from BALB/c.Thy1.1 TCR-HA×Foxp3IRES-GFP mice, after CD4 bead enrichment
of pooled cells from spleen and LNs. Presort (top) and postsort (bottom) analyses of TCR-HA/CD62L (left) and CD25/GFP (right) expression
among CD4-gated cells are depicted. The gating scheme is illustrated by the line with arrowhead. For antigen-specific stimulation in vitro,
TCR-HA+ T cells were cultured as previously described [7], in the presence of HA107–119 peptide (10𝜇g/mL). As indicated, näıve or in vitro
preactivated TCR-HA+ T cells were injected i.v. into immunocompetent BALB/c.Thy1.2 RIP-HA mice. (b) Flow cytometry of Foxp3IRES-GFP

expression among gated CD4+Thy1.1+ cells at day 14 after adoptive transfer into BALB/c.RIP-HA recipient mice (mLN: mesenteric lymph
node; pLN: pancreatic LN). Numbers in dot plots or histograms indicate the percentage of cells in the respective gate. (c) Blood glucose
concentrations (top) and diabetes incidence (bottom) of BALB/c.RIP-HAmice injected with näıve (blue circles, 𝑛 = 5) or in vitro preactivated
TCR-HA+ T cells (red circles, 𝑛 = 5). Blood glucose concentrations (in mg/dL) of individual mice were determined every other day and
plotted against time. The grey dashed line indicates normoglycemia. Mice were considered diabetic at blood glucose levels above 200mg/dL
(red dashed line) on at least two consecutive measurements or with blood glucose levels once above 400mg/dL.

in experimental settings of extrathymic Treg cell induction,
for example, by retrovirus-mediated ectopic expression of
Foxp3 (Figure 3(c)). Note that, as compared to the adoptive
transfer of näıve BDC2.5+ T cells alone (Figure 3(b)), cotrans-
fer of [Empty]-IRES-YFP+ BDC2.5+ T cells substantially
accelerates diabetes due to T cell prestimulation in vitro for
retrovirus infection (Figure 3(c)).

In immunocompetent NODmice, the in vivo application
of in vitro expanded Foxp3+BDC2.5+ Treg cells [38, 39], as
well as Foxp3+BDC2.5+ Treg cells, generated in vitro either by

ectopic expression of Foxp3 [20] or TGF-𝛽-mediated induc-
tion of Foxp3 expression [40], can be effective in prevention
or even reversal of spontaneously developing diabetes.

3.2. Adoptive Transfer of Polyclonal T Cells. Unfractionated
splenocytes from diabetic, non-TCR transgenic NOD donor
mice can induce autoimmune diabetes within 3 weeks
after injection into immunodeficient NOD mice, such as
NOD.Rag1−/− mice (Figure 3(d)) or irradiated NOD mice
[41]. Although the relative contribution of CD4+ and CD8+ T
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Figure 2: Adoptive BDC2.5+ T cell transfer into immunodeficient NOD mice. (a) Using anti-V𝛽4 antibodies, näıve BDC2.5+ T cells
(CD4+V𝛽4+CD62Lhigh CD25−GFP−) were FACS purified from NOD.Foxp3DTR-GFP

× BDC2.5 mice, after CD4 bead enrichment of pooled
cells from spleen and LNs. Presort (top) and postsort (bottom) analyses of V𝛽4/CD62L (left) and CD25/GFP (right) expression among
CD4-gated cells are depicted. The gating scheme is illustrated by the line with arrowhead. For antigen-specific stimulation in vitro, BDC2.5+
T cells were cultured as previously described [7], in the presence of the mimotope peptide RTRPLWVRME (10𝜇g/mL). Näıve or in vitro
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cells (5 × 105 cells/mouse, red squares, 𝑛 = 4; or 6 × 106 cells/mouse, red circles, 𝑛 = 3). Blood glucose concentrations of recipient mice were
determined and plotted as described in the legend for Figure 1.

cells had remained controversial in previous studies [42, 43],
more recent observations in NOD.scid mice using highly
purified T cell populations revealed that the development
of autoimmune diabetes in this adoptive transfer model
requires both CD4+ and CD8+ T cells [44]. Cotransfer of
polyclonal Foxp3+ Treg cells, either purified populations or
contained in unfractionated total cell populations, can be
employed to assess their suppressive capacity in the context of
autoimmune diabetes. After tolerogenic DEC-205+ dendritic
cell vaccination to promote proinsulin-reactive Foxp3+ Treg
cell activity, cotransfer of total spleen cells from autoimmune
protected NOD donors can delay the onset of diabetogenic

splenocyte-mediated diabetes in NOD.Rag1−/− recipients
(Figure 3(d)) [21].

4. Abrogation of Foxp3+ Treg Cell Activity

4.1. Genetic Deficiency. AbrogatedTreg cell function has been
actively debated as a putative mechanism underlying vari-
ous autoimmune disorders in humans [45]. The important
role of Foxp3+ Treg cells in protection from autoimmune
diabetes is highlighted by the notion that T1D represents
a major component of the IPEX (immune dysfunction,
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Näïve BDC2.5+ cells only
+ Foxp3+BDC2.5+ Treg cells

N
on

di
ab

et
ic

 (%
)

(b)

0 3 6 9 12 15 18 21

0 3 6 9 12 15 18 21
Days after cell transfer

0

200

400

600

G
ly

ce
m

ia
 (m

g/
dL

)

0

20

40

60

80

100
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Figure 3: Foxp3+ Treg cells in NOD transfer models. (a–c) Adoptive BDC2.5+ T cell transfer. (a) FACS purification of BDC2.5+Foxp3+
Treg cells (CD4+V𝛽4+CD25+GFP+) from pooled spleen and LNs of NOD.Foxp3Cre-GFP

× BDC2.5 mice after magnetic bead enrichment of
CD25+ cells. Presort (top) and postsort (bottom) analyses of CD4/V𝛽4 (left) and CD25/GFP (right) expression among gated lymphocytes are
depicted. The gating scheme is illustrated by the line with arrowhead. Numbers in dot plots indicate the percentage of cells in the respective
gate. (b) For diabetes induction, NOD.Rag1−/− recipient mice were injected with näıve BDC2.5+ T cells (5 × 105 cells/mouse), either alone (red
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plotted as described in the legend for Figure 1.
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Figure 4: Foxp3+ Treg cell ablation in NOD.Foxp3DTR-GFP mice. (a) Percentage of Foxp3DTR-GFP+ cells among CD4+ T cells in subcutaneous
lymph nodes (scLN, top) and pancreatic LNs (pLN, bottom) of NOD.Foxp3DTR-GFP

× BDC2.5 mice, which were either left untreated (dashed
line) or i.p. injected with DT (0.5𝜇g/mouse on 3 consecutive days). Symbols represent individual mice at indicated time points after the first
DT administration. (b) Blood glucose concentrations and (c) diabetes incidence of NOD.Foxp3DTR-GFP mice (blue triangles: females, 𝑛 = 11;
blue circles: males, 𝑛 = 11) and NOD.Foxp3DTR-GFP

× BDC2.5 mice (red triangles: females, 𝑛 = 9; red circles: males, 𝑛 = 12), after DT
administration, as indicated by the arrowheads.

polyendocrinopathy, enteropathy, X-linked) syndrome [46–
48] that affects humans with abrogated Treg cell function
due to mutations in the FOXP3 gene [49–51]. In mice,
spontaneous [52] or gene-targeted [53] Foxp3 deficiency
leads to death by 3-4 weeks of age due to the development of
a fatal multiorgan autoimmune syndrome that recapitulates
many clinical features of the human IPEX syndrome.Notably,
themanifestation of autoimmune diabetes in Foxp3-deficient
mice on non-autoimmune-prone genetic backgrounds has
not been reported thus far. Moreover, Foxp3-deficient mice
on the diabetes-prone NOD background develop exocrine

pancreatitis and peri-insulitis, but do not manifest invasive
insulitis and diabetes [54]. Several nonmutually exclusive
mechanisms may account for the absence of overt diabetes
in Foxp3-deficientmice, which includes premature death and
altered T cell repertoire selection due to severe defects in
thymic T cell development [55]. In any case, this striking
difference to human IPEX patients regarding the manifesta-
tion of autoimmune diabetes limits the exploitation of mice
with constitutive genetic Foxp3 deficiency and concomitant
absence of functional Treg cells in studies on pancreatic 𝛽 cell
autoimmunity.
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4.2. Administration of Anti-CD25mAbs. To examine the
contribution of Foxp3+ Treg cells in the control of pancreatic
𝛽 cell autoimmunity, administration of anti-CD25mAbs
has been widely used as a loss-of-function approach, with
the overwhelming majority of studies employing the clone
PC61 (rather than 7D4). Whether abrogation of suppressor
activity upon in vivo administration of anti-CD25mAbs
can be attributed to the functional inactivation [56] or the
actual physical elimination (deletion) of CD25-expressing
Foxp3+ Treg cells has been controversially discussed [56–
58]. In otherwise nonmanipulated NOD mice, single dose
[59] or repeated [60] injection of the anti-CD25mAb PC61
can significantly accelerate the spontaneous development of
autoimmunediabetes in adolescent but not adult [61] females.
In experimental settings of tolerogenic regimens that result
in long-term protection of NOD mice from autoimmune 𝛽
cell destruction, anti-CD25 mAbs have been employed as
an approach to address the relative contribution of CD25+
Treg cells in tolerance induction, with PC61 administration
resulting either in the rapid precipitation of overt diabetes
[59, 61–63] or the failure to break established 𝛽 cell tolerance
andmaintenance of normoglycemia [64–66].However, inter-
pretation of results from such experiments is hampered by
the fact that CD25 expression is not exclusive to Foxp3+ Treg
cells. In fact, PC61 administration to adult NODmice has also
been reported to delay diabetes onset [65], perhaps due to its
negative impact on activated CD4+ and CD8+ T effector cells
with upregulated CD25 expression. Additionally, it appears
important to emphasize that anti-CD25 treatment with the
aim to interfere with Treg cell function, either by deletion
or functional inactivation, will inevitably spare Foxp3+ Treg
cells with a CD25low/− phenotype. Consistently, anti-CD25
treatment protocols preserve significant numbers of Foxp3+
cells [56–58, 67, 68].

4.3. Diphtheria Toxin-Mediated Deletion of Foxp3+ Treg
Cells. Foxp3-dependent expression of the human diphthe-
ria toxin (DT) receptor as a transgene, either from an
internal ribosome entry site (IRES) downstream of the
Foxp3coding region [69] or from a Foxp3 bacterial artificial
chromosome (BAC) (termed “depletion of regulatory T cell”
mice, DEREG; [36]), provides an opportunity for specific
and temporally controlled deletion of Foxp3+ Treg cells
in mice on non-autoimmune-prone genetic backgrounds.
In both mouse models, Foxp3+ Treg cell depletion by the
in vivo administration of DT promotes the development
of autoimmune disorders, albeit with differences in the
severity of autoimmune symptoms [36, 69]. On the NOD
genetic background, two independent mouse lines with DT
receptor expression selectively in Foxp3+ Treg cells have
been generated. While Feuerer et al. established a novel
Foxp3 BAC transgenic line employing NOD embryos [28],
we generated NOD.Foxp3DTR-GFP mice by backcrossing
the BAC-Foxp3DTR-GFP transgene of the well-characterized
DEREG mouse model [36, 70–73] onto the NOD/Lt back-
ground (Figure 4).

Transgenic expression of the BDC2.5 TCR efficiently pre-
vents the development of spontaneous autoimmune diabetes

in immunocompetent NOD females [74] but dramatically
accelerates diabetes progression in immunodeficient NOD
mice, such as NOD.TCR-𝛽−/− or NOD.Rag1−/− mice [74],
as well as in NOD.Foxp3−/− mice [54]. Acute ablation of
Foxp3+ Treg cells (Figure 4(a)) can lead to transiently
increased blood glucose concentration in some adult
NOD.Foxp3DTR-GFP females, but fails to consistently promote
overt diabetes (Figure 4(b)). In NOD.Foxp3DTR-GFP

×

BDC2.5 females, Foxp3+ Treg cell ablation triggers
autoimmune 𝛽 cell destruction within 8 days after
initiation of DT administration (Figure 4(b)). Notably,
and in contrast to the spontaneous NOD model, the
NOD.Foxp3DTR-GFP

× BDC2.5 model additionally allows the
induction of autoimmune diabetes in male mice, with similar
efficiency and kinetics as compared to females (Figure 4(c)).
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Instituto de Cardiologia do Rio Grande do Sul/Fundação Universitária de Cardiologia do Rio Grande do Sul, Porto Alegre, Brazil
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5 Laboratório de Fisiologia Translacional, Universidade Nove de Julho, São Paulo, Brazil

Correspondence should be addressed to Beatriz D’Agord Schaan; beatrizschaan@gmail.com

Received 12 December 2012; Revised 6 February 2013; Accepted 12 February 2013

Academic Editor: Tomohiko Sasase

Copyright © 2013 Alexandre M. Lehnen et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Metabolic syndrome has been defined as a group of risk factors that directly contribute to the development of cardiovascular disease
and/or type 2 diabetes. Insulin resistance seems to have a fundamental role in the genesis of this syndrome. Over the past years
to the present day, basic and translational research has used small animal models to explore the pathophysiology of metabolic
syndrome and to develop novel therapies that might slow the progression of this prevalent condition. In this paper we discuss the
animal models used for the study of metabolic syndrome, with particular focus on cardiovascular changes, since they are the main
cause of death associated with the condition in humans.

1. Introduction

According to the International Diabetes Federation [1],
metabolic syndrome (MS) is clinically characterized by
central obesity (waist circumference ≥94 cm for men
and ≥80 cm for women), and at least two of these risk
factors: high triglyceride levels (≥150mg/dL); low HDL
cholesterol (≤40mg/dL); high blood pressure levels (systolic
blood pressure ≥ 130mmHg and/or diastolic blood pressure
≥85mmHg); and fasting plasma glucose levels ≥100mg/dL.
This cluster of cardiovascular risk factors is intrinsically
related to increased incidence of diabetes mellitus [2] and
cardiovascular mortality [3].

Studies have demonstrated several MS-induced abnor-
malities of cardiac geometry and function. Both increased left
ventricularmass and relative wall thicknesses, as well as rapid
deceleration time, have been found in hypertensive subjects
with MS when compared with a hypertensive cohort without
the syndrome [4]. On the other hand, patients with MS have

presented left ventricular diastolic dysfunction independent
of ventricular mass [5]. In addition, it is well known that
insulin resistance plays a key role in MS and as such
contributes to the development of premature cardiovascular
atherosclerosis, independent of the association with diabetes
and obesity [6–8]. It seems reasonable to assume that the
association of several risk factors, as in the MS, favors an
increased incidence of cardiovascular diseases anddeath risks
in humans. The main cardiovascular complications observed
in MS can be seen in Figure 1. Thus, a better understanding
of the pathophysiological mechanisms of this syndrome
becomes of paramount importance in clinical practice.

Studies on animal models can be relevant as they mimic
the aspects of the human disease as the development and
maintenance of MS characteristics, particularly obesity, type
2 diabetes, dyslipidemia, and hypertension. Experimental
models of MS may be genetic, chemically induced, or diet
induced. Thus, the aim of this paper is to both describe and
discuss the animal models used for the study ofMS. A special
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Figure 1: Components of the metabolic syndrome and its relation to the principal cardiovascular phenotypes. IR/GI: insulin resistance/glu-
cose intolerance; HRV: heart rate variability; LV: left ventricular.

focus was given to cardiovascular changes which can be seen
in Tables 1, 2, and 3.

1.1. Genetic Models

1.1.1. db/db Mouse. The db/db mouse (BKS.Cgm+/+Leprdb/
j) is a genetic model widely used as MS animal model,
as it presents a leptin receptor mutation which causes
hyperglycemia and insulin resistance [9]. The cardiovascular
changes observed in in vivo studies indicate an increased
vascular contractility [10]. However, the evaluation of these
animals with 8-9 weeks of age did not lead to changes in
blood pressure as compared to their wild controls [11]. As the
animals age (14-15 weeks), blood pressure rises, together with
autonomic neural changes. Noradrenergic responsiveness of
the heart is reduced and indications of sympathetic denerva-
tion are observed [12].

The increase in blood pressure of these animals is asso-
ciated with an increase in plasma angiotensin converting
enzyme activity and angiotensin II levels [11]. Using spectral
methods for autonomic function evaluation, no changes in
heart rate variability, blood pressure variability, or baroreflex
function are observed [11, 13]. In addition, db/db mice show
impaired cardiac functional reserve capacity during maxi-
mal beta-adrenergic stimulation (with dobutamine), which
is associated with unfavorable changes in cardiac energy
metabolism [14].

1.1.2. KKAy, ob/ob, and db/db Mice. KKAy is a congenital
strain established by the transduction of the yellow obese
gene (Ay) into the moderate hyperglycemic KK strain [15].
KKAy mice are obese and have high blood pressure levels,

increased urinary excretion of catecholamines, and exac-
erbated responses to sympathetic blockade, suggesting a
sympathetic role in the genesis of their hypertension [16, 17].

The ob/obmice have amutation in the ob gene resulting in
leptin deficiency [18]. Short-term direct blood pressure mea-
surements [19] suggested that the ob/obmice are hypotensive
with low sympathetic nerve activity [20]. However, when
blood pressure is measured chronically, that is, data are
collected for 5 s every 2min and are averaged for the light
cycle (7 AM–4PM) and the dark cycle (7 PM–5AM) with
radiotelemetry (24 h full-time), ob/ob mice remain hyper-
tensive during the light period [21]. Interestingly, during
the dark cycle, ob/ob mice show no difference in blood
pressure. On examination of the data over 24 h (the dark
and light cycles combined), ob/ob mice are normotensive
compared with control rats. With the use of radiotelemetry,
blood pressure was measured 24 h/day, which obviously
includes every activity performed by the animals. Thus,
behavior and feeding may be especially relevant since the
ob/ob animals have leptin deficiency and eat throughout
the day and at night, leading to the hypertension observed
during the day. Furthermore, these animals develop left
ventricular hypertrophy with decreased cardiac function at
24 weeks of age [22] and cardiac fibrosis after 20 weeks of age
[23].

Finally, the db/db (C57BL/KsJ-db/db) mice have inher-
ited an autosomal recessive mutation in the leptin receptor
gene present on chromosome 4 [9]. The metabolic alter-
ations most frequently observed in this strain are hyper-
glycemia, hyperinsulinemia, hypertriglyceridemia, hyperc-
holesterolemia, high levels of nonesterified fatty acids, and
reduced HDL cholesterol [24]. In addition to these changes,
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Table 1: Main cardiovascular findings in genetic models of metabolic syndrome.

Models Cardiovascular changes

db/dbmouse
(i) Increased vascular contractility
(ii) High blood pressure levels (14-15 weeks of age)
(iii) Sympathetic denervation (14-15 weeks of age)

KKAy mice (i) High blood pressure levels
(ii) Sympathetic alterations

ob/obmice

(i) Hypotensive with low sympathetic nerve activity
(ii) Cardiac fibrosis (20 weeks of age)
(iii) Left ventricular hypertrophy (24 weeks of age)
(iv) Decreased cardiac function (24 weeks of age)

db/dbmice

(i) Vascular endothelial dysfunction
(ii) No or low blood pressure changes
(iii) No changes in heart rate variability
(iv) No changes in spontaneous baroreflex sensitivity

Wistar Ottawa KarlsburgW
(i) Impaired coronary function
(ii) Increased alpha(1)-adrenoceptor-mediated coronary constriction (3 and 10 months of age)
(iii) Seriously blunted beta-adrenoceptor-mediated coronary relaxation (16 months of age)

Zucker obese rats

(i) Diastolic dysfunction with preserved ejection fraction (9 weeks of age)
(ii) High blood pressure levels (12 weeks of age)
(iii) High resting sympathetic nerve activity
(iv) Reduced heart rate variability

Zucker Diabetic Fatty
(i) Increased myocardial fatty acid oxidation
(ii) Reduction of insulin-mediated myocardial glucose utilization (14 weeks of age)
(iii) Reduction of left ventricular chamber

DahlS.Z-Leprfa/Leprfa
(i) Diastolic dysfunction
(ii) Marked left ventricle hypertrophy and fibrosis
(iii) Myocardial oxidative stress

Otsuka Long-Evans
Tokushima Fatty

(i) Diastolic dysfunction (15 weeks)
(ii) No changes in the blood pressure and heart rate
(iii) Extracellular fibrosis and abundant transforming growth factor-𝛽1 receptor II in the left ventricle
(iv) Low coronary flow reserve
(v) Increased coronary vascular resistance

Goto-Kakizaki

(i) Left ventricle remodeling with marked hypertrophy
(ii) Increased extracellular matrix deposition
(iii) Mild hypertension
(iv) Blunted vascular relaxation by acetylcholine and sodium nitroprusside

both infiltration with inflammatory cells and fibrosis were
observed in the heart after 12 weeks of age. These mice also
show vascular endothelial dysfunction, although no blood
pressure changes are observed [25].We studied the cardiovas-
cular and autonomic phenotype of male db/dbmice and eval-
uated the role of angiotensin II AT(1) receptors. Radioteleme-
try was used to monitor 24 h blood pressure in mice for
8 weeks. Although there were no changes in heart rate
variability and spontaneous baroreflex sensitivity between
control and db/db mice, the results indicate an age-related
increase inmean arterial pressure in db/dbmice, which can be
reduced by the antagonism of angiotensin II AT(1) receptors
[11].

1.1.3. Wistar Ottawa Karlsburg W (WOKW). Wistar Ottawa
KarlsburgW (WOKW) rats were developed from aWistar rat
outbred strain of the BioBreeding Laboratories. As observed
in humans, the features of MS in this model depend on
polygenic factors and may be due to a single-gene mutation
[26].WOKWpresents hyperphagia, which leads to obesity. In
addition to obesity, this animal model shows other metabolic
alterations, such as dyslipidemia, hyperinsulinemia, and
impaired glucose tolerance. Specifically, insulin resistance
in this animal model may be linked to a mutation on
chromosome 3 [26, 27]. Genomic scan studies have revealed a
linkage of theMS and/or diabetes to a region on chromosome
3 (3q26-27), where the gene encoding adiponectin, apM1, is
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Table 2:Main cardiovascular findings in chemically induced animal
models of metabolic syndrome.

Models Cardiovascular changes

MSG-induced
SHR

(i) High blood pressure levels
(ii) Reduced heart rate variability
(iii) Decreased spontaneous baroreflex sensibility
(iv) Increased cardiac sympathovagal balance
(v) Increased systolic arterial pressure variability

Streptozotocin
administration

(i) Systolic and diastolic dysfunction at rest
(ii) Reduced capacity for cardiac adjustment to

volume overload
(iii) Reduction in baroreflex-mediated

bradycardia and tachycardia
(iv) Impairment in cardiac vagal tone

MSG: monosodium glutamate; SHR: spontaneously hypertensive rat.

located [28]. One important clinical characteristic displayed
by these animals was the impaired coronary function, due
to increased alpha(1)-adrenoceptor-mediated coronary con-
striction (at 3 and 10 months of age), and to a seriously
blunted beta-adrenoceptor-mediated coronary relaxation (at
16 months of age) [29].

1.1.4. Zucker Obese Rats (fa/fa). Zucker obese (ZO) rat
model develops MS characterized by obesity since they are
polyphagic due to a mutation in the leptin receptor [30, 31],
insulin resistance, hypertriglyceridemia, and hypertension
[32]. Obesity leads to an inflammatory state which is linked
to reduced insulin sensitivity and expression of GLUT4 in
adipose tissue, skeletalmuscle, andheart [33, 34].This is likely
to be related to increased circulating free fatty acids which
competewith glucose as energy substrate [35] and also inhibit
the translocation of GLUT4 to the cell membrane [36].

Myocardial fatty acid uptake and utilization lend support
to the hypothesis that myocardial insulin resistance is asso-
ciated with cardiac dysfunction, characterized by increased
left ventricle mass, reduction systolic function, and survival.
Increasing fatty acid as fuel energy can lead to increased
reactive oxygen species, thus contributing to structural and
functional damage in the myocardium [37].

Accordingly, 9-week-old ZO rats show diastolic dys-
function with preserved ejection fraction [33]. These abnor-
malities occur prior to the onset of hypertension, which
becomes elevated above control levels around 12 weeks of
age [34]. Furthermore, cardiovascular complications similar
to human obesity also include higher resting sympathetic
nerve activity and reduced heart rate variability [35, 36]
which were observed in ZO rats—attenuated baroreflex-
mediated changes in sympathetic nerve activity to vascular
targets [32].These are due to impairments in sympathetic and
parasympathetic control of the heart [37, 38].

1.1.5. Zucker Diabetic Fatty Rats (fa/fa). Zucker Diabetic
Fatty Rats (ZDF) phenotype originated from selective

Table 3: Main cardiovascular findings in diet-induced animal
models of metabolic syndrome.

Models Cardiovascular changes

Fructose overload

(i) High blood pressure levels
(ii) High heart rate
(iii) Increased blood pressure variability
(iv) Increased sympathetic modulation to the

vessels and heart
(v) Vascular oxidative stress
(vi) Changes in left ventricular morphometry
(vii) Diastolic dysfunction
(viii) Increased cardiac effort

Sucrose overload

(i) High blood pressure levels
(ii) High heart rate
(iii) Diastolic function
(iv) Systolic dysfunction
(v) Alterations in myocardial structure due to

reduction of calcium uptake in
sarcoplasmic reticulum of cardiomyocytes

High fat diet (i) High blood pressure levels
(ii) Baroreceptor dysfunction that controls

the renal sympathetic nerve activity

Cafeteria diet

(i) High blood pressure levels
(ii) High heart rate
(iii) Impairment of the endothelium-derived

hyperpolarization mechanism
(iv) Autonomic dysfunction

breeding of Zucker rats with high glucose levels, which
developed diabetes after 10 weeks of age. ZDF presents
hyperphagia, as a result of a nonfunctioning leptin receptor,
which in turn leads to obesity similar to the prediabetic state
in humans [39]. Furthermore, hyperglycemia in the ZDF
model is different from that observed in the ZO; ZDF rats do
not have sufficient pancreatic 𝛽-cell function.

It has been observed that changes in left ventricular
chambermorphology occurred in the untreated ZDF animals
as early as 16 weeks of age [40]. Using positron emission
tomography and echocardiography, van den Brom et al.
(2009) found an increase inmyocardial fatty acid oxidation, a
reduction in insulin-mediatedmyocardial glucose utilization,
associated with impairment of myocardial function in ZDF
rats with 14 weeks of age [41]. In addition, vascular and neural
dysfunction observed in ZDF rats with 12 weeks of age has
been improved with vasopeptidase inhibitors [42].

In addition, this animal model shows an increase
in plasma angiotensin converting enzyme activity and
angiotensin II levels that, associated with high glucose levels,
can lead to advanced nephropathy.This may be the reason by
which ZDF rats started to die at 50 weeks of age (63 weeks for
the control group), in association with an abrupt increase in
blood urea nitrogen, suggesting that the cause of death was
renal insufficiency [43].
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1.1.6. DahlS.Z-Leprfa/Leprfa Rat. One of the most recently
created MS models is the DahlS.Z-Leprfa/Leprfa rat
(DS/obese). This MS model was established by crossing
Dahl Salt rats and Zucker rats with the missense mutation in
the leptin receptor gene (Lepr). The animals, once fed with
a normal diet, developed obesity, as well as hypertension,
dyslipidemia, insulin resistance, and type 2 diabetes. In
addition, these animals developed cardiac hypertrophy,
as well as renal and liver damage, which may account
for their premature death. Hattori et al. (2011) showed
that in an experimental period of 18 weeks, 13 (65%) of
20 DS/obese rats died (seven from renal failure, two from
cerebrovascular events, and four from sudden cardiac death);
there were no deaths in the control group [44]. In addition,
Murase et al. (2012) have recently demonstrated that body
weight, as well as visceral and subcutaneous fat mass, was
significantly increased in DS/obese female rats, which
was associated with diastolic dysfunction and marked left
ventricle hypertrophy and fibrosis [45]. Myocardial oxidative
stress and inflammation, serum insulin, and triglyceride
were also increased in DS/obese rats compared with DS/lean
rats.

1.1.7. Otsuka Long-Evans Tokushima Fatty Rats. Otsuka
Long-Evans Tokushima Fatty (OLETF) rats are a cholecys-
tokinin 1 receptor knockout model which become obese
secondarily to hyperphagia [46].The increased food intake is
characterized by a large increase in meal size with a decrease
in meal frequency which is not sufficient to compensate for
the meal size increase. As a result, these animals usually
present hyperglycemia after 18 weeks of age, mild obesity,
and diabetes mellitus, more frequently observed in males
[47]. However, insulin resistance in OLETF rats emerges at
12 weeks of age, before the impairment of pancreatic 𝛽-cell
function [48].

Mizushige et al. (2000) have previously demonstrated that
OLETF rats present diastolic dysfunction in their prediabetic
state (15 weeks), observed by a prolongation in deceleration
time and a decrease in amplitude of peak velocity of the early
diastolic filling wave, without changes in the blood pressure
and heart rate. In addition, the researchers observed extra-
cellular fibrosis and abundant transforming growth factor-𝛽1
receptor II in the left ventricle of these rats [49]. While still in
the prediabetic stage, OLETF rats exhibited a lower coronary
flow reserve and increased coronary vascular resistance
during hyperemia, which was associated with increased wall-
to-lumen ratio and perivascular fibrosis [50]. In the late stage
of diabetes (22 and 62 weeks of age), it was demonstrated that
these animals displayed an impairment in diastolic function
and changes in the geometry of conductance and resistance
arteries [51].

1.1.8. Goto-Kakizaki Rats. The Goto-Kakizaki (GK) model
was created by selective breeding of an outbred colony of
Wistar rats, selected for high glucose levels in an oral glucose
tolerance test [52]. These animals develop hyperglycemia
after 4 weeks of age [53] and increased liver and plasma lipid
concentration after 8 weeks of age [54].

After 16 weeks of age, at prediabetic state, GK rats
displayed left ventricle remodeling with marked hypertrophy
of cardiomyocytes and increased extracellular matrix depo-
sition, culminating in increased heart size [55]. Despite the
progressivelyworsening of glucosemetabolismderangement,
at 18 months of age the contractile function of the heart
appears to be well preserved, as observed by maintenance of
amplitude of shortening in electrically stimulated myocytes
[56]. In addition, untreated GK rats presented mild hyper-
tension and a blunted vascular relaxation by acetylcholine
and sodiumnitroprusside when compared to control animals
[57].

1.2. Chemically Induced Models

1.2.1. Monosodium Glutamate-Induced Spontaneously Hyper-
tensive Rat. We studied in our laboratory the cardiovascular
autonomic function of obesity induced by monosodium
glutamate (MSG) in a normotensive model. Male Wistar
rats receiving MSG neonatal treatment showed metabolic
abnormalities, as well as increased body weight, Lee index,
epididymal white adipose tissue, and insulin resistance. In
addition, these animals exhibited reduced glucose/insulin
index (−62.5%), and increased insulin secretion during
glucose overload (39.3%), and hyperinsulinemia. These rats
showed a slight increase in mean arterial pressure with no
difference in the heart rate from their controls. However, they
showed cardiovascular autonomic dysfunction, as shown by
reduced baroreflex sensitivity and vagal and sympathetic
effects when compared to their controls. We observed a
reduced sympathetic effect which was not followed by
changes in the basal heart rate or tachycardic responses to
arterial pressure changes [58].

Recently, we carried out studies on cardiovascular abnor-
malities of the spontaneously hypertensive rat (SHR) [59, 60]
treated with MSG in the neonatal period [61]. Although
this animal model is not new [62, 63], no research, to
our knowledge, has been undertaken using metabolic and
cardiovascular parameters over time (3, 6, and 9 months
of age). The use of MSG in genetically hypertensive rats
led these animals to progressively increase body adiposity
and triglyceride levels. Besides developing and maintaining
insulin resistance, they presented low HDL cholesterol and
increased inflammation state (high C-reactive protein, inter-
leukin 6, tumor necrosis factor-𝛼 levels, and low adiponectin
levels), which reached highest levels at 6 and 9 months of age
[61].

In MS, hypertension is commonly associated with
metabolic changes of the syndrome. Therefore, the use of a
genetically hypertensive rats associated with MSG treatment,
which leads to metabolic changes including obesity, seems to
work well as an MS model resembling the human disease.
However, early studies showed that SHR treated with MSG
did not maintain hypertension [62], but it should be noted
that indirect tail-cuff methods were used. Thus, we evaluated
blood pressure by direct method (analyzed on a beat-to-beat
basis) at 3, 6, and 9 months in MSG-treated SHR compared
to SHR and normotensive rats [61]. It was observed that
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mean blood pressure was similarly higher in SHR and MSG-
treated SHR at all ages, when compared to normotensive rats.
Furthermore, there were no changes in blood pressure over
time in the groups studied.

The increased cardiovascular mortality which character-
izes MS may be partially attributed to cardiac sympatho-
vagal imbalance [64, 65]. Thus, we evaluated temporal car-
diovascular autonomic dysfunction in this model by spectral
analysis and observed that the changes in cardiovascular
autonomic control evaluated up to 9 months are similar to
those observed in hypertensive rats. At 9 months the animals
maintained the hypertensive state, a feature of SHR, and pre-
sented reduced heart rate variability, decreased spontaneous
baroreflex sensibility, and increased cardiac sympathovagal
balance. In addition to these changes, it was observed that
SHR and SHRwithMSG-induced obesity showed increments
of 6- to 8-fold of systolic arterial pressure variability at 6 and
9 months, as compared to normotensive rats. Interestingly, at
6 months, MSG-induced SHR had increased systolic arterial
pressure variability when compared to only SHR. Taken
together, SHRs with MSG-induced obesity show an impair-
ment of the cardiovascular nervous control. Sympathetic
activation plays an important role in the pathogenesis of
insulin resistance [66–68] and in the activation of the renin-
angiotensin system [69], which are related to cardiovascular
autonomic control dysfunction of MS [64].

1.2.2. Streptozotocin Administration. The injection of strep-
tozotocin (STZ) to mice, rats, and rabbits has been widely
used as a model of type 1 diabetes. Streptozotocin destroys
pancreatic 𝛽 cells, resulting in a diabetic syndrome in
animals, characterized by hyperglycemia, hypoinsulinemia,
glycosuria, and body weight loss [70, 71]. These rats have
systolic and diastolic dysfunction at rest, as evaluated by left
ventricular catheterization and echocardiography, as well as
reduced capacity for cardiac adjustment to volume overload
and maximal oxygen consumption [72, 73]. Furthermore,
STZ induces reduction in baroreflex-mediated bradycardia
and tachycardia, as well as impairment in cardiac vagal tone
in the face of unaltered sympathetic tone [71, 74, 75].

Although well accepted in the literature as a model for
type 1 diabetes, the injection of STZ alone does not allow it
to mimic the characteristics of MS in humans, since these
animals show hypoinsulinemia, loss or no change in body
weight, and hypotension [71, 74, 75]. An alternative approach,
previously used, is the administration of low doses of STZ
(25mg/Kg) associated with high fructose diet in rats. This
combination induced mild hyperglycemia and hypertriglyc-
eridemia associated with mild fasting hyperinsulinemia and
whole body insulin resistance, without significant increase
in body weight [76]. In addition, the authors also observed
decreased left ventricular contractile function and reduced
myocardial metabolic efficiency.

1.3. Diet-Induced Models

1.3.1. Fructose Overload. Since 1978 the mean daily intake
of added fructose and total fructose has increased in both

sexes and all age groups, having as the main sources of con-
sumption soft drinks and other sweetened beverages [77, 78].
Fructose overload in drinkingwater or chow has been used to
promotemetabolic, hemodynamic, structural, and functional
derangements in rodents. Fructose overload in experimental
animals has been associated with high triglyceride levels,
adiposity, insulin resistance, and glucose intolerance [79–
86]. These animals have been used by our group in order to
understand the various aspects of obesity, dyslipidemia, and
insulin resistance-associated cardiovascular changes [81–88].
Weobserved that an increased sympatheticmodulation to the
vessels andheart precededmetabolic dysfunction in fructose-
consuming mice, thus suggesting that changes in autonomic
modulation may be a triggering mechanism underlying the
cluster of symptoms associated with cardiometabolic disease
[83–86, 88].

Animal studies have shown strong associations between
high fructose intake and the onset of arterial hypertension.
According to Farah et al., mice which received a high
fructose diet showed higher blood pressure and heart rate
in the dark (active) period when compared with the light
(resting) period [87]. This augment in blood pressure was
related to an increase in the blood pressure variability and,
consequently, to increased vascular sympathetic modulation.
This is a relevant finding since during the dark period the
mice are active (grooming, eating, and drinking) and the
sympathetic activity should be high. On the other hand, it
was displayed that female fructose-fed rats presented reduced
vagal tonus, unaltered sympathetic tonus, and intrinsic heart
rate [81]. However, this study also showed that although the
sympathetic tonus remained unchanged, the autonomic bal-
ance (sympathetic/parasympathetic) was altered, leading to
a sympathetic predominance. A positive correlation between
reduced cardiac vagal tonus and insulin resistance was also
found, thus reinforcing the relationship between autonomic
and metabolic dysfunction [81].

Since arterial baroreflex influences both sympathetic and
parasympathetic outflow, disorders in autonomic neuronal
pathways (efferent or afferent) may affect cardiovascular
health and be related to high blood pressure. High fructose
consumption induces an impairment of baroreflex sensitivity,
as evaluated by heart rate responses associated with arterial
pressure changes induced by vasoactive drugs [81, 86], as well
as by linear regression and alpha-index [84]. Furthermore,
unpublished data from our laboratory demonstrated that
impairment of baroreflex sensitivity was positively correlated
with the number of elastic lamellae in the ascendant aorta.
This data suggest that the possible loss of distensibility of the
aortamay be associatedwith changes in baroreflex sensitivity,
since the mechanical stress of the arterial wall cannot be
effective to properly trigger the mechanoreceptors.

Regarding the rennin-angiotensin system, it has been
widely acknowledged that high-fructose diet induces
increased angiotensin II plasma levels, which contributes to
hypertension, insulin resistance, and dyslipidemia [89], and
may account for cardiac remodeling [80, 90] and vascular
oxidative stress [91] in this MS model. In fact, it appears
that angiotensin II promotes fibroblast proliferation due to
activation of the angiotensin II type 1 receptor, which results
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in increased collagen type III expression and accumulation
in the heart [92]. Also, there is evidence that the insulin-
resistant state is associated with angiotensin II type 1 receptor
upregulation and increased endothelial (aorta) superoxide
anion levels, which is likely to be caused by an increase
in NAD(P)H oxidase expression in fructose-fed rats [91].
Furthermore, it should be stressed that angiotensin 1a
receptors are critical in mediating the response to a high-
fructose diet and the resultant state of glucose intolerance,
because in the absence of these receptors, a fructose diet
decreases the blood pressure, as observed in angiotensin 1a
knockout mice [87].

As an important consequence of these metabolic, hemo-
dynamic, autonomic, and structural changes displayed in this
MS model, our group recently demonstrated that fructose
overload promoted changes in left ventricular morphometry,
diastolic dysfunction, and increased cardiac effort, as evi-
denced by the increase in the myocardial performance index
[85]. Other researchers have found similar results for Wistar
rats receiving a 10% fructose overload for 8 weeks [93].

1.3.2. Sucrose Overload. Sucrose is a disaccharide composed
by one molecule of glucose linked to one molecule of
fructose through an 𝛼 1–4 glycoside bond [94]. Similar to
fructose, sucrose induces MS in animals, as increased plasma
concentrations of insulin, leptin, triglycerides, glucose, and
free fatty acids and impaired glucose tolerance were shown
[95]. Sucrose-treated rats (32% in drinking water) revealed
early abnormalities in diastolic function (2.5 weeks of treat-
ment) followed by late systolic dysfunction and concurrent
alterations in myocardial structure (10 weeks of treatment).
Furthermore, the authors demonstrated that after 10 weeks
of sucrose treatment the animals presented reduced calcium
uptake in sarcoplasmic reticulum of cardiomyocytes [96].

In addition, animals treated with an 8% sucrose solution
developed hypertension and tachycardia after 2 weeks of
treatment, and this was not related to weight gain. The
authors concluded that sucrose ingestion may stimulate the
ventromedial hypothalamus to increase sympathetic activity
and elevate blood pressure in rats [97].

1.3.3. High Fat Diet. High fat diets have been used with fat
fractions between 20% and 60% energy as fat, and the basic
fat component varies between animal-derived fats and plant
oils, for example, corn, coconut, or safflower oil [98]. After 10
weeks of a high fat diet, rats displayed high fat mass, insulin
resistance, and hyperleptinemia, typically associated with
obesity [99]. Rabbits receiving a high fat diet during 3 weeks
presented an impairment in leptin sensibility, along with
increasedmean arterial pressure, heart rate, and plasma nore-
pinephrine concentration. Renal sympathetic nerve activity
was also higher in high fat diet rabbits when compared to
control diet rabbits and was correlated to plasma leptin [100].
Furthermore, Fardin et al. (2012) have demonstrated that the
baroreceptor dysfunction which controls renal sympathetic
nerve activity is an initial change in the obesity-induced high
fat-fed rats, whichmight be a predictor of sympathoexcitation
and hypertension associated with obesity [101].

The renin-angiotensin system has been involved in the
hypertension genesis linked to obesity [102]. In fact, Boustany
et al. (2004) observed that both angiotensinogen gene expres-
sions in retroperitoneal fat mass and plasma angiotensinogen
concentration were increased in rats receiving high fat diet,
thus showing increased activity of the adipose and systemic
rennin-angiotensin system in obesity-related hypertension
[103].

1.3.4. Cafeteria Diet. Proponents of chemically induced MS
models have been challenged by researchers who argue for
diet-induced models. The latter contend that these reflect
more accurately the condition of human obesity when com-
pared to chemically induced or genetic modifications [104].

Thus, several diet-induced experimental models have
been proposed, suggesting that there is an aggregation of
factors in MS.The cafeteria diet model [105] is a fine example
of a diet-induced experimental model. In this model, animals
are allowed free access to standard chow and water while
concurrently given highly palatable, energy dense, unhealthy
human foods ad libitum, which promotes voluntary hyper-
phagia. This diet results in weight gain, increased fat mass,
glucose intolerance, and insulin resistance [106, 107].

Wistar rats fed a cafeteria diet showed, in addition to
the classical metabolic disorder, cardiovascular alterations,
such as increased heart rate and blood pressure [108].
Cafeteria diet has been shown to lead to impairment of
the endothelium-derived hyperpolarization mechanism, in
particular, potassium channel signaling mechanisms [109].
Thus, this finding may explain, at least in part, the link
between cafeteria diet and increased blood pressure in rats;
this link is further reinforced by understanding that vascular
tone refers to the balance between constrictor and dilator
actions and influences the control of blood flow and pressure,
and this phenomenon is influenced by endothelium-derived
hyperpolarization mechanism.

Although normotensive rats fed a cafeteria diet showed
an increase in blood pressure, this diet may have a better
outcome if used in SHR, since this animal model has car-
diac disorders, for example, increased sympathetic activity,
hypertension, and cardiac hypertrophy [59, 60] whichmay be
potentiated by the cafeteria diet. Spontaneously hypertensive
rats fed with cafeteria diet for 12 weeks showed metabolic
changes similar to those of the MS, for example, high plasma
levels of glycemia, insulin, triglyceride, leptin, and obesity.
Furthermore, animals maintained hypertension, a common
feature of SHR [110]. Many studies have dealt with the
autonomic dysfunction of SHR by spectral analysis [111, 112].

2. Conclusions

There is considerable evidence to support the hypothesis that
the cluster of complications from metabolic syndrome status
converges to a derangement of the cardiovascular system.
In fact, cardiovascular diseases are the leading cause of
morbidity andmortality in this condition.Theuse of different
experimentalmodels thatmimic themetabolic derangements
seen in this syndrome is extremely important in order to
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better understand themechanisms involved in cardiovascular
changes caused by metabolic syndrome. New approaches,
such as genetically modified models, can provide mecha-
nistic information on the genetic and environmental factors
involved in the development of cardiovascular dysfunction in
the metabolic syndrome.
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We evaluated ranirestat, an aldose reductase inhibitor, in diabetic cataract and neuropathy (DN) in spontaneously diabetic Torii
(SDT) rats compared with epalrestat, the positive control. Animals were divided into groups and treated once daily with oral
ranirestat (0.1, 1.0, 10mg/kg) or epalrestat (100mg/kg) for 40 weeks, normal Sprague-Dawley rats, and untreated SDT rats. Lens
opacification was scored from 0 (normal) to 3 (mature cataract). The combined scores (0–6) from both lenses represented the total
for each animal. DN was assessed by measuring the motor nerve conduction velocity (MNCV) in the sciatic nerve. Sorbitol and
fructose levels weremeasured in the lens and sciatic nerve 40 weeks after diabetes onset. Cataracts developedmore in untreated rats
than normal rats (𝑃 < 0.01). Ranirestat significantly (𝑃 < 0.01) inhibited rapid cataract development; epalrestat did not. Ranirestat
significantly reversed the MNCV decrease (40.7 ± 0.6m/s) in SDT rats dose-dependently (𝑃 < 0.01). Epalrestat also reversed the
prevented MNCV decrease (𝑃 < 0.05). Sorbitol levels in the sciatic nerve increased significantly in SDT rats (2.05 ± 0.10 nmol/g),
which ranirestat significantly suppressed dose-dependently, (𝑃 < 0.05, <0.01, and <0.01); epalrestat did not. Ranirestat prevents
DN and cataract; epalrestat prevents DN only.

1. Introduction

Diabetes recently has reached almost epidemic levels world-
wide. The major problem associated with diabetes is its
complications, that is, diabetic retinopathy (DR) and cataract,
diabetic neuropathy (DN), and nephropathy. DR is a leading
cause of visual loss and blindness in adults [1]. Clinical
trials have shown that intensive glycemic control reduces
the incidence and progression of DR [2, 3]. Other metabolic
factors, such as blood pressure [4] and hyperlipidemia [5, 6],
also affect the development of DR. Multifactorial intensive
treatment of these metabolic disorders and hyperglycemia

prevent diabetic complications. However, many patients still
develop serious complications, despite the recent availability
of a variety of new antidiabetic drugs.

Very few drugs can directly prevent diabetic compli-
cations independent of the glucose levels. The metabolic
changes accompanying hyperglycemia, such as increased
activity of the polyol pathway [7], activation of protein kinase
C (PKC) [8], increased oxidative stress [9], leukocyte adhe-
sion to the endothelial cells [10], and accumulation of
advanced glycation end products (AGEs) [11], are consid-
ered to be related to the development and progression of
diabetic complications including ocular complications. In
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particular, the polyol pathway is correlated strongly with
other complications including oxidative stress, activation of
PKC, and accumulation of AGEs that lead to induction of
vascular endothelial growth factor (VEGF). VEGF is the
most important factor that induces retinal neovasculariza-
tion. Accordingly, the polyol pathway is the most attractive
target for adjunctive treatment to prevent diabetic ocular
complications and DN. A key enzyme in the polyol pathway
is aldose reductase (AR), which is found in the retina, lens,
and Schwann cells of the peripheral nerves [12]; AR inhibitors
(ARIs) have been reported to slow thickening of the basement
membrane of the retinal capillaries and progression of dia-
betic cataract in experimental studies [13]. Based on favorable
results in experimental studies using the ARIs [14], a clinical
trial of an ARI, sorbinil, was conducted [15], but the drug
did not have a relevant inhibitory effect on the development
of DR, and enthusiasm for its clinical application for ocular
complications waned. However, our previous study showed
a strong preventative effect of an ARI, fidarestat, on the
development of DR in spontaneously diabetic Torii (SDT)
rats [16]. We recently confirmed that a newly developed ARI,
ranirestat, is even more effective in preventing development
of DR in SDT rats [17]. In the current study, we evaluated the
effect of ranirestat on cataract and DN in SDT rats compared
with the commercially available epalrestat.

2. Methods

2.1. Animals. The care and handling of animals were in
accordance with the Association for Research in Vision
and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Visual Research and the Jichi Medical Uni-
versity Animal Care and Use Committee. Male SDT rats and
Sprague-Dawley (SD) rats were obtained from CLEA, Inc.
(Tokyo, Japan). All SDT rats were confirmed to be diabetic
based on a nonfasting blood glucose concentration exceeding
350mg/dL. All rats were fed standard rat chow (CRF-1,
Oriental Yeast, Inc., Tokyo, Japan) with or without ARI. The
ranirestat-treated rats were treated once daily with oral
ranirestat; the epalrestat-treated rats were fed chow con-
taining epalrestat at the onset of diabetes; and SD rats and
untreated SDT rats were fed chowwithout an ARI. Epalrestat,
an ARI commercially available in Japan, served as a positive
control.

The animals were divided into six groups as follows: nor-
mal SD rats (𝑛 = 8), untreated SDT rats (𝑛 = 9), ranirestat-
treated (0.1mg/kg/day for 40 weeks) SDT rats (𝑛 = 7),
ranirestat-treated (1.0mg/kg/day for 40 weeks) SDT rats (𝑛 =
8), ranirestat-treated (10.0mg/kg/day for 40 weeks) SDT rats
(𝑛 = 7), and epalrestat-treated (100mg/kg/day for 40 weeks)
SDT rats (𝑛 = 8).

2.2. Measurement of Body Weight, Blood Glucose, and Gly-
cated Hemoglobin. Body weight, blood glucose, and glycated
hemoglobin (HbA1c) were measured once monthly. Blood
samples were collected from the tail vein of nonfasting rats
to measure plasma glucose and HbA1c. Blood glucose was
measured with a glucose analyzer (Antosense, Bayer-Sankyo,

Tokyo, Japan). HbA1c was measured using an automated
glycohemoglobin analyzer (HLC-723GHb V, Tosoh Corpo-
ration, Tokyo, Japan).

2.3. Ocular Histopathology. Under deep anesthesia induced
by an intraperitoneal injection of pentobarbital sodium
(25mg/kg body weight, Nembutal, Dainihonseiyaku, Osaka,
Japan), the eyes were enucleated for conventional histopatho-
logic studies and placed in a fixative (Superfix KY-500,
Kurabo, Japan). The fixed eyes were washed in 0.1% mol/L
cacodylate buffer and embedded in paraffin. The paraffin
block was sectioned to 4𝜇m and stained with hematoxylin
and eosin for conventional histopathologic examination.The
immunohistochemical procedures were based on the stan-
dard avidin-biotin horseradish peroxidase method using
each antibody and developed with AEC Substrate Chro-
mogen (DakoCytomation, Carpinteria, CA, USA). N𝜀-(Car-
boxymethyl)lysine (CML) was immunostained with a mon-
oclonal antibody for human AGEs (1 : 50 dilution for CML,
TransGenic Inc., Kumamoto, Japan). Bovine serum was used
as a primary antibody for negative control of the immunos-
taining.

2.4. Biomicroscopy of Cataract. The pupils were fully dilated
with a topical ophthalmic solution containing tropicamide
5% and phenylephrine hydrochloride 5%, and the anterior
segment including the lens was observed and photographed
in both eyes of all rats. The degree of lens opacification was
graded as follows: 0, clear normal lens; 1, slight opacity in the
cortical layers; 2, diffuse opacity in the cortical layer; and 3,
mature milky cataract. The opacity scores of both lenses of
each animal were added and the sum was used as the total
cataract score (0–6) for both eyes. Biomicroscopic slit-lamp
examinations were performed at 15 and 40 weeks after the
onset of the diabetes.

2.5. Measurement of Motor Nerve Conduction Velocity
(MNCV). The MNCV in the rat sciatic nerve was measured
using the same method of previous report [18]. The rats were
restrained in a prone position and anesthetized by continuous
inhalation of 2.5% halothane gas. A constant rectal temper-
ature of 37.5∘C to 38.5∘C was maintained by a temperature
control system (ATB-1100,NihonKohden, Tokyo, Japan).The
right sciatic nerve was used as the proximal stimulus point
(S1), and the ankle region of the right tibial nerve was used
as the distal stimulus point (S2). An active needle electrode
(negative) was inserted at S1 and S2, and a reference electrode
(positive) was inserted about 1 cm from S1 toward the spine.
For recording, the active and reference electrodes were
each inserted shallowly into the right plantar muscle. Using
an induced potential detector (MEB-7202, Nihon Kohden),
S1 and S2 were stimulated with single rectangular pulses
(duration, 0.1ms; current: supramaximal, 1.0–4.2mA), and
changes in the action potential were recorded. The proximal
and distal latencies from stimulation of S1 and S2, respec-
tively, to the rise of the action potentials (𝑡1 and 𝑡2 in ms),
respectively, and the distance between S1 and S2 (𝑑 in mm)
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were measured. The MNCV then was calculated using the
following equation: MNCV (m/s) = 𝑑/(𝑡1 − 𝑡2).

2.6. Measurement of Sorbitol and Fructose. The rats were
anesthetized with 50mg/kg of intraperitoneal sodium pen-
tobarbital (Abbott, Abbott Park, IL, USA), and the sciatic
nerve, lens, and retina were removed, promptly cooled with
liquid nitrogen, and stored at −50∘C. Sorbitol and fructose
contents in the sciatic nerve and lens tissues were determined
by the method of Liang et al. [8]. Lens and sciatic nerves were
homogenized with water at a concentration of 10mg/mL,
extracted with methanol and centrifuged (4∘C, 10000 rpm,
1min). OnemL of the supernatant was applied to an InertSep
SAX/SCX (50mg/50mg/1mL) cartridge (GL Siences, Inc.,
Tokyo, Japan). The eluate was evaporated to dryness under
a stream of nitrogen at 40∘C. The residues were dissolved
in 200𝜇L of the mixture of acetonitrile/water (9 : 1, v/v).
Then sorbitol and fructose contents were determinedwith the
LC/MS/MS system which consisted of an SIL-HTC and LC-
10A (Shimadzu Corp., Kyoto, Japan) and the API4000 tan-
dem mass spectrometer (Applied Biosystems/MDX SCIEX,
MA, USA) with atmospheric pressure chemical ionization.
The column and autosampler temperatures were 35∘C and
10∘C, respectively. The separation was performed on an
CAPCELL PAK NH2 UG80 (5 𝜇m, 4.6mm I.D. × 250mm
L., Shiseido Co., Ltd., Tokyo, Japan) using a mixture of 0.1%
dichloromethane-acetonitrile/water (90/10, v/v) at a flow
rate of 1mL/min. The analytical run time was 18min. The
monitored ion was used for 217m/z → 181m/z for sorbitol
and 215m/z → 179m/z for fructose.

3. Results

3.1. Body Weight, Plasma Glucose, and Glycemic Hemoglobin.
Figures 1, 2, and 3 show the changes inweight, plasma glucose,
and HbA1c during the experiment. Compared with the SD
rats, the SDT rats were significantly (𝑃 < 0.01) lighter with or
without ARI treatment. The mean plasma glucose levels and
HbA1c levels of the SDT rats were significantly (𝑃 < 0.01)
higher than those of the SD rats. However, there was no
significant difference in the blood glucose levels and HbA1c
levels among the SDT rats with or without treatment. The
ARIs did not affect the glycemic control. Therefore, we did
not consider the glycemic effect in this study.

3.2. Prevalence of Cataract. Figures 4 and 5 show the total
cataract scores at 15 and 40 weeks. The incidence of cataracts
at 15 weeks was greater in the untreated SDT rats (6.0 ±
0.0) compared with the normal SD rats (0.0 ± 0.0) (𝑃 <
0.01, Wilcoxon rank-sum test). Fewer cataracts developed
in the ranirestat-treated SDT rats at 15 weeks (1.5 ± 0.4
for 0.1mg/kg/day; 0.0 ± 0.0, for 1mg/kg/day; 0.0 ± 0.0, for
10mg/kg/day) than in untreated SDT rats (𝑃 < 0.01, Wilcox-
on rank-sum test). Epalrestat (5.7 ± 0.2 for 100mg/kg/day)
did not prevent cataract development in SDT rats. Similarly,
the incidence of cataracts at 40 weeks was greater in the
untreated SDT rats (6.0 ± 0.0) compared with the normal SD
rats (0.0 ± 0.0) (𝑃 < 0.01, Wilcoxon rank-sum test). Fewer
cataracts developed in the ranirestat-treated SDT rats at 40
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Figure 1: Body weight during the experiment. The SD rats are
heavier than the SDT rats with or without treatment. NDM:
non-diabetes mellitus; DM: diabetes mellitus; rani: ranirestat; epa:
epalrestat.
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Figure 2: Plasma glucose levels during the experiment. The mean
plasma glucose levels of the SD rats are significantly lower than those
of the SDT rats with or without treatment. There is no significant
difference in the plasma levels among the SDT rats with or without
treatment.NDM:non-diabetesmellitus;DM: diabetesmellitus; rani:
ranirestat; epa: epalrestat.

weeks (2.6 ± 0.3 for 0.1mg/kg/day; 0.1 ± 0.1, for 1mg/kg/day;
0.0 ± 0.0, for 10mg/kg/day) than in untreated SDT rats
(𝑃 < 0.01, Wilcoxon rank-sum test). Epalrestat (6.0 ± 0.0 for
100mg/kg/day) did not prevent cataract development in SDT
rats.

3.3. MNCV in the Sciatic Nerve. Ranirestat (44.5 ± 0.3m/s
for 0.1mg/kg/day, 𝑃 = 0.274; 46.6 ± 0.2m/s for 1mg/kg/day,
𝑃 < 0.01; 52.2 ± 2.7m/s for 10mg/kg/day, 𝑃 < 0.01, 𝑛 =
5–7, respectively; Dunnett’s test) prevented the decrease in
MNCV in the sciatic nerves at 40 weeks observed in the
control SDT rats (40.7 ± 0.6m/s) (𝑛 = 5) in a dose-dependent
manner. Epalrestat (100mg/kg/day) also prevented a decrease
in MNCV (43.8 ± 0.5m/s, 𝑛 = 4, 𝑃 < 0.05 by 𝑡-test).
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Figure 3: HbA1c levels during the experiment. The mean HbA1c
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with or without treatment. There is no significant difference in the
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Figure 4: The total cataract scores at 15 weeks. The total cataract
score of the untreated SDT rats at 15 weeks is significantly higher
than that of the SD rats. ∗∗𝑃 < 0.01, Wilcoxon rank sum test. The
total cataract score of the SDT rats treated with ranirestat at 15 weeks
is significantly lower than that of the untreated SDT rats. ‡𝑃 < 0.01,
Wilcoxon rank sum test. There is no significant difference in the
total cataract score between the untreated SDT rats and the SDT rats
treated with epalrestat. NDM: non-diabetes mellitus; DM: diabetes
mellitus; rani: ranirestat; epa: epalrestat.

The MNCV in the non-diabetic control SD group was 56.1 ±
1.1m/sec (𝑛 = 6) (Figure 6). Thus, ranirestat and epalrestat
both prevented development of DN in SDT rats.

3.4. Sorbitol and Fructose in Lenses. The sorbitol and fructose
levels in the lenses at 15 and 40 weeks are shown in Figures 7,
8, 9, and 10. Although there seems to be a dose-dependent
decrease in sorbitol and fructose in the lenses resulting from
treatment with ranirestat, the levels in the untreated lenses
were also very low.

3.5. Sorbitol and Fructose in Sciatic Nerves. The sorbitol levels
in the sciatic nerves at 15 and 40weeks are shown in Figures 11
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Figure 5: The total cataract scores at 40 weeks. The total cataract
score of the untreated SDT rats at 40 weeks is significantly higher
than that of the SD rats. ∗∗𝑃 < 0.01, Wilcoxon rank sum test. The
total cataract score of the SDT rats treatedwith ranirestat at 40weeks
is significantly lower than that of the untreated SDT rats. ‡𝑃 < 0.01,
Wilcoxon rank sum test. There is no significant difference in the
total cataract score between the untreated SDT rats and the SDT rats
treated with epalrestat. NDM: non-diabetes mellitus; DM: diabetes
mellitus; rani: ranirestat; epa: epalrestat.
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Figure 6: The MNCV levels in the sciatic nerves at 40 weeks. The
MNCV levels in the sciatic nerves of the untreated SDT rats at 40
weeks are significantly lower than those of the SD rats. ∗∗𝑃 < 0.01,
Student’s 𝑡-test. The MNCV levels in the sciatic nerves of the SDT
rats treated with ranirestat and those treated with epalrestat are
significantly higher than those of the untreated SDT rats. ‡𝑃 < 0.01,
Dunnett type mean rank test and †𝑃 < 0.05, Student’s 𝑡-test. NDM:
non-diabetes mellitus; DM: diabetes mellitus; rani: ranirestat; epa:
epalrestat.

and 12.The increase in the sorbitol level in the sciatic nerves of
the control rats (2.05 ± 0.10 nmol/g) decreased significantly
(𝑃 < 0.01, Dunnett’s test) with administration of ranirestat
(10.0 and 1.0mg/kg/day) and epalrestat (100mg/kg/day) at
15 weeks. At 40 weeks, the increase in the sorbitol level in
the sciatic nerves in the control rats (2.05 ± 0.10 nmol/g)
decreased significantly with all doses of ranirestat (0.1 and
1.0mg/kg/day, 𝑃 < 0.05; 10.0mg/kg/day, 𝑃 < 0.01, Dunnett’s
test). However, epalrestat did not have a significant effect on
the increased sorbitol level.

The fructose levels in the sciatic nerves at 15 and 40 weeks
are shown in Figures 13 and 14. The increase in the fructose
levels in the sciatic nerves of the control rats was decreased



Journal of Diabetes Research 5

0

3

6

9

12

NDM DM Rani
(0.1)

Rani
(1.0)

Rani
(10)

Epa
(100)

So
rb

ito
l (
𝜇

m
ol

/g
) i

n 
th

e l
en

se
s 

Figure 7: The sorbitol levels in the lenses at 15 weeks. Although
there seems to be a dose-dependent decrease in the sorbitol levels
in the lenses with administration of ranirestat, the sorbitol levels
in the untreated lenses and in the lenses treated with epalrestat are
very low. NDM: non-diabetes mellitus; DM: diabetes mellitus; rani:
ranirestat; epa: epalrestat.
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Figure 8: The sorbitol levels in the lenses at 40 weeks. Although
there seems to be a dose-dependent decrease in the sorbitol levels
in the lenses with administration of ranirestat, the sorbitol levels in
the untreated lenses and in those treated with epalrestat are very low.
NDM: non-diabetesmellitus; DM: diabetesmellitus; rani: ranirestat;
epa: epalrestat.
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Figure 9: The fructose levels in the lenses at 15 weeks. Although
there seems to be a dose-dependent decrease in the fructose levels
in the lenses with administration of ranirestat, the fructose level in
the untreated lenses is very low. NDM: non-diabetes mellitus; DM:
diabetes mellitus; rani: ranirestat; epa: epalrestat.
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Figure 10:The fructose levels in the lenses at 40 weeks.The fructose
level in the untreated lenses is very low compared with other ARI-
treated lenses. NDM: non-diabetes mellitus; DM: diabetes mellitus;
rani: ranirestat; epa: epalrestat.
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Figure 11: The sorbitol levels in the sciatic nerves at 15 weeks.
The sorbitol level in the sciatic nerves in the untreated SDT rats is
significantly higher that of the SD rats. ∗∗𝑃 < 0.01, Student’s 𝑡-test.
The sorbitol levels in the sciatic nerves treated with ranirestat (1.0
and 10mg/kg/day) are significantly lower than those in the untreated
SDT rats. ‡𝑃 < 0.01, Dunnett type joint-ranking test. The sorbitol
level in the sciatic nerves treated with epalrestat is also significantly
lower than in the untreated SDT rats. ‡𝑃 < 0.01, Student’s 𝑡-test.
NDM: non-diabetesmellitus; DM: diabetesmellitus; rani: ranirestat;
epal: epalrestat.

significantly (𝑃 < 0.05, Dunnett’s test) by ranirestat (1.0 and
10.0mg/kg/day) and epalrestat (100mg/kg/day) at 15 weeks.
At 40 weeks, the increased level of fructose in the sciatic
nerves in the control rats decreased significantly with all
doses of ranirestat (0.1 and 10.0mg/kg/day, 𝑃 < 0.05; 1.0mg/
kg/day, 𝑃 < 0.01, Dunnett’s test). However, epalrestat did not
have a significant effect on the fructose level.

3.6. Histopathology. Standard hematoxylin staining of
untreated eyes (Figure 15, left) showed a sclerotic nucleus
floating in liquefied cortex and vacuolation and disinte-
gration of cortex fibers. Epalrestat-treated eyes (Figure 15,
middle) had almost the same findings as untreated eyes.
However, ranirestat-treated eyes (Figure 15, right) had almost
normal lens findings. Immunostaining for CML showed
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Figure 12: The sorbitol levels in the sciatic nerves at 40 weeks.
The sorbitol level in the sciatic nerves in the untreated SDT rats
is significantly higher that of the SD rats. ∗∗𝑃 < 0.01, Student’s 𝑡-
test. The sorbitol levels in the sciatic nerves treated with all doses of
ranirestat (10.0 and 1.0mg/kg/day) are lower than in the untreated
SDT rats. †𝑃 < 0.05 and ‡𝑃 < 0.01, Dunnett type joint-ranking test.
Epalrestat does not affect the reduction in the sorbitol level. NDM:
non-diabetes mellitus; DM: diabetes mellitus; rani: ranirestat; epal:
epalrestat.
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Figure 13: The fructose levels in the sciatic nerves at 15 weeks.
The fructose level in the sciatic nerves of the untreated SDT rats is
significantly higher that of the SD rats. ∗∗𝑃 < 0.01, Student’s 𝑡-test.
The fructose levels in the sciatic nerves treated with ranirestat (1.0
and 10mg/kg/day) are significantly lower than in the untreated SDT
rats. ‡𝑃 < 0.01, Dunnett type joint-ranking test. The fructose levels
in the sciatic nerves treated with epalrestat are also significantly
lower than in the untreated SDT rats. ‡𝑃 < 0.01, Student’s 𝑡-test.
NDM: non-diabetesmellitus; DM: diabetesmellitus; rani: ranirestat;
epal: epalrestat.

severe staining in the untreated eyes (Figure 16, top)
compared with minimal staining in the ranirestat-treated
(10mg/kg/day for 40 weeks) lenses (Figure 16, bottom). The
lens cortex in the untreated eyes showed liquefaction and
extensive staining for CML. However, the treated eyes had
minimal staining for CML in the lens nucleus and cortex.

4. Discussion

We previously reported a preventive effect of ranirestat on
DN and cataract in streptozotocin (STZ)-induced diabetic
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Figure 14: The fructose levels in the sciatic nerves at 40 weeks. The
fructose levels in the sciatic nerves in the untreated SDT rats are
significantly higher in the SD rats. ∗∗𝑃 < 0.01, Student’s 𝑡-test. The
fructose levels in the sciatic nerves treatedwith all doses of ranirestat
are significantly lower than in the untreated SDT rats. †𝑃 < 0.05
and ‡𝑃 < 0.01, Dunnett type joint-ranking test. Epalrestat does not
affect the reduced fructose levels. NDM: non-diabetesmellitus; DM:
diabetes mellitus; rani: ranirestat; epal: epalrestat.

rat [18]. In that study, ranirestat reduced sorbitol accumu-
lation in the sciatic nerve and improved the decrease in
MNCV in STZ-induced diabetic rats. The drug also had a
potent preventative effect on lens opacity throughout the
experimental period.

However, the STZ-induced diabetic rat is not an ideal ani-
malmodel of diabetic ocular complications because it usually
shows only the early phase of DR and no rubeosis. The STZ-
induced diabetic rat shows cataract but the SDT rat develops
a more advanced hypermature cataract and three major
diabetic ocular complications, proliferative DR, cataract, and
rubeosis [19].The cataract develops to hypermaturity, andDR
develops to the advanced stage. Large retinal foldsmimicking
a tractional retinal detachment with extensive fluorescein
leakage around the optic disc are the most characteristic
findings ofDR in this rat. In some SDT rats, rubeosis develops
with a massive hemorrhage in the anterior chamber asso-
ciated with neovascular fibrous membranes around the iris.
Although there are some differences in the diabetic ocular
complications between SDT rats and human patients with
diabetes, the ocular complications in SDT ratsmimic those in
humans. Thus, the SDT rat is useful for conducting research
into diabetic ocular complications. Using this unique rat
model, we tested the effect of ranirestat, a new ARI, on
DR in SDT rats in a previous study. Ranirestat prevented
development of proliferative DR in SDT rats [17]. We then
conducted the current experiment to evaluate the effect of
ranirestat on cataracts and DN in SDT rats and to compare
the effect of the commercially available ARI epalrestat. The
clinical dose of eparlestat is 150mg/day/adult. According to
this dose, about 2mg/kg/day may be appropriate to obtain
the ARI effect. Therefore, we tested three different doses
of ranirestat (0.1, 1, and 10mg/kg/day) and a hyperdose of
epalrestat (100mg/kg/day). The untreated SDT rats and the
epalrestat-treated SDT rats developedmature cataracts.How-
ever, minimal cataracts developed in the ranirestat-treated
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Figure 15: Pathology (hematoxylin, original magnification 4x) at 40 weeks. In an untreated eye (left), the lens has a sclerotic nucleus floating
in liquefied cortex and vacuolation and disintegration of cortex fibers. In the epalrestat-treated eye (middle), the findings are virtually the
same as in the untreated eye. In the ranirestat-treated eyes (right), the eye has an almost normal lens and retina.

No treatment

Ranirestat

Figure 16: Immunostaining for CML (original magnification 4x)
at 40 weeks. Immunostaining for CML shows severe staining in an
untreated eye (top) compared with minimal staining in a ranirestat-
treated eye (bottom).

SDT rats. We think that this difference results from the
differences in tissue penetration of each ARI.Therefore, high
sorbitol and fructose levels may be expected in the lenses
of the untreated SDT rats and epalrestat-treated SDT rats
as in sciatic nerves but low levels in ranirestat-treated SDT
rats. However, the results were not what we expected. We
previously reported similar findings that the sorbitol level in
the lenses of untreated diabetic rats decreases with time [20].
Advanced disruption and disintegration of the lens cortex
were observed in advanced mature cataracts of the untreated
SDT rats (Figure 15). This pathological change might cause
sorbitol and fructose to leak out of the lens capsule possibly
because of a minor capsular rupture with time. The patho-
logical change also might have induced another metabolic
change in the advanced stage of the polyol pathway. Fructose

decomposes to 3-deoxyglucosone and sorbitol and fructose
eventually run out of the closed lens capsule. If the levels
of sorbitol and fructose in the lens were measured in the
early phase of diabetic cataract, the results might have been
different.

Ranirestat prevented the decrease inMNCV in the sciatic
nerve in a dose-dependent manner, and the effect was
stronger than that with epalrestat (Figure 6).

In the sciatic nerve, significant decreases in sorbitol and
fructose resulting from treatment with ranirestat were seen
(Figures 11, 12, 13, and 14) compared with high levels of
sorbitol and fructose in untreated diabetic SDT rats, which
must be associated with the decrease in MNCV.

We believe that our findings strongly suggest a potential
therapeutic use for ranirestat in the prevention of diabetic
ocular and neural complications. Epalrestat, the only com-
mercially available ARI in the world, also was confirmed to
be effective for DN, but its effect was somehow limited for
diabetic ocular complications.Thus, it appears that ARIs have
a preventive effect on diabetic complications, and ranirestat
may prevent diabetic ocular complications more effectively
compared with epalrestat, which had limited beneficial
effects.
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Type 1 diabetes (T1D) is an autoimmune disease mediated by T cells that selectively destroy the insulin-producing 𝛽 cells. Previous
reports based on epidemiological and animal studies have demonstrated that both genetic factors and environmental parameters
can either promote or attenuate the progression of autoimmunity. In recent decades, several inbred rodent strains that spontaneously
develop diabetes have been applied to the investigation of the pathogenesis of T1D. Because the genetic manipulation of mice is well
developed (transgenic, knockout, and conditional knockout/transgenic), most studies are performed using the nonobese diabetic
(NOD) mouse model. This paper will focus on the use of genetically manipulated NOD mice to explore the pathogenesis of T1D
and to develop potential therapeutic approaches.

1. Introduction

Type 1 diabetes (T1D) is an autoimmune disease mediated
by a combination of genetic and environmental triggers that
is characterized by the progressive destruction of insulin-
producing cells in the pancreatic islets by autoreactive T cells.
It eventually becomes a complex metabolic disease in which
patients have insulin insufficiency, dysregulation of blood
glucose control, persistent hyperglycemia, and long-term
complications. Insulin administration is the most common
and widely used therapy to treat T1D. The disease accounts
for about 10% of all cases of diabetes, occurs most commonly
in people of European descent, and affects approximately two
million people in Europe and North America [1]. There is a
marked geographic variation in disease incidence, probably
because different populations vary in genetic susceptibil-
ity/resistance factors (e.g., human leukocyte antigen [HLA]
haplotypes) or in exposure to environmental triggers (e.g.,
Coxsackie virus infection). For instance, a child in Finland

(Northern Europe) is about 80 times more likely to develop
the disease than a child in China (Eastern Asia) [2]. It is
well established that there is a current global increase in
the incidence of T1D of 3% per year [3, 4], and this rapid
rise strongly suggests that environmental factors are acting
on susceptibility genes and contributing to the evolving
epidemiology of T1D.

2. Rodent Models for Studying the
Pathogenesis of Autoimmune Diabetes

Rats and mice are commonly used animal models for the
study of human diseases. Several rat strains and the nonobese
diabetic (NOD) mouse spontaneously develop autoimmune
diabetes, and these rodent models are commonly used in the
study of T1D. They have immunopathological features that
resemble the human disease and serve as excellent tools to
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identify the genetic factors and environmental triggers that
lead to the breakdown of immune tolerance.

2.1. Rat Model. The BioBreeding (BB) rat is the oldest, best
known, and most extensively studied rat model for the inves-
tigation of T1D.This strain is derived from aCanadian colony
of outbred Wistar rats in which spontaneous hyperglycemia
and ketoacidosis occurred in the 1970s. Affected animals
were used to establish all the BB rat substrains, which have
distinct immunogenetic backgrounds. The BB/Wor rat is
an inbred strain established in Worcester, Massachusetts.
The BB rat strain includes both T-lymphopenic diabetes-
prone stock and nonlymphopenic diabetes-resistant stock;
diabetes can be induced in the latter by manipulating the
immune system with transient T-cell depletion combined
with either a simulated viral challenge (poly I : C) or actual
infection with Kilham rat virus or cytomegalovirus (CMV).
The BB/Wor rat develops spontaneous and virus-induced
syndromes of autoimmune diabetes with high (80–95%) inci-
dence in both genders that serve as good models of human
T1D [5]. More recently, two additional inbred rat strains have
been established and characterized for T1D development.
The first is the Komeda diabetes-prone (KDP) rat, which
displays a high incidence of diabetes (approximately 70%)
without lymphopenia and 100% development of mild to
severe insulitis at 120–220 days of age [6]. The second is
the LEW.1AR1 rat, which shows a diabetes incidence of 20%
without major sex bias at 58 ± 2 days [7]. These rat models
exhibit leukocytic infiltration in the pancreas (insulitis) and
develop diabetes spontaneously without sex bias. In addition,
these rat strains share a unique major histocompatibility
complex (MHC) class II haplotype, 𝑅𝑇1 𝐵/𝐷𝑢, which may
render them susceptible to autoimmune diabetes [8].

2.2. Mouse Model. TheNOD strain was originally developed
in Japan during the selection of a cataract-prone strain
derived from the outbred Jcl : ICR line of mice [9]. This
strain was then established through repetitive brother–sister
mating as a subline that spontaneously develops diabetes.
The incidence of spontaneous diabetes in the NOD mouse is
60% to 80% in females and 20% to 30% in males. Diabetes
onset typically occurs at 12 to 14 weeks of age in female
mice and slightly later inmale mice. Histological studies have
shown that few immune cell infiltrates are noted in islets until
approximately 3 to 4weeks of age, when bothmale and female
mice begin to develop mononuclear infiltrates that surround
the islet (peri-insulitis) [10]. The NODmouse spontaneously
develops autoimmune diabetes with immunopathological
features resembling those of the human disease, and it can
be used as an animal model to study the pathogenesis of T1D.

Multiple loci control the genetic susceptibility to diabetes
of this strain. NOD mice harbor a unique MHC haplotype,
termed𝐻-2 𝑔7, which is essential for and is the highest genetic
contributor to disease susceptibility [11].ThisMHChaplotype
does not express an 𝐼-𝐸 molecule because of a deletion in
the promoter region of 𝐸𝛼 gene [12]. Moreover, its unique
𝐼-𝐴 molecule contains a substitution for aspartic acid at
position 57 of the beta chain [13], which substantially alters

the repertoire of MHC binding peptides presented by this
allele [14].

In summary, the MHC class II molecule in these rodent
models determines the susceptibility to T1D, as it does in
humans. With regard to immunopathogenesis, it is well es-
tablished in all the rodent models that T1D is a T-cell-
mediated disease, with pathogenic contributions fromB lym-
phocytes primarily as antigen-presenting cells rather than as
autoantibody producers.

3. Overexpression of Protective Genes in Islets
to Escape Immune Cell Attack

In the progression of autoimmune diabetes, 𝛽-cell damage
is mediated by several waves of immune cell infiltration that
finally lead to insulin deficiency.The antigen-presenting cells
(APCs), such as macrophages and dendritic cells, produce
inflammatory mediators (e.g., tumor necrosis factor [TNF]-
𝛼, interferon [IFN]-𝛾, interleukin [IL]-1𝛽, and oxygen free
radicals) that initiate insulitis and 𝛽-cell death [15]. These
APCs capture islet antigens and present them to T cells
to induce a cell-mediated immune response that selectively
destroys 𝛽 cells via the release of cytotoxic molecules
(cytokines, granzyme B and perforin) or direct delivery of a
death signal via the Fas pathway [16]. Given this knowledge
about the mechanisms of 𝛽 cell damage, several islet-specific
transgenic mice have been generated in order to dissect the
immunopathogenesis of T1D development and to test thera-
peutic strategies, including the reestablishment of peripheral
tolerance, modulation of inflammation, and enhancement of
the antiapoptotic activity of the islet.

3.1. Regulation of Effector T-Cell Function. It is well estab-
lished that T cells induce 𝛽-cell destruction through sev-
eral proapoptotic pathways, including FasL-Fas interaction,
perforin, and TNF-𝛼. Previous data have demonstrated that
Fas-deficient NOD mice bearing the lpr mutation (NOD-
lpr/lpr) fail to develop diabetes and that irradiated NOD-
lpr/lpr mice are resistant to the adoptive transfer of diabetes
by cells from NOD mice, suggesting that the Fas pathway
plays a primary role in 𝛽-cell death. Consistent with this
idea, mice with transgenic overexpression of FasL on 𝛽
cells using the insulin promoter were generated, with the
aim of mimicking immunologically privileged sites, so that
overexpressed FasL would protect 𝛽 cells from attack by
activated T cells that express Fas. Interestingly, these trans-
genic mice exhibit accelerated diabetes development and
display increased sensitivity to diabetogenic T cells. These
data suggest that cytokines produced in the islet during
insulitis can induce Fas expression on 𝛽 cells, facilitating the
transgenic FasL ligation and resulting in a suicide attack [17–
19]. To directly attenuate FasL-mediated apoptosis in 𝛽 cells,
we generated a decoy receptor 3 (DcR3) transgenic mouse
strain and investigated the therapeutic potential of DcR3 in
T1D [20]. DcR3 is a soluble receptor that binds to FasL and
inhibits FasL-induced apoptosis [21]. Our transgenic mouse
data have demonstrated that overexpression of DcR3 in islets
results in almost no insulitis and completely inhibits diabetes
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development without altering the diabetogenic properties of
systemic lymphocytes, providing supportive evidence for the
crucial role of the FasL-Fas pathway in 𝛽-cell damage.

T-cell activation requires two important signals: T-cell
receptor recognition of a specific peptide-MHC complex and
a costimulatory signal. Positive costimulatory signals pro-
mote T-cell proliferation and cytokine production, whereas
negative costimulation signals induce T-cell anergy [22]. To
modulate the activity and properties of infiltrating T cells
in the islets, we and others have generated several insulin
promoter-driven transgenic mice that overexpress regulatory
genes on 𝛽 cells. Programmed death (PD)-1 and cytotoxic
T lymphocyte antigen (CTLA)-4 are two important negative
costimulation molecules expressed on activated T cells that
control their effector functions and tolerance. We have
demonstrated that transgenic expression of PD-L1 (ligand
of PD-1) [23] or a membrane-bound, agonistic single-chain
anti-CTLA-4 Fv antibody (anti-CTLA-4 scFv) [24] on islets
in NOD mice reduces the severity of insulitis and suppresses
the development of diabetes. However, the role of PD-L1
in the regulation of T-cell tolerance to islets needs to be
further investigated because the transgenic expression of PD-
L1 on islets in mice with a C57BL/6 background induced
T-cell-mediated spontaneous diabetes [25], and transgenic
expression of B7-H1 (PD-L1) on peri-islet Schwann cells
unexpectedly accelerated rather than suppressed diabetes
progression [26]. However, overexpression of positive cos-
timulation molecules (B7.1 and agonistic single-chain anti-4-
1BB Fv antibody) on 𝛽 cells disrupts peripheral tolerance and
results in the development of intense insulitis and diabetes
[27, 28].

3.2. Regulation of Cytokine/Chemokine Networks and Overex-
pression Cytoprotective Molecules. It is well established that
proinflammatory cytokines and Th1-related cytokines are
highly correlated with disease progression in T1D and are
toxic to islets, whereas anti-inflammatory cytokines, such as
IL-4, IL-10, and transforming growth factor (TGF)-𝛽, are
postulated to be protective. To directly address the effects of
these protective and destructive cytokines on 𝛽 cells, several
islet-specific cytokine transgenic mice were established that
allowed dissection of the roles of the cytokines in the islet
microenvironment and their subsequent effects on infiltrat-
ing lymphocytes. As expected, transgenic expression of IL-
4 and TGF-𝛽 in islets under the control of the insulin or
glucagon promoters in NOD mice suppresses insulitis and
diabetes [29–31]. However, the 𝛽-cell-specific expression of
TGF-𝛽 changes the pancreatic architecture [30]. Surprisingly,
local production of IL-10 in islets accelerated the onset and
increased the prevalence of diabetes [32, 33], suggesting
that IL-10 may have diverse functions in addition to its
immunoinhibitory effects. It is possible that the timing and
location of IL-10 production and the cell types exposed to
IL-10 are crucial factors in diabetes development, as systemic
administration of IL-10 prevents the onset of diabetes [34, 35].
More recently, a new IL-12 cytokine family member, IL-35,
was identified and has been demonstrated to exhibit potent
inhibitory effects on effector T cells [36]. Ectopic expression

of IL-35 on 𝛽 cells leads to diminished T-cell infiltration
and proliferation in the pancreas and long-term protection
against diabetes [37].

Chemokines are chemoattractants that guide the migra-
tion of cells to the inflammatory site. During T1D pro-
gression, chemokines that are released by dendritic cells,
macrophages, and islets in the inflamed lesion can attract
a massive infiltration of leukocytes. We and others have
demonstrated that neutralization of chemokines in the islet
microenvironment by ectopic expression of decoy chemokine
receptors diminishes leukocyte infiltration and prevents dia-
betes. Overexpression in islets of a pan-chemokine decoy
receptor (M3 derived from herpesvirus 68) [38] or an inflam-
matory CC chemokine decoy receptor (D6) [39] attenuates
diabetogenic T-cell accumulation in the pancreas and sup-
presses the subsequent T-cell activation.

Inflammatory cytokines, such as IL-1𝛽, TNF-𝛼, and IFN-
𝛾, sensitize 𝛽 cells to Fas-dependent and/or other death
receptor-mediated apoptosis [40] and induce formation of
reactive oxygen species (ROS) in 𝛽 cells. The inhibition
of toxic cytokine signaling in islets represents an attractive
strategy for designing therapies to prevent islet destruction.
Mice with transgenic expression of suppressor of cytokine
signaling 1 (SOCS1) in islets showed markedly reduced
incidence of diabetes [41]. Disease protection was correlated
with the suppression of cytokine-induced signal transducer
and activator of transcription (STAT)-1 phosphorylation in
SOCS1-expressing 𝛽 cells and with a reduced sensitivity of
these cells to destruction by diabetogenic cells in vivo. These
results suggest that cytokines secreted by effector cells are
major contributors to 𝛽-cell damage. In addition, because
islets produce very low levels of antioxidative enzymes and
are very sensitive to oxidative stress [42], the reduction of
ROS levels in islets is crucial for maintaining the function
and viability of islets. We and others have demonstrated
that 𝛽-cell-specific expression of the antiapoptotic and anti-
inflammatory proteins thioredoxin (TRX) [43] or heme
oxygenase-1 (HO-1) [44] prevents autoimmune diabetes in
NODmice.

Overall, these results of islet-specific expression of
immunomodulatory molecules assist in the in-depth dissec-
tion of the roles and functions of immune cells recruited
to the islets. Most importantly, these results can be further
applied to the design of immunotherapies for the treatment
of T1D or transplantation rejection [45].

4. Diabetogenic T-cell Receptor Transgenic
Mouse Model to Study Autoimmune
Diabetes

T-cell receptor (TCR) transgenic mice have been widely
applied in various immunological studies, including inves-
tigations of T-cell development, maintenance of peripheral
tolerance, control of immune response against infections,
and the pathogenesis of autoimmunity. Autoreactive CD4 T
cells play a central role in the development of autoimmune
diabetes. To study the diabetogenic properties of CD4 T
cells, several T-cell clones that respond to the islet antigens
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presented by 𝐼-𝐴𝑔7 were identified and their T-cell receptor
repertoires were characterized. This panel of diabetogenic
T-cell clones provides valuable information for identifying
high-affinity autoantigens and verifying novel autoantigens.
These findings can be further applied to develop strategies
for the induction of tolerance or to design MHC tetramers
for detecting autoreactive T cells [46]. To study the properties
of autoantigen-specific T cells in vivo, several T-cell receptor
transgenic mouse strains have been generated using the TCR
𝛼 and 𝛽 chains from these clones expressed on either CD4 or
CD8 T cells.

The BDC2.5 TCR transgenic mice generated using the T-
cell receptor gene from the diabetogenic CD4 T-cell clone
BDC2.5 are widely used to investigate the T-cell response
in vivo and ex vivo [47]. The BDC2.5 NOD mice develop
insulitis within 3 weeks after birth which is much earlier
than the wild-type NOD mice, but these mice do not display
increased diabetes incidence in either sex. However, when
the BDC2.5 TCR transgene is expressed in NOD/SCIDmice,
the animals develop severe insulitis and diabetes within 4
weeks after birth [48]. Another CD4 TCR transgenic mouse
was generated on the NOD background using the TCR genes
from the NY4.1 T-cell clone [49]. These NY4.1 TCR trans-
genic NODmice develop diabetes in both sexes much earlier
than do nontransgenic NODmice, but the kinetics of disease
penetrance in the transgenic and nontransgenic populations
is similar. To identify the dominant islet autoantigens that
are recognized by diabetogenic T cells, the BDC6.9 TCR
transgenic mouse strain was generated to characterize an
unidentified antigen that was previously mapped to a locus
on chromosome 6 of NOD but not BALB/c mice [50].
The rate of diabetes progression is significantly increased in
BDC6.9 TCR transgenic mice; however, when the antigen
locus on chromosome 6 of NOD mice was replaced with
that from BALB/c mice to generate a BDC6.9 NOD.C6
congenic strain, no diabetes was observed until 1 year of
age. More importantly, splenocytes from BDC6.9/NOD.C6
mice retained their diabetogenic properties as demonstrated
by an adoptive transfer experiment, which induced diabetes
in NOD/SCID recipients with similar kinetics compared to
the cells from nontransgenic mice, suggesting that the key
islet autoantigen expression is controlled by BALB/c allele on
chromosome 6.

Although CD4 T cells are crucial to diabetes progression,
mice that lack CD8 T cells develop neither insulitis nor
diabetes, suggesting that CD8 T cells participate in 𝛽 cell
destruction [16]. To explore the interplay between CD4 and
CD8 T cells, TCR genes from the NY8.3 CD8 T-cell clone
that recognizes islet-specific glucose-6-phosphatase catalytic
subunit-related protein (IGRP) were used to generate an
NY8.3 TCR transgenicmouse strain [51]. Similar to theNY4.1
TCR transgenic mice, NY8.3 TCR transgenic mice show an
accelerated onset of diabetes compared with nontransgenic
NOD mice. Interestingly, when the NY8.3 TCR transgene
is crossed to a RAG2-deficient NOD background, the mice,
which have only NY8.3 CD8 T cells and no CD4 T cells,
develop diabetes less frequently and significantly later than
do RAG-2-sufficient NY8.3 TCR transgene NODmice.These

results emphasize the notion that CD4 T cells play a key role
in diabetes development.

Because of the heterogeneity of the islet-reactive CD4
and CD8 T cells in NOD mice, using the TCR transgenic
mice that carry a monoclonal TCR in vivo may simplify the
experimental system for testing specific immune reactions.
In addition, T cells from TCR transgenic mice provide a
source of näıve T cells for the in vitro generation of self-
antigen-specificTh1,Th2,Th17, and regulatory T cells, whose
pathogenic and protective roles can then be unambiguously
examined [52–54]. Thus, the TCR transgenic mice provide
in vivo models to explore the polymorphism of endoge-
nous autoantigens, to determine the crucial autoantigens at
the initiation of disease development, and to identify key
epitopes of the autoantigens. In summary, established and
well-characterized TCR transgenic mouse lines are available
to assist researchers in understanding the pathogenesis of
autoimmune diseases and developing therapeutic strategies,
for example, mapping autoantigens recognized by T cells and
evaluating autoantigen-specific tolerance therapy.

5. Models of Virus-Induced Disease and
Transgenic Expression of Islet-Specific
Neoantigens in the Study of Peripheral
Tolerance

T1D has been associated with viral infections including
enteroviruses, rubella, mumps, rotavirus, parvovirus, and
cytomegalovirus. Of these, Coxsackie virus is the most com-
mon enterovirus found in prediabetic and diabetic individ-
uals. This virus can infect a number of tissues and primarily
causes severe pancreatitis that may lead to the induction of
autoimmune diabetes through molecular mimicry [55] or
bystander activation of autoreactive T cells [56].

By contrast, accumulating evidence from epidemiological
observations and experimental animal data suggests that viral
infections can prevent T1D [57]. Thus, the data concerning
the effects of viral infections on either enhancement or
prevention of T1D are not conclusive, and many factors
must be considered. For example, the replication level of the
virus can be important; enteroviruses that replicate at higher
levels accelerate the development of T1D, whereas lower
replication levels result in the prevention of diabetes [58].
Moreover, host genetic factors also influence the outcome
of viral infection. Genome-wide association studies (GWAS)
and target gene sequence analysis have shown that genetic
variations mediate differential host cell responses to viral
infections that eventually promote or prevent T1D [59].

Autoreactive T cells in the body are elegantly controlled
by negative selection through the induction of apoptosis in
the thymus [60], and those self-reactive T cells that escape
to the periphery are suppressed by regulatory T cells [61].
To study the mechanisms that maintain immunologic self-
tolerance in the periphery, several strains of transgenic mice
with islet-specific expression of exogenous proteins (using
the insulin promoter) have been established to study the T-
cell response in vivo [62–65]. In these models, the expres-
sion of viral proteins (glycoprotein from lymphocytic chori-
omeningitis virus or hemagglutinin from influenza virus)
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on 𝛽 cells did not induce T-cell-mediated destruction under
steady-state conditions, demonstrating T-cell ignorance in
the periphery. However, infection of these transgenic mice
with viruses that carry these antigens abolished peripheral
tolerance, resulting in T-cell-mediated diabetes. Importantly,
these data also indicated that breaking tolerance is dependent
on the maturation and activation status of APCs. Viral
components recognized by host pattern recognition receptors
(PRRs) expressed on APCs can induce the functional matu-
ration of APCs and the presentation of antigens to T cells,
resulting in the activation of T-cell responses [66].

In summary, thesemousemodels have been instrumental
in increasing our knowledge of the relationships among envi-
ronmental infections, genetic variation, and host immune
responses. Moreover, these models can be further applied
to investigate the molecular mechanisms of clonal deletion
and clonal anergy and to understand the balance between
the activation of effector cells and immune tolerance or
ignorance.

6. Humanized MHC Transgenic Mice in the
Study of T-Cell Autoreactivity

NOD mice also serve as a model for identifying the genetic
factors that predispose a host to the immune dysregula-
tion involved in development of autoimmune diabetes [67].
Among those susceptibility loci, the MHC molecules within
the Idd1 locus confer the major proportion of disease suscep-
tibility. Genetic studies searching for diabetes susceptibility
genes have identified more than 60 loci that contribute to
susceptibility to T1D in humans. The products of these loci
have been extensively investigated in order to understand
their molecular mechanisms and to develop genetic pre-
diction methods that show promise for use in preventive
strategies [68]. Interestingly, more than 90% of patients who
develop clinical diabetes have particular MHC haplotypes,
which is also the case in autoimmune-prone rodent models
[69]. NODmice have a unique 𝐼-𝐴𝑔7 haplotype that expresses
an uncharged serine residue at position 57 of the 𝐴𝛽 chain,
in contrast to other diabetes-resistant strains that use a nega-
tively charged aspartic acid, suggesting that this change leads
to diabetic susceptibility [13].The homolog ofmouse 𝐼-𝐴𝑔7 in
humans is the HLA-DQ8 (𝐷𝑄𝐴1∗0301/𝐷𝑄𝐵1∗0302) MHC
class II molecule, which also encodes an uncharged serine,
alanine, or valine residue at 𝛽57. Given this genetic nature
of disease susceptibility, several groups have used human-
ized MHC transgenic models to understand the molecular
mechanisms of the specific TCR/peptide/class II interactions
involved in the disease process and to map T-cell epitopes for
a variety of human islet autoantigens presented byMHC class
II molecules, for example, the DQ8 molecule [70].

In 1999, two independent groups generated a DQ8 trans-
genic mouse in an 𝐼-𝐴𝛽 mutated NOD mouse strain with
the nature of null I-E allele that prevents the expression
of endogenous MHC class II molecules. In these mice,
the majority of CD4+ T cells are restricted to the DQ8
molecule and can be used to identify dominant T-cell
epitopes, such as glutamic acid decarboxylase 65 (GAD65)

[71, 72]. These mouse models are useful tools to define the
important epitopes of autoantigens that are processed by
antigen-presenting cells and recognized by human T cells.
Furthermore, these analyses provide an important resource
for investigating diabetes pathogenesis and for developing
antigen-specific therapies and strategies for T-cell monitor-
ing during disease development and therapeutic interven-
tion [73]. Although the NOD human CD4 transgenic/DQ8
transgenic/𝐼-𝐴null mice were found not to develop autoim-
mune diabetes [72], subsequent studies have addressed in
detail the issues regarding disease-resistant and susceptible
HLA-DQ alleles in vivo by crossing these mice with 𝛽-
cell-specific B7-1 transgenic mice [74]. Wen et al. generated
DQ8 transgenic (DQ8tg) mice in an MHC class II-deficient
(mII−/−) C57BL/6 strain that is free from the potential influ-
ence of the other diabetes susceptibility genes in the NOD
strain. However, similar to the earlier transgenic mice gener-
ated on theNODbackground [72], these humanizedmice did
not spontaneously develop diabetes. Interestingly, when the
DQ8tg/mII−/−mice were mated with a strain expressing a rat
insulin promoter-driven costimulation molecule B7.1 trans-
gene, around 81% of these DQ8tg/mII−/−/RIP.B7tg mice
spontaneously developed diabetes. Strikingly, replacement of
DQ8 with a diabetic resistant DQ6 molecule in the same
mice set to generate DQ6tg/mII−/−/RIP.B7tg mice, which
developed neither insulitis nor diabetes [74].

In humans with T1D, the most common HLA haplotype
contains the DR4 and DQ8 molecules, and the two disease-
associated molecules are in strong linkage disequilibrium. To
further dissect the relative importance of the roles ofDQ8 and
DR4 in diabetes development in vivo, Wen et al. established
DR4tg/mII−/−/RIP.B7tg and DQ8DR4tg/mII−/−/RIP.B7tg
mice that monitored the pathogenesis of T1D in these mice
[75]. Surprisingly, only 25% of DR4tg/mII−/−/RIP.B7tg mice
developed diabetes, and the simultaneous expression of DR4
and DQ8 molecules in the mII−/−/RIP.B7tg mice resulted
in reduced diabetes incidence (23%) compared with the
DQ8tg/mII−/−/RIP.B7tg mice (81%). The authors suggested
that the DR4 molecule downregulates the diabetogenic effect
of DQ8 by enhancingTh2-like immune responses.

Thus, these humanized models can be applied to identify
crucial epitopes of the autoantigens that are restricted by
disease-susceptible MHC molecules. More importantly, the
epitopes identified in these systems are naturally processed
and presented by APCs, which support the possible clinical
relevance of these epitopes. These findings could ultimately
be exploited to monitor autoimmune activity in at-risk
individuals or patients undergoing intervention therapies
[73].

7. Conclusion

In summary, using animal models to study the pathogenesis
of T1D circumvents the ethical and technical problems that
cannot easily be resolved in humans. The benefits of using
animal models include (1) ease of access to pancreata and
pancreatic lymph node, which can allow direct analysis of
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the status of the lymphocytes in the inflamed lesion; (2) eval-
uation of potential therapeutic strategies and determination
of the dose-dependent effects and optimal timing of treat-
ment interventions under stringent controls (e.g., housing
animals in specific pathogen-free conditions); (3) simplicity
of identification of the susceptibility/resistance loci in the
inbred rat/mouse. However, some trials of immunomodula-
tory therapy that have succeeded in the NOD mouse model
have failed in human clinical trial [76].Therefore, the findings
in the animal models should be further considered before
translation into the clinic. In the next generation of studies,
GWAS may be used to map genomic regions other than the
MHC genes that contribute to the susceptibility of humans to
T1D [77], which could lead to the creation ofmore genetically
modified NOD mouse models to explore T1D genotype-
phenotype relationships.

Acknowledgments

This work was supported by the National Science Council,
Taiwan (NSC99-2320-B-016-001-MY3, NSC101-2321-B-016-
002 to H.-K. Sytwu; NSC101-2321-B-016-001, NSC102-2321-
B-016-004 to M.-C. Fang), the Tri-service General Hos-
pital foundation (TSGH-C101-009-0S01, TSGH-C102-007-
009-0S01), and the C.Y. Foundation for Advancement of
Education, Sciences, and Medicine.

References

[1] K. M. Gillespie, “Type 1 diabetes: pathogenesis and prevention,”
Canadian Medical Association Journal, vol. 175, no. 2, pp. 165–
170, 2006.

[2] M. Karvonen, M. Viik-Kajander, E. Moltchanova, I. Libman,
R. LaPorte, and J. Tuomilehto, “Incidence of childhood type 1
diabetesworldwide,”Diabetes Care, vol. 23, no. 10, pp. 1516–1526,
2000.

[3] EURODIAB ACE Study Group, “Variation and trends in inci-
dence of childhood diabetes in Europe,”TheLancet, vol. 355, no.
9207, pp. 873–876, 2000.
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Diabetes mellitus, especially type 2 diabetes (T2DM), is one of the most common chronic diseases and continues to increase in
numbers with large proportion of health care budget being used. Many animal models have been established in order to investigate
the mechanisms and pathophysiologic progress of T2DM and find effective treatments for its complications. On the basis of their
strains, features, advantages, and disadvantages, various types of animalmodels of T2DMcanbe divided into spontaneously diabetic
models, artificially induced diabetic models, and transgenic/knockout diabetic models. Among these models, the spontaneous
rodent models are used more frequently because many of them can closely describe the characteristic features of T2DM, especially
obesity and insulin resistance. In this paper, we aim to investigate the current available spontaneous rodent models for T2DMwith
regard to their characteristic features, advantages, and disadvantages, and especially to describe appropriate selection and usefulness
of different spontaneous rodent models in testing of various new antidiabetic drugs for the treatment of type 2 diabetes.

1. Introduction

In nearly all countries of the world, diabetes mellitus is one of
the most common chronic diseases and continues to increase
in numbers and significance, because of the reduced physical
activity and increased obesity caused by changing lifestyles. It
is estimated that the global figure of diabetes patients is about
250 million currently, and the number is expected to be 380
million by 2025 [1]. Between 2010 and 2030, there will be a
69% increase in number of adults with diabetes in developing
countries and a 20% increase in developed countries [2].
In North America, about 90–95% of all cases of diabetes
are type 2 diabetes mellitus (T2DM), and the population
over 65 with T2DM is about 20% [3]. T2DM may result in
severe complications, including renal failure, blindness, slow
healing wounds, and arterial diseases [4]. About 5–10% of the
total health care budget has been used for T2DM in many
countries.

In a general classification, diabetes mellitus is divided
into two groups: type 1 diabetes mellitus (T1DM) and T2DM.
T1DM or insulin dependent diabetes mellitus (IDDM) is an
autoimmune disease that leads to destruction of islet beta
cells in the pancreas, which results in a complete halt of

insulin production [5], while T2DM, also called noninsulin
dependent diabetes mellitus (NIDDM), is a heterogeneous
disorder characterized by a progressive decline in insulin
action (insulin resistance) in liver and peripheral tissues,
accompanied by the inability of beta cells to compensate for
insulin resistance (pancreatic beta cell dysfunction) leading
to overt hyperglycemia [6]. Insulin resistance, characterized
by reduced responsiveness to normal circulating concentra-
tions of insulin, is a common feature of almost all patients
with T2DM, and it plays a key role at the beginning and in the
development of whole process of T2DM [7]. The presence of
insulin resistance leads to increased beta cell insulin secretion
with compensatory hyperinsulinemia [8]. Impaired function
of beta cell will cause deterioration in glucose homeostasis,
at this point, insulin secretion cannot keep pace with the
underlying insulin resistance and glucose intolerance, then
T2DM occurs [9]. In patients destined to develop T2DM, the
beta cell compensatory response declines, and then develop
relative or absolute insulin insufficiency [10].

Previous studies have demonstrated that T2DM is a
multifactorial disease in which genetic factors consisting
of multiple susceptibility genes and environmental factors
contribute to the disease development, and the pathogenesis
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of T2DM is still unclear now [11]. Because of ethical consider-
ations, clinical studies of human diabetes, especially disease
pathology research is constrained to a certain extent, thus
using various animal models can induce the disease by a
different mechanism but with the similar or same results and
offer promise of new insights into human diabetes, which is
advantageous in biomedical studies owing to the uncertain
etiology of T2DM and its causes are multifarious [4]. Rodent
seems to be the most suitable model for the study of T2DM
because of the small size, short generation interval, easy
availability, and economic considerations [12].

In this study, we aim to review the current available spon-
taneous rodent models for T2DM with regard to their char-
acteristic features, advantages, and disadvantages in order to
investigate whether they can replicate the pathophysiological
process of T2DM.

2. Spontaneous Type 2 Diabetic
Rodent Models

Right now, there are lots of rodent models available for
the study of T2DM, but some of them may not always be
satisfactory to simulate human T2DM totally due to the large
heterogeneity in the latter. Obviously, no single rodent model
can represent the onset and development of human T2DM
in all details. Taken together, the existing rodent models
provide a rich array of opportunities for investigators to study
the complex pathogenesis and pathophysiological process of
T2DM [13]. There is no fully unified classification criteria for
rodent models of T2DM, and in this paper various types of
rodent models of T2DM will be divided into spontaneously
diabetic rodent models, artificially induced diabetic rodent
models, and transgenic/knockout diabetic rodent models on
the basis of their strains, features, advantages, and disadvan-
tages [14]. Among these large number of animal models of
T2DM, the spontaneous type 2 diabetic rodent models are
considered the most outstanding and most useful. We will
respectively introduce several spontaneous rodent models of
T2DM in order to investigate the process of insulin resistance
of T2DM in human in the following part.

2.1. Spontaneous Type 2 Diabetic Obese Rodent Models. Obe-
sity and the consequent insulin resistance are major features
of T2DM in human beings, and they play a key role at the
beginning and in the development of the whole process of
T2DM [7]. Consequently, obese animal models of T2DM
have been used to simulate the complex pathogenesis and
pathophysiological process of human disease and to gain
insights into the human condition. The ob/ob mouse, db/db
mouse, and Zucker fatty (fa/fa) rat are themost typical exam-
ples of T2DM obese models with monogenic background.
On the other hand, the KK mouse, the NZO mouse, the
OLETF rat, and the NSY mouse are the representation of
obesity-induced diabetes models with polygenic background
[15]. Since these models show severe obesity, hyperinsu-
linemia, and insulin resistance throughout their lives, the
agents like insulin sensitizers, antiobesity, and some other
antihyperglycemia agents, which decrease the body weight

and improve peripheral insulin sensitivity, have been largely
tested by making use of these obese rodent models [16, 17].

2.1.1. ob/ob Mouse. Leptin, the product of the ob gene, may
be a partial factor contributing to insulin resistance [18]. The
ob/obmouse strain, from the Bar Harbor-Jackson laboratory,
has a well-known feature of leptin deficiency because of the
mutation identified in leptin gene leading to severe insulin
resistance. The ob gene was transferred from the stock of
origin onto the B/6 genomic background and was located on
chromosome 6 [19]. In early 1970s, these ob/ob mice were
used to investigate the pathogenesis of insulin resistance as
the first rodent model. These ob/ob mice exhibit rapid gain
in body weight and may reach three times of the normal
weight of wild-type controls. In addition to obesity, early in
the life of thesemice, insulin resistance and hyperinsulinemia
occur, which are out of proportion to their adiposity at
early stages [20]. In the ob/ob model, hyperinsulinemia
manifests at 3 to 4 weeks of age together with hyperphagia
and insulin resistance. On the contrary, leptin treatment in
ob/obmice causes decrease of both glucose and insulin levels
within hours of administration before either food intake
or body weight changes [21]. Similarly, in normal rodents
leptin also has a clear insulin-sensitizing effect acutely and
after chronic administration [22]. In many rodent models of
obesity, increased glucocorticoids also can mediate both the
hyperphagia and insulin resistance due to leptin deficiency
or resistance. In ob/ob mice, at least in rodents, suppressing
hypothalamic-pituitary-adreno-cortical (HPA) axis by leptin
replacementmay be an important component of leptin action
on insulin sensitivity [23].

The primary defect in the ob/ob mice is from neuroen-
docrine origin, but the exact aberration and its site are not
yet fully known. Its expression is a lack of satiety control at the
hypothalamic and/or pituitary level. The major action site of
leptin is hypothalamus, where neurons are directly regulated
by leptin reside [24]. Neuropeptide Y (NPY), produced by
hypothalamus, is a neuromodulator implicated in the control
of energy balance and in the hypothalamus of ob/ob mice.
Overproduced as a central effector of leptin deficiency, NPY
is associated with obesity, a typical symptom of T2DM and
infertility, and eventually plays a major role on insulin action
or secretion regulation in central nervous system (CNS) [25].

The symptom of T2DMof ob/obmice attenuates with age,
being manifested by the continuous decline of plasma insulin
levels in the second year of life, with a consequent effect of
glucose tolerance and insulin resistance improvement and
a loss of adipose body weight. It is interesting to notice
that ob/ob mice are not known to develop major diabetic
complications despite the marked insulinemia in contrast to
other species [26].

2.1.2. db/db Mouse. The diabetes db gene mutation occurred
spontaneously in the leptin-receptor-deficient C57BL/KsJ
strain of mice and is originally derived from autosomal
recessive mutation on chromosome 4 with complete pene-
trance, originating from Bar Harbor, Maine [27]. The db/db
mouse can be considered as having a natural history that
closely parallels to human beings. It becomes hyperphagic,
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hyperinsulinemic, and insulin resistant early in life (within 2
weeks of age), then develops obesity at the age of 3 to
4 weeks. The hyperglycemia becomes manifest at the age
of 4 to 8 weeks due to beta cell failure. At this time,
the insulin secretion of pancreatic beta cell depletes and
the hyperinsulinemia recedes, the mouse exhibits ketosis,
gradual body weight loss, and deceases no longer than 8 to
10 months [28]. In view of this, the sequence of events in
this model appears to mimic human T2DM, but it seems not
compatible to investigate the complication of T2DM because
of the short life span. However, it is reported that the db/db
mouse was used to investigate the renal and microvascular
diabetic complications [29, 30].

Leptin controls food intake and neuroendocrine function
by activating the long form of leptin receptor and ultimately
regulates adiposity which influences insulin sensitivity. It also
regulates glucose homeostasis independent on the energy
balance in the same way [31]. Owing to alternative splicing,
the leptin receptor which belongs to the cytokine recep-
tor class I superfamily has several well-known isoforms
in mouse, while the long form LEPR B isoform (LEPR-
B) is the only STAT3 signaling-competent isoform [32].
Compared with ob/ob mouse, the db/db mouse represents
similar hypothalamic disturbances andNPY abnormalities as
a result of lack of leptin receptors. At the same time, the leptin
is still produced but it cannot activate the leptin receptors and
restrain obesity and hyperinsulinemia induced by NPY. In
order to manifest this viewpoint, some investigators treated
db/db mouse with exogenous leptin, the results showed that
leptin administration has no effect on food intake and body
weight gaining [21].

2.1.3. KK (Kuo Kondo) Mouse. The KK mouse originating
from Japan is a polygenic model of obesity and T2DM. It
was crossed with the Bar Harbor C57BL/6J mouse, and the
body size of original strain of this mouse was large [33]. In
1957, Kondo et al. reported the KK mouse at first, which
spontaneously exhibited distinct adiposity, hyperglycemia,
and hyperinsulinemia [34]. At about 2 months of age, the
KK mouse manifested moderate obesity due to hyperphagic,
which was associated with insulin resistance, compensatory
hyperinsulinemia, and islet cell hyperplasia. The insulin
resistance and hyperinsulinemia reached to the peak at about
5 months and returned to normal at 9 to 12 months due to
beta cell failure [35].

The KK mouse bred several substrains throughout the
world, and they vary both genetically and phenotypically
from each other. Among these substrains, KK/Aymouse, also
named as Yellow KK mouse, developed as a result of the
dominantmutation of yellow agouti (Ay) gene in JapaneseKK
[36]. HomozygousKK/Aymousewill die before implantation
or shortly thereafter, whereas heterozygous KK/Ay mouse
can grow up representing severe obesity, insulin resistance,
hyperglycemia, and hyperinsulinemia at the age of about
8 weeks [37]. The hyperglycemia and hyperinsulinemia of
KK/Ay mouse continue to develop along with the age and it
has no need tomaintain a high energy diet in order to become
diabetic. For the past many years, the KK/Aymouse was used

as mild hyperglycemia model for studying the treatment to
prevention and intervention with obesity.

2.1.4. Zucker Fatty (fa/fa) Rat. Zucker fatty (fa/fa) rat, along
with finding of the spontaneous mutation “obese” (fatty) in
the rat stock of Sherman and Merck, was found by Zucker
in Harriet Bird Memorial Laboratory during 1974 and 1975.
On chromosome 5 of the Zucker fatty (fa/fa) rat, the simple
autosomal recessive (fa) gene is mutant spontaneously, which
results in hyperphagia and early onset of obesity. At the
age of 4 weeks, the Zucker fatty (fa/fa) rat from the obese
strain gained weight more rapidly because of the increased
growth of subcutaneous fat depot, and it had a considerably
higher body weight at about the age of 9 weeks [38, 39]. Like
the db/db mouse model, the hyperphagia and obesity in the
Zucker fatty (fa/fa) rat are attributed to hypothalamic defect
in leptin receptor signaling, which is also associatedwithmild
hyperglycemia, insulin resistance, mild glucose intolerance,
hyperlipidemia, hyperinsulinemia, and moderate hyperten-
sion [19].

2.1.5. Zucker Diabetic Fatty (ZDF) Rat. The Zucker diabetic
fatty (ZDF) rat originated from an outbred strain.The Zucker
diabetic fatty (ZDF) rat was an inbred line of Zucker fatty
rat developing into a genetic model, which was established
in 1985 and in 1991. Compared with Zucker fatty rats, male
ZDF rats become less obese but more insulin resistant, and
then rapidly progress to frank diabetes because of the lack of
sufficient insulin secretion required adequate compensation
for the insulin resistance [40]. The male ZDF rat represents
hyperglycemia at about 7 weeks of age, and fully diabetic at
12 weeks. The serum insulin levels of male ZDF rat reach
the peak at about 7 to 10 weeks, but as soon as the beta
cells of pancreas cannot respond to glucose stimulus, the
insulin levels drop subsequently as pancreatic cease to [41].
The female ZDF rat develops diabetes just on a diabetogenic
diet unlike male ZDF rat.

It has been reported that in the progression of ZDF rat, the
decrease of beta cell glucose transporter 2 (GLUT-2) mem-
brane receptors and the concomitant loss of muscle glucose
transporter 4 (GLUT-4) transporters are responsible for the
impaired insulin secretion and subsequent hyperglycemia.
The activity of GLUT-4 receptors decreased in adipose tissue
and skeletal muscles of ZDF rat, which leads to the decreased
beta cell transport ability together with the peripheral insulin
resistance [42].The decrease of GLUT-2membrane receptors
coupled with insulin resistance and beta cell dysfunction in
ZDF rat can be commonly used to simulate themechanism of
human T2DM and test insulin sensitizers and other various
agents.

2.1.6. New Zealand Obese (NZO) Mouse. The New Zealand
strain of obese mice, a model of polygenic obesity, which
was obtained by selective inbreeding from a stock colony
in the Hugh Adam Department of Cancer, considerably
gains weight during the first 10 weeks of life as a result of
hyperphagia and reachs to peak at about 12 months, coupled
with the corresponding hyperglycemia and hyperinsulinemia
[43]. Unlike other obese models, the NZO mouse manifests
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insulin resistance at an early age and gradually represents
hyperleptinemia together with leptin resistance. With the
growth of NZO mouse, hyperglycemia and impaired glucose
tolerance increase continuously, and the level of blood glu-
cose reaches 300–400mg/dL at the age of 20 to 24 weeks
[44]. In NZO mouse, the hyperglycemia occupies a leading
position despite the fact that the level of insulin is lower
than that in other obese models because of the distinct
peripheral insulin resistance and increased gluconeogenesis
[45]. Although NZO mouse is a rare preferred model, it
becomes a usefulmodel for studying the relationship between
autoimmunity, obesity, and diabetes [46], and its new recom-
binant congenic strains are used to study the “diabesity” and
its treatment [47].

2.1.7. Otsuka Long-Evans Tokushima Fatty (OLETF) Rat.
The Otsuka Long-Evans Tokushima Fatty (OLETF) rat was
obtained by selectively inbreeding from an outbred colony
of Long-Evans rats purchased from Charles River, Canada,
developsmild tomoderate obesity early at about 4weeks with
hyperglycemia later in life at around 18 to 25 weeks age [48].
OLETF rats exhibit the characteristics of innate polyphagia,
mild obesity, late onset of hyperglycemia, hyperinsulinemia,
hypertriglyceridemia, hypercholesterolemia, chronic course
disease, and clinical onset of diabetes mostly in males,
which are similar to the pathophysiologic progress of human
T2DM [49]. Many recessive genes on several chromosomes
including the X chromosome are involved in the induction of
diabetes in OLETF rats. It is also observed that the OLETF
rats carry a null allele for the cholecystokinin A receptor
which may be related to the regulation of food intake [50, 51].
The pancreatic islets of OLETF rats change progressively,
and less than 9 weeks of age, the islets just exhibit mild
lymphocyte infiltration, then show hyperplastic alterations
and fibrosis in or around islets at around 10 to 40 weeks of
age, finally more than 40 weeks, represent atrophy of islets
[52]. With OLETF rats, many investigators carried out some
researches to test exogenous insulin [53] and antidiabetic
drugs such as Cilnidipine [54], Acarbose [55], Pioglitazone
[56], and so on.

2.1.8. Nagoya-Shibata-Yasuda (NSY) Mouse. The Nagoya-
Shibata-Yasuda (NSY) mouse, an inbred polygenic animal
model of T2DM,was established by selective inbreeding from
the Jc1: ICR mouse, from which the NOD mouse was also
derived [57]. The NSY mouse closely imitates human T2DM
in which the characteristics of NSY mouse are mild obesity
with abdominal and visceral fat accumulation, accompanied
by impaired insulin secretion andmoderate insulin resistance
contributing to diabetes development in an age-dependent
manner [57]. For NSY mice, there is a marked gender
difference that almost all males develop diabetes, while the
percentage for females is only about 30% [57]. The NSY
mouse is also a polygenic model of T2DM, and three major
susceptibility loci (Nidd1n, Nidd2n,and Nidd3n) have been
mapped on chromosomes 11, 14, and 6 [58]. The NSY mouse
is particularly useful for studying the age-related damages
and phenotypes of T2DM, as well as the undiscovered genetic
differentiations and correlations between T1DM and T2DM.

2.1.9. Tsumura Suzuki Obese Diabetes (TSOD) Mouse. In
1992, the Tsumura Suzuki Obese Diabetes (TSOD) mouse,
accompanied with the other strain named Tsumara Suzuki
Non-Obese (TSNO), was established by Tsumura and Suzuki
through repeatedly selective inbreeding of obese male mice
of ddY strain [59]. Differing from the TSNOmouse that does
not become obese, the TSOD mouse exhibits polygenic obe-
sity and insulin resistant at about 2 months old, which results
in hyperinsulinemia and hyperglycemia, but just in males
[60]. In TSOD mouse, pancreatic islets are hypertrophic
and 𝛽-cell mass increases, which controls the blood glucose
levels so that the severe diabetes does not develop [61]. The
impaired GLUT4 translocation in both skeletal muscle and
adipocytes of TSOD mouse is one of the important reasons
for the reduced insulin sensitivity and insulin resistance [62].
It is investigated that many susceptibility loci have been
mapped on chromosomes 11, 1, and 2, which are closely
related to obesity, hyperglycemia, and hyperinsulinemia of
TSODmouse, and the combination of these genetic loci may
lead to the symptoms of TSOD mouse similar to human
T2DM [63].

2.1.10. M16 Mouse. M16 mice, a unique line of mice created
through election for 3 to 6 weeks weight gain for many
generations from an outbred ICR base stock in Institute of
Cancer Research in London, are a new animal model to
simulate human obesity and T2DM [64]. Compared with
ICR, both males and females of M16 mice gain weight at
early age andmaintainmoderate obesity at all ages because of
hyperphagia, accompanied by increased body fat percentage,
fat cell size and numbers, and organ weights [65]. At 8 weeks
of age, allM16mice exhibit hyperglycemic, hyperinsulinemic,
andhypercholesterolemic relative to ICR, but the fasted blood
glucose levels are, respectively, 56 percent higher inmales and
22 percent higher in females [66].

2.1.11. Spontaneously Hypertensive Obese (SHR/Ncp) Rat. The
spontaneously hypertensive obese rat (SHR/Ncp), an obese
model of T2DM with hypertension, is derived by mating
Koletzky rats which are obese with hypertensive SHR rats
[67]. Part of the resultant descendants exhibits obesity with
normotensive or mildly hypertensive, which is determined
by an autosomal recessive trait [67]. The characteristics of
SHR/Ncp rats are hyperphagia and early onset of obesity,
insulin resistance, impaired glucose tolerance, hyperinsuline-
mic, and normal or slight hyperglycemia [12].

2.1.12. Spontaneously Diabetic Torii (SDT) Fatty (fa/fa) Rat. A
new model of obese type 2 diabetes, spontaneously Diabetic
Torii (SDT) fatty (fa/fa) rat, was established by introducing
the fa allele of the Zucker fatty rat into the spontaneously
Diabetic Torii (SDT) rat genome via the Speed Congenic
Method [68]. Compared to male SDT rats, SDT fatty (fa/fa)
rats showed overt obesity, and hyperglycemia and hyperlipi-
demia at younger ages (5∼6 weeks), which is associated with
hyperphagia by an induced disorder of leptin action, and
plasma triglyceride (TG) and total cholesterol (TC) levels in
SDT fatty (fa/fa) rats were significantly higher than those in
original SDT rats. Furthermore, with an early incidence of
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diabetes mellitus, diabetes-associated complications (such as
renal lesions and cataract) in the SDT fatty (fa/fa) rat are
seen at younger ages than in the SDT rats [69–71]. The phar-
macological effects of antidiabetic drugs, such as metformin,
pioglitazone, and dipeptidyl peptidase-4 inhibitor, have been
tested on SDT fatty (fa/fa) rats [72]. SDT fatty rat is expected
to be a usefulmodel for analysis of diabetic complications and
the evaluation of drugs used for metabolic disease.

2.2. Spontaneous Type 2 Diabetic Nonobese Rodent Models.
It is demonstrated that human T2DM can also exist in
the absence of obesity. Thus, it is necessary for developing
nonobese models to study this condition of the T2DM. The
GK (Goto-Kakizaki) rat, Cohen diabetic rat, and Sponta-
neously Diabetic Torii (SDT) rat are the typical examples of
nonobese models of T2DM. These nonobese rodent models
are very useful for studying the mechanisms of diabetes
complications (e.g., renal, retinal, and peripheral nerves
lesions) [15]. However, because of their absence of obesity
and hypoinsulinemia, only very few studies on drug testing
using these models have been reported in the literature
[73]

2.2.1. Goto Kakizaki (GK) Rat. In 1973, Goto and his collab-
orators in Japan developed the Goto Kakizaki (GK) rat, a
polygenic nonobese model of T2DMwith early and relatively
stable hyperglycemia, hyperinsulinemia, and insulin resis-
tance, through selective inbreeding of nondiabetic Wistar
rats with mild glucose intolerance over many generations
[74]. For GK rats, because of the reduced number of islets at
birth, both insulin resistance and impaired insulin secretion
are present at their adult lives, coupled with moderate but
stable fasting hyperglycemia which is present at the end
of the first 2 weeks. And after 8 weeks, hyperglycemia
degenerates and insulin secretion of the islets stimulated by
glucose is more severely impaired, but generally, during its
lifetime, fasting glucose remains mild and stable and rises
only after challenge with glucose [75]. For GK rats, 60%
of pancreatic 𝛽-cell mass decreased along with the distinct
defects on 𝛽-cell function, because of the secondary loss of
𝛽-cell differentiation manifested by the three genetic loci
correlated with impaired insulin secretion and glucotoxicity
[75]. In the pancreatic islets of GK rats at 2 months of age, the
deposition of fibrous and nonamyloid material bring about
the result that the islets become transmuted in shape but do
not increase in total area. With the exception of the defects
of pancreatic 𝛽-cell mass, the decrease of insulin sensitivity
in peripheral tissues and hepatic glucose overproduction
are also mechanisms of development of hyperglycemia and
insulin resistance [76]. For GK rat, developing some features
of complications of diabetes can be used to study the diabetic
complications seen in humans, including glomerulopathy
[49], peripheral neuropathy [77], and retinopathy [78]. The
GK rat is one of the useful animal models for studying
the defects of pancreatic 𝛽-cell mass and pathophysiologic
progress of T2DM and its complications.

2.2.2. Cohen Diabetic Rat. Cohen diabetic rat, an exceptional
genetical model derived from diet-induced T2DM model by

placing the rat on a synthetic 72% sucrose-copper-poor diet
for 2 months, displays many features of the human T2DM
[79]. These features include nonobesity, hyperinsulinemia,
and insulin resistance. Meanwhile, the Cohen diabetic rat
expresses genetic susceptibility (sensitivity and resistance)
to a carbohydrate-rich diet, a central feature of T2DM in
human beings. Nevertheless, the Cohen diabetic rat has
many shortcomings, a major of which is that it has never
been systematically characterized in terms of phenotype or
genotype. For this reason, the Cohen diabetic rat model has
been studied until recently only to a limited extent after being
established nearly 30 years ago [80].

2.2.3. Spontaneously Diabetic Torii (SDT) Rat. Spontaneously
Diabetic Torii (SDT) rat is a new spontaneously nonobese
diabetic strain derived from the Sprague-Dawley rat in 1997
at Torii Pharmaceutical Co., Ltd. (Tokyo, Japan) [81]. It has
been found that the distinct characteristics of this model are
glucose intolerance, hyperglycemia, hypoinsulinemia, and
hypertriglyceridemia. It was reported that there is a major
cumulative incidence of diabetes in male rats (100% by 40
weeks of age) than in female rats (33.3% even by 65 weeks
of age) [82]. Because of the chronic severe hyperglycemia,
SDT rats develop diabetic retinopathy (DR) [82–84], diabetic
peripheral neuropathy [85, 86], and diabetic nephropathy
[87]. This rodent model is suitable for investigating the
complications of human T2DM [88].

3. Conclusion

With worldwide rises of T2DM incidences, many of the
animal models have been established by different mech-
anisms to describe similar characteristic features of this
human disease and new therapeutic methods still need to
be found. Among these large numbers of animal models
of T2DM, the spontaneous rodent models are the most
outstanding, distinctive, and useful one, because of the small
size, short generation interval, easy availability and economic
considerations. Additionally, many of the spontaneous ani-
mal models can commendably simulate the characteristics
of T2DM, such as obesity, insulin resistance, hyperinsu-
linemia, hyperglycemia, and hyperlipemia. However, every
spontaneous rodent model of T2DM has either advantages
or disadvantages and each of them cannot replicate all
characteristic features of T2DM because of the complex, het-
erogeneous,multifactorial syndrome of this disease. So, in the
future, more promising animal models that closely simulate
human T2DM regarding all aspects of T2DM are needed
urgently.
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[73] N. Dachicourt, D. Bailbé, M. N. Gangnerau, P. Serradas, D.
Ravel, and B. Portha, “Effect of gliclazide treatment on insulin
secretion and 𝛽-cell mass in non-insulin dependent diabetic
Goto-Kakisaki rats,” European Journal of Pharmacology, vol.
361, no. 2-3, pp. 243–251, 1998.

[74] Y. Goto, M. Kakizaki, and N. Masaki, “Production of spon-
taneous diabetic rats by repetition of selective breeding,” The
Tohoku Journal of Experimental Medicine, vol. 119, pp. 85–90,
1976.



8 Journal of Diabetes Research

[75] F. Mrialles and B. Portha, “Early development of 𝛽-cells is
impaired in the GK rat model of type 2 diabetes,” Diabetes, vol.
50, pp. S84–S88, 2001.

[76] F. Picarel-Blanchot, C. Berthelier, D. Bailbé, and B. Portha,
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The Zucker fatty (ZF) rat harboring a missense mutation (fatty, fa) in the leptin receptor gene (Lepr) develops obesity without
diabetes; Zucker diabetic fatty (ZDF) rats derived from the ZF strain exhibit obesity with diabetes and are widely used for research
on type 2 diabetes (T2D). Here we establish a novel diabetic strain derived from normoglycemic ZF rats. In our ZF rat colony,
we incidentally found fa/fa homozygous male rats having reproductive ability, which is generally absent in these animals. During
maintenance of this strain by mating fa/fa males and fa/+ heterozygous females, we further identified fa/fa male rats exhibiting
diabetes. We then performed selective breeding using the fa/fa male rats that exhibited relatively high blood glucose levels at 10
weeks of age, resulting in establishment of a diabetic strain that we designated Hos:ZFDM-Lepr𝑓𝑎 (ZFDM). These fa/fa male rats
developed diabetes as early as 10weeks of age, reaching 100% incidence by 21weeks of age, while none of the fa/+male rats developed
diabetes. The phenotypic characteristics of this diabetic strain are distinct from those of normoglycemic ZF rats. ZFDM rat strain
having high reproductive efficiency should serve as a more useful animal model of T2D.

1. Introduction

Type 2 diabetes (T2D) is a metabolic disorder characterized
by high blood glucose due to insulin resistance and insulin
deficiency. T2D accounts for more than 90% of all diabetes,
and the prevalence of T2D and prediabetes is rapidly rising
worldwide. Better treatment and prevention of T2D and its
complications are needed to overcome the disease.

Animal models of T2D provide an opportunity to study
the disease intensively. To date, many animal models of T2D
have been established such as the Goto-Kakizaki (GK) rat

[1], Otsuka Long-Evans Tokushima fatty (OLETF) rat [2],
Spontaneously Diabetic Torii (SDT) rat [3], SDT fatty rat [4],
Wistar fatty rat [5], Zucker diabetic fatty (ZDF) rat [6], db/db
mouse [7], KK-𝐴y mouse [8], Nagoya Shibata Yasuda (NSY)
mouse [9], New Zealand obese (NZO) mouse [10], TallyHo
(TH) mouse [11], and the Tsumura Suzuki obese diabetic
(TSOD) mouse [12]. Among rat models of the disease, the
ZDF rat is most widely used for study of T2D associated with
obesity.

It is well recognized that a mutation in the leptin receptor
gene (Lepr) causes infertility in the homozygous state. Thus,
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Figure 1: Establishment of a diabetic rat strain ZFDM from
normoglycemic ZF strain.

rats homozygous for a missense mutation (fatty, fa) in Lepr
are infertile; these include the SDT fatty rat, WBN/Kob fatty
rat [13], Wistar fatty rat, ZDF rat, and the Zucker fatty (ZF)
rat [14], all of which harbor the fa mutation. The infertility
of fa/fa homozygous animals requires maintenance and pro-
duction of the strains by mating between fa/+ heterozygous
animals. Only one male of eight pups obtained by this type
of mating is expected to be fa/fa homozygous and serve as
research material.

We establish here a novel diabetic rat strain, ZFDM,
in which the fa/fa male rats have reproductive ability. We
performed initial characterization of the strain to compare
their phenotypic characteristics with those of the original ZF
rats.

2. Materials and Methods
2.1. Animals. ZFDM rats (Hos:ZFDM-𝐿𝑒𝑝𝑟𝑓𝑎, fa/fa and
fa/+) were provided by Hoshino Laboratory Animals, Inc.
(Ibaraki, Japan). Normoglycemic ZF rats (Slc:Zucker, fa/fa
and +/+) were purchased from Japan SLC, Inc. (Hamamatsu,
Japan). All animals were maintained under specific pathogen
free conditions at 23±2∘Cand 55±10%relative humidity with
a 12 h light-dark cycle and were provided with water and a
commercial diet CE-2 (CLEA Japan, Inc., Tokyo, Japan) at the
Animal Facility of Kobe Biotechnology Research andHuman
ResourceDevelopment Center of KobeUniversity. All animal
experiments were approved by the Committee on Animal
Experimentation of Kobe University and carried out in
accordance with the Guidelines for Animal Experimentation
at Kobe University.

2.2. Phenotyping. The ZFDM and ZF rats were checked for
body weight and nonfasting blood glucose level by a portable
glucose meter (ANTSENSE III, HORIBA, Ltd., Kyoto, Japan)
once a week from 5 to 21 weeks of age. Diabetes was defined
as a blood glucose level equal to or higher than 300mg/dl
under ad libitum dietary conditions. At 6, 8, 12, 16, and 20
weeks of age, nonfasting whole blood samples were collected
from the tarsal vein, and plasma samples were separated
by centrifugation and stored at −80∘C for later insulin
measurement. In different batches, ZFDM rats at 8, 12, 16,
20, and 24 weeks of age were checked for body weight, body
length (head to anus), and nonfasting blood glucose level and
were sacrificed for histological analysis. Fasting whole blood
samples were collected from the heart, and serum samples
were separated by centrifugation and stored at −80∘C for later
leptin, adiponectin, and lipid parametermeasurements. Body
mass index (BMI) was calculated by dividing body weight (in
grams) by body length (in centimeters) squared.

2.3. Assays. Plasma insulin levels were measured by insulin
ELISA kit (Shibayagi Co., Ltd., Gunma, Japan). Serum leptin
and adiponectin levels were measured by leptin ELISA kit
(Morinaga Institute of Biological Science, Inc., Yokohama,
Japan) and adiponectin ELISA kit (Otsuka Pharm. Co., Ltd.,
Tokyo, Japan), respectively. Serum lipid parameters were
measured by Hitachi automatic analyzer 7070 (Hitachi High-
Technologies Corporation, Tokyo, Japan).

2.4. Histological Analysis. Histological analysis was per-
formed using procedures essentially as described previously
[15].The pancreas was fixed in 10% neutral buffered formalin.
The fixed specimens were embedded in paraffin, sectioned at
4 𝜇m, and stainedwith hematoxylin and eosin for histopatho-
logical examination.

2.5. Statistical Analysis. Data are expressed as means ±
SEM. Differences in blood glucose level, body weight, body
length, BMI, plasma insulin level, serum leptin level, serum
adiponectin level, and serum lipid parameters were assessed
using Welch’s t-tests. Differences for which the 𝑃 value was
<0.05 were regarded as statistically significant.

3. Results

3.1. Establishment of a Normoglycemic ZF Rat Colony Having
High Reproductive Efficiency. To improve the reproductive
efficiency of our ZF rat colony, we have been trying to
obtain fa/fa animals having reproductive ability since 1992
(Figure 1). In 1997, we fortunately identified fa/fa males hav-
ing reproductive ability and tried to maintain the colony by
using these fa/fa males. In 2005, we successfully established
an outbred ZF rat colony in which fa/fa males having repro-
ductive ability were frequently and continuously obtained.
We have been maintaining this colony by mating between
fa/+ females and 10- to 15-week-old fa/famales.
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Figure 2: Longitudinal phenotypic characterization of the ZFDM strain. (a) Body weight, (b) nonfasting blood glucose level, (c) nonfasting
plasma insulin level, and (d) cumulative incidence of diabetes of fa/fa (𝑛 = 13) and fa/+ (𝑛 = 11) male rats in the ZFDM strain. Welch’s t-test
was used for comparisons between fa/fa and fa/+ rats.

3.2. Establishment of a Diabetic Rat Colony, Hos:ZFDM-
𝐿𝑒𝑝𝑟
𝑓𝑎. In 2008, during maintenance of the above-

mentioned ZF rat colony, we incidentally identified one
25-week-old fa/fa male rat exhibiting diabetes (Figure 1).
Afterward, we measured blood glucose levels of this fa/fa
male’s descendants at 10 weeks of age and selected the
animals showing relatively high blood glucose levels to
maintain the colony. Consecutive maintenance by this
type of selective breeding for more than 10 generations
resulted in establishment of an outbred diabetic rat colony,
which we designated Hos:ZFDM-𝐿𝑒𝑝𝑟𝑓𝑎 (ZFDM). It is most
noteworthy that the fa/fa males in this ZFDM rat colony are
fertile and diabetic.

3.3. Phenotypic Characterization of the ZFDM Strain. We
then compared body weight and nonfasting blood glucose
level of fa/fa and fa/+ male rats in the ZFDM strain from
5 to 21 weeks of age (Figures 2(a) and 2(b)). Differences
in body weight between fa/fa and fa/+ rats were evident
as early as 6 weeks of age (fa/fa 158.4 ± 4.5 g versus 𝑓𝑎/+

130.6 ± 4.8 g, 𝑃 = 0.0004) and were increased gradually
until 21 weeks of age (fa/fa 448.5 ± 15.3 g versus fa/+ 375.3±
5.8 g, 𝑃 = 0.0004). Differences in nonfasting blood glucose
level between fa/fa and 𝑓𝑎/+ rats were evident as early as
8 weeks of age (fa/fa 128.2 ± 4.7mg/dL versus fa/+ 104.7 ±
2.1mg/dL, 𝑃 = 0.0003) and were increased markedly until
21 weeks of age (fa/fa 464.2 ± 30.0mg/dL versus fa/+ 118.6 ±
2.1mg/dL, 𝑃 < 0.0001). Nonfasting plasma insulin level was
significantly higher in fa/fa rats than that in fa/+ rats at 6
weeks of age (fa/fa 0.89 ± 0.12 ng/mL versus fa/+ 0.56 ±
0.04 ng/mL, 𝑃 = 0.026), and that in fa/fa rats was increased
until 16 weeks of age and then decreased but remained
significantly higher than that of fa/+ rats at 20 weeks of
age (fa/fa 1.23 ± 0.18 ng/mL versus fa/+ 0.62 ± 0.03 ng/mL,
𝑃 = 0.006) (Figure 2(c)). The fa/fa rats developed diabetes
(nonfasting blood glucose levels ≥ 300mg/dL) as early as 10
weeks of age and the cumulative incidence of diabetes reached
100% by 21 weeks of age (Figure 2(d)). In contrast, none of the
fa/+ rats developed diabetes.

In different batches of the experiment, we compared
body weight, nonfasting blood glucose level, body length,
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Figure 3: Cross-sectional phenotypic characterization of the ZFDM strain. (a) Body weight, (b) nonfasting blood glucose level, (c) Body
length, and (d) BMI of fa/fa (𝑛 = 6, 6, 6, 6, and 13 for 8, 12, 16, 20, and 24 weeks of age, resp.) and fa/+ (𝑛 = 6, 6, 5, 5, and 9 for 8, 12, 16, 20,
and 24 weeks of age, resp.) male rats in the ZFDM strain. Welch’s t test was used for comparisons between fa/fa and fa/+ rats.

and BMI of fa/fa and fa/+ male rats in the ZFDM strain at
8, 12, 16, 20, and 24 weeks of age (Figure 3). Body weight
and nonfasting blood glucose level of both animals showed
similar tendencies to those described above (Figures 3(a) and
3(b)). Body length was significantly larger in fa/+ rats than
that in fa/fa rats at 16 weeks of age and later (16 weeks of
age: fa/fa 22.9 ± 0.2 cm versus fa/+ 23.9 ± 0.2 cm, 𝑃 = 0.007)
(Figure 3(c)). Differences in BMI between fa/fa and fa/+ rats
were evident at 8 weeks of age (fa/fa 0.59 ± 0.01 g/cm2 versus
fa/+ 0.54 ± 0.01 g/cm2, 𝑃 = 0.028), were increased markedly
by 12 weeks of age, and were maintained until 24 weeks of
age (fa/fa 0.84 ± 0.02 g/cm2 versus fa/+ 0.65 ± 0.01 g/cm2,
𝑃 < 0.0001) (Figure 3(d)). Levels of serum lipid parameters
and adipokines are shown in Figure 4. Most of the lipid
parameters and leptin levels were higher in fa/fa rats than
those in fa/+ rats. In contrast, the adiponectin level in fa/fa
rats was decreased with age and was lower than that in fa/+
rats at 24 weeks of age (Figure 4(h)).

3.4. Comparison of the Characteristic Features of the ZFDM
Strain with Those of the Normoglycemic ZF Strain. To com-
pare the phenotype of the ZFDM strain and that of the

normoglycemic ZF strain, we measured body weight and
nonfasting blood glucose level of fa/fa and +/+ rats in the
ZF strain from 5 to 21 weeks of age (Figures 5(a) and
5(b)). Differences in body weight between fa/fa and +/+
rats in the ZF strain were evident as early as 5 weeks of
age (data at 6 weeks of age for comparison with the ZFDM
strain: fa/fa 161.8 ± 3.0 g versus +/+ 129.2 ± 2.3 g, 𝑃 <
0.0001) and were gradually increased until 21 weeks of age
(fa/fa 558.8 ± 7.4 g versus +/+ 367.0 ± 6.9 g, 𝑃 < 0.0001)
(Figure 5(a)). While the body weights of fa/fa rats in both
ZFDM and ZF strains were similar at earlier ages, those
of fa/fa rats in the ZFDM strain were significantly lower
at 11 weeks of age and later, most likely due to the onset
of diabetes (Supplementary Figure 1(a) available online at
http://dx.doi.org/10.1155/2013/103731). There was no differ-
ence in nonfasting blood glucose level between fa/fa and +/+
rats in the ZF strain during the experimental period, and
none of the fa/fa and +/+ rats in the ZF strain exhibited
diabetes by 21 weeks of age (Figure 5(b)); the character is
different from that of the ZFDM strain (Supplementary
Figure 1(b)). Nonfasting plasma insulin level was significantly
higher in fa/fa rats than that in +/+ rats at 6 weeks of
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Figure 4: Serum lipid parameters and adipokines of the ZFDM strain. Fasting serum levels of (a) total cholesterol, (b) HDL cholesterol, (c)
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Figure 5: Longitudinal phenotypic characterization of the ZF strain. (a) Body weight, (b) nonfasting blood glucose level, and (c) nonfasting
plasma insulin level of fa/fa (𝑛 = 9) and +/+ (𝑛 = 9) male rats in the ZF strain. Welch’s t test was used for comparisons between fa/fa and +/+
rats.

age (fa/fa 1.49 ± 0.27 ng/mL versus +/+ 0.83 ± 0.09 ng/mL,
𝑃 = 0.045) and that in fa/fa rats was increased until 20 weeks
of age (fa/fa 2.00 ± 0.26 ng/mL versus +/+ 0.62 ± 0.06 ng/mL,
𝑃 = 0.0007) (Figure 5(c)).

3.5. Histological Characterization of the Pancreas of the ZFDM
Strain. While there were no obvious pathological changes in
endocrine and exocrine pancreas of fa/+ rats in the ZFDM
strain (Figures 6(a), 6(b), 6(e), 6(f), 6(i), and 6(j)), various
degrees of pathological change were observed in the pancreas
of the fa/fa rats at 16 and 24weeks of age, including loss of islet
architecture andfibrosis (Figures 6(g), 6(h), 6(k), and 6(l)). To
determine whether these pathological changes are specific to
the fa/fa rats in the ZFDM strain, we performed histological
characterization of the pancreas in the normoglycemic ZF
strain. Although the pancreatic islets of fa/fa rats in the ZF
strainwere enlarged, islet architecturewasmaintained even at
24 weeks of age (Figures 6(o) and 6(p)). Similarly to the fa/+
rats in the ZFDMstrain,+/+ rats in the ZF strain exhibited no

obvious pathological changes in the pancreas (Figures 6(m)
and 6(n)).

4. Discussion

In this study, we describe the establishment and initial
characterization of a novel type 2 diabetes model derived
from normoglycemic ZF rats. We first established an outbred
ZF rat colony in which fa/fa males have reproductive ability.
We then incidentally identified an fa/fa male rat exhibiting
diabetes and performed selective breeding using fa/fa male
rats showing relatively high blood glucose levels at 10 weeks
of age. We successfully maintained this colony by mating
between fa/fa male and fa/+ female rats, which resulted
in establishment of an outbred diabetic rat colony that we
designated Hos:ZFDM-𝐿𝑒𝑝𝑟𝑓𝑎. The male fa/fa rats in the
ZFDM strain are fertile, exhibit obesity, and develop diabetes
as early as 10 weeks of age, reaching 100% incidence at around
20 weeks of age.
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Figure 6: Histological characterization of the pancreas of the ZFDM and ZF strains. Representative pancreas histology of fa/+ (a, b, e, f, i, and
j) and fa/fa (c, d, g, h, k, and l) male rats in the ZFDM strain and +/+ (m and n) and fa/fa (o and p) male rats in the ZF strain. Hematoxylin
and eosin staining.

The ZDF strain was established in 1990 [6] and has been
widely used to study T2D associated with obesity. The ZDF
strain is an inbred rat model of early-onset diabetes in which
all of the fa/fa male rats develop diabetes at 10 to 12 weeks
of age when fed a special diet of Purina 5008 (Charles River
Laboratories International, Inc.,Wilmington,MA,USA).The
phenotype is homogeneous, mainly due to the facts that the
strain is genetically inbred and the special diet is provided.
In contrast, the ZFDM strain is an outbred rat model of
young- tomiddle-aged adult-onset diabetes inwhich the fa/fa

male rats develop diabetes as early as 10 weeks of age and
most develop diabetes at 12 to 20 weeks of age (Table 1).
After the onset of diabetes, high blood glucose levels are
maintained, a feature is similar to that of the ZDF strain.
Since the prediabetic stage of the ZFDM strain ismuch longer
than that of the ZDF strain, the ZFDM strain is more suitable
for pathophysiological studies of diabetes and therapeutic
intervention studies. In the ZDF strain, the fa/fa male rats
exhibit diabetic complications including nephropathy [16]
and neuropathy [17]. Given that the ZFDM strain harbors
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Table 1: Characteristics of the ZDF and ZFDM strains.

ZDF ZFDM

Origin ZF colony at Eli Lilly Research
Laboratories (Indianapolis, IN)

ZF colony at Tokyo Medical University
(Tokyo, Japan)

Genetic control Inbred Outbred
Obesity∗ Early onset (6–10wk) Early onset (6–12wk)
Diabetes∗ Young-age onset (8–12wk) Young- to middle-age onset (10–20wk)
Special diet Purina 5008 Not needed
Breeding ♀𝑓𝑎/+ × ♂𝑓𝑎/+ ♀𝑓𝑎/+ × ♂𝑓𝑎/𝑓𝑎
∗

Characteristics of fa/famale rats in the ZDF and ZFDM strains.

a similar genetic background to that of the ZDF strain and
exhibits severe diabetes, diabetic complications found in the
ZDF strain may well occur in the ZFDM strain.

Usually, humans, mice, and rats lacking normal Lepr are
infertile due to hypogonadotropic hypogonadism. However,
there is some evidence for spontaneous pubertal development
in humans homozygous for a splicing mutation resulting
in LEPR lacking both the transmembrane and intracellular
domains, among whom one woman was able to give birth
to a healthy son [18, 19]. In addition, human subjects with
LEPR missense mutations have been reported to show less
severe clinical features than those with the splicing mutation
described above [20]. In rat species, L. M. Zucker and T. F.
Zucker reported that fa/fa female rats are always infertile [14],
while Chelich and Edmonds found that a small portion of
young fa/fa female rats are fertile [21]. Furthermore, young
fa/famale rats are more likely to be fertile; about 70% of fa/fa
male rats were reported to be fertile in a colony at Vassar
College [22], but their current status is unknown. In our ZF
rat colony, more than 10 generations of selective breeding for
fertility of fa/fa male rats enabled us to obtain fertile fa/fa
male rats stably.

5. Conclusions

We have established a novel diabetic rat strain, ZFDM, in
which fa/fa male rats are fertile. In this strain, fa/fa male
rats develop diabetes as early as 10 weeks of age, which
reaches 100% incidence at around 20 weeks of age, while no
fa/+ rats develop diabetes. The ZFDM rat strain possesses
high reproductive efficiency and therefore should serve as
a useful model of young- to middle-aged adult-onset T2D
in studies of the pathophysiology, therapeutic interventions,
and complications of the disease.
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Spontaneously Diabetic Torii Lepr𝑓𝑓𝑓𝑓 (SDT fatty) rat, established by introducing the fa allele of the Zucker fatty rat into SDT rat
genome, is a new model of obese type 2 diabetes. Both male and female SDT fatty rats show overt obesity, and hyperglycemia
and hyperlipidemia are observed at a young age as compared with SDT rats. With early incidence of diabetes mellitus, diabetic
complications, such as nephropathy, retinopathy, and neuropathy, in SDT fatty rats were seen at younger ages compared to those
in the SDT rats. In this paper, we overview pathophysiological features in SDT fatty rats and also describe new insights regarding
the hematology, blood pressure, renal complications, and sexual dysfunction. e SDT fatty rats showed an increase of leukocytes,
especially the monocyte count, prominent hypertension associated with salt drinking, end-stage renal disease with aging, and
hypogonadism. Unlike other diabetic models, the characteristic of SDT fatty rat is to present an incidence of diabetes in females,
hypertension, and retinopathy. SDT fatty rat is a useful model for analysis of various metabolic disorders and the evaluation of
drugs related to metabolic disease.

1. Introduction

Type 2 diabetes mellitus is a polygenic disorder that is caused
by a metabolic and/or hormonal imbalance between insulin
secretion from 𝛽𝛽 cells and insulin sensitivity in peripheral
tissues, both of which might be modi�ed by genetic and
environmental factors [1].edecreased sensitivity to insulin
leads to an increased requirement for insulin and is oen
associated with obesity in which metabolic disturbances are
marked in insulin-target organs, such as the liver, muscle,
and adipose tissues [2]. Obesity plays key roles in the
pathophysiology of several metabolic diseases and is a risk
factor for diabetes mellitus and for dyslipidemia [3]. Diabetic
animal models play critical roles in the elucidation of the
mechanisms of diabetes mellitus and the complications [4]
and in the development of novel drugs as treatments [5, 6].

Based on the previously mentioned concept, a novel model
of obesity-related diabetes was established by Masuyama
et al. [7]. ey established a congenic line of the Spon-
taneously Diabetic Torii (SDT) rat by introducing the fa
allele of the Zucker fatty rat into the SDT rat genome via
the Speed Congenic Method using a PCR technique with
DNA markers. is congenic strain has been maintained by
intercrossing between fa-heterozygous littermates. SDT rats
develop diabetes independent of obesity [8–10]. ey have
normal body weights, blood glucose levels, insulin levels,
and lipid levels until about 16 weeks of age and, thereaer,
develop hyperglycemia associated with hypoinsulinemia,
which results from the degeneration of pancreatic beta cells
[11–13]. As a result of chronic hyperglycemia, the SDT rats
develop profound complications in eyes, peripheral nerves,
kidneys, and bones [8, 9].
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T 1: Changes of fat tissue weights in SDT fatty rats and SDT
rats. Visceral and subcutaneous fat tissue weights were determined
by computed tomography analysis. Data represent mean ± standard
deviation (𝑛𝑛 𝑛 𝑛).

4 weeks of
age

12 weeks of
age

20 weeks of
age

SDT fatty rat
Visceral fat (g) 𝑛.3 ± 1.2∗∗ 54.4 ± 4.0∗∗ 74.1 ± 3.9∗∗

Subcutaneous fat (g) 10.2 ± 1.5∗∗ 37.8 ± 𝑛.2∗∗ 31.8 ± 4.4∗∗

Total fat (g) 1𝑛.5 ± 2.7∗∗ 92.2 ± 9.9∗∗ 105.9 ± 7.8∗∗

SDT rat
Visceral fat (g) 2.1 ± 0.8 21.7 ± 3.4 25.1 ± 8.5
Subcutaneous fat (g) 0.9 ± 0.𝑛 8.𝑛 ± 1.3 10.2 ± 5.9
Total fat (g) 3.0 ± 0.5 30.3 ± 4.𝑛 35.3 ± 14.4

∗∗𝑃𝑃 𝑃 0.01: signi�cantly different from age matched SDT rats.

2. Physiological Features

e fa/fa (SDT fatty) rats of both sexes became overtly obese
and showed a signi�cant hyperphagia. Also, the B�I (body
mass index) was greater in SDT fatty rats (mean value, 0.91
and 0.87 g/cm2 in males and females, resp.) than that in lean
rats (0.75 and 0.58 g/cm2 in males and females, resp.) at 14
weeks of age [7]. Fat weights in SDT fatty rats were higher
than those in SDT rats. Both visceral and subcutaneous
fat weights were signi�cantly higher in SDT fatty rats, but,
especially, the visceral fat weight was markedly elevated with
aging (Table 1 and Figure 1) [14].

Serum glucose levels in SDT fatty rats of both sexes
were elevated from 6 weeks, and lipid parameters such as
serum triglyceride and total cholesterol levels in the rats
were elevated from 4 weeks of age. e hyperglycemia and
hyperlipidemia were sustained for a long time aerwards
[15, 16]. e male SDT fatty rats showed hyperinsulinemia
from 4 to 8 weeks of age, but aer 16 weeks their insulin
levels decreased to levels similar to those in SDT rats. In the
female rats, hyperinsulinemia was shown from 4 to 12 weeks
of age, and the insulin levels decreased gradually. Also, a
remarkable rise in renal parameters such as urine volume and
urine protein was shown in SDT fatty rats of both sexes.

Effect of food restriction in SDT fatty ratswas investigated
[14, 17]. SDT fatty rats were subjected to pair feeding with
SDT rats. Body weights of the pair-fed rats were similar with
those of SDT rats. Improvement of hyperglycemia or hyper-
triglyceridemia was observed, but hypercholesterolemia was
not entirely improved (Figure 2). e changes in adipose
tissue were interesting. e visceral/subcutaneous (V/S) fat
ratio decreased in the pair-fed rats (mean ± standard devi-
ation: control rats, 2.04 ± 0.𝑛𝑛; Pair-fed rats, 1.28 ± 0.19),
although the total fat (visceral fat and subcutaneous fat)
weight did not change (mean ± standard deviation: control
rats, 137.5 ± 52.5 g; Pair-fed rats, 135.2 ± 10.4 g). Cell size of
the epididymal fat in the pair-fed rats tended to decrease, and
glucose oxidation level in epididymal fat in the pair-fed rats
was recovered to a similar level with that in SDT rats [14].

In the glucose tolerance test conducted at 9 weeks of
age, SDT fatty rats showed higher serum glucose levels
aer glucose loading without any response of plasma insulin
[18]. ose impaired glucose tolerance and insulin secretion
were deteriorated with aging. In pancreatic islets of female
SDT fatty rats, pathological �ndings such as vacuolation,
hypertrophy, and hemorrhage were observed from 8 weeks
of age, and �ndings such as atrophy and �brosis in the islets
were observed from 24 weeks of age (Figure 3) [16]. In SDT
rats, glucose intolerance was observed in prediabetic stage
[12, 13]. e histological features in the pancreas of SDT rats
were as follows: in 10–20 weeks of age, slight changes such
as hemorrhage, hemosiderin deposition, in�ammatory cell
in�ltration, and �brosis in and around the islets; in 25 weeks
of age, hemosiderin deposition, cellular in�ltration with lym-
phocytes andmacrophages, and �brous tissue proliferation in
and around the islets [8].

New results in hematologic analysis are shown in Table
2. Nonfasted serum parameters, such as leukocyte count
(WBC), erythrocyte count (RBC), hemoglobin (Hb), and
hematocrit (Ht) level, were examined at 6 and 12weeks of age.
Also, differential counts of leukocytes, such as neutrophils,
eosinophils, basophils, monocytes, and lymphocytes, were
determined, respectively. Blood samples were collected from
the tail vein of rats. e levels were measured using an auto-
matic analyzer (ADVIA 120 Hematology System (Siemens
AG), Erlangen, Germany). WBC and Ht levels in SDT fatty
rats were signi�cantly higher as compared with those in SD
rats at both 6 and 12 weeks of age. In differential counts
of leukocytes, the monocyte count was signi�cantly higher
at 12 weeks of age in SDT fatty rats. It is reported that
type 2 diabetes mellitus or obesity is a chronic in�ammatory
state aggravated by factors that promote in�ammation at
the level of vasculature and adipose tissue [19–21]. Since
the monocyte count in WBC is elevated, in the future, it is
necessary to investigate the in�ammatory state in SDT fatty
rats. RBC and Hb levels in SDT fatty rats were comparable to
those in SD rats at 6 and 12 weeks of age.

We examined blood pressure, known to be a risk factor
for metabolic syndrome, in SDT fatty rats. In male SDT fatty
rats, blood pressure was signi�cantly higher from 8 to 24
weeks of age, as compared with age-matched SD rats [22].
Furthermore, we con�rmed a new insight regarding blood
pressure in SDT fatty rats: a high sensitivity to sodium. Blood
pressure in SDT fatty rats is markedly elevated with sodium
drinking. A 1% NaCl solution was given to male SDT fatty
rats for 8 weeks, from 4 to 12 weeks of age. e systolic
blood pressure in SDT fatty rats was signi�cantly higher
as compared with that in control-SDT fatty rats (mean ±
standard deviation: NaCl-SDT fatty rats, 200.2±22.0mmHg;
control-SDT fatty rats, 137.2 ± 13.0mmHg). SDT fatty rats
showed a high sensitivity for sodium. In other words, an
elevation of blood pressure in the rats was more prominent
aer sodium loading.

3. Diabetic Complications

3.1. Microvascular Disease. With early incidence of diabetes
mellitus, diabetes-associated complications in SDT fatty rats
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(a) (b)

F 1: Computed tomography analysis at 12 weeks of age (representative tomogram). (a) SDT fatty rat; (b) SDT rat. Yellow: subcutaneous
fat; red: visceral fat; blue: lean [14].
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F 2: Changes in bodyweights (a) and serum parameters (b) glucose; (c) triglyceride; (d) total cholesterol) in SDT fatty rats, pair-fed SDT
fatty rats, and SDT rats. Data represent mean ± standard deviation (𝑛𝑛 𝑛 𝑛). ##𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃: signi�cantly di�erent from SDT fatty rat. ∗∗𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃:
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F 3: Histological analysis, HE stain. Pathological �ndings such
as atrophy and �brosis in pancreatic islets of female SDT fatty rat at
24 weeks of age. Bar = 50 𝜇𝜇m.

were seen at younger ages compared to those in the SDT
rats. In male SDT fatty rats, histopathological examination
of the kidneys revealed changes in the glomeruli from 16
weeks and in the renal tubules from 8 weeks of age [15].
In the glomeruli, glomerulosclerosis was observed from 16
weeks of age, and the sclerosis progressedwith aging.Nodular
lesions were observed at 40 weeks of age. In the renal tubules,
glycogen deposition in the tubular epithelium (Armanni-
Ebstein lesions) and tubular dilationwere noted from 8weeks
of age, and the change progressed from 8 to 16 weeks of
age. In female SDT fatty rats, a qualitatively equal change
was observed in histopathological �ndings of kidneys [16].
e female rats revealed changes in the glomeruli from
32 weeks of age, and in the renal tubules from 16 weeks,
and the changes progressed with aging. Furthermore, we
investigated histopathological characteristics of the kidneys
in male and female SDT fatty rats at 60 weeks of age.
Diffuse glomerulosclerosis, including increased mesangial
matrix and glomerular hypertrophy, was severely progressed
in the SDT fatty rats. Moreover, tubular and interstitial
lesions, including �brosis and in�ammatory cell �ltration,
were progressed in the SDT fatty rats (Figure 4). ere were
no clear sex differences in the morphological characteristics
of the renal lesions.

Histopathological �ndings in lens, including hyperpla-
sia of epithelium, vacuolation of �ber, and occurrence of
Morgagnian globules, were observed from 8 weeks of age
in male SDT fatty rats, and these changes progressed with
aging.e female rats showed similar changes from 16 weeks
of age. Also, retinal lesions, such as folding and thickening,
were observed with aging in male and female SDT fatty
rats.

Diabetic peripheral neuropathy was evaluated at 8, 24,
and 40 weeks of age in male SDT fatty rats. Tail motor nerve
conduction velocity (MNCV) in the SDT fatty rat was delayed
at 24 weeks of age and was further decreased at 40 weeks of
age (Figure 5) [23]. Histopathologically, at 40 weeks of age,
the �ber number was signi�cantly decreased, and SDT fatty
rats revealed signi�cant atrophy in myelinated nerve. Six-
week treatment of pioglitazone, a peroxisome proliferator-
activated receptor (PPAR)-𝛾𝛾 agonist, lowered blood glucose

F 4: Histological analysis. HE stain. Severely progressed
glomerular and tubulointerstitial lesions in male SDT fatty rat at 60
weeks of age ere are completely sclerotic glomeruli and atrophic
tubules with many in�ammatory cells in the interstitum. Bar =
100 𝜇𝜇m.

level and prevented delay of sciatic MNCV in SDT fatty rats
[23].

3.2. Osteoporosis. We investigated the effects of obese type
2 diabetes on bone turnover, bone mass, and bone strength
in SDT fatty rats [24, 25]. Both serum osteocalcin, a bone
formation marker, and urine deoxypyridinoline, a bone
resorption marker, levels were lower in male SDT fatty rats
compared to age-matched SD rats from 8 to 40 weeks of
age (Figures 6(a) and 6(b)). e early onset of diabetes
and obesity in male SDT fatty rats induced decreases in
both serum osteocalcin and urine deoxypyridinoline and
resulted in low bone turnover at a young age, 8 weeks of
age. Male SDT fatty rats showed lower bone mineral density
(BMD) and bone mineral content (BMC) of the whole tibia
(Figures 7(a) and 7(b)) and shortening of the tibia and femur
compared to age-matched SD rats [25]. Deterioration in bone
geometrical properties of the femurmidsha, such as cortical
thickness and minimum moment of inertia, was observed in
male SDT fatty rats. Furthermore, trabecular bone volume
of the distal femur was lower in the SDT fatty rats. ese
negative effects on bone in the SDT fatty rats caused severe
decreases in maximum load, stiffness, and energy absorption
of the femur. In addition, serum levels of homocysteine,
a candidate bone fragility marker, were elevated in male
SDT fatty rats compared to age-matched SD rats (mean ±
standard deviation: SDT fatty rats, 14.4 ± 3.4 nmol/mL; SD
rats, 6.6 ± 1.7 nmol/mL). We also investigated changes in
bone metabolism and bone quantity at 10, 15, 25, and 40
weeks of age in female SDT fatty rats [24]. Serum osteocalcin
and urine deoxypyridinoline levels were lower at 10 weeks
of age in the SDT fatty rats compared to those in SD rats,
but only the urine deoxypyridinoline levels were elevated in
the SDT fatty rats from 25 weeks of age (Figures 6(c) and
6(d)). Female SDT fatty rats showed lower BMC and BMD
of the whole tibia from 8 to 25 weeks of age (Figures 7(c)
and 7(d)). SDT fatty rat is a useful model to investigate bone
abnormalities in obese type 2 diabetes.
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F 6: Changes in serum osteocalcin (a), (c) and urine deoxypyridinoline (b), (d) in SD rats and SDT fatty rats. Data represent mean ±
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F 7: Changes in BMD (a), (c) and BMC (b), (d) in SD rats and SDT fatty rats. Data represent mean ± standard deviation (Male: 𝑛𝑛 𝑛 𝑛,
Female: 𝑛𝑛 𝑛 𝑛𝑛). ∗𝑃𝑃 𝑃 𝑛𝑃𝑛𝑛, ∗∗𝑃𝑃 𝑃 𝑛𝑃𝑛𝑛: signi�cantly di�erent from SD rat.

3.3. Sexual Dysfunction. Since SDT fatty rats (fa-homozy-
gous) are infertile in both males and females, we used the
SDT-fa/+ rats (fa-heterozygous) for reproduction.e reason
the rats show infertility is unknown, but some functional
disorders related to reproduction are observed [26]. We
monitored the estrus cycle by vaginal smear cytology between
12 and 17 weeks of age and compared them with normal SD
rats used as control. SD rats showed a regular 4-day estrus
cycle, whereas SDT fatty rats showed an irregular 4- to 5-
day estrus cycle with persistent estrus stage and metestrus
extension. A large number of leukocytes appeared in smear
of metestrus stage. Weight of reproductive organs (ovary,
uterus, and vagina) in each estrus cycle stage was measured
at 12 weeks of age, and the organs were examined by

histopathological analysis. Relative weights of ovary, uterus,
and vagina of SDT fatty rats were signi�cantly lower than
those of SD rats. In SDT fatty rats, histopathological changes,
such as atrophy in uterus and in�ammation in vagina, were
observed (Figures 8 and 9). Irregular estrus cycle, increased
leukocytes in vagina, or dysgenesis of reproductive organs
might cause the infertility in female SDT fatty rats. Moreover,
testosterone levels in male SDT fatty rats tended to be lower
as compared with those in SD rats at 8 and 24 weeks of
age (mean ± standard deviation: SDT fatty rats, 2𝑛2𝑃2 ±
84𝑃4 pg/mL; SD rats, 96𝑛𝑃4 ± 8𝑛2𝑃7 pg/mL; at 8 weeks of age,
resp.). Since the testosterone levels in male SDT fatty rats are
low, the reproductive function is considered to be decreased.
In histological analysis of testis in the SDT fatty rats, we
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F 8: Histological analysis of uterus, HE stain. (a) SD rats and (b) SDT fatty rats at 12 weeks of age. Bar = 1mm [26].
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(a)

Proestrus Estrus Metestrus Dietestrus

(b)

F 9: Histological analysis of vagina, HE stain. (a) SD rats and (b) SDT fatty rats at 12 weeks of age. Bar = 200 𝜇𝜇m [26].

observed no change until 24 weeks of age. In further study,
it is necessary to elucidate the mechanism of hypogonadism
in SDT fatty rats.

4. Supply System of SDT Fatty Rat

In 2004, Dr. Masuyama andDr. Shinohara (Research Labora-
tories of Torii Pharmaceutical Co., Ltd., Japan) established the
congenic type 2 diabetes model Spontaneously Diabetic Torii
fatty (SDT fatty) rat by introducing the fa allele of the Zucker
fatty rat into the genome of the original SDT rat. SDT fatty

rats were introduced to Central Pharmaceutical Research
Institute, Japan Tobacco Inc. (Japan) and were characterized
in detail by Dr. Ohta andDr. Sasase. CLEA Japan has received
right of production and sales from JapanTobacco Inc. and has
distributed the animals as SDT fatty rats since 2012.

5. Conclusion

Diabetes mellitus and diabetic complications in SDT fatty
rats were found at a younger age than those in SDT rats.
e early onset of diabetes or diabetic complication has
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advantages for the use of SDT fatty rats in diabetes research.
Furthermore, not only the male rats but also the female rats
developed diabetes mellitus at a young age. Female SDT
fatty rat has the potential to become an important animal
model of type 2 diabetes mellitus with obesity, especially in
women, where few models currently exist. Since SDT fatty
rats showed a hypertension with obesity, hyperglycemia, and
hyperlipidemia, the rat might have potency to be established
as a metabolic syndrome model. Also, it is interesting that
SDT fatty rats showed various diabetic complications, such as
osteoporosis and hypogonadism, with microangiopathy. Use
of SDT fatty rats will assist in the further elucidation of the
pathogenesis of human diseases related tometabolic disorder
and in discovery of new drugs.
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Animal models have provided important information for the genetics and pathophysiology of diabetes. Here we have established
a novel, nonobese rat strain with spontaneous diabetes, Long-Evans Agouti (LEA) rat derived from Long-Evans (LE) strain. The
incidence of diabetes in the males was 10% at 6months of age and 86% at 14months, while none of the females developed diabetes.
The blood glucose level in LEA male rats was between 200 and 300mg/dl at 120min according to OGTT. The glucose intolerance
in correspondence with the impairment of insulin secretion was observed in male rats, which was the main cause of diabetes in
LEA rats. Histological examination revealed that the reduction of 𝛽-cell mass was caused by progressive fibrosis in pancreatic islets
in age-dependent manner.The intracytoplasmic hyaline droplet accumulation and the disappearance of tubular epithelial cell layer
associated with thickening of basement membrane were evident in renal proximal tubules. The body mass index and glycaemic
response to exogenous insulin were comparable to those of control rats.The unique characteristics of LEA rat are a great advantage
not only to analyze the progression of diabetes, but also to disclose the genes involved in type 2 diabetes mellitus.

1. Introduction

Diabetes mellitus is a heterogeneous group of metabolic
diseases that is characterised by hyperglycaemia. It can result
in blindness, kidney and heart disease, stroke, loss of limbs,
and reduced life expectancy if left untreated and is recognized
as a primary threat to human health in the 21st century
[1]. Type 2 diabetes mellitus is the most common form of
diabetes and accounts for approximately 90% of cases; its

development is controlled by interactions between multiple
genetic and environmental factors [2–4]. The genetics and
pathophysiology of type 2 diabetes remain poorly understood
because detailed investigations, such as genetic dissection,
have been restricted in humans for practical and ethical
reasons. Animal models of type 2 diabetes mellitus have pro-
vided important information, and many rat strains of spon-
taneous diabetes have been reported [5–11]. Among these
strains, Goto-Kakizaki (GK), Otsuka Long-Evans Tokushima
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Fatty (OLETF), and Spontaneously Diabetic Torii (SDT) rats
have been widely used for elucidating the genes responsible
for the development of diabetes, the physiological course of
the disease, and the complications related to diabetes [12–14].
The different diabetes model strains exhibit different aspects
of the disease, and thus additional animal models are needed
to elucidate the complete pathogenesis of diabetes.

We have developed a novel, nonobese rat strain with
spontaneous diabetes, Long-Evans Agouti (LEA) rat, which
was established from a Long-Evans closed colony together
with the Long-Evans Cinnamon (LEC) rat [15]. LEA rats
spontaneously develop hyperglycaemia and glucosuria. They
do not exhibit any signs of obesity throughout their lives but
experience late onset of the disease and exhibit histological
changes (macrophage infiltration and fibrosis) of the pan-
creatic islets. Thus, LEA rats may serve as a new model of
nonobese type 2 diabetesmellitus caused by impairing insulin
secretion. In the present study, we examined the pathophys-
iological characteristics of the strain and demonstrated that
the LEA rat is a useful model of human nonobese diabetes.

2. Materials and Methods

2.1. Animals. LEA rats, also known as LEA/SENDAI or
SENDAI rats, were maintained at the Institute for Animal
Experimentation, Tohoku University Graduate School of
Medicine, Japan. Wistar rats were purchased from Japan
SLC (Hamamatsu, Japan) and were used as controls. All rats
were housed in air-conditioned animal rooms at an ambient
temperature of 23 ± 3∘C and relative humidity of 50 ± 10%,
under specific pathogen-free conditions with a 12 h light/dark
cycle. Food, consisting of a Labo MR standard diet (Nosan,
Yokohama, Japan), and water were available ad libitum. The
fat content of the diet was 4.1%. All animal care procedures
were approved by the Animal Care and Use Committee
of Tohoku University Graduate School of Medicine, and
complied with the procedures of the Guide for the Care and
Use of Laboratory Animals of Tohoku University.

2.2. Examination of Clinical Features. Urinary glucose and
protein weremonitored at 1-month intervals usingUro-paper
AG2 (Eiken, Tokyo, Japan). The detection limits of the Uro-
paper were 10–20mg/dL for urine protein and 40–60mg/dL
for urine glucose. The body weight (BW) and body length
(BL), that is, the distance from the nose to the anus, of five
male rats (6 months old) were measured. The body mass
index (BMI) was calculated as BMI = BW(g)/BL(cm)2.

2.3. Oral Glucose Tolerance Test (OGTT). Glucose tolerance
was estimated by the oral glucose tolerance test (OGTT).
After 16 h fast, a dose of 2 g/kg BWof glucose was given orally,
and blood samples were collected from the tail vein at 0, 30,
60, 90, and 120min after loading. The blood glucose levels
were measured with a Glutest EII blood glucose monitoring
meter with a monitoring range of 40–500mg/dL (Sanwa
Kagaku, Nagoya, Japan).The rats were classified according to
the three-grade system of diabetes mellitus (DM), impaired
glucose tolerance (IGT), and normal. DM was defined as

120min blood glucose levels of ≥200mg/dL. IGTwas defined
as 120min blood glucose levels between 140 and 199mg/dL.
Neither DM nor IGT was defined as normal.

2.4. Plasma Insulin Concentration and Insulin Tolerance
Test. The plasma insulin concentration was determined as
immunoreactive insulin (IRI) by ELISA with a rat insulin
assay kit (Morinaga Milk Industry, Yokohama, Japan) using
separated plasma from the blood collected from the tail vein
at 0, 30, 60, 90, and 120min after glucose loading. To study
early-phase insulin secretion, an OGTT was performed on
male rats (2 and 12 months of age) as described previously,
and blood glucose levels (BG) and insulin concentrations
(IRI) at 0 and 30min after glucose loading were measured.
The insulinogenic index (ΔI.I.) was calculated as follows:
ΔI.I. = ΔIRI/ΔBG, where ΔIRI and ΔBG are the differences
between their respective values at 0 and 30min. An insulin
tolerance test was performed in 12-month-old, nonfasting
male rats.The animals were intraperitoneally challenged with
a dose of 0.75U/kg BW of human insulin (Novolin R; Novo
Nordisk, Denmark). Blood samples were drawn from the
tail vein at different time points, and glucose levels were
determined as described previously.

2.5. Histological Analyses. The tissues from rats were fixed
overnight at 4∘C in phosphate-buffered saline (PBS) that
contained 4% paraformaldehyde. They were rinsed with
PBS, dehydrated, embedded in paraffin, cut into 5-𝜇m-
thick sections, and stained with haematoxylin and eosin
(H&E). For insulin detection, the pancreatic sections were
processed for immunostaining by an indirect method using
Guinea pig anti-insulin polyclonal antibody (1 : 100, DACO,
Carpinteria, CA) as the primary antibody and peroxidase-
labelled goat anti-Guinea pig IgG antibody (1 : 200, Chemicon
International, Temecula, CA) as the secondary antibody. The
specific reactions were visualised with a DAB substrate kit
(Vector, Burlingame, CA). To distinguish the inflammatory
cells infiltrated in the islets, additional deparaffinised sections
of pancreas were processed for immunostaining usingmouse
monoclonal antibodies against rat CD4 clone W3/25 (MCA
55R; Abd Serotec, Oxford, UK), CD8 clone OX-8 (MCA48R;
AbD Serotec), CD45RA clone OX-33 (MCA340G, AbD
Serotec), and macrophage antigen clone ED1 (MCA341, AbD
Serotec). Specific reactions were visualised with a SAB-PO kit
(Nichirei, Tokyo, Japan). Kidney sections were stained with
Masson’s Trichrome.

2.6. Examination of the 𝛽-Cell Volume Relative to the Pancreas
Volume. The volume of 𝛽-cells relative to the pancreas
volume was calculated as the proportion of the total area of
𝛽-cells to the total area of pancreatic tissue, according to the
method of Bouwens et al. [16], with some modifications. In
brief, three serial paraffin sections (5-𝜇m-thick) of pancreatic
tissue from three animals of each strain were obtained at
intervals of 100 𝜇m. The sections were immunostained with
Guinea pig anti-insulin antibodies (1 : 100) and analysed
under an Olympus BX51 microscope (Olympus, Tokyo,
Japan) connected to a computer running the WinROOF
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Figure 1: (a) Incidence of diabetes mellitus in LEA rats as determined by OGTT. Dotted and closed bars indicate IGT and DM, respectively.
M and F indicate male and female, respectively. 𝑛 = 32 for males at each age; 𝑛 = 26 for females at each age. (b) Changes of body weight in
male (open circle, 𝑛 = 5) and female (open square, 𝑛 = 5) LEA rats.

software (Mitani Corp., Tokyo, Japan). The image analysis
quantified the total pancreatic tissue area and the insulin-
positive area, permitting the calculation of the ratio of islet 𝛽-
cell area to total pancreatic area. To ensure that any change in
the relative 𝛽-cell volume was not attributable to a change in
the size of individual 𝛽-cells, the density of nuclei per insulin-
positive area was also measured in 20 islets of the five rats of
each strain.

2.7. Statistical Analyses. The results are expressed as means ±
SD. Differences were analysed using the Student’s t-test. A 𝑃
value < 0.05 was considered statistically significant.

3. Results

3.1. Incidence of Diabetes. The incidence of diabetes in LEA
rats as determined byOGTT is shown in Figure 1(a). Diabetes
mellitus was observed only in male rats, and its incidence
increased with age: 10%, 61%, and 86% at 6, 12, and 14months
of age, respectively. IGT was observed at 2 months of age in
the rats. The onset of diabetes was not observed in females,
although 33% of the females showed only IGT at 12 months
of age. As the onset of diabetes differed according to sex, only
male rats were used in the experiments. Glucosuria appeared
at 5 months of age, before the onset of diabetes in male rats,
and was present in 100% of the males at 8 months of age.
In female rats, glucosuria appeared at 7 months of age and
was present in 100% of the females at 9 months (Table 1).
Proteinuria appeared at 6 months of age, concomitant with
the onset of diabetes, in male rats and was present in 57% of
the males at 9 months of age, whereas proteinuria appeared
in 20% of female rats at 9 months of age and did not exceed
30% of the females thereafter.

3.2. Body Weight and Survival Rate. The average BWs of
male and female LEA rat increased gradually throughout the
experimental period and were 506 ± 37.8 g (𝑛 = 5) and
312 ± 27.7 g (𝑛 = 5) at the 12 months of age, respectively

(Figure 1(b)). A significant decrease in BW could not be
observed even after the onset of diabetes. The BMI of the
LEA rats at 6 months of age (0.57 ± 0.02 g/cm2, 𝑁 = 5) was
not significantly different from that of the control Wistar rats
(0.59±0.02 g/cm2,𝑁 = 5), confirming that the LEA rats were
nonobese.

The survival rate of LEA rats was examined (Sup-
plementary Figure 1 available online at http://dx.doi.org/
10.1155/2013/986462). We found that 95% of the male rats
survived to 12 months of age, and 50% survived to 22 months
of age.The survival rate ofmale LEA rats was not significantly
different from that of normal control Wistar rats, which
indicates that diabetes does not influence the survival of LEA
rats.

3.3. Glucose Tolerance and Insulin Response to Oral Glucose
Loading. The results of the OGTT in male rats at different
ages are shown in Figure 2. Two-month-old male LEA rats
showed impaired glucose tolerance compared with age-
matched male Wistar rats (Figure 2(a)). At 12 and 14 months
of age, the LEA rats presented with typical diabetic glucose
levels of≥200mg/dL at 120min after glucose loading (Figures
2(c) and 2(d)). The Wistar rats did not show any change in
blood glucose level in relation to age.

The plasma insulin concentrations in male rats at 2
months of age showed that the pre-OGTT values did not dif-
fer among the rats, whereas the values at 30min after glucose
loadingwere significantly lower in LEA rats (Figure 2(e)).The
plasma insulin level was significantly lower in LEA rats at
12 months of age after glucose loading (Figure 2(f)). These
results indicate that LEA rats have impairment of insulin
secretion in response to glucose stimulation. The low insulin
levels measured at 30min after glucose loading suggest that
LEA rats have a decreased ability to secrete insulin at an early
phase of the disease (Figures 2(e) and 2(f)).The insulinogenic
index (ΔI.I.) of male LEA rats was significantly lower at both
2 and 12 months of age compared with that of Wistar rats
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Figure 2: Blood glucose levels after glucose loading in male LEA (𝑛 = 11, open circle) and Wistar rats (𝑛 = 5, closed circle) at 2 months of
age (a), in male LEA (𝑛 = 12, open circle) and male Wistar rats (𝑛 = 4, closed circle) at 6 months of age (b), in male LEA (𝑛 = 13, open
circle) and Wistar rats (𝑛 = 3, closed circle) at 12 months of age (c), in male LEA (𝑛 = 15, open circle) and Wistar rats (𝑛 = 3, closed circle)
at 14 months of age (d). Plasma insulin levels after glucose loading in male LEA (𝑛 = 3, open circle) and Wistar rats (𝑛 = 4, closed circle) at 2
months of age (e), in male LEA (𝑛 = 5, open circle) and Wistar rats (𝑛 = 3, closed circle) at 12 months of age (f). Each value is expressed as
the mean ± SD. ∗𝑃 < 0.05. ∗∗𝑃 < 0.01.

(Table 2), which indicates that early-phase insulin secretion
is significantly impaired at an early age.

We performed an insulin tolerance test on nonfasting, 12-
month-oldmale rats by intraperitoneal injection of insulin, to
examine insulin response (Figure 3). Before insulin injection,
the blood glucose levels were significantly higher in LEA rats
than inWistar rats. After insulin injection, the blood glucose
levels in LEA rats significantly decreased by maximum 51.1%
over 120min to the same levels observed in the Wistar rats.
These results indicate that LEA rats have a normal glycaemic
response to exogenous insulin and are not insulin-resistant.

3.4. Pathological Changes of Pancreatic Islets in Male LEA
Rat. The age-dependent histological changes in the pancreas

were examined (Figure 4). Male LEA rats at 2 months of
age had inflammatory reaction in fraction of the pancreatic
islets (Figure 4(a)), although the most of islets were intact.
Immunostaining for insulin revealed that insulin-positive
cells were irregularly distributed within inflammatory foci
(Figure 4(b)). The inflamed islets were infiltrated by cells
positive for anti-rat macrophage antibody (Figure 4(c)) but
not for antibodies against CD4+, CD8+, or CD45RA (data
not shown). Fibrosis was also seen in and around large islets at
this age.The number and size of islets decreased significantly
with age. However, inflammatory reactions disappeared by
6 months of age, and the islets had been replaced by
fibrotic remnants in rats over 12 months of age (Figure 4(d)).
The number of 𝛽-cells was reduced, although 𝛽-cells were



Journal of Diabetes Research 5

Table 1: Incidence of glucosuria and proteinuria in LEA rats (%).

Condition Sex Age (months)
5 6 7 8 9 10 11 12

Glucosuria Male 13 50 88 100 100
Female 0 0 25 88 100

Proteinuria Male 0 14 21 43 57 48 52 66
Female 0 0 0 0 20 20 15 30

𝑛 = 32 for males; 𝑛 = 35 for females.

Table 2: Insulinogenic index (ΔI.I.) for primary insulin secretion in
male LEA rat.

Strain Age (months)
2 12

LEA 0.103 ± 0.07∗ 0.153 ± 0.04∗

Wistar 0.608 ± 0.191 0.583± 0.269
∗𝑃 < 0.05 compared to age matched Wistar rat.
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Figure 3: Insulin tolerance test. Blood glucose levels weremeasured
after abdominal administration of insulin (0.75 IU/Kg) to nonfast-
ing male LEA (𝑛 = 4, open circle) and Wistar rats (𝑛 = 4, closed
circle) at 12 months of age. Significant reduction (𝑃 < 0.01) in blood
glucose levels of LEA and Wistar rats was shown with measuring
times after insulin injection. Each value is expressed as the mean ±
SD. ∗𝑃 < 0.05. ∗∗𝑃 < 0.01.

present at 12 months of age (Figure 4(e)). A few tiny islets
without fibrosis, which appeared to be regenerative islets,
were intermingled in the affected pancreas in rats from 12
months of age (Figures 4(f) and 4(g)). The pancreatic islets
from female LEA rats had no pathological changes, including
fibrosis and inflammatory reaction.

The volume of 𝛽-cells relative to the gross volume of
the pancreas was determined using the WinROOF software
to analyse sections that were immunostained for insulin
(Figure 4(h)). In male LEA rats, the volume of 𝛽-cells signifi-
cantly decreased from 0.74±0.23%at 2months to 0.52±0.08%
at 6 months. The control Wistar rat strain showed a rising,
albeit not statistically significant, trend from 0.79 ± 0.05% at
2 months to 0.96 ± 0.24% at 6 months. These results reveal
that the significant decrease in the insulin-positive area with
age appears in LEA rats owing to severe fibrosis of the islets.

To identify whether the diminished 𝛽-cell mass in LEA
rats was caused by a reduction in cell number or atrophy of

the cells, we counted the number of nuclei in the insulin-
positive areas of 20 islets in five of each of 6-month-old
LEA and Wistar rats. The number of nuclei did not differ
significantly between the two strains (117.97±4.13 𝜇m2/nuclei
versus 128.82 ± 13.35 𝜇m2/nuclei for LEA versus Wistar
rats, resp.). These results indicate that a reduction in the
cell number (not atrophy of 𝛽-cells) is responsible for the
reduction of 𝛽-cell volume in LEA rats.

3.5. Pathological Changes of Renal Tissue inMale LEA Rat. In
LEA rats, glucosuria and proteinuria were present in 100% at
8 months of age and in 66% of males at 12 months of age,
respectively. The histopathological analysis was performed
to examine the renal lesions in 12-month-old male LEA rats
(Figure 5). The large dilatation of tubular lumen was present,
mostly in superficial cortex regions (Figure 5(a)). Atrophy
of tubular epithelium and flattend/detached renal tubules
were also observed (Figure 5(b)). The intracytoplasmic hya-
line droplet accumulation and the disappearance of tubular
epithelial cell layer associated with thickening of basement
membrane were evident in proximal tubules (Figure 5(c)).
There were no obvious pathological changes in the glomeruli
at 12 months of age (Figure 5(d)).

4. Discussion

Two inbred strains, Long-Evans Agouti (LEA) and Long-
Evans Cinnamon (LEC), which were selected for coat color,
were established from a closed colony of Long-Evans rats at
the Center for Experimental Plants and Animals, Hokkaido
University (Japan) [17]. The LEA rat has been known as the
control strain for the LEC rat, an animal model of Wilson
disease [18]. However, the large amount of urine and the
strong odor of urine, a possible indicator of diabetes, are often
observed in LEA rats during long-term breeding. In 1996, we
found three male rats that were positive for glucosuria and
hyperglycaemia among littermates from an inbred colony of
LEA/Hkm. The LEA rats exhibit several distinctive diabetes-
related characteristics: (1) onset of diabetes is observed only in
male rats, not in female, at over 6months of age; (2) the early-
phase insulin secretion is impaired at 2 months of age; (3)
the progressive fibrosis in islet in an age-dependent manner;
(4) a normal glycaemic response to exogenous insulin; (5)
nonobese. From these results, we conclude that the LEA rat is
a new rat model for nonobese type 2 diabetes mellitus.

Several rat model strains of spontaneous type 2 dia-
betes mellitus have been identified to date, and they are
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Figure 4: Histopathological appearance of pancreatic islets of male LEA rats. At 2 months of age, H&E staining (a), staining with anti-insulin
antibody (b), and staining with anti-ED1 antibody (c). At 12 months of age, H&E staining (d and f) and staining with anti-insulin antibody
(e and g). Sections (b), (e), and (g) correspond to sections of (a), (b), and (f). Scale bar = 100𝜇m. (h) Changes in the proportions of 𝛽-cells in
the pancreas with age. The areas of the 𝛽-cells and pancreas were calculated by computer-aided imaging. Open and closed bars indicate male
LEA and Wistar rats, respectively, at 2 months and 6 months of age. Each value is expressed as the mean ± SD. ∗𝑃 < 0.05. ∗∗𝑃 < 0.01.

classified into two types, obesity and nonobesity models.
The obesity models of type 2 diabetes, such as Sand [5],
Wistar fatty [6], and OLETF rats [7], are characterised by
hyperglycaemia, hyperinsulinemia, and insulin resistance. In
contrast, the nonobesity models, such as GK [8], WBN/Kob
[10], and Spontaneously Diabetic Torii (SDT) rats [11, 19],
are characterised by hyperglycaemia, hypoinsulinemia, and
noninsulin resistance.We classify the LEA rat as a nonobesity
model because BMI of LEA rats is not different from that of
control rats. However, there are several differences between
the GK and LEA rats. In GK rats, there is no sex difference
with respect to the occurrence of diabetes and no age-
dependent deterioration of impaired glucose tolerance; in
addition, hyperglycaemia occurs 8 days after birth [8, 20].The
SDT rat is a new model of nonobese, severe type 2 diabetes
mellitus with hyperglycaemia, hemorrhage in and around

the islets, and hyposecretion of insulin (hypoinsulinemia)
resulting from a significantly decreased number and size of
islets [19]. Although LEA rats displayed no hemorrhage in
and around the islets, macrophage infiltration was present
around the islets, leading to the progressive fibrosis of islet
(Figure 4).

The glucose intolerance in correspondence with the
impairment of the insulin secretion was observed in male
LEA (Figure 2 and Table 2), suggesting that the main cause
of diabetes in LEA rats is hypoinsulinemia attributable to
a decreased number of 𝛽-cells in the islets (Figure 4). It
is also likely that significant decreased capability of early-
phase insulin secretion is caused by the hypofunction of 𝛽-
cells. Although there was inflammatory reaction in fraction
of the pancreatic islet in male LEA rats at 2 months of
age, the volume of 𝛽-cells in LEA rats was comparable to
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Figure 5: Histopathological appearance of renal tissues from male LEA rats at 12 months of age. Stained with Masson’s Trichrome (a–d).
Epithelial layer effacement (asterisk), Glomeruli (arrow). Scale bars = 200𝜇m (a), 100𝜇m (b and d) and 50 𝜇m (c).

that of control rats (Figure 4(h)), suggesting that LEA rats
have congenital defect of insulin secretion in addition to
the progressive reduction of 𝛽-cell mass in age-dependent
manner. The ability to secrete insulin in the early phase
reflects the first phase of insulin secretion from pancreatic 𝛽-
cells and contributes to the suppression of gluconeogenesis in
the liver [21].Therefore, we suggest that the LEA rat is unable
to suppress the increasing blood glucose concentration that
occurs after feeding because of a decreased ability to secrete
insulin in the early phase, which eventually leads to the
deterioration of 𝛽-cell function by glucose toxicity and causes
the rats to experience chronic hyperglycaemia.The reduction
in the number of 𝛽-cells is thought to be the main cause
of type 2 diabetes in LEA rats, and this is supported by
previous observations in human type 2 diabetes patients and
rat models of type 2 diabetes mellitus [22–26].

Both congenital and acquired factors are involved in
the mechanism of 𝛽-cell reduction. In regard to congenital
factors, mutations in transcription factor genes, such as
insulin promoter factor-1 (IPF-1) [27] and hepatocyte nuclear
factor-1𝛼 (HNF-1𝛼) [28], have been verified. Hyperglycaemia
and hyperlipidaemia have been reported as acquired factors.
Butler et al. [26] have revealed that apoptosis reduces 𝛽-
cells in human diabetes and that it progresses by amyloid
deposition and hyperglycaemia. Zhu et al. [25] have reported
that the impairment of 𝛽-cell proliferation causes a decrease
in 𝛽-cells under hyperglycaemic conditions in OLETF rats,

and Movassat et al. [29] have observed that glucose toxi-
city leads to a reduction in 𝛽-cells in GK rats. Free-fatty-
acid- (FFA-) induced 𝛽-cell apoptosis has been proposed by
Shimabukuro et al. [30] as the underlying cause in Zucker
Diabetic Fatty (ZDF) rats. Although it is speculated that the
impairment of 𝛽-cell proliferation, progression of apoptosis
by hyperglycaemia, and impairment by cytokines produced
by macrophages cause the reduction in 𝛽-cells in LEA rats,
further analyses are required to clarify the pathogenesis of
diabetes in LEA rats.

The systemic complications associated with diabetes are
major causes of morbidity and mortality. The abnormality of
the renal tubules at 12 months of age was observed in the LEA
rats with glycosuria and proteinuria (Figure 5 and Table 1).
Onset of diabetes as determined by OGTT was observed in
only male LEA rats (Figure 1(a)), and its incidence increased
with age: 10% and 61% at 6 and 12 months of age, respectively.
However, glucosuria appeared at 5 months of age before the
onset of diabetes in male rats, and was present in 100% of the
females at 9 months (Table 1), which did not develop diabetes
(Figure 1(a)). Based on these findings, it is unlikely that the
onset of diabetes and impairment of glucose intolerance are
not associated with glucosuria and proteinuria. Although the
LEA rat is used as the control strain of the LEC rat since they
do not harbor Atp7b mutation [31], the several phenotypes
such as hypersensitivity to X-rays [32] and the lack of D-
amino acid oxidase (DAO) activity [33], which is involved in
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the degradation of D-serine, a key coagonist for N-methyl-
d-aspartate (NMDA) receptor, have been reported. We are
now performing quantitative trait locus (QTL) analyses for
impaired glucose tolerance and urinary glucose to lead us to
identification of genes for glucose intolerance, renal glucose
excretion, and the development of diabetes in LEA rat.

In conclusion, the LEA rat has distinctive characteristics
that are different from the previously described model rats.
The LEA rats develop late onset diabetes in correspondence
with the impairment of the insulin secretion, which is caused
by progressive fibrosis in pancreatic islets in age-dependent
manner. In Japan, the prevalence of type 2 diabetes mellitus
is increasing rapidly, and more than 10% of individuals over
40 years of age are affected. Relatively few diabetic individuals
in Japan are obese, and impairment of insulin secretion
often develops before onset of diabetes [34]. The unique
characteristics of LEA rat are a great advantage to analyze
the progression of diabetes mellitus with age. The additional
studies are expected to disclose the genes involved in type 2
diabetes mellitus.
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e Spontaneously Diabetic Torii (SDT) rat is an inbred strain of Sprague-Dawley rat and recently is established as a nonobese
model of type 2 diabetes (T2D). Male SDT rats show high plasma glucose levels (over 700mg/dL) by 20 weeks. Male SDT
rats show pancreatic islet histopathology, including hemorrhage in pancreatic islets and in�ammatory cell in�ltration with
�broblasts. Prior to the onset of diabetes, glucose intolerance with hypoinsulinemia is also observed. As a result of chronic
severe hyperglycemia, the SDT rats develop profound complications. In eyes, retinopathy, cataract, and neovascular glaucoma are
observed. Proliferative retinopathy, especially, resulting from retinal neovascular vessels is a unique characteristic of this model. In
kidney, mesangial proliferation and nodular lesion are observed. Both peripheral neuropathy such as decreased nerve conduction
velocity and thermal hypoalgesia and autonomic neuropathy such as diabetic diarrhea and voiding dysfunction have been reported.
Osteoporosis is another complication characterized in SDT rat.Decreased bone density and low-turnover bone lesions are observed.
Taking advantage of these features, SDT rat has been used for evaluating antidiabetic drugs and drugs/gene therapy for diabetic
complications. In conclusion, the SDT rat is potentially a useful T2D model for studies on pathogenesis and treatment of diabetic
complications in humans.

1. Introduction

In recent years, with economic development and social
modernization, the number of diabetic patients has been
increasing worldwide, including developing countries, pos-
ing a global problem in terms of human suffering as well as
medical costs [1, 2]. e International Diabetes Federation
(IDF) estimated the number of diabetic patients to be 366
million in 2011 [3], and that it will reach 552 million by 2030
unless effective measures are taken.

At present, complex interactions between genetic factors
and environmental factors in the pathogenesis of diabetes
are undergoing extensive study. However, the relationships
between genetic and environmental factors are difficult to
verify, and direct obtainment of information from humans
has intrinsic limitations due to signi�cant ethical restrictions.
e use of experimental animal models is essential to resolve
these problems, and results of basic research in animal
models of diabetes may be useful to clarify the pathogenetic
mechanism of human diabetes as well as the causes of
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F 1: Appearance of 35-week-old male SDT rat [4].

complications and in the development of drugs for diabetes.
In fact, many animal models of diabetes have contributed to
clinical research of diabetes. It is important to develop animal
models that correspond to various pathological conditions
of human diabetes, and it is urgently necessary to develop
models of diabetic complications that can re�ect human
diabetes, because the number of patients with type 2 diabetes
(T2D) is rapidly increasing and progression of complications
signi�cantly affects the prognosis of diabetic patients.

Although there are many T2D model animals such as
Goto-Kakizaki (GK) rats, Zucker Diabetic Fatty (ZDF) rats,
and Otsuka Long-Evans Tokushima Fatty (OLETF) rats, and
these animal models show diabetic complications, severe
diabetic retinopathy has not been observed in the existing
models. In these circumstances, SpontaneouslyDiabetic Torii
(SDT) rat (Figure 1) has been established as a model of
nonobese T2D with three major complications, including
ocular complications [4–6]. is paper provides an overview
of the �ndings from SDT rats such as pathology of diabetes.

2. Origin of Animals and Establishment of
Inbred Strain

In 1988, Shinohara found �ve nonobese diabetic rats with
polydipsia, polyphagia, polyuria, and sugar urine among
approximately 12-month-old elderly male Sprague-Dawley
(SD) rats, which were bred at the laboratory of Torii Phar-
maceutical Co., Ltd. (305 males and 306 females) aer
purchase fromCharles River Laboratories Japan Inc. for long-
term studies of spontaneous lesions. ese animals were
mated with young normal female rats of the same strain to
successfully generate diabetic F1, and then attempts were
made to preserve the diabetic trait in a closed colony (Figure
2(a)). In 1991, some animals in the diabetes-preserved colony
developed diabetes at 4 to 5 months of age, leading to sib
mating based on positive urine sugar in male rats. In 1997, a
new inbred strain of nonobese T2D rats was established and
named SDT rat [4–6]. In the process of strain breeding, the
prevalence of diabetes in male rats was 90% or more in the F4
generation and 100% in the F9 and subsequent generations.
Diabetes tended to occur earlier in later generations and
occurred at approximately 4 months of age in the F7. is

strain of rats was characterized by the development of
diabetes only in males since its discovery, but the disease was
sporadically observed in females aged 9 months or older in
the F7 and subsequent generations [5]. Currently, SDT rat is
distributed byCLEA Japan, Inc. (Tokyo, Japan) as SDT/Jcl rat.

3. Phenotype and Clinical Characteristics

3.1. Characteristics of Diabetes. A clear sex difference is
observed in the onset of diabetes in SDT rats (Figure 2(b)).
While males developed diabetes at approximately 20 weeks
of age with a cumulative incidence of 100% at 40 weeks,
females developed it at 45 weeks with a cumulative incidence
of as low as 33% at 65 weeks [6]. It is suggested that this sex
differencemay be partly attributed to estrogen, which inhibits
the development of diabetes in females [7]. e survival rate
at 65 weeks was 92% in males and 97% in females, showing
that the rats survive hyperglycemia without insulin treatment
(Figure 2(c)) [6]. e fasting and nonfasting blood glucose
levelsmarkedly increased at 20weeks and thereaer, reaching
700mg/dL or more at 30 weeks with polyuria characterized
by severe sugar urine as well as polydipsia/polyphagia (Figure
2(d)). In SDT rats, development of hyperglycemia may be
more dependent on decreased insulin secretion than insulin
resistance, as shown by the fact that the blood insulin concen-
tration tended to be lower than that in normal SD rats even
before the onset of diabetes, and marked hypoinsulinemia
developed aer the onset of hyperglycemia [8, 9], indicating
that this strain of rat is a model of nonobese T2D associated
with impaired insulin secretion. Compared with normal SD
rats, body weight and body-mass index (BMI) were similar
before the onset of diabetes, but decreased with age aer the
onset (Figure 2(e)) [6, 8, 10].

3.2. Glucose Tolerance/Insulin (In Vivo and In Vitro). It is
clinically known that glucose tolerance decreases before the
onset of T2D. In oral glucose tolerance test (OGTT) in SDT
rats, glucose tolerance markedly decreased at least 2 months
before manifestation of hyperglycemia (around 14 weeks
old), and the rate of rise in blood sugar level aer glucose
load increased with age. In male rats, the severity of impaired
glucose tolerance before the onset of diabetes was closely
correlated with the age at onset of disease. Impaired glucose
tolerance was related to decreased insulin secretory response
aer glucose load, and decrease in the fasting plasma insulin
concentration and loss of insulin secretory response aer
glucose load were observed aer the onset of diabetes (Figure
3) [8, 11]. In addition, the insulin secretion level in pancreatic
𝛽𝛽-cells from SDT rats aer glucose treatment markedly
decreased at 12 weeks of age and thereaer compared with
normal SD rats. Likewise, the mRNA expression levels for
GLUT2 and glucokinase in the isolated pancreatic islets
markedly decreased at 12 weeks and thereaer in SDT rats
[12]. In female rats, glucose tolerance also decreased at 25
weeks and thereaer, but insulin was secreted aer glucose
load, indicating that some factors cause insulin resistance
or insulin requirement in the females, unlike in the males
[13]. It has also been reported that increased insulin secretion
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F 2: �edigree maps and general pro�les of SDT rats. �edigree maps of nucleus line (a) and basic pro�les of SDT rats. e cumulative
incidence of DM was 100% at 40 weeks in male SDT rats (b) and the survival rates at 65 weeks was over 90% (c). e plasma glucose levels
in male SDT rats reached 700mg/dL by 25 weeks (d) and a decrease in body weight was observed from 20 weeks (e). Green square: male
SDT rats, pink circle: female SDT rats. Open symbols represent male or female SD rats. Data represent means ± SD (𝑁𝑁 𝑁 𝑁–8). ∗𝑃𝑃 𝑃 𝑃𝑃𝑃𝑁,
∗∗𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 (versus age-matched SD rats, unpaired t-test). Figures are modi�ed from [4, 6].

from hypertrophic pancreatic islets delayed the onset of
hyperglycemia in high-fat diet-fed SDT rats [14].

3.3. Blood/Urine Biochemical Parameters and Lipids. As for
the biochemical parameters, urine protein, blood urea nitro-
gen (BUN), glycated hemoglobin (HbA1c), and triglycerides
(TG) markedly increased with the development of hyper-
lipidemia at 35 weeks of age and thereaer [6]. In male

rats, the blood TG concentration aer fat load was high
with normal TG absorption from the small intestine before
the onset of diabetes, suggesting that the TG clearance
is already impaired before the onset of disease. It is also
suggested that not only the impairment of TG clearance,
but also increased TG absorption from the small intestine
occurs aer the onset of disease. In addition, increased TG
absorption may result from the physical increase in TG
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F 3: Oral glucose tolerance test (OGTT) in SDT rats. Changes in plasma glucose and insulin concentrations during OGTT (2 g/kg).
At 14 and 18 weeks, SDT rats were nondiabetic but the marked elevation of plasma glucose and lower insulin concentration were observed
aer glucose loading. At 24 weeks, SDT rats were diabetic and showed further elevation of plasma glucose level because of diminished insulin
secretion. White square: male SD rats, green square: male SDT rats. Data represent means ± SD (𝑁𝑁 𝑁 𝑁). ∗𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃, ∗∗𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 (versus SD
rats, unpaired t-test). Figures are modi�ed from [8].

in�ow associated with diabetes-related hyperphagia-induced
hypertrophy of the small intestine as well as the increase in
enzymes involving in TG absorption in the small intestine
[15, 16]. Plasma ghrelin levels, an orexigenic hormone, of
SDT rats were signi�cantly higher than those of SD rats at
38weeks of age. Active ghrelin production and suppression of
insulin or leptinmay be concernedwith diabetic hyperphagia
[17]. In female rats as well, free fatty acids andTGwere higher
at 25 weeks of age before the onset of diabetes, compared with
normal SD rats [13]. SDT rats fed high-sucrose diet showed
dyslipidemia and insulin resistance; however, the incidence
of hyperglycemia was suppressed. e milder degrees of
pancreatic abnormalities in high-sucrose fed SDT rats may
be considered as the reason [18].

3.4. Glucose Metabolism in the Liver. As for the glucose
metabolism-related enzymes in the liver, glucokinase mRNA
level and glycogen content in the liver decreased in SDT rats
at 16 weeks of age, suggesting that glucose metabolism in
the liver is already abnormal before the onset of diabetes.
Aer the onset of disease, mRNA expression of gluconeo-
genesis enzymes such as phosphoenolpyruvate carboxyki-
nase (PEPCK), fructose-1,6-bisphosphatase (FBPase), and
glucose-6-phosphatase (G6Pase) increased [15, 19].

3.5. Pancreatic Islets. In SDT rats, the number of pancre-
atic islets and the area of 𝛽𝛽-cells decreased with almost
normal glucose tolerance at 10 weeks of age, compared
with normal SD rats of the same age. Around 8 weeks,
pancreatic islets with congestion and capillary dilation were

sporadically found with those with hemorrhage and edema
in the same sections (Figures 4(a) and 4(b)). Later, probably
accompanying �ndings such as in�ammation and �brosis
in or around the pancreatic islets extended, and �brosis,
hemosiderin deposition and marked decrease in 𝛽𝛽-cells were
observed in almost all pancreatic islets at 20 weeks (Figures
4(c) and 4(d)). In SDT rats that developed diabetes, atrophy
of pancreatic islets occupied by collagenous �bers and virtual
disappearance of 𝛽𝛽-cells was observed (Figures 4(e) and
4(f)) [5, 6, 8]. ese changes in pancreatic islets starting
from hemorrhage were observed in female rats around the
same time with those in males [13]. Higher sensitivity to
streptozotocin (STZ), that has selective toxicity to pancreatic
𝛽𝛽-cells, is also suggesting a pancreatic weakness of SDT rats
[9].

During the course of the disappearance of 𝛽𝛽-cells, no
lymphocyte in�ltration was observed, unlike in type 1 dia-
betes (T1D) models such as nonobese diabetic (NOD) mice
[20] or Biobreeding (BB) rats [21], but the concentration of
interleukin-18 (IL-18), an in�ammatory cytokine, transiently
increased at 9 weeks, resulting in a corresponding increase in
interferon gamma (IFN-𝛾𝛾) and nitric oxide (NO) production
by spleen cells and peripheral leukocytes, respectively, as well
as macrophage in�ltration around the pancreatic islet tissue.
In SDT rats, the number of white blood cells is increased at
8 weeks. It was immunohistologically found that the IL-18
receptor and inducible NO synthase (iNOS) were expressed
in pancreatic islet cells. ese �ndings indicate that the
development of diabetes in SDT rats may be due to the
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F 4: Histopathological observations in pancreas (islet) of SDT rats. Histopathological changes in the pancreatic islets of the male SDT
rats. Congestion or microcapillary extension (a) and hemorrhage (b) in the pancreatic islets were observed (HE stain). Replacement of islet
cells by connective tissues with advanced �brosis (c, d) (�T stain). Immunohistochemistry of islet shows almost all of the 𝛽𝛽-cells (brown,
insulin immunoreactive) disappeared from the islets, whereas 𝛼𝛼-cells (pink, glucagon immunoreactive) were still observed at 38 weeks (e, f).
Bar = 100 𝜇𝜇m. Figures are modi�ed from [8].

damage of pancreatic islets resulting from a transient increase
in the IL-18 concentration through direct effects on the cells
and secondary effects via local macrophage in�ltration [22].

Pancreas transplantation is generally performed in
patients with T1D, but exceptionally in those with T2D,
improving insulin sensitivity in both cases. In SDT rats, it
is suggested that the elimination of glucose toxicity follow-
ing pancreas allotransplantation may induce the pancreatic
expression of pancreatic and duodenal homeobox 1 (PDX-1),
a homeodomain transcription factor, inhibiting the destruc-
tion of pancreatic islets and promoting the regeneration of
pancreatic islets and 𝛽𝛽-cells [23, 24].

4. Analysis of Responsible Genes

Development of diabetes in SDT rats is genetically regulated.
Based on the results of genetic analyses using two control
strains, seven quantitative trait loci (QTLs) involved in the
impairment of glucose tolerance are currently mapped on
the rat genome (Table 1) [25–27]. In a backcross experi-
ment with Brown Norway (BN) rats, QTLs involved in the
impairment of glucose tolerance in SDT rats were identi�ed
on chromosomes 1, 2, and X, which were named Gisdt1,
Gisdt2, andGisdt3, respectively. It is found that homozygosity
or hemizygosity for the SDT allele in each of these QTLs
markedly increases the risk of hyperglycemia (diabetes), and
the interactions between the QTLs synergistically worsen
glucose intolerance [26]. In an intercross experiment with
F344 rats, furthermore, QTLs involved in the impairment

of glucose tolerance in SDT rats were identi�ed on chro-
mosomes 3, 8, 13, and 14, which were named Dmsdt1,
Dmsdt2, Dmsdt3, and Dmsdt4, respectively. To evaluate the
effects of these QTLs on the development of diabetes, 𝜒𝜒2 test
was performed using F2 rats with normal glucose tolerance
and those with diabetes, showing that Dmsdt1 is the most
in�uential on the development of diabetes. Subsequently,
congenic rats were generated by transferring Dmsdt1 to
F344 rats, and histological analysis was performed, revealing
histopathological changes such as in�ammation and �brosis
in the pancreas in the congenic rats. ese results show that
Dmsdt1 is the major locus responsible for pancreatic lesions
in SDT rats [25].

5. Complications

5.1. Ocular Complications

5.1.1. Retinopathy. Of many diabetic ocular complications,
retinopathy, cataract, and neovascular glaucoma (hemor-
rhagic glaucoma) are the most important clinically. SDT rat
is the �rst diabetic model with all of these complications
[5, 6, 28–32].

Further progression of the disease was characterized by
proliferative retinopathy, with tractional retinal detachment
primarily in the optic disc due to �brovascular membrane
resulting from retinal neovascular vessels (Figure 5(a)) [5,
6, 28–32]. e vascular pathological examination by trypsin
digestion method showed a few capillary aneurysms, but



6 Journal of Diabetes Research

T 1: QTLs involved in glucose intolerance in SDT rats.

QTL Chr. Positiona Traitb Inheritance mode Cross
Gisdt1 1 D1Mit3 Postprandial Recessive (BN × SDT) × SDT
Gisdt2 2 D2Got147 Postprandial Recessive (BN × SDT) × SDT
Gisdt3 X DXWox20 Postprandial X-linked (BN × SDT) × SDT
Dmsdt1 3 D3Mit12 Postprandial Dominant, additive (F344 × SDT) F2
Dmsdt2 8 D8Rat46 Fasting, Postprandial Recessive (F344 × SDT) F2
Dmsdt3 13 D13Arb5 Fasting Recessive (F344 × SDT) F2
Dmsdt4 14 D14Arb18 Postprandial Additive (F344 × SDT) F2
a
e SSLP markers which are the closest to maximum peaks of QTLs are shown.

bPostprandial: postprandial blood glucose levels, fasting: fasting blood glucose levels.
Seven highly signi�cant QTLs (Gisdt1, Gisdt2, Gisdt3, Dmsdt1, Dmsdt2, Dmsdt3, and Dmsdt4) for glucose intolerance have been identi�ed in SDT rats. e
table is summarized from [25–27].
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F 5: Diabetic ocular complications in SDT rats. Large retinal folds are seen in the midperipheral retina and around the optic disk. A
tractional retinal detachment is observedwith �brous proliferation (a) (HE stain). Retinal trypsin digestion shows acellular capillaries (b) (HE
stain). Tortuous vessels and extensive �uorescein leakages are observed in retinal �at mounts from SDT rats (c, d). �assive hemorrhage in
the anterior chamber associated with proliferation around the iris is seen in some severe case (e) (HE stain). e mature cataract is observed
clearly in the dilated pupil (f).e sclerotic nucleus �oats in a lique�ed lens cortex. �acuolation, disintegration of the lens �bers, and�organi�s
globules are observed in the lens cortex (g) (Elastica van Gieson stain). Figures are modi�ed from [6, 28–31].

revealed capillary narrowing and pericyte loss in SDT rats
(Figure 5(b)). In �uorescein angiography, abnormal retinal
vasodilatation was observed in some animals and may corre-
spond to venous beading in human retinopathy [5, 28–32].
In addition, severe �uorescein leakage almost corresponding
to the area affected by tractional retinal detachment [28–
32] (Figures 5(c) and 5(d)) was revealed. e prevalence of
diabetic retinopathy was 8% at 35 to 50 weeks of age, but
increased to approximately 80% at 51 to 60 weeks and 100%
at 61 to 82 weeks [29].

At 44 weeks, electroretinogram (ERG) revealed the delay
and reduction of oscillatory potentials (OPs) and a- and b-
waves [31, 33], as is the case with human diabetic retinopathy.

It is known that not only microangiopathy, but also
neurodegeneration occurs in the human diabetic retina. In
comparison of changes in the death of neuroretinal cells as

well as expression of glial �brillary acidic protein (GFAP: a
marker protein for glial cells) and water channel aquaporins
(AQPs) over time in SDT rats, the AQP expression pro�le
in astrocytes in the nerve �ber layer shi�ed from AQP-4
to AQP-1 in the retinas of SDT rats at 40 weeks, when the
apoptosis of retinal ganglion cells (RGCs) was accelerated.
AQP-0 was predominantly expressed in the bipolar cells
of the nondiabetic rat, whereas it was also expressed in
the retinal nerve �bers of diabetic rat. e disrupted water
transport between astrocytes and retinal nerve �bers may be
associated with the apoptosis of RGC induced by diabetes
[34, 35].

In SDT rats, the angiotensin II (AII) concentration in
circulating blood was low at 15, 30, and 45 weeks, but the
angiotensin-converting enzyme (ACE) activity speci�cally
increased in the eye without change in the aortic ACE
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activity at 45 weeks. In addition, continuous treatment with
AII resulted in increased retinal expression of the vascu-
lar endothelial growth factor (VEGF) gene. ese �ndings
suggest that speci�cally increased AII formation in the eye
may play an important role in retinal VEGF expression in
SDT rats [36]. Furthermore, advanced glycation end products
(AGEs) such as carboxymethyllysine (CML) were expressed
with VEGF in the retina and may be involved in retinopathy
in SDT rats [37]. On the other hand, angiogenesis was
observed with VEGF expression, but it has been reported
that retinal neovascularization is not associated with retinal
nonperfusion in SDT rats, unlike human diabetic retinopathy
[38]. Unlike human diabetic retinopathy, the retinal capillary
bed is hardly obstructed in SDT rats, indicating that increased
expression of the pigment epithelium-derived factor (PEDF)
results in the suppression of diabetic retinal vascular disorder
and less obstruction of the retinal capillary bed in SDT rats
[39].

5.1.2. Neovascular Glaucoma. In human retinopathy,
severely advanced retinal ischemia is �nally associated
with angiogenesis in the iris and anterior chamber angle,
presenting with neovascular glaucoma. In SDT rats as
well, advanced retinopathy is associated with �brovascular
membrane around the iris and sometimes with anterior
chamber hemorrhage. ese pathological conditions
in SDT rats indicate the iris neovascularization (rubeosis).
Neovascularmembrane around the pupilmay cause posterior
synechiae and might develop neovascular glaucoma �nally.
SDT rat is a �rst model of iris neovascularization and
consequent neovascular glaucoma [5, 6, 28, 29] (Figure 5(e)).

5.1.3. Cataract. In male SDT rats, the prevalence of cataract
is virtually 100% at 40 weeks of age. Starting with opacity at
the posterior pole of the lens, the �ndings of mature cataract
are �nally observed (Figures 5(f) and 5(g)). Nuclear sclerosis
progresses, and the cortex is highly opaci�ed. Pathological
�ndings include swollen lens �bers, liquefaction, vacuola-
tion, abnormal con�guration, and formation of Morgagnian
droplets as well as partial proliferation of �broblastoid cells.
Advanced cataract is associated with capsular rupture, prob-
ably related to swollen lens [5, 6, 28–32].

ese ocular complications in SDT rats have been shown
to be prevented by normalizing blood glucose with insulin
treatment or pancreas transplantation and demonstrated to
result from the long-term exposure to high blood glucose [31,
40]. Corneal disorder, optic neuropathy, and uveitis are also
known as ocular complications in T2D.ough uveitis is not
observed in SDT rats, corneal disorder and optic neuropathy
are not well investigated.

5.2. Nephropathy. In SDT rats, renal lesions appeared at 24
weeks of age, including the thickening of the glomerular loop
and glycogen deposition in the tubular epithelium (Armanni-
Ebstein lesion), dilatation of the renal tubule lumen, and
increased hyaline casts. As for the glomerular lesions, slight

thickening of the loop was apparent at 24 weeks and con-
sistent with mesangial proliferation as shown by PAS, Mas-
son’s trichrome stain, and type IV collagen immunostaining
(Figures 6(a)–6(f)). Mesangial proliferation intensi�ed with
age, and nodular lesions (Kimmelstiel-Wilson-like nodules)
suggestive of more severe glomerular lesions were slightly
observed at 68 weeks (Figure 6(g)). On the other hand, the
renal tubular lesions markedly increased with age, with a
severe increase in tubular glycogen deposition at 50 and 68
weeks (Figure 6(h)). In addition, urine volume, urine protein,
and urine albumin increased with blood glucose at 24 weeks
and thereaer, and these changes may be consistent with the
development and progression of renal lesions [41, 42]. ese
renal lesions were also improved by blood glucose control
with insulin and thus shown to result from the exposure to
high blood glucose [41, 42].

In a study evaluating the involvement of oxidative stress
and NO in the mechanism for the progression of diabetic
nephropathy in SDT rats, the blood asymmetric dimethy-
larginine (ADMA) concentration and urinary excretion
of oxidative stress markers 8-hydroxydeoxyguanosine (8-
OHdG) and nitrogen oxide (NOx) increased in SDT rats at 36
weeks, compared with insulin-treated SDT rats and normal
SD rats. In addition, renal tissue analysis revealed glomerular
hypertrophy and mesangial proliferation, and immunostain-
ing analysis showed that the glomerular 8-OHdG, endothelial
NO synthase (eNOS), and nitrotyrosine scores increased.
In SDT rats, eNOS and NO increased despite the increase
in ADMA and may thus play an important role in the
progression of diabetic nephropathy together with oxidative
stress [43]. Metformin, an AMP-activated kinase (AMPK)
activator, decreased renal 8-OHdG levels and subsequent
podocyte loss, in spite of the limited effects on hyperglycemia
[44].

5.3. Neuropathy

5.3.1. Peripheral Neuropathy. Both motor nerve and sensory
nerve are impaired under in diabetes. In an electrophys-
iological and morphological study of diabetic peripheral
neuropathy (DPN) in SDT rats, the motor nerve conduction
velocity (MNCV) was not different from that in normal SD
rats until 6 months of age, but gradually decreased thereaer
to 82% and 76% of that in normal SD rats at 10 and 12months,
respectively (Figure 7(a)) [45]. Sensory nerve conduction
velocity (SNCV) is also decreased. Increased nerve sorbitol
and fructose contents and decreased myo-inositol contents
in SDT rats indicate that the polyol pathway is prominently
involved in DPN. Ranirestat, an aldose reductase inhibitor
(ARI) decreased sciatic nerve sorbitol levels and improved
impaired sciatic MNCV [46].

In the sural nerve cross-section, no neurologic de�cit
was observed, but degenerated nerves increased in SDT
rats. In morphometry, the myelinated nerve area was not
clearly different between the two groups at 6 months, but
decreased in SDT rats at 12 months compared with normal
SD rats. e number of blood vessels in the nerve sheath was
not clearly different; however, occluded/thickened epineurial
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Figures are modi�ed from [41].
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(c, e) magni�cation of microphotographs of sural nerves from SD rat and SDT rat (toluidine blue stain). Figures are modi�ed from [45].

arterioles were found in SDT rats (Figures 7(b)–7(e)) [45,
47]. e increased intima possibly results decrease of nerve
perfusion and may contribute to development of DPN in
SDT rats. In summary, it is shown that SDT rats develop
peripheral neuropathy associated with T2D aer the onset of
disease, including functional/morphological abnormalities of
peripheral nerves and vascular lesions.

5.3.2. Autonomic Neuropathy. Autonomic nerve is part of
the peripheral nervous system and transmits impulses from
the central nervous system to peripheral organ systems. In
diabetes, autonomic nerve is also known to be impaired.
Symptoms probably due to diabetic diarrhea are observed in
SDT rats. In charcoal propulsion test, gastrointestinal motil-
ity increased in SDT rats with higher fecal water content at
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28 weeks of age compared with insulin-treated SDT rats and
normal SD rats [48]. In addition, jejunum and ileum weights
and mucosal weight increased, and the lumen diameter and
villous height were longer indicating that more nutrients are
absorbed with longer villi in diabetes [15, 16, 48].

In a study of voiding dysfunction in SDT rats, voiding
pressure, voided volume per micturition, and intermicturi-
tion interval tended to increase from 22 weeks to 36 weeks of
age compared with normal rats. SDT rats may have chronic
diabetic dysuria, which progresses with age [49].

5.4. Other Complications. Patients with T2D also suffer
other complications than the microvascular complications
mentioned above. Immunode�ciency, delayed wound heal-
ing, skin ulcer, and osteoporosis are well known. Among
these complications, osteoporosis has been reported in SDT
rat. In a study of bone lesions in SDT rats with focus
on bone density and bone morphometry, bone formation
and resorption decreased in SDT rats at 36 weeks of age
compared with normal SD rats, but improved in insulin-
treated SDT rats. Bone density and strength also decreased
in SDT rats compared with normal SD rats (Figure 8). Bone
lesions in SDT rats were characterized by decreased bone
density and low-turnover bone lesions, as seen with T2D
primarily due to decreased insulin secretion, and improved
with insulin treatment, indicating the deep involvement of
diabetic pathology [50, 51]. e study treating carvedilol, a
𝛽𝛽 blocker possessing an antioxidant effect, is also suggesting
the involvement of oxidative stress on this low-turnover bone
disease in SDT rats [52].

6. Application to Treatment

Use of animal models is essential to the development
of diabetic drugs. Currently, SDT rats are used for the
development and application of several diabetic drugs. In
addition to insulin [31, 41], sulfonylurea (tolbutamide) and
DPP IV inhibitor (JTP-76209) [12], 𝛼𝛼-glucosidase inhibitor
(voglibose) [53], SGLT inhibitor (phlorizin) [15, 54], and
perilla (shiso) tea [55] lowered the blood glucose level of SDT
rats.

It has been reported that diabetic microangiopathy is
caused by increased tissue protein kinase C-beta (PKC-𝛽𝛽)
activity at high blood glucose levels. In SDT rats at 32
weeks of age, abnormal retinal function such as delayed
OPs in ERG were observed. In addition, peripheral and
autonomic neuropathies such as decreased caudal MNCV,
electrocardiographic coefficient of variation of R-R interval
(CV𝑅𝑅-𝑅𝑅), and thermal hypoalgesia were observed. ese dia-
betic complications were improved aer 12-week treatment
with a PKC-𝛽𝛽 inhibitor JTT-010. However, histopathological
changes including retinal thickening primarily in the optic
disc at 68 weeks of age were not improved. Since the tissue
PKC activity increased aer the onset of diabetes in SDT rats,
JTT-010may have suppressed diabetic neuropathy by inhibit-
ing the PKC-𝛽𝛽 activity. However, the retinal histopatholog-
ical �ndings were not affected in SDT rats that developed

diabetes along earlier, indicating that factors other than PKC-
𝛽𝛽 activation are deeply involved in the progression of ocular
complications in SDT rats [56]. Benfotiamine, a transketolase
activator that reduces major pathways involved in diabetic
microvascular complications (polyol pathway, hexosamine
pathway, AGE pathway, and diacylglycerol-protein kinase
C (DAG-PKC) pathway) also exhibits effects on peripheral
nerve function in SDT rats [45].

In a large-scale clinical study, it was reported that can-
desartan, an AII type 1 receptor blocker (ARB), inhibited the
progression of retinopathy in type 2 diabetic patients [57].
In an efficacy study of an telmisartan for the progression
of ocular lesions in SDT rats, the blood glucose level was
not changed, but blood pressure was decreased by telmis-
artan. Under these conditions, delayed OPs and a-wave in
ERG were prevented by telmisartan. In �uorescein fundus
angiography, �uorescein leakage in SDT rats was decreased
by telmisartan, suggesting that the ARB may inhibit the
development of proliferative retinopathy in SDT rats [58].
It has also been reported that ARBs (candesartan and
olmesartan) improved coronary angiogenesis, cardiomyocyte
�brosis, and hypertrophy associated with the progression
of diabetes in SDT rats [59, 60]. In addition, candesartan
decreased the pentosidine, a biomarker for AGE, content
in the lens/vitreous body in SDT rats at 44 weeks of age,
and immunohistologically, it inhibited the accumulation of
pentosidine in the retinal vascular wall and decreased retinal
VEGF mRNA expression [61]. ese �ndings indicate that
ARBs can inhibit the development of proliferative diabetic
retinopathy by inhibitingAGE formation. Furthermore, it has
been reported that cataract and retinopathy in SDT rats were
prevented by ARI �darestat [62] and ranirestat [46], AGE
inhibitor aminoguanidine [63], and 𝛼𝛼1/𝛽𝛽 blocker nipradilol
[64].

With application of gene therapy, the soluble VEGF
receptor (sFlt-1) gene was introduced into the retina in SDT
rats to evaluate the preventive effect of sFlt-1 expressed in
the retina against diabetic retinopathy. At 57 weeks of age,
�uorescein fundus angiography revealed that the develop-
ment of retinopathy was inhibited in the retina engineered to
express sFlt-1 using an adeno-associated virus (AAV) vector
as compared with the contralateral naïve retina. Since the
local introduction of sFlt-1 gene in the retina with the use of
an AAV vector is effective in preventing the development of
retinopathy in SDT rats, gene therapy for diabetic retinopathy
with antiangiogenic factors will be a promising therapeutic
option for human patients [65, 66].

7. Conclusion

Newly established SDT rats show ocular complications sim-
ilar to those in human diabetes. Proliferative retinopathy,
especially, resulting from retinal neovascular vessels is a
unique characteristic of this model. No other models show
such histology in eyes. In addition, diabetic neuropathy
(e.g., mesangial proliferation, nodular lesion) and diabetic
peripheral/autonomic nephropathy (e.g., decreased NCVs,
hypoalgesia, diarrhea, and voiding dysfunction) seem to be
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(b) are clearly indicating diabetes-induced osteoporosis in SDT rats. White column: male SD rats, green column: male SDT rats (40 weeks of
age). Data represent means ± SD (𝑁𝑁 𝑁 𝑁). ∗∗𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃, ∗𝑃𝑃 𝑃 𝑃𝑃𝑃𝑁 (versus SD rats, unpaired t-test). e reconstructed bone microstructure
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caused by postprandial long-term hyperglycemia in SDT
rats. Bone disorder such as decreased bone density and
low-turnover bone lesions are also observed. At younger
age, glucose intolerance, caused by pancreatic islet lesions
with in�ammatory cell in�ltration and �broblasts, is also
a characteristic of this animal. Taking advantage of these
features, SDT rat has been used for evaluating antidiabetic
drugs and drugs/gene therapy for diabetic complications.
Although there are insurmountable discrepancies between
human and rodents, SDT rat seems to be a better animal
model of diabetes than other models.

In conclusion, �ndings indicate that the SDT rats should
be a potential T2Dmodel for studies on the pathogenesis and
treatment of diabetes and its complications.
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e quantitative trait locus (QTL) mapping in segregating crosses of NSY (Nagoya-Shibata-Yasuda) mice, an animal model of
type 2 diabetes, with nondiabetic strain C3H/He mice has identi�ed diabetogenic QTLs on multiple chromosomes. e QTL
on chromosome 11 (Chr11) (Nidd1n) showing the largest effect on hyperglycemia was con�rmed by our previous studies with
homozygous consomic mice, C3H-11NSY, in which the NSY-derived whole Chr11 was introgressed onto control C3H background
genes. C3H-11NSY mice also showed a streptozotocin (STZ) sensitivity. In the present study, we constructed heterozygous
C3H-11NSY mice and the phenotypes were analyzed in detail in comparison with those of homozygous C3H-11NSY and C3H
mice. Heterozygous C3H-11NSY mice had signi�cantly higher blood glucose levels and STZ sensitivity than those in C3H mice.
Hyperglycemia and STZ sensitivity in heterozygous C3H-11NSY mice, however, were not as severe as in homozygous C3H-11NSY

mice. e body weight and fat pad weight in heterozygous C3H-11NSY mice were similar to those in C3H and homozygous
C3H-11NSY mice.ese data indicated that the introgression of Chr11 of the diabetes-susceptible NSY strain onto diabetes-resistant
C3H caused marked changes in the glucose tolerance and STZ susceptibility even in a heterozygous state, and suggested that the
mode of inheritance of a gene or genes on Chr11 for hyperglycemia and STZ sensitivity is additive.

1. Introduction

Patients with type 2 diabetes have a complex phenotype with
impaired insulin secretion, insulin resistance both in the
liver and peripheral tissues, and increased hepatic glucose
production, all of which contribute to the development of
overt hyperglycemia [1]. Genetic dissection of type 2 diabetes
in humans is difficult because of the genetic heterogeneity,
multigenicity, and environmental variation. One way to
overcome this complexity in the human population is to use
well-de�ned animal models of type 2 diabetes.

e NSY (Nagoya-Shibata-Yasuda) mouse is an inbred
animal model with a spontaneous development of type 2

diabetes [2, 3]. e animal is moderately obese, and both
impaired insulin response to glucose and insulin resistance
contribute to diabetes [2, 3]. Quantitative trait locus (QTL)
mapping in segregating crosses of NSY with the nondiabetic
strain C3H/He has identi�ed diabetes-related QTLs on mul-
tiple chromosomes [4, 5]. Using the consomic strategy, we
previously dissected a quantitative trait locus (QTL),Nidd1n,
on chromosome 11 (Chr11) affecting glucose-related pheno-
types [6, 7].e constructed strain, C3H-11NSY,which carries
the homozygous NSY-derived diabetes-susceptible Chr11 on
C3H-derived diabetes-resistant background genes, showed
hyperglycemia [6] and streptozotocin (STZ) sensitivity [7]
compared with control C3H strain. Although these data
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clearly demonstrated the presence of the diabetogenic gene(s)
on mouse Chr11, the dose effect and the mode of inheritance
of the gene(s) responsible for each diabetes-related pheno-
type are still unclear. In the present study, we constructed
heterozygous C3H-11NSY mice, and the phenotypes were
analyzed in detail in comparison with those of homozygous
C3H-11NSY and C3H mice.

2. Materials andMethods

2.1. Animals. NSY mice [2] were originally obtained from
the Branch Hospital of the Nagoya University School of
Medicine. C3H/He mice were purchased from Charles River
Laboratories (Kanagawa, Japan). ese strains were main-
tained by a brother-sister mating. Maintained male C3H/He
mice were used in this study (𝑛𝑛 𝑛 𝑛 for Study 1, 𝑛𝑛 𝑛 𝑛𝑛 for
Study 2).

e consomic strain, C3H-11NSY, was previously con-
structed using a marker-assisted method [6, 7]. Shortly,
F1 male mice were obtained by mating (NSY × C3H/He).
ese males were then mated with C3H/He females, and
their male progeny, heterozygous for Chr11, were used for
the next generation. is process was repeated until all the
markers for background typing became homozygous for the
C3H genotype (N6 or N7), at which point a heterozygous
consomic strain was obtained and the male mice were used
in this study (heterozygous C3H-11NSY: 𝑛𝑛 𝑛 𝑛 for Study 1).

Mice heterozygous for Chr11 were intercrossed to obtain
mice homozygous for Chr11. Constructed homozygous
C3H-11NSY mice were maintained by brother-sister mating.
To analyze male heterozygous C3H-11NSY mice in this study
(𝑛𝑛 𝑛 𝑛𝑛 for Study 2), male homozygous C3H-11NSY were
mated with female C3H/He mice.

All mice had free access to tap water and a standard diet
(CRF-1: Oriental Yeast, Tokyo, Japan) in an air-conditioned
room (22–25∘C) with a 12 h light-dark cycle (6 : 00–18 : 00 h)
in the animal facilities of the Osaka University Graduate
School of Medicine. e experiment was approved by the
Osaka University Graduate School of Medicine Ethics Com-
mittee.

2.2. Analysis of Hyperglycemia-Related Phenotypes in Het-
erozygous C3H-11𝑁𝑁𝑁𝑁𝑁𝑁 and C3H (Study 1). Glucose toler-
ance was assessed by intraperitoneal glucose tolerance test
(ipGTT) (2 g glucose/kg body weight) in overnight-fasted
mice at 48 weeks of age, and blood glucose levels were
measured at 0, 30, 60, 90, and 120min using Glutest E (Kyoto
Daiichi Kagaku, Kyoto, Japan). e area under the glucose
curve (gAUC) was calculated according to the trapezoid rule
from the glucose measurements at 0, 30, 60, 90, and 120min.

Insulin secretion in response to glucose was assessed
by intraperitoneal glucose tolerance test (ipGTT) (2 g glu-
cose/kg body weight) in overnight-fasted mice at 52 weeks of
age, and blood glucose levels and plasma insulin levels were
measured at 0, 15, and 30min. Plasma insulin level was mea-
sured using an enzyme-immunosorbent assay (ELISA) kit
(Morinaga, Yokohama, Japan). Insulin values in micrograms

per liter obtained by ELISA were converted to picomoles
per liter by multiplying by a factor of 174. Incremental
glucose (ΣΔ glucose) and incremental insulin (ΣΔ insulin)
were calculated from the measurements at 0, 15, and 30min.
Insulinogenic index was calculated as ΣΔ insulin divided by
ΣΔ glucose. Insulin resistance was assessed by HOMA-IR,
which was calculated from the basal insulin and glucose
concentrations.

Anatomical analysis was performed at 54 weeks of age.
Aer body weight measurement, mice were killed under
sevo�urane. e liver, epididymal fat pads, and mesenteric
fat pads were dissected and weighed.

Hyperglycemia-related phenotypes were compared
between heterozygous C3H-11NSY and C3H and between
heterozygous C3H-11NSY and homozygous C3H-11NSY,
which have been reported previously [6].

2.3. Analysis of Streptozotocin Sensitivity in Heterozygous
C3H-11𝑁𝑁𝑁𝑁𝑁𝑁 (Study 2). e mice received a single injection
of STZ at a dose of 175mg/kg body weight at 12 weeks
of age. STZ was dissolved in sodium citrate buffer (Wako
Pure Chemical Industries, Ltd., Osaka, JAPAN) and imme-
diately injected intraperitoneally. Blood glucose level and
body weight were measured on days 0, 1, 2, 4, 5, 7, and 8
aer injection. Mice with a blood glucose level higher than
11.1mmol/L were considered hyperglycemic. Homozygous
C3H-11NSY and C3H data have been reported previously
[7] and reanalyzed in this study. Although data of a small
number of heterozygous C3H-11NSY have been described [7],
we constructed a large number of heterozygous C3H-11NSY
(𝑛𝑛 𝑛 𝑛𝑛).

2.4. Statistical Analysis. All values are expressed as mean ±
SEM. Statistical analysis was performed by Mann-Whitney
𝑈𝑈 test. Survival curves were analyzed with the log-rank
test. Statistical tests were performed using PRISM soware
(Graphpad Prism). 𝑃𝑃 𝑃 𝑛𝑃𝑛𝑃 was considered to indicate a
statistical signi�cance.

3. Results

3.1. Phenotypes of Heterozygous C3H-11𝑁𝑁𝑁𝑁𝑁𝑁 Mice (Study 1).
Heterozygous C3H-11NSY mice showed signi�cantly higher
blood glucose levels aer fasting (𝑃𝑃 𝑃 𝑛𝑃𝑛𝑃) and at all time
points aer a glucose challenge (𝑃𝑃𝑃𝑛𝑃𝑛𝑃) than those in C3H
mice (Figure 1), indicating that the introduction of a single
dose of NSY-Chr11 converted normoglycemic C3H mice to
hyperglycemic mice. Compared to homozygous C3H-11NSY

mice [6], however, heterozygous C3H-11NSY mice had lower
blood glucose levels aer fasting (𝑃𝑃 𝑃 𝑛𝑃𝑛𝑃) and at all
time points aer a glucose challenge (𝑃𝑃 𝑃 𝑛𝑃𝑛𝑃) (Figure 1),
suggesting that NSY-Chr11 in�uences glucose tolerance in an
additive manner.

As shown in Table 1, insulin secretion in response to
glucose as assessed by insulinogenic index tended to be lower
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F 1: Intraperitoneal glucose tolerance test at 48 weeks of age in
heterozygous C3H-11NSY (𝑛𝑛 𝑛 𝑛, white triangles), C3H mice (𝑛𝑛 𝑛 𝑛;
white circles), and homozygous C3H-11NSY (𝑛𝑛 𝑛 𝑛𝑛, black circles,
[6]). Values are mean ± SEM. ∗𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 compared with C3H mice
(Mann-Whitney 𝑈𝑈 test). ††𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 and †††𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃 compared
with heterozygous C3H-11NSY (Mann-Whitney𝑈𝑈 test).

in heterozygous C3H-11NSY than in C3Hmice and was simi-
lar to that in homozygous C3H-11NSY mice. Fasting insulin
level (0min in Table 1) and HOMA-IR in heterozygous
C3H-11NSY tended to be higher than those in C3H mice.

In the anatomical analysis, body weight in heterozygous
C3H-11NSY mice was not signi�cantly different from that
in C3H mice (Table 2). Fat pad weight and percent fat pad
weight/body weight were not signi�cantly different either.
Compared to that in homozygous C3H-11NSY mice in our
previous study [6], body weight was not signi�cantly differ-
ent. Fat pad weight and percent fat pad weight/body weight
were not signi�cantly different either. ose in heterozygous
C3H-11NSY mice, however, tended to be lower than those in
homozygous C3H-11NSY mice and similar to those in C3H
mice.

3.2. Streptozotocin Sensitivity in Heterozygous C3H-11𝑁𝑁𝑁𝑁𝑁𝑁

(Study 2). Heterozygous C3H-11NSY mice showed a higher
blood glucose level aer streptozotocin injection than C3H
mice (Figure 2(a)), and life table analysis demonstrated a
signi�cant difference in survival curves between C3H-11NSY
and C3H mice (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃) (Figure 2(b)), indicating that
the introgression of a single dose of Chr11 from STZ
sensitive NSYmice converted STZ resistant C3Hmice to STZ
sensitive. Compared with homozygous C3H-11NSY mice,
however, heterozygous C3H-11NSY mice showed signi�cantly
lower blood glucose levels (Figure 2(a)), and life table
analysis demonstrated a signi�cant difference in survival

curves between homozygous and heterozygous C3H-11NSY
mice (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃) (Figure 2(b)), suggesting that NSY-Chr11
in�uences STZ sensitivity in an additive manner.

4. Discussion

is study clearly demonstrated that the introgression of
Chr11 of the diabetes-susceptible NSY strain onto the
diabetes-resistant C3H strain caused marked changes in glu-
cose tolerance and STZ susceptibility, even in a heterozygous
state. Blood glucose levels of heterozygous C3H-11NSY mice
were intermediate between those of homozygous C3H-11NSY
and C3H mice, suggesting that the mode of inheritance of
glucose intolerance is additive.

Our previous studies with reciprocal F1 crosses of NSY
and C3H mice showed a different mode of inheritance
depending on the phenotypes studied [8]. Hyperglycemia
and fasting plasma insulin showed autosomal dominant
inheritance, while impaired insulin secretion and epididymal
fat accumulation showed an autosomal recessive mode of
inheritance [8]. Since F1 mice are heterozygous for all
autosomes, themode of inheritance observed in our previous
study with F1mice is the combined effect of all chromosomes
responsible for each phenotype. In contrast, heterozygous
C3H-11NSY mice in the present study were heterozygous for
only Chr11, while all other chromosomes were homozygous
for control C3H mice, making it possible to clarify the dose
effect andmode of inheritance of Chr11 independent of other
chromosomes. e data in the present study indicated an
additive mode of inheritance for hyperglycemia, which is
different from the dominant inheritance of hyperglycemia
observed in F1 mice [8]. e differences in mode of inher-
itance observed in this study with heterozygous C3H-11NSY
mice and in our previous study with F1 mice suggest a
genetic interaction of Chr11 with other chromosomes. To
clarify this, studies with double and triple consomic strains,
in which different combinations of chromosomes from NSY
mice were introgressed onto C3H background genes, are now
underway.

Our previous studies with homozygous C3H-11NSY mice
demonstrated that introgression of two doses of Chr11 from
NSY mice onto control C3H mice converted STZ resistant
C3H mice to STZ sensitive [7]. STZ sensitivity in heterozy-
gous C3H-11NSY mice in the present study was intermediate
between that of homozygous C3H-11NSY and that of C3H
mice, suggesting a dose effect of Chr11 on STZ sensitivity and
an additive mode of inheritance for this phenotype.

Although the present study with C3H-11NSY mice made
it possible to clarify the effect of Chr11 independent of other
chromosomes, the additive mode of inheritance of glucose
intolerance and STZ sensitivity observed in the present study
does not necessarily re�ect the effect of a single gene, but
rather could result from the combined effect ofmultiple genes
on Chr11. Further studies with congenic and subcongenic
strains are necessary to clarify whether or not each phenotype
observed in heterozygous C3H-11NSY mice is based on a
single gene or the combined effect of multiple genes.
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T 1: Insulin secretion and insulin resistance at 52 weeks of age.

C3H (𝑛𝑛 𝑛 𝑛)
C3H-11NSY

(heterozygotes)
(𝑛𝑛 𝑛 𝑛)

C3H-11NSY
(homozygotes)†

(𝑛𝑛 𝑛 𝑛𝑛)
Blood glucose

0min (mmol/L) 5.6 ± 0.3 5.8 ± 0.4 6.3 ± 0.3
15min (mmol/L) 17.3 ± 0.6 20.7 ± 2.9 18.1 ± 0.5
30min (mmol/L) 19.7 ± 1.9 23.4 ± 2.8 22.8 ± 0.5
ΣΔgAUC (pmol/L ×min) 281.7 ± 19.6 356.1 ± 57.7 300.2 ± 9.3

Insulin
0min (pmol/L) 19.6 ± 5.3 31.7 ± 7.6 25.7 ± 2.7
15min (pmol/L) 140.1 ± 16.9 112.7 ± 12.9 106.1 ± 8.4
30min (pmol/L) 78.7 ± 8.1 88.1 ± 10.7 84.8 ± 5.7
ΣΔiAUC (pmol/L ×min) 2249.8 ± 252.6 1639.8 ± 324.4 1649.0 ± 140.3

Insulin secretion†† 8.6 ± 1.5 5.8 ± 1.5 5.6 ± 0.5
Insulin sensitivity††† 118.7 ± 39.9 201.2 ± 56.9 168.4 ± 20.9
Values are total number or mean ± SEM. Heterozygous C3H-11NSY were compared with C3H and homozygous C3H-11NSY by Mann-Whitney U test, but no
signi�cant difference was observed. †Data of homozygous C3H-11NSY mice were already reported [6]. ††Assessed by insulinogenic index (incremental AUC
(ΣΔiAUC), (pmol/L) divided by incremental glucose AUC (ΣΔgAUC), (mmol/L)) during ipGTT. †††Assessed by HOMA-IR: calculated from basal insulin and
glucose concentrations (fasting glucose (mmol/L) × fasting insulin (pmol/L)).

T 2: Anatomical analysis at 54 weeks of age.

C3H (𝑛𝑛 𝑛 𝑛)
C3H-11NSY

(Heterozygous)
(𝑛𝑛 𝑛 𝑛)

C3H-11NSY
(Homozygous)†

(𝑛𝑛 𝑛 𝑛𝑛)
Blood glucose (ad lib) (mmol/L) 6.7 ± 0.4 7.4 ± 0.5 8.1 ± 0.2
Insulin (ad lib) (pmol/L) 135.9 ± 12.3 172.4 ± 16.5 226.0 ± 12.8
Body weight (g) 31.4 ± 0.8 29.6 ± 0.8 31.0 ± 0.5
Liver (g) 1.549 ± 0.100 1.529 ± 0.045 1.409 ± 0.039
Total fat (g) 1.065 ± 0.109 1.024 ± 0.070 1.209 ± 0.072

Epididymal fat (g) 0.522 ± 0.068 0.527 ± 0.042 0.707 ± 0.054
Mesenteric fat (g) 0.543 ± 0.065 0.497 ± 0.035 0.502 ± 0.021

Total fat/body weight (%) 3.37 ± 0.29 3.44 ± 0.18 3.87 ± 0.19
Values are total number or mean ± SEM. Heterozygous C3H-11NSY were compared with C3H and homozygous C3H-11NSY by Mann-Whitney U test, but no
signi�cant difference was observed. †Data of homozygous C3H-11NSY mice were already reported [6].

Our previous studies with homozygous C3H-11NSY mice
demonstrated that impaired insulin secretion in NSY mice
was accounted for mostly by Chr11 and that insulin resis-
tance, which is independent of adiposity and obesity, was
accounted for partly by Chr11 [6]. In the present study,
impaired insulin secretion and insulin resistance in heterozy-
gous C3H-11NSY mice were similar to those in homozy-
gous C3H-11NSY mice, although not statistically signi�cantly
different from those in C3H mice probably due to the
small number of mice analyzed. In fact, when heterozygous
C3H-11NSY mice in the present study were compared with
our previous data of C3H mice [6], insulin secretion was
signi�cantly impaired and insulin resistance was marginally
stronger in heterozygous C3H-11NSY mice (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 and
𝑃𝑃 𝑛 𝑃𝑃𝑃𝑃, resp.; Mann-Whitney 𝑈𝑈 test). Further studies
with a larger number of mice are necessary to clarify the

underlying mechanisms of glucose intolerance in heterozy-
gous C3H-11NSY mice, in particular the contribution of
impaired insulin secretion and insulin resistance to glucose
intolerance. Such studies are now underway.

Genome-wide or large-scale association studies have
revealed several candidate genes for type 2 diabetes [9–13],
although the orthologues of these genes are not located on
mouse Chr11. Inmice, however, linkages with type 2 diabetes
were reported on Chr11 in several different crosses [14–17].
is suggests the possibility that human orthologues of the
diabetes-susceptibility gene(s) on mouse Chr11 are acting as
rare variants in humans and therefore have not been detected
by genome-wide association studies. Candidate genes on
mouse Chr11 are hepatocyte nuclear factor-1𝛽𝛽, GLUT4,
nucleoredoxin, and glucokinase [3, 5–7, 18, 19]. Human
orthologues of these genes and other candidate genes on
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F 2: Streptozotocin sensitivity at 12 weeks of age in heterozygous C3H-11NSY (𝑛𝑛 𝑛 𝑛𝑛, white triangles), C3Hmice (𝑛𝑛 𝑛 𝑛𝑛; white circles),
and homozygous C3H-11NSY (𝑛𝑛 𝑛 𝑛𝑛, black circles, [7]). e glucose concentration was determined 0, 1, 2, 4, 5, 7, and 8 days aer a single
intraperitoneal injection of streptozotocin at 175mg/kg body weight. Blood glucose concentrations are presented as mean ± SEM (a). e
percentage of animals free of hyperglycemia (blood glucose level >11.1mmol/L) is shown (b). ∗𝑃𝑃 𝑃 𝑛𝑃𝑛𝑃, ∗∗𝑃𝑃 𝑃 𝑛𝑃𝑛𝑃, and ∗∗∗𝑃𝑃 𝑃 𝑛𝑃𝑛𝑛𝑃
compared with C3H and †𝑃𝑃 𝑃 𝑛𝑃𝑛𝑃, ††𝑃𝑃 𝑃 𝑛𝑃𝑛𝑃, and †††𝑃𝑃 𝑃 𝑛𝑃𝑛𝑛𝑃 compared with heterozygous C3H-11NSY (Mann-Whitney 𝑈𝑈 test for (a),
log-rank test for (b)).

Chr11 are important candidates for genes explaining the so-
called missing heritability in human type 2 diabetes.

5. Conclusions

ese data indicated that the introgression of Chr11 of the
diabetes-susceptible NSY strain onto diabetes-resistant C3H
causedmarked changes in glucose tolerance and STZ suscep-
tibility, even in heterozygous state, indicating that Chr11 har-
bors gene(s) responsible for hyperglycemia and STZ suscepti-
bility, which is effective even in a single dose. Hyperglycemia
and STZ sensitivity in heterozygous C3H-11NSY mice, how-
ever, was not as severe as in homozygous C3H-11NSY mice,
suggesting that the mode of inheritance of a gene or genes
on Chr11 for hyperglycemia and STZ sensitivity is additive.
e difference in the dose effect and mode of inheritance
for some phenotypes between the present study and our
previous study with F1 mice suggests the genetic interaction
between Chr11 and other chromosomes in determining the
phenotypes. e consomic strains constructed in our studies
will facilitate �ne mapping and identi�cation of responsible
genes for diabetes-related phenotypes, as well as gene-gene
and gene-environment interactions.
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is study was designed to determine the severity of cardiopulmonary dysfunction during systemic endotoxemia in type 1 diabetes.
irty-two adult male Wistar rats were randomly assigned to a control group or to a group treated with streptozotocin (STZ) to
create an animal model of type 1 diabetes. Survival time and cardiovascular parameters were continually monitored in urethane
anaesthetized animals receiving intravenous infusion of endotoxin (lipopolysaccharide (LPS)) or saline.We also determined arterial
blood gases, lung injury, and tumor necrosis factor-alpha (TNF-𝛼𝛼) levels in serum and bronchoalveolar lavage �uid. Before LPS
administration, the mean arterial pressure in STZ rats was signi�cantly higher than that in normal rats. Aer LPS injection, the
heart rate drop signi�cantly in STZ rats than that in the control group. Also, the increased levels of TNF-𝛼𝛼 in serum and lavage �uid
aer LPS treatment were signi�cantly higher in STZ rats than those in normal rats. Survival time in STZ rats was shorter than that
in normal rats aer LPS application. Albumin content, wet/dry weight ratio of lung, and lung injury were indistinguishable between
STZ and normal rats. ese results indicate that the cardiopulmonary change which occurs during LPS-induced endotoxemia is
minor in STZ-induced diabetic rats.

1. Introduction

Due to the lower level and impaired binding activity of
cell-surface receptors on monocytes [1], a poorly controlled
diabetic state increases susceptibility to infections such as
endotoxemia [2]. In the diabetic patients, infection is more
serious and difficult to eradicate [3]. However, the severity
of cardiopulmonary dysfunction in type 1 diabetes during
systemic endotoxemia remains unclear.

As a systemic infection, endotoxemia is mainly caused
by the endotoxin (lipopolysaccharides (LPS) from gram-
negative bacteria [4]. Lipopolysaccharides binds to CD14

receptor with LPS-binding protein when entering the mam-
malian bloodstream. As a result, nuclear factor-𝜅𝜅B is acti-
vated to induce monocytes, macrophages, and endothelial
cells to release cytokines such as tumor necrosis factor-
alpha (TNF-𝛼𝛼) [5] and causes tissue damage [6]. Also,
arterial pressure is decreased due to the dilation of peripheral
vessels in rats during endotoxemia [7]. Consequently, a fatal
syndrome of irreversible cardiovascular collapse and septic
shock may follow [8]. TNF-𝛼𝛼 plays an important role in
this endotoxin-induced shock because serum TNF-𝛼𝛼 level
increases during lethal endotoxemia [9, 10]. In addition,
acute respiratory distress syndrome, which is caused by
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F 1: Effect of LPS administration (15mg/kg, i.v.) on the sur-
vival rate of normal and diabetic rats. NL: normal rats receiving LPS
administration; SL: STZ-treated rats receiving LPS administration.
Bars represent mean ± S.E.M of 8 rats per group. †𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃,
compared with the NL group.

acute lung injury, is another complication of endotoxemia.
A great number of monocytes and macrophages are present
in alveoli and release TNF-𝛼𝛼, which damages pulmonary
vessels and increases lung vascular/epithelial permeability.
Such an occurrence contributes to lung edema and poor lung
compliance. Hence, septic patients may suffer from critical
shock and acute respiratory distress syndrome as a group
experience high mortality.

e mortality from cardiovascular disorders in type 1
diabetes is 4-to-37 times higher than that in the general
population [11]. Severely uncontrolled diabetic state may
initiate pathologic events leading to the capillary leak of acute
respiratory distress syndrome as well [12]. erefore, we
hypothesized that the cardiopulmonary dysfunction induced
by systemic endotoxemia will be more marked in type 1
diabetes. In the present study, we used type 1-like diabetic
rats to investigate hemodynamic dysfunction and lung injury
aer intravenous LPS infusion. Also, the changes in TNF-𝛼𝛼
in serum and lung lavage �uid were determined.

2. Materials andMethods

2.1. Animals. Ninety-six adult male Wistar rats (320 ± 20 g)
were purchased from the Animal Center of National Cheng
Kung University Medical College (Tainan city, Taiwan). ey
were housed in groups of four at an ambient temperature of
24 ± 1∘C and maintained under a normal light-dark cycle
(14:10 h; lights on at 6:00 am). Pelleted rat chow and tapwater
were available ad libitum. All protocols were approved by the
Institutional Animal Care and Use Committee of National
Cheng Kung University, Tainan, Taiwan. All experimental
procedures were conducted in compliance with the National
Institutes of Health’s “Guide for the Care and Use of Labo-
ratory Animals.” Adequate anesthetic level was maintained
to abolish the corneal re�ex and pain re�exes induced
by tail pinching throughout the course of all experiments

(approximately 8 h each) aer a single intraperitoneal dose
(1.4 g/kg) of urethane.

2.2. Experimental Groups. Animals were randomly assigned
to four groups (24 rats for each group): (a) normal rats
receiving 0.9% normal saline administration (NS), (b) nor-
mal rats receiving LPS administration (NL), (c) diabetic rats
receiving normal saline administration (SS), and (d) diabetic
rats receiving LPS administration (SL). An animal model
of type 1 diabetes, streptozotocin-(STZ-) treated rats, was
prepared by intravenously injecting rats with STZ (Sigma, St.
Louis, MO) (60mg/kg) via the femoral vein to irreversibly
destroy pancreatic 𝛽𝛽 cells aer the animals had fasted for 72 h
[13]. Rats with hyperglycemia (blood sugar >300mg/dL) and
polyuria were considered diabetic. At the 5th week aer STZ
administration, survival time, and cardiovascular parameters
were continuously monitored in animals receiving intra-
venous infusion of LPS or saline. Fresh solutions of LPS (from
Escherichia coli 0111:B4, Sigma Chemical Co.) were prepared
in phosphate buffered saline (pH 7.40) at a concentration of
10mg/mL for infusion (15mg/kg) into the femoral vein to
induce endotoxemia.

Different subgroups of animals (8 rats for each subgroup)
were used for each of the four experiments: (I) determination
of survival rate in normal and diabetic rats aer receiving
an injection of LPS or saline; (II) determination of the
change of hemodynamic parameters during endotoxemia
and lung edema at 180min aer LPS or saline injection; (III)
determination of arterial blood gas, lung protein leakage,
TNF-𝛼𝛼 level in serum and bronchoalveolar lavage, and lung
histopathology at 180min aer LPS or saline injection.

2.3. Measurement of Hemodynamic Parameters. Animals
were anesthetized with an intraperitoneal injection of ure-
thane (1.4 g/kg) and the right femoral artery was cannulated
using polyethylene catheters (PE-50). Aer cannulation,
animals were stabilized for 1 h without data collection. Mean
arterial pressure (MAP) and heart rate (HR) were recorded
using a polygraph (MP35, BIOPAC Systems Inc., Goleta, CA,
USA) every 20 minutes from the arterial tube in the femoral
artery throughout endotoxemia.

2.4. Analysis of Arterial Blood Gas. In order to determine
arterial pH, arterial partial pressure of O2 (PaO2), CO2
(PaCO2), and O2 saturation (SO2) of rats, 0.4mL of arte-
rial blood was sampled from the femoral artery 3 h aer
administration of LPS using a syringe rinsed with heparin.
Samples were analyzed by blood gas analyzer (Synthesis1725,
Diamond Diagnostics Inc., Hollinton, MA, USA).

2.5. Determination of TNF-𝛼𝛼 in Serum and in Bronchoalveolar
Lavage Fluid. For determination of TNF-𝛼𝛼 levels, venous
blood sampleswere taken from rats at 3 h aer administration
of LPS or saline. Blood samples were allowed to clot for 30
minutes at room temperature and then were centrifuged for
20 minutes (2000 g, 4∘C). e supernatants were harvested
and stored at −70∘C until measurements were taken. At the
same time, bronchoalveolar lavage samples were collected by
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𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃, compared with the SS group (one-way

ANOVA).

perfusing saline from the endotracheal tube. e concentra-
tions of TNF-𝛼𝛼 were determined using a double-antibody
sandwich ELISA (R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s instructions. e optical
density of each well was determined by microplate photome-
ters (Multiskan E�, 110�120V,ermo Fisher Scienti�c Inc.,
Waltham, MA).

2.6. Detection of Lung Vascular/Epithelial Permeability. Albu-
min content of the bronchoalveolar lavage �uid was deter-
mined to assess the damage to endothelial cells of the lung
capillaries.e lavage samples were analyzed using a Bio-Rad
protein assay system (Bio-Rad Hercules, CA) with bovine
serum albumin (BSA) as the standard. e albumin content
in the bronchoalveolar lavage �uid was calculated by dividing
the albumin by dried weight of lung to evaluate pulmonary
capillary/endothelial cell permeability.

2.7. Measurement of Lung Edema. ree hours aer admin-
istration of LPS (or saline), the entire lungs were dissected,
weighed (wet weight), and dried (at 63∘C for 48 hours). Dry
weight was also recorded. e wet/dry weight ratio of lung
tissue was calculated to evaluate lung edema.

2.8. Histopathologic Change of Lung. Rats were perfused with
saline followed by 4% paraformaldehyde buffer at 180min
aer LPS administration. Serial sections (4 𝜇𝜇m)of right upper
lobe were stained with hematoxylin and eosin for micro-
scopic evaluation.e characteristics of lung damage include
vascular congestion, hemorrhage, polymorphonuclear leuko-
cytes (PMN) in�ltration, and edematous changes of alveolar
wall [14]. Each characteristic was scored (0: normal; 1: mild;
2:moderate; 3: severe) by a pathologist and overall lung injury
was further calculated according to the sum of the score.
Moreover, the degree of leukocyte in�ltration, which was
assessed as the PMN/alveoli ratio, can stand for lung damage.

We selected 10 randomly areas at high-power �eld (HPF,
400x) of each blind sample. en alveoli and PMNs in each
area were counted and PMN/alveolus ratio was expressed by
dividing the sum of PMNs in 10 HPF �elds by that of alveoli.

2.9. Statistical Analysis. Data are expressed as mean ± S.E.M.
for each point. Statistical analysis was conducted using
analysis of variance (ANOVA) for factorial experiments, and
repeated-measures ANOVA (followed by Scheffe aer hoc
test) for comparing hemodynamic parameters.eWilcoxon
rank-sum test was used for analysis of survival time the
�aplan-Meier test for survival rates. Signi�cant differences
between groups were assumed to be present at values of 𝑃𝑃 𝑃
𝑃𝑃𝑃𝑃.

3. Results

Blood glucose in diabetic rats was substantially (approxi-
mately 5-fold) and signi�cantly (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃) higher than
that in normal rats (361 ± 9mg/dL versus 73 ± 3mg/dL).
Body weights in STZ-treated rats were signi�cantly lower
than those in controls (262 ± 10 gm versus 385 ± 9 gm, 𝑃𝑃 𝑃
𝑃𝑃𝑃𝑃) at the 5th week aer injection of STZ.

3.1. Survival Time and TNF-𝛼𝛼 Levels. Aer administration
of LPS, the survival time of STZ-treated rats was markedly
shorter than that of control rats (180.0 ± 14.6min versus
224.4 ± 17.9min, 𝑃𝑃 𝑛 𝑃𝑃𝑃𝑃𝑃). Also, the survival rate
of diabetic rats was signi�cantly lower than the rate for
control rats (Figure 1). Figure 2 shows that TNF-𝛼𝛼 levels in
serum and bronchoalveolar lavage �uid were signi�cantly
raised by administration of LPS in both normal and diabetic
rats. Actually, the TNF-𝛼𝛼 levels for normal or diabetic
rats were undetectable with saline treatment. Moreover,
the LPS-induced increases of TNF-𝛼𝛼 levels in serum and
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the NL group (repeated measures ANOVA).

bronchoalveolar lavage �uid were statistically higher in dia-
betic rats as compared with control normal rats.

3.2. Hemodynamic Alterations. e time course for changes
in cardiovascular parameters in normal and STZ-treated rats
aer the administration of saline or endotoxin is shown in
Figure 3. Mean arterial pressure was higher in diabetic rats
than that in normal rats with saline administration. Aer
LPS challenge, heart rate increased slightly and then dropped
dramatically. Moreover, heart rate andmean arterial pressure
were signi�cantly decreased in diabetic rats than those in
control ones.

3.3. Lung Injury. e ratio of wet lung weight to dry
lung weight and the albumin content in lung increased
signi�cantly aer LPS administration, and these parameters
were indistinguishable between NL and SL groups (Figure
4). Histopathologic examination of the lungs demonstrated
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F 4: e albumin content in lung and lung wet/dry weight
ratios in different groups aer LPS administration. Albumin content
in the bronchoalveolar lavage �uid was calculated as �(mg of
albumin)/(mL of lavage �uid)�/(g of dried lung weight) aer LPS
administration (15mg/kg, i.v.) in different groups. NS: normal rats
injected with saline; NL: normal rats injected with LPS; SS: STZ-
treated rats injected with saline; SL: STZ-treated rats injected with
LPS. Data are expressed as mean ± S.E.M of 8 rats per group. ∗𝑃𝑃 𝑃
𝑃𝑃𝑃𝑃, compared with the NS group;

§
𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃, compared with the

SS group (one-way ANOVA).

several changes aer 3 hours of LPS administration (Fig-
ure 5). e interstitial spaces of aveoli became thickness
with polymorphonuclear leukocytes in�ltration as well as
edematous changes of alveolar walls were showed in both
normal and diabetic groups. Quantitative analyses of his-
tology were shown in Figure 6. e lung injury score and
PMNs/alveoli ratio were signi�cantly increased in NL and SL
groups compared with that of NS and SS groups. However,
the values of lung injury score and PMNs/alveoli ratio are
indistinguishable between SL and NL group. Baseline values
for PaO2 and SaO2 for diabetic rats were signi�cantly lower
than those for control rats (Table 1). During endotoxemia,
PaCO2 diminished signi�cantly, whereas PaO2 and SaO2
were signi�cantly greater in control and diabetic rats.

4. Discussion

In the present study, we demonstrated alterations in car-
diopulmonary function in both control and type 1 diabetic
rats during systemic endotoxemia. We found higher TNF-𝛼𝛼
levels in serum and bronchoalveolar lavage �uid in diabetic
rats during systemic endotoxemia. Shorter survival times and
the hemodynamic abnormalities observed in diabetic rats
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F 5: Hematoxylin and eosin-stained sections of right upper lobe from different groups of rats taken aer 3 hours of LPS administration
(HPF, 400x). (a) Normal rats injected with saline; (b) STZ-induced diabetic rats injected with saline; (c) normal rats injected with LPS; (d)
STZ-induced diabetic rats injected with LPS. Arrows denote edematous changes of alveolar walls.

T 1: Effects of LPS administration (15mg/kg, i.v.) on arterial blood gas in normal and diabetic rats.

pH PaCO2 (mmHg) PaO2 (mmHg) SaO2 (%)
NS 7.38 ± 0.01 42.03 ± 1.08 106.95 ± 2.28 97.82 ± 0.17
NL 7.40 ± 0.02 30.66 ± 1.99a 122.09 ± 5.93a 98.77 ± 0.21a

SS 7.41 ± 0.01 41.96 ± 0.92 91.40 ± 2.64a 96.93 ± 0.37a

SL 7.43 ± 0.01 30.63 ± 1.58c 106.50 ± 3.55b,c 97.96 ± 0.23b,c

PaCO2: arterial carbon dioxide tension; PaO2: arterial oxygen pressure tension; SaO2: oxygen saturation. Data are expressed as means ± S.E.M of 8 rats per
group. aP < 0.05, compared with the NS group; bP < 0.05, compared with the NL group; cP < 0.05, compared with the SS group (one-way ANOVA).

were worse aer LPS challenge. However, the difference is
minor from normal rats.

A previous report showed a lower survival rate with a
higher TNF-𝛼𝛼 level during endotoxemia [15]. Multiple organ
injury and irreversible cardiovascular collapse are induced in
animals receiving recombinant humanTNF [16]. Conversely,
monoclonal antibodies against TNF-𝛼𝛼 and agents which
antagonize LPS-induced production of TNF-𝛼𝛼 are effective
in preventing LPS-induced lethality in vivo and in vitro [9,
17, 18]. us, TNF-𝛼𝛼 level seems to be related to survival
rate. In the present study, the �nding of a high level of TNF-
𝛼𝛼 in the serum and bronchoalveolar lavage �uid of diabetic
rats appears to be responsible for the higher mortality rate
associated with LPS treatment.

Regarding hemodynamic parameters, our data show that
the value of mean arterial pressure is higher in diabetic

rats than control rats during saline administration. ese
changes are consistent with previous studies that used the
STZ-induced diabetic model for chronic and continuous
hemodynamic measurement [19, 20]. ose studies showed
that the onset of hyperglycemia in the earliest stage of
diabetes increases mean arterial pressure. Moreover, studies
in patients with early uncomplicated type 1 diabetes also
show an increase in arterial pressure during poor glycemic
control [21, 22]. is increase is correlated with angiotensin
II, due possibly to overstimulation of the renin-angiotensin
system in response to hyperglycemia. In addition, endothelial
dysfunction, which can be seen in type 1 diabetic patients,
was found in the rat’s aorta at the 4th week aer STZ injection
[23].

Heart rate was reported to be increased in order to
compensate for the endotoxin-induced low blood pressure
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F 6: e lung injury score and PMNs/alveoli ratio in different
groups aer LPS administration. NS: normal rats injected with
saline; NL: normal rats injected with LPS; SS: STZ-treated rats
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[24], which is consistent with our results during the early
stages of endotoxemia. However, later on, the animals were
unable to compensate, and heart rate dropped dramatically.
Our data demonstrated that blood pressure drops in dia-
betic rats signi�cantly than that in normal rats aer LPS
challenge whereas the difference among LPS-treated normal
and diabetic groups was minor. e present results are in
good agreement with those of previous �ndings showing
that endotoxin administration to diabetic animals resulted in
more severe cardiovascular dysfunction than in nondiabetic
animals [25].

High levels of TNF-𝛼𝛼 were found in serum and lung in
rats with endotoxemia, and more albumin was present in
endotoxemic lungs than in control ones [26]. Yoshinari et
al. found numerous polymorphonuclear cells in thickened
alveolar interstitial tissue during endotoxemia [27]. e
TNF-𝛼𝛼 released by polymorphonuclear cells damages the
pulmonary vessels and increases alveolar-vessel permeability
which causes lung protein leakage. erefore, the lung injury
is associated with elevated cytokines. Some evidence has
shown that albumin content in the bronchoalveolar lavage
�uid increases signi�cantly, and lung compliance is reduced
aer endotoxin treatment [28]. In this study, we showed
that diabetic rats have signi�cantly higher TNF-𝛼𝛼 levels
in lavage �uid from the lungs, but not greater albumin
content and lung edema during endotoxemia. Rojas et al.

have shown that TNF-𝛼𝛼 and lung edema have different
time courses during endotoxemia [29]. Aer 6 hours of LPS
administration, increased TNF-𝛼𝛼 brings about lung injury.
e TNF-𝛼𝛼 content was signi�cantly higher at 24 h than at
6 h aer LPS injection. However, the degree of lung edema
was lower at 24 h than at 6 h. ere seemed to be a TNF-𝛼𝛼
threshold for causing lung injury and another, much higher,
threshold for inducing more serious damage. In contrast,
previous studies showed that diabetes may be associated
with a lower-than-average risk of acute lung injury aer
intratracheal instillation of LPS [30], and the concentrations
of TNF-𝛼𝛼 in the bronchoalveolar lavage �uid of intratracheal
LPS-treated diabetic rats were markedly reduced [2]. It is
possible that intratracheal instillation of LPS and intravenous
LPS administration cause different pulmonary responses
in diabetic rats. In addition, the response to LPS may be
different between STZ-induced and alloxan-induced diabetic
rats.

e present results show that PaCO2 decreases and
PaO2 increases signi�cantly during endotoxemia. A previous
study showed that endotoxemia causes large changes in
the respiratory system [31]. Endotoxin upregulates reactive
oxygen species, TNF-𝛼𝛼, and many other mediators. ese
are harmful mediators and are associated with respiratory
muscular dysfunction [32]. Increases in vasodilators and
vasoconstrictors that are induced by endotoxemia cause ves-
sel dysfunction and redistribute blood �ow. e insu�cient
blood �ow for several organs slows down metabolic rate and
decreases oxygen consumption. As a result, the generation of
CO2 decreases [33, 34].

ere are some limitations to our study. e higher
mortality rate of STZ-treated rats may correlate with higher
levels of TNF-𝛼𝛼 aer LPS administration, but the mecha-
nisms underlying the differences in survival rate between
diabetic rats and nondiabetic rats are still unclear. To explore
whether TNF-𝛼𝛼 plays a critical role during endotoxemia in
diabetic rats, it will be necessary to study in vivo blockade
of TNF-𝛼𝛼. Moreover, it is important to determine whether
glycemic normalization in diabetic rats can reduce TNF-𝛼𝛼
levels and improve survival aer LPS injection. Also, further
studies will be necessary to determine the responses of
other in�ammatorymediators �e.g., nitric oxide,Macrophage
in�ammatory protein-1𝛼𝛼, etc.) during endotoxemia.

In conclusion, the difference of cardiopulmonary dys-
function between normal and STZ-induced diabetic rats was
minor whereas the TNF-𝛼𝛼 levels in serum and bronchoalveo-
lar lavage �uid were increased more markedly in diabetic rats
receiving an LPS challenge.

Abbreviations

HPF: High-power �eld
HR: Heart rate
LPS: Lipopolysaccharide
MAP: Mean arterial pressure
NL: Normal rats injected with LPS
NS: Normal rats injected with saline
SL: STZ-induced diabetic rats injected with LPS
SS: STZ-induced diabetic rats injected with saline
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Due to current improvements in techniques for islet isolation and transplantation and protocols for immunosuppressants, islet
transplantation has become an effective treatment for severe diabetes patients. Many diabetic animal models have contributed to
such improvements. In this paper, we focus on 3 types of models with different mechanisms for inducing diabetes mellitus (DM):
models induced by drugs including streptozotocin (STZ), pancreatomized models, and spontaneous models due to autoimmunity.
STZ-induced diabetes is one of the most commonly used experimental diabetic models and is employed using many specimens
including rodents, pigs or monkeys. The management of STZ models is well established for islet studies. Pancreatomized models
reveal different aspects compared to STZ-induced models in terms of loss of function in the increase and decrease of blood
glucose and therefore are useful for evaluating the condition in total pancreatomized patients. Spontaneous models are useful
for preclinical studies including the assessment of immunosuppressants because such models involve the same mechanisms as
type 1 DM in the clinical setting. In conclusion, islet researchers should select suitable diabetic animal models according to the aim
of the study.

1. Introduction

Islet transplantation is a cell replacement therapy for severe
diabetes mellitus (DM), including type 1 DM, that has a long
history. In 1967, Lacy and Kostianovsky established a method
for isolating islets from rat pancreas using collagenase
[1]. Their group also first succeeded in islet intraportal
transplantation and reversed diabetes in a rat model [2].
In the clinical setting, the first successful trial of human
islet allotransplantation was performed at the University of
Pittsburgh in 1990, and five patients achieved an insulin-
free condition after islet transplantation [3]. Shapiro and
colleagues could significantly improve the outcome of islet
transplantation using the “Edmonton Protocol” based on
multiple transplantations with a steroid-free immunosup-
pressive regimen in 2000 [4]. Recent data of clinical islet
transplantation revealed that 50% of the patients achieved
insulin independence for 5 years [5]. This represents great
progress since the rate of being insulin-free was only 10% in

the late 1990s [6]. Many studies have been done to improve
the success of islet transplantation and will continue to be
done in the future.

Animal models of DM have contributed much to islet
research and to evaluations of isolated human islets for
clinical islet transplantation. Good control of blood glucose
is the major goal in islet research. Assessments of drugs
for improving islet function and immunosuppressants for
protecting transplanted islets from the immune system are
good examples of progress toward this goal. We introduce
some animal models of DM in this paper, and clarify why and
how the models should be used, based on our experience and
publications by others.

2. Animal Models of DM for Islet Research

2.1. History of Animal Models of DM. Animal experiments
have a long history in the field of diabetic research, including



2 Experimental Diabetes Research

islet research. Animal models of DM are classified as sponta-
neous or secondary (drug-induced, pancreatectomized, and
biomolecular method). The earliest animal model of DM was
a pancreatomized dog that was used to evaluate the intestine
function in the 1880s, and many pancreatomized animal
models (rabbit and dog) have been used for diabetic studies
including the purification of insulin [7].

While the pancreatomized model was established
approximately 100 years ago, drug-induced models also have
a long history. Alloxan is a pyrimidine derivative that was
synthesized by Wöhler in 1838 [8], and it was considered
a representative drug for diabetes by inducing necrosis of
the endocrine beta cells in 1940s [9, 10]. The first report of
streptozotocin (STZ: N-nitroso derivative of glucosamine), a
most convenient drug for inducing diabetes, was published
in 1963 [11]. STZ was used as chemotherapeutic agent for
cancer based on its inhibition of DNA synthesis and, like
alloxan, has been used for making animal models of DM
[12].

Spontaneous diabetic animal models were first described
in the 1970s. A nonobese diabetic (NOD) mouse, known
as a type 1 DM model, was established by Makino’s group
from female mice derived from a JcI-ICR strain that devel-
oped cataracts [13]. The biobreeding (BB) rat, which was
established by the Bio Breeding Laboratory and described in
1974 [14], is also an animal model of type 1 DM. Islets of
these models suffered from autoimmune attack by T cells, B
cells, macrophages, and natural killer cells, inducing insulitis
and finally leading to islet loss [15–19]. This mechanism
reflects the onset of type 1 DM, and these models have been
utilized for many studies about this disease. Drug-induced
diabetic models are similar to spontaneous type 1 DM
models in terms of the loss of islets and deficiency of internal
insulin, but the mechanism is different: the involvement of
autoimmunity is a feature of the latter type.

On the other hand, there are many animal models of
type 2 DM including ob/ob mice in 1949 [20], db/db mice
in 1974 [21], fa/fa (Zunkar) rats in 1989 [22], Goto-Kakizaki
rats in 1976 [23], and Otsuka Long-Evans Tokushima fatty
(OLETF) rats in 1992 [24]. Many of them are animal
models of obesity, and they contribute to clarifying the
correlationship between obesity and type 2 DM. ob/ob mice
and fa/fa rats have hyperinsulinemia with insulin resistance
when they gain weight [7], reflecting the condition of obesity
in human. Recently, it was clarified that a deficiency of or
resistance to leptin, a 16 kDa protein hormone that plays a
key role in regulating energy intake and energy expenditure,
caused the development of obesity in ob/ob mice (this is a
model of ob gene deficient) [25], fa/fa rats, and db/db mice
(which are leptin-resistant models due to a mutation of the
leptin receptor) [26, 27].

Transgenic animal models have been used in diabetic
research since the 1990s, and such models have revealed
the roles of many genes that are related to DM including
type 1 and 2 DM. Insulin receptor gene knockout mice have
severe hyperglycemia and neonatal death by ketoacidosis
[28]. Moreover, insulin receptor substrate (IRS), which is
known to be an important ligand in the insulin response,
has a different function according to the type of animal. For

example, IRS1 gene knockout mice have mild insulin resis-
tance with normoglycemia [29], while IRS2 gene knockout
mice suffer from severe hyperglycemia with insulin resistance
and reduction of the β cell mass [30, 31]. These findings
make understandable the fact that some type 2 DM patients
have normoglycemia or mild hyperglycemia, while others
have severe hyperglycemia.

Many animal models of DM have been developed and are
chosen depending on the purpose of the study (Table 1). In
islet transplantation research, STZ-induced diabetic animals
are mainly used, while spontaneous and pancreatomized
models are also available.

2.2. STZ-Induced Diabetic Model for Islet Transplantation

2.2.1. Background. STZ, a white powder with a molecular
weight of 265.221 g/moL, is a glucosamine-nitrosourea com-
pound. STZ causes toxicity to cells by impairing DNA and
by other mechanisms. One is the activation of poly-ADP
ribosylation, which is likely more important for the induc-
tion of DM than the DNA damage [32]. STZ is similar to
glucose insofar as it is transported into β cells by the glucose
transport protein GLUT2, but is not recognized by the other
glucose transporters. Thus, β cells have relatively high levels
of GLUT2 [33, 34]. This explains the specific toxicity of STZ
for β cells. In the early 1970s, Lacy and his collaborators first
performed experimental islet transplantation to rats with
STZ-induced DM [35, 36]. STZ was applied not only to rats
but also many other kinds of mammals including mouse
[37], monkey [38], and dog [39]. Since then, STZ-induced
diabetic models have been available for islet research.

2.2.2. Dose and Method of Inducing DM. The dose of STZ is
varied according to the animal species and strain (Table 2)
[40–87]. For example, mice required higher doses of STZ
for inducing DM compared with other animals. While in
ICR mice DM can be induced with comparatively lower
doses (90–150 mg/kg), C57BL/6 mice need approximately
200 mg/kg dose of STZ [40, 42–48]. Immunodeficient mice
tend to need less dose of STZ than other wild-type strains.
For example, NOD-SCID mice are induced DM with 120–
140 mg/kg dose of STZ [88–90]. STZ injection is done
with two methods: a single injection and low dose multiple
injection. Continuous low dose injection has been used in
many studies, especially these employing rodents [49–57].
The merit of single injection is its convenience (only 1
injection), but the diabetic model induced by this method
is unstable in terms of the diabetic condition, and sudden
death is caused in approximately 10%–20% of the animals
due to the elevation of blood glucose and the toxicity of
STZ. On the other hand, the low dose multiple injection
method can achieve hyperglycemia with no or few dead cases
[91]. It is considered that the low dose multiple injection
model is superior to single injection model in terms of
safety. Intraperitoneal (i.p.) injection tends to be employed
for rodents while intravenous (i.v.) injection used for larger
animals, because i.p. is easier than i.v. in rodents while i.v.
has the merit of direct injection of STZ without loss of STZ
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Table 1: Animal models of DM.

Characters Name Species

Type 1 DM

Spontaneous model
NOD Mouse

BB Rat

Type 2 DM

ob/ob Mouse

db/db Mouse

Obesity model fa/fa Rat

Goto Kakizaki Rat

OLETF Rat

Type 1 and 2 DM

Drug-induced model
Alloxan ∗

STZ ∗

Pancreatic DM

Pancreatomized model Pancreatectomy ∗∗

Others

Insulin knockout Mouse

Transgenic animal model IRS1 knockout Mouse

IRS2 knockout Mouse
∗All experimental animals are available.
∗∗All experimental animals are available but larger animals tend to be used.

in comparison with i.p. Therefore i.v. injection can induce
diabetes at a lower dose of i.p. because more time is required
to absorb STZ with i.p., and some of the STZ is inactivated
before absorption. The dose of STZ for i.v. is approximately
90% of that for i.p. in previous publications (Table 1). Citrate
buffer at pH 4.5 has been used as a solvent in many studies
because STZ remains stable at low pH (Table 2), but there
is no problem with using normal saline if STZ is used
immediately after dissolving.

2.2.3. Our Method of DM Induction Using STZ and Discussion
of STZ-Induced DM Model for Islet Transplantation. STZ
(Sigma-Aldrich Co. LLC., St. Louis, MO, USA) must be
stored in a freezer (under −20◦C condition) because of
its instability. To prevent inactivation, we divide 20 mg of
STZ into 1.5 mL centrifuge tubes before using. Some of the
divided STZ (3-4 mice per tube), 1 mL syringe with 29-
gauge needle, an ice box with crushed ice, the solvent (citrate
buffer solution, 0.09 M, pH4.8 (Sigma-Aldrich) or normal
saline), and 18-gauge needles are prepared for the treatment
(Figure 1(a)). The STZ tubes should be placed on ice until
dissolution. At first, the mice are marked on the tail and
measured for body weight, and then the final volume of STZ
solution is decided. We induce DM with STZ at 200 mg/kg
body weight. 20 mg of STZ is dissolved with 1 mL of solvent
(the concentration is 20 mg/mL). We crushed the larger
clusters of STZ with a 18-gauge needle and then dissolved
it by shaking gently (Figures 1(b)–1(e)). To induce DM for a
mouse with 20 g of body weight, for example, 200 μL of STZ
solution is necessary. STZ solution should be used as soon
as possible after dissolving, because the diabetogenic activity
of STZ is decreased in the solvent [92]. Injection should be

done within 10 minutes after the dissolution. In the case
of i.p., the STZ solution is injected via the lower abdomen
with care taken to prevent organ injury (Figure 1(f)). In the
case of i.v., STZ solution is injected via a tail vein. Tail veins
are located at the dorsal and left and right sides of the tail.
After dilating the tail vein by warming, the 29-gauge needle is
inserted in the upper 1/2∼1/3 of the tail and the STZ solution
is injected slowly (Figures 2(a) and 2(b)). After finishing the
injection, the needle is removed while pressing part of the
puncture with thumb to prevent leakage of the STZ solution
(Figure 2(c)). After the injection of STZ, we check blood
glucose every day, and mice with over 350 mg/dL of blood
glucose at two consecutive measurements are considered DM
mice suitable for islet transplantation. Our data revealed that
the effect of 160 mg/kg of STZ injection via i.v. was equal to
that of 200 mg/kg of STZ injection via i.p. in blood glucose
level (Figure 3). The rates of achieving hyperglycemia (over
350 mg/dL) in BALB/c mice were 58.8% (33.3%–70%, n =
36) by i.p. method and 81.8% (80%–83.3%, n = 22) by
i.v. method. In our opinion, diabetic models for islet trans-
plantation studies should have severe hyperglycemia because
mice with mild hyperglycemia (under 300 mg/dL) can show
normoglycemia depending on the measurement time, and
it can be difficult to determine whether the normoglycemia
is due to the original pancreatic endocrine function of the
recipient mice or due to the islet transplantation. Fasting
is not necessary, but the measurements for blood glucose
should be done at the same time to prevent the influence of
ingestion. We measure the blood glucose from 6 to 10 AM.
The afternoon is excluded because the blood glucose in the
afternoon tends to be higher than in the morning. We defined
normoglycemia as under 200 mg/dL blood glucose because
it is the upper range of blood glucose in normal (untreated)
mice.

2.3. Pancreatomized Diabetic Model for Islet Transplantation.
Pancreatomized animals are one of the oldest models for
DM. This model was considered to be and used as a type
1 DM model because of the elimination of the pancreatic
β cells. The difference between this model and type 1 DM
is the stability of the blood glucose: the type 1 DM model
has a deficiency of insulin release but preservation of other
hormonal functions that act to increase the blood glucose
(i.e., glucagon). Pancreatomized diabetic animals have been
used as islet autotransplantation models. Minnesota group
performed pancreatectomy and islet autotransplantation in
pigs in 1976 [93]. This group also performed islet auto-
transplantation of pancreatomized dogs and succeeded in
achieving normoglycemia at the same time [39]. After their
success, many experimental models of total pancreatectomy
with islet autotransplantation using dogs were published
in the 1970s and proved the effectiveness of the treatment
[94–96]. These findings contributed to clinical trials of total
pancreatectomy with islet autotransplantation for chronic
pancreatitis [97]. Large pancreatomized animal models have
also been used for the evaluation of cryopreserved islets
[98–101] and optimal transplant sites [102–107]. Large
pancreatomized diabetic animal models have been used
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Table 2: Dose of STZ.

Animal species Animal strains
Dose of STZ

(mg/kg body weight)
Time of
injection

Solvent
Method of
injection

References

ICR
90–150 1

Citrate buffer,
pH 4.5

i.p [40, 43, 45, 48]

70 3
Citrate buffer,

pH 4.5
i.p [58]

130–225 1
Citrate buffer,

pH 4.5
i.p [42, 44, 46, 47]

Mice C57BL/6 75–100 3 i.v [59, 60]

40–65 5
Citrate buffer,

pH 4.5
i.p [49–54]

BALB/c
150 1

Citrate buffer,
pH 4.5

i.p [61]

50 5 i.p [62]

60–85 1
Citrate buffer,

pH 4.5
i.p [60, 63–65]

Sprague-Dawley 55–60 1 i.v [66, 67]

50 6
Citrate buffer,

pH 4.5
i.v [68]

Rat 50–70 1
Citrate buffer,

pH 4.5 or
Normal saline

i.p [69–74]

Wistar 40 5
Citrate buffer,

pH 4.5
i.p [75]

50–65 1
Citrate buffer,

pH 4.5
i.v [55–57]

Dog Beagle 30–50 1 i.v [76–78]

Velvet Monkey Chlorocebus aethiops 45–55 1 Normal saline i.v [79, 80]

Cynomolgus Monkey Macaca fascicularis 68–150 1
Citrate buffer,

pH 4.5
i.v [41, 81, 82]

Yucatan 125 1 i.v [83]

Yorkshire 50 1
Citrate buffer,

pH 4.5
i.v [84]

Pig Landrace 125 1 i.v [85]

Dutch Landrace X
Yorkshire X

Finnish Landrace
120 1 i.v [86]

domestic 90 1 Normal saline i.v [87]

not only for islet autotransplantation studies but also for
allotransplant studies. Many groups examined the usefulness
of immunosuppressants including cyclosporine using islet
allotransplanted dog [108–110] and pig models [111].
Pancreatomized diabetic large animals were also used for
studies about bioartificial pancreas (i.e., islet encapsulation
technology using high molecular compound to prevent from
immune attack) in allo- and xenotransplantation [112–
118]. Large pancreatomized animal models for islet trans-
plantation, including pig, dog, and monkey, are considered
preclinical models and tend to be selected for evaluating
some treatments in the clinical setting.

One of the recent uses of pancreatomized models is to
assess β cell regeneration after pancreatectomy. Pancreatec-
tomy over 70% induces some pancreatic regeneration-related
factors like pancreatic and duodenal homeobox 1 (PDX1)

and neurogenin-3 (Ngn3), which contribute to the regener-
ation of β cells in rodent models [119–121]. Recently, Jung
and colleagues revealed that the regeneration of β cells could
be detected in the remnant pancreas of BALB/c mice with
70% pancreatectomy, and the effect of regeneration was more
prominent in pancreatomized mice with islet autotransplan-
tation [122]. It is interesting that islet masses in remnant
pancreas were increased with greater expression of Ngn3
and BrdU (a proliferation marker) and lower expression
of TUNEL (an apoptosis marker) in pancreatomized mice
with islet autotransplantation compared to pancreatomized
mice without transplantation. They concluded that insulin
released from transplanted islets has a role in the induction
of islet proliferation and antiapoptotic effects on remnant
islets. Pancreatomized animal is an old diabetic model, but
is still important and useful for preclinical trials on islets
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(a) (b) (c)

(d) (e) (f)

Figure 1: STZ injection via intraperitoneum. (a) Preparation. 1.5 mL centrifuge tube with STZ, 29-gauge needle, 1 mL syringe, ice box with
crushed ice, citrate buffer solution, and an 18-gauge needle are used. (b)–(e) Dissolving STZ. (b) Citrate buffer solution is poured into STZ.
(c) Crushing the larger clusters of STZ with an 18-gauge needle. (d) and (e) Dissolving by shaking gently. (f) STZ solution is injected via the
lower abdomen with care not to injure organs.

transplantation and for understanding the mechanism of
DM, including islet regeneration.

2.4. Spontaneous Type 1 Diabetic Models for Islet Transplanta-
tion. Spontaneous type 1 diabetic animals are useful models
to understand the mechanism of type 1 DM because this
model has autoimmunity, which causes islet injury like that
found in type 1 DM patients. In general, it is difficult to study
this disease in human and also difficult to analyze the find-
ings in patients who received islet transplantation because
of ethical considerations [123]. This is also a reliable model
for analyzing the induction of transplantation tolerance
[124] and the special problems of tolerance induction by
autoimmunity [125]. The represented spontaneous diabetic
models are BB rat and NOD mouse.

The mechanism of inducing DM in NOD mice is
insulitis, which is inducted at 4 to 5 weeks after birth,
and results in approximately 90% of females and 60% of
males developing DM when they are 7 months old [123].
The autoimmunity of NOD mice is characterized by many
abnormalities in the immune system including defects in
regulatory T cells, which also appears in human in type 1
DM [123]. Regulatory T cells have a role of maintaining
immune tolerance. Thus, it is considered that a defect in
regulatory T cells causes them to be resistant to tolerance
in islet transplantation [126]. As a model of type 1 DM,
NOD mice have been used for the assessments of many
immunosuppressants.

The first successful regime of immunosuppressants
for islet transplantation was a combination of an anti-
interleukin (IL)-2 monoclonal antibody daclizumab for the
induction, the calcineurin inhibitor tacrolimus, and the
mammalian target of rapamycin (mTOR) inhibitor sirolimus
for the maintenance referred to as the Edmonton protocol
in 2000 [4]. The utility of the regime was proved by the
Miami group with an animal study using NOD mice [127].
This group performed islet allotransplantation using diabetic
NOD mice and confirmed that a combination of tacrolimus
and sirolimus could prolong the graft survival (over 100 days
in 28.6% of recipient mice) and a combination of the three
agents could achieve even better graft survival (over 100 days
in 75%). The Minnesota group examined the effectiveness
of antithymocyte globulin (ATG) and the antitumor necrosis
factor (TNF)-α receptor inhibitor etanercept for the induc-
tion as a novel regime for single donor transplantation and
achieved 62.5% insulin-free in 1 year after transplantation
[128]. Recently, they assessed a novel immunosuppressant
regime using FcR nonbinding anti-CD3 antibody or T cell-
depleting antibodies and a TNF-α inhibitor by comparing
the recipients enrolled in the Collaborative Islet Transplant
Registry and revealed that the combination could result in an
insulin-free rate of 5 years (approximately 50%) [129]. These
novel immunosuppressants were also evaluated using NOD
mice by many groups. Vergani and colleagues compared
between treatment of ATG and cytotoxic T-lymphocyte
antigen 4 and antibodies (CTLA4-Ig) and no immunosup-
pressants in the transplantation of BALB/c mice islets to
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(a)

(b)

(c)

Figure 2: STZ intravenous injection. (a) Dilating tail vein by
warming (using light in this case). (b) Injecting solution via the
tail vein. A 29-gauge needle is inserted at the upper 1/2∼1/3 of the
tail. STZ solution is injected slowly. (c) After finishing injection, the
needle is removed while pressing a part of puncture with the thumb
to prevent leakage of the STZ solution.

NOD mice and revealed prolonged graft survival [130]. Anti-
CD 3 monoclonal antibody has been shown to be effective
in suppressing autoimmunity. Baeke and colleagues revealed
that a combination of anti-CD3 monoclonal antibody,
ciclosporin A, and vitamin D prolonged the graft survival in
islet allotransplanted diabetic NOD mice by reducing CD4+
T cells and increasing FOXP3+CD4+ regulatory T cells [131].
Additionally, Mamchak and colleagues proved that anti-
CD3 monoclonal antibody treatment with oral insulin intake
improved the blood glucose level of diabetic NOD mice by
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Figure 3: Blood glucose levels after STZ injection in BALB/c mice.
The effect of 160 mg/kg of STZ injection via i.v. was equally to that
of 200 mg/kg of STZ injection via i.p. in blood glucose level.

increasing regulatory T cells and decreasing CD4 + CD25+ T
cells, indicating a suppression of autoimmunity [132].

To succeed in clinical islet transplantation, it is necessary
to control both allo- and autoimmunity. NOD mice are
suitable for evaluating the influences of both types of
immunity in islet transplantation.

3. Conclusion

In summary, many diabetic animal models have been
used for assessing the effects of therapeutic interventions
on the outcome of islet transplantation. All the animals
that we mentioned were models with a deficiency in islet
function, but the mechanisms by which they induce DM are
significantly different, and, thus, it is important to select the
model according to the aim of the study.
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Obesity has been considered one of the leading causative agents for diseases such as type 2 diabetes, stroke, and heart attack. Due
to their complex etiology, establishing auseful animal model is increasingly crucial for better molecular understanding of how
obesity influences on disease development. OLETF rat is a spontaneous model of type 2 diabetes. We mapped 14 hyperglycemia
QTLs in the genome of the OLETF rat and subsequently generated a panel of congenic strains each possessing OB-R mutation
in F344 genetic background. Here we show that one of the loci, Nidd2/of, is highly responsive to obesity. When leptin receptor
mutation is introgressed into the Nidd2/of congenic strain, the rat showed hyperglycemia equivalent to that of the parental
OLETF rat. This suggests that the Nidd2/of locus has a strong genetic interaction with leptin signaling pathway. Furthermore,
when another hyperglycemia QTL Nidd1/of is additionally combined, the strain developed overt diabetes. A single QTL dissected
out in spontaneous model normally exerts only mild effect on the quantitative trait, which makes it difficult to clone the gene. Our
new model may help not only to identify the causative gene but also to investigate how obesity interacts with a QTL to regulate
diabetic traits.

1. Introduction

Diabetes is a major global public health burden in recent
years. The worldwide growth of the patient populations of
type 2 diabetes (T2D) is on the sharp rise and the number
is predicted to double by 2030 [1, 2]. Consequently, there
has been an increasing demand of mechanistic and drug
development research on the disease. Like other common
diseases, type 2 diabetes is polygenic and results from
a complex interplay among multiple heritable as well as
environmental components [3].

In humans genome-wide association study (GWAS)
represents the most widely explored approach for genetic
analysis of multifactorial common diseases including T2D
[4]. However, genetic heterogeneity and enormous variations

in exposure levels to environmental factors make it difficult
to identify type 2 diabetes susceptibility loci in humans.
Yet recent advancements of high performance sequencing
and gene expression technologies have allowed to search for
the common forms of the genetic variants which underlie
“common” type 2 diabetes or obesity in human [5–7]. In
spite of these efforts, there have been only a few examples in
which diabetic genes have been confirmed using transgenic
studies [8].

Therefore, from the prospective of complementation of
the human study, it is highly crucial to approach the issue
by taking advantage of appropriate experimental models
[9, 10]. The OLETF rat is a widely studied spontaneous
diabetes model with characteristics such as late onset (after
18 weeks of age) of hyperglycemia, mild obesity, and
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polygenic nature of the phenotypes [11]. Traditional genetic
analyses in the OLETF have been based on mapping QTL
using microsatellite markers, followed by genetic isolation of
QTL in congenic strains [12–14]. Although the molecular
characterization of the loci are yet to come, the careful
characterization of the congenic rats have provided some
useful insight into the potential mechanisms in which the
causative mutations operate [15–17]. For example, it was
shown that one of the hyperglycemic QTL identified in
our study, Nidd2/of, not only causes hyperglycemia but also
increases adiposity, suggesting that the QTL may make the
strain more susceptible to obesity [15]. In order to address
how the diabetic effect of Nidd2/of is influenced by the
presence of severe obese condition, we combined Nidd2/of
locus and leptin receptor mutation that is derived from
the Zucker Fatty rat [18]. Furthermore, because it was also
demonstrated that there is an epistatic interaction between
Nidd2/of and Nidd1/of, another major hyperglycemic QTL in
the genome of the OLETF rat, we set out further to examine
the genetic interaction in the presence of leptin receptor
mutation.

2. Materials and Methods

2.1. Rat Strains and Animal Procedures. All rats were kept
under specific pathogen-free condition. The temperature
(21± 2◦C), humidity (55± 10%), and air conditioning were
all controlled. Rats had free access to tap water and standard
laboratory chow (MF; Orietnal Yeast CO., Tokyo, Japan)
and were maintained at a 12-h light and dark cycle (7 am/7
pm). Animal procedures used in this study were approved
by the University of Tokushima Animal Experimentation
Committee.

2.2. Congenic Strain Breeding. Congenic animals were con-
structed by the speed congenic method [14, 19]. First of
all, leptin-receptor (OB-R) mutation which is derived from
Zucker Fatty rats was introduced into the Fischer-344 rat
(F344/Crj) background [18, 20]. The leptin receptor is
mapped to q33 on the chromosome 5. The Zucker Fatty
rat (Zucker/Slc) was obtained from Japan SLC, Inc. (Hama-
matsu, Japan). Male Zucker Fatty and female F344 rats were
crossed to yield F1 progeny. Subsequently, five generations
of back-cross matings were made between male progenies
and female F344 rats. At each generation, microsatellite-
based genotyping was performed to select the best male
that harbored OB-R mutation and the largest F344 recipient
genome segment in the remaining genome region. Because
homozygotes for OB-R mutation is sterile, the heterozygotes
animals are selected every generation in order to maintain
the strain. The strain was named F.ZF-lepr. Other congenic
strains were named similarly.

Once the congenic strain possessing OB-R mutation in
the F344 background was established, F.ZF-lepr was crossed
with F.O-Nidd1/of, F.O-Nidd2/of, F.O-Nidd1&2/of in order
to generate corresponding double or triple congenic strains
[14]. Chromosomal regions for Nidd1/of and Nidd2/of are
approximately 26.6 cM defined by D7Mgh16 and D7Mgh20

on chromosome 7 and 29.5 cM defined by D14Rat23 and
D14Rat12 on chromosome 14, respectively. The congenic
rat that introgressed Nidd1/of and OB-R was named,
F.ZF/O-lepr, Nidd1/of. Other congenic strains were named
accordingly.

2.3. Genotyping. DNA isolation and polymerase chain reac-
tion (PCR) amplification of microsatellite markers were
performed as described previously [13]. The primers for
microsatellite markers were purchased from Invitrogen
(Carlsbad, CA). For identification of OB-R mutation, follow-
ing primers were used [20].

2.4. OGTT Analysis. Oral glucose tolerance test (OGTT)
were performed essentially the same way as described
previously [13]. Briefly, male rats of 15 weeks of age were
fasted overnight; blood glucose levels were measured with
ADVANTAGE II (Roche) at 0, 30, 60, 90, and 120 min
after oral administration of 2.0 g glucose (in a 2.8 M
glucose solution) per kilogram of body weight. The serum
immunoreactive insulin levels were determined at fasting
with an ELISA for mouse/rat insulin (Morinaga, Japan). The
serum levels of total cholesterol, triglycerides, non-esterified
fatty acids were determined with reagents from Wako, Japan.
Serum leptin and adiponectin were measured with ELISA
kits of Morinaga (Japan) and Otsuka (Japan), respectively.
One week after OGTT, fat tissues were dissected and weighed
for mesenteric, retroperitoneal, and epididymal fat pad [21].

2.5. Statistical Analysis. All values are expressed as means
± SE unless stated otherwise. The statistical significance of
differences was evaluated using ANOVA with a posthoc test,
Scheffe’s test (StatView, SAS Institute, INc.) for comparing all
traits among the congenic strains.

3. Results

Double congenic strain showed significantly elevated glucose
levels.

Since hyperglycemic QTLs were identified by intercross
between OLETF and F344 rats, subsequent congenic strains
were constructed by introgressing OLETF-derived QTL into
F344 background [14]. Therefore, first we aimed to construct
congenic strain that possesses Zucker Fatty-derived leptin
receptor mutation in the background of F344 rats [18]. The
resultant strain, F.ZF-lepr, showed mild hyperglycemia at 15
weeks of age (Figure 1). There were no significant difference
in the glucose levels between the F.ZF-lepr and prediabetic
young OLETF rat, suggesting that in the normoglycemic
F344 genetic background a single mutation in the leptin
receptor is not quite sufficient to develop overt diabetic
phenotypes. The result is also consistent with the fact that
Zucker Fatty (ZF), unlike the Zucker Diabetic Fatty (ZDF)
rat, is relatively normal for the glucose metabolism [22].
Thus, without additional genetic modifications, the defected
leptin signaling alone at least by this mutant allele in this
genetic background is unable to cause pronounced diabetes
phenotype particularly at the young age. In contrast, when
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Figure 1: Effects of oral glucose injection on plasma glucose of
the congenic strains. Glucose tolerance in 15-week-old rats of the
congenic strains F.Z-lepr (circles), F.Z/O-lepr, Nidd1/of (triangles),
F.Z/O-lepr, Nidd2/of (squares), OLETF rats (crosses), and F344
(filled squares). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 versus F.Z-
lepr.

Nidd2/of locus was added to the F.ZF-lepr, the glucose
levels elevated significantly to higher than that of the
F.ZF-lepr rat (Figure 1). Because the single congenic rat
possessing only Nidd2/of locus in the genome of F344 rat
showed significant yet mild hyperglycemia [14, 17], this
result indicates that the effect of Nidd2/of is amplified by
obesity and/or the deregulation of leptin signaling. This
epistatic relation between the Nidd2/of and lepr is unique,
because when Nidd1/of, another major hyperglycemic QTL
and leptin mutation were combined, the glucose levels mildly
increased but did not achieve statistical significance.

Next we tested the epistatic interaction between Nidd1/of
and Nidd2/of when the leptin signaling is severely impaired
[17]. We found that most of the rats tested on the OGTT
analysis died apparently due to hyperglycemic shock, indi-
cating that the triple congenic rat is even more severely
diabetic. Consistent with this, the triple-congenic rat showed
extremely high glucose levels in the fast condition (Table 1).
Given that Nidd1/of locus alone did not exert any hyper-
glycemic effect, the result implies that there is a strong genetic
interaction between Nidd2/of and Nidd1/of loci.

Lipid metabolisms are highly deregulated in the congenic
strain.

In order to gain further insight, we compared various
biochemical parameters for the fasting state (Table 1).
As expected, the body weight of the F.ZF-lepr is signif-
icantly increased from the F344. However, both F.ZF/O-
lepr, Nidd2/of and F.ZF/O-lepr, Nidd1&2/of showed rather
decreased body weight in comparison to the F.ZF-lepr or
F.ZF/O-lepr, Nidd1/of. Diabetic patients lose weight as the
disease progresses. We think this is what is reflected in
the body weight of the congenic rat possessing Nidd2/of
locus. Accordingly fat weights of F.ZF/O-lepr, Nidd2/of and
F.ZF/O-lepr, Nidd1&2/of also decreased compared with

F.ZF-lepr or F.ZF/O-lepr, Nidd1/of, suggesting again the
critical diabetic condition in these strains.

Total cholesterol and non-esterified fatty acids were
increased in the F.ZF/O-lepr, Nidd1/of rat. Although the
statistical significance was not detected, triglycerides levels
were also found elevated. However, the other more diabetic
strains did not show any difference in these parameters in
comparison to the F.ZF-lepr, which is again likely due to the
significant fat loss. Given that the F.ZF/O-lepr, Nidd1/of was
not as hyperglycemic, the high in the lipid contents in the
plasma may reflect the prediabetic condition of this strain.

Insulin levels are sharply raised in the rat with lepr
mutation. This is presumably due to the null condition of the
leptin signaling [18]. It is interesting that the addition of the
Nidd QTLs tended to further aggravate the insulin resistance,
indicating that consistent with our previous report, Nidd
locus influences negative impact on the insulin action [17].

4. Discussion

In this study we showed that the single QTL, namely
Nidd2/of, is sufficient to induce severe hyperglycemia if
the leptin signaling is simultaneously suppressed. It is
important that as demonstrated previously, the Nidd2/of
by itself showed only mild hyperglycemia just like other
hyperglycemic QTLs [14]. This implies that there are some
strong genetic interactions between the components of leptin
signaling and/or resultant obese physiology and causative
genes mapped to the QTL.

In mouse as well, whether single loss-of-function muta-
tion in either leptin or its receptor develops severe diabetes
depends on the genetic background. For example, BTBR
T(+) (BTBR) mouse develops overt diabetic symptoms
whereas C57BL/6(B6) strain shows only mild hyperglycemia
using the Lepob mutation as a stressor [23, 24]. Similarly
the Zucker Diabetic Fatty (ZDF) rat, the special subline of
Zucker fatty strain, shows diabetic phenotypes presumably
due to diabetes-susceptibility alleles [25, 26]. Therefore,
although leptin signaling is highly crucial for understanding
the etiology of the diabetes, genetic elements that place
demand on insulin action in response to obese states should
be a focus of research using diabetes animal models. Indeed,
the strategy of sensitized screens whereby a severe stressor
provokes abnormal metabolic phenotypes that would be
otherwise near silent started bearing fruits and led to
identification of the causative genes recently [27–30].

It is noteworthy that the Nidd1/of is quite a contrast to
the Nidd2/of in that it did not contribute to any further
hyperglycemia in the condition of leptin signaling deficiency.
Because the Nidd1/of alone is sufficient to influence glucose
metabolism in the F344 genetic background, the strong
influence of leptin receptor mutation may be “masking” the
effects of the QTL. In this respect, it deserves the attention
that the epistasis is obvious in the triple congenic strain,
which leads us to speculate that the two QTLs play a
major role for the expression of the diabetes as the animal
becomes obese due primarily to the influences of other
genetic components.



4 Experimental Diabetes Research

Table 1: Comparison of metabolic parameters.

F344 F.ZF-lepr F.ZF/O-lepr,
Nidd1/of

F.ZF/O-lepr,
Nidd2/of

F.ZF/O-lepr,
Nidd1 and 2/of

OLETF

(n = 8) (n = 14) (n = 19) (n = 11) (n = 4) (n = 5)

Glucose (mg/dL) 75.1 ± 2.6 94.5 ± 4.9 117.2 ± 6.1 117.4 ± 5.1 172.7 ± 11.2∗∗∗ 80.2 ± 2.6

Insulin (ng/mL) 2.21 ± 0.22 48.8 ± 5.2 78.4 ± 9.3∗ 70.9 ± 11.9 72.0 ± 10.5 1.63 ± 0.3∗

TCHO (mg/dL) 64.8 ± 2.4 234.2 ± 26.2 439.3 ± 38.4∗∗ 227.2 ± 19.0 370.5 ± 55.9 97.9 ± 3.7

TG (mg/dL) 174.2 ± 15.0 1170 ± 165 1720 ± 145 777 ± 106 617 ± 122 122.7 ± 14.3∗∗

NEFA (mEq/L) 0.87 ± 0.13 4.28 ± 0.50 6.33 ± 0.5∗ 3.45 ± 0.4 2.11 ± 0.4 0.75 ± 0.05∗

Fat weight (g)

Mesenteric fat 7.1 ± 0.4 15.6 ± 0.8 14.5 ± 0.4 10.4 ± 0.5∗∗∗ 11.4 ± 1.7∗ 9.5 ± 0.5∗∗∗

Retroperitoneal fat 7.6 ± 0.4 15.0 ± 0.8 14.5 ± 0.4 13.3 ± 0.6 13.2 ± 1.0 15.5 ± 1.2

Epididymal fat 9.0 ± 0.5 13.8 ± 0.6 12.5 ± 0.4 9.9 ± 0.3∗∗∗ 9.2 ± 1.0∗∗∗ 8.6 ± 0.5∗∗∗

Adiposity index (%)a

Mesentric fat 2.23 ± 0.11 3.63 ± 0.16 3.52 ± 0.06 2.95 ± 0.18∗ 3.23 ± 0.34 1.96 ± 0.07∗∗∗

Retroperitoneal fat 2.39 ± 0.09 3.47 ± 0.13 3.52 ± 0.07 3.72 ± 0.86 3.79 ± 0.11 3.20 ± 0.19

Epididymal fat 2.81 ± 0.11 3.23 ± 0.13 3.02 ± 0.06 2.79 ± 0.11 2.62 ± 0.14 1.79 ± 0.07∗

Body weight (30 w) (g) 314.3 ± 5.6 417.5 ± 8.5 403.5 ± 9.3 349.8 ± 7.9∗∗∗ 343.8 ± 13.6∗∗ 481.0 ± 13.3∗

TC: total cholesterol; TG: triglycerides; NEFA: nonesterified fatty acids.
Sixteen-week-old fasted males were used for all measurements except glucose, insulin, and body weight, which were measured during OGTT analysis at 15
weeks of age.
Data are shown as means ± SE.
aAdipocity index was determined using each fat pad and body weight (percentage of fat weight/body weight).
∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001 versus F.ZF-lepr.
F344 data are shown as reference, thus no statistical analysis was performed.

One of the characteristics of the OLETF rat is that in
this strain the diabetic symptoms become overt after 20
weeks of age or older [31]. In the current study the age
of the rats that were analyzed is 15 weeks old. Therefore,
the hyperglycemic phenotype of OLETF rat is not fully
developed. Even so it is striking that the glucose levels of
the Nidd2/of -possessing congenic strains are much higher
than that of the parental OLETF strain. This suggests that
there may exist loci that suppress the diabetic QTLs in the
genome of the OLETF rat, which may not be too surprising
considering that the expression of the complex traits is
the result of intricate interplay among numerous genetic
components, which is the case for the hypertension model
[32].

In conclusion, the new congenic strain carrying single
QTL derived from the OLETF rat shows severe hyper-
glycemia when combined with obese phenotype via leptin
receptor mutation. The hyperglycemia was further aggra-
vated by the addition of yet another QTL, implying the strong
epistasis between them. It is hoped that this model will help
to shed a new light on the molecular mechanisms of type 2
diabetes in humans.
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The Otsuka Long-Evans Tokushima Fatty (OLETF) rat is an animal model for obese-type, noninsulin-dependent diabetes mellitus
(NIDDM) in humans. NIDDM in this rat model was shown to be regulated by multiple genes. We have identified 14 quantitative
trait loci (QTLs) responsible for NIDDM (Nidd1-14/of ) on chromosomes 1, 5, 7, 8, 9, 11, 12, 14, 16, and 17 by a whole genome
search in 160 F2 progenies obtained by mating the OLETF and the F344 rats. Among these loci, two QTLs, Nidd1 and 2/of, were
declared significant loci at a genome-wide level. Nidd3, 8, 9, and 13/of exhibited heterosis: heterozygotes showing significantly
higher glucose levels than OLETF or F344 homozygotes. We also found evidence for interaction (epistasis) between Nidd1/of and
Nidd2/of, between Nidd1/of and Nidd10/of, between Nidd2/of and Nidd8/of, and between Nidd2/of and Nidd14/of. Furthermore,
Nidd6 and 11/of showed linkage with body weight, and Nidd1, 2, 8, 9, 10, and 12/of had an interaction with body weight. These
indicated that NIDDM in the OLETF would have a higher degree of genetic complexity. We suggest several interesting candidate
genes located in rat genomic regions for Nidd1-14/of or the syntenic regions in human genome.

1. Introduction

Noninsulin-dependent diabetes mellitus (NIDDM), which
represents the most common type of diabetes, is a major
public health issue due to its increasing prevalence in many
countries and the severity of its secondary complications
[1]. Genetic predisposition is a major risk component of
NIDDM as represented by numerous studies showing higher
concordance rates in monozygotic than dizygotic twins [2,
3], higher incidence in offspring of diabetic parents [4],
and correlation between risk of diabetes and ethnic ancestry
in admixed populations in a common environment [5, 6].

Thus, identification of the genes involved in the expression of
this disease would likely assist in the development of preven-
tion and treatment strategies. However, with the exception
of relatively rare early-onset forms that show autosomal
dominant or mitochondrial inheritance [7], the genetics of
human NIDDM is complex. Multiple genes contribute to the
trait, and it is likely that there is significant genetic hetero-
geneity with environmental and lifestyle factors interacting
with genetic predisposition [8, 9]. The obesity factor is likely
to be of particular importance for NIDDM development
[1, 10–12]. Additionally, genetic dissection of NIDDM is also
confounded by incomplete penetrance. This complex disease
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process makes identification of the genes contributing to
NIDDM in human populations quite difficult.

An alternative approach to genetic studies in humans is
to use an animal model with a similar phenotype to identify
genetic mechanisms and then to use this information in
directed studies of humans. Experimental animal models for
complex human traits provide a means for circumventing
two factors—heterogeneity and environment—that compli-
cate human studies of complex traits, and experimental
genetic crosses with inbred strains greatly simplify the analy-
sis and interpretation of genotypic and phenotypic data.
Therefore, studying the animal models may give us an oppor-
tunity for identifying the potential genetic factors controlling
NIDDM development.

The responsible loci for diabetes have been identified
using a particular animal model. In the nonobese dia-
betic mouse, at least 15 different loci involved in insulin-
dependent (type I) diabetes mellitus susceptibility have been
mapped [13, 14], and studies to identify these genes are
undertaken with congenic strategy and/or the potential
candidate gene approach. Genetic analysis using the BB rat
revealed that at least three genes are involved in the develop-
ment of insulin-dependent diabetes mellitus: Lyp (Iddm1),
which controls T cell lymphopenia, an MHC-linked gene
(Iddm2), and the third gene (Iddm3) [15–17]. Very recently,
a major insulin-dependent diabetes mellitus susceptibility
gene, termed Iddm/kdp1, was identified on rat chromosome
11, in addition to an MHC-linked gene previously mapped,
in the Long-Evans Tokushima Lean rat [18]. The first
genome-wide quantitative trait locus (QTL) analysis in
NIDDM has been reported by two independent laboratories
[19, 20], which used the Goto-Kakizaki (GK) rat as an animal
model. The GK rat is one of the best characterized animal
models for genetic susceptibility to NIDDM in nonobese
individuals [21–23]. The genetic dissection of NIDDM using
this model has allowed to map at least seven loci involved in
the disease on chromosomes 1, 2, 4, 5, 8, 10, and 17. However
some characteristics of human NIDDM are not fully covered
by the GK rat. Obesity as a major risk factor for NIDDM in
humans has been known for 35 years, and in many patients
NIDDM can be largely controlled by weight reduction [10,
24, 25]. The GK rat model does not exhibit obesity, and thus
understanding of obese-type NIDDM in humans necessitates
other animal models with characteristics of obesity.

The Otsuka Long-Evans Tokushima Fatty (OLETF) rat
has been established by selective breeding based on impaired
glucose tolerance from a spontaneously diabetic rat with
polyuria, polydipsia, and mild obesity which was discovered
in 1984 in an outbred colony of Long-Evans rats [26, 27].
The OLETF rat develops late onset hyperglycemia, a chronic
course of disease, mild obesity, hyperplastic foci of pancreatic
islets, and renal complication and has been considered as one
of the best models for human NIDDM with mild obesity
[27]. Prevention of obesity by exercise training [28] or a
calorie-restricted diet [29] can prevent the development
of NIDDM almost completely in the OLETF rat as in
many humans with NIDDM, indicating that obesity is
an important risk factor for NIDDM development in this rat.

Therefore, the OLETF rat model is suitable for elucidating
the genetic factor of obese-type NIDDM.

2. Inheritance of NIDDM and Increase in
Body Weight

We first examined inheritance of NIDDM and increase in
body weight in the OLETF rat [30]. We crossed female
OLETF rats with male nondiabetic Fischer-344 (F344) rats
to generate F1 progeny which, in turn, were used to generate
160 male F2 progeny. Only males, 30 weeks of age, from the
parental strains, the 28 F1 progeny and the 160 F2 progeny
were phenotyped using the same protocol for oral glucose
tolerance test (OGTT) and measurements of body weight.
The glucose levels and body weight were increased in the
OLETF rat as compared to the F344 rat, and the OLETF and
F344 rats showed clear differences in all phenotypes (P <
0.0001). The F1 progeny showed completely different modes
of inheritance for hyperglycemia and an increase in body
weight. Hyperglycemia was inherited in an incompletely
recessive manner, while an increase in body weight was
inherited in an incompletely dominant manner. The different
inheritance patterns suggest that NIDDM and body weight
may be under different genetic control. Compared to the F1

progeny, the F2 progeny showed similar means but larger
variance in all phenotypes. The broad, continuous distribu-
tions of glucose levels and body weight without evidence of
distinct groups in each phenotype among the F2 progeny
suggest that these traits are polygenically regulated.

We estimated the proportion of genetic variance and
the number of genes responsible for the traits [30]. For
the glucose levels, the proportion of genetic variance in the
F2 was found to be about 80–85% by comparison of the
variances in F1 and F2 progenies, and the effective number of
genes was estimated as two to seven by Wright’s formula [31],
depending upon the time of measurements. Roughly 60% of
the F2 variance in body weight appeared to be genetic and the
effective number of genes was estimated to be three. These
results indicate that NIDDM and body weight are clearly
polygenic and suggest that all phenotypes are amenable to
genetic dissection.

3. Relationship between NIDDM and
Body Weight

A linear regression analysis was used to investigate the
relationship between body weight and the level of glucose
in the parental strains, F1 animals and F2 animals [30]. The
OLETF rat had higher correlations between body weight
and levels of glucose, as compared to those of the F344
rat, indicating the integral relationship between body weight
and NIDDM in the OLETF rat. The F1 animals showed the
correlations of a degree similar to those of the OLETF rat. In
the F2 progeny, there remained a strong positive correlation
between body weight and the glucose levels (r = 0.483–
0.569, P < 0.0001), indicating that the body weight accounts
for a significant portion of the variation in glucose levels.
This significant correlation is consistent with the role of
obesity as an important factor in NIDDM development in
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the OLETF rat. Importantly, the correlations, on average,
were lower in the F2 progeny than the F1 progeny suggesting
the segregation of separate loci for body weight and NIDDM.

4. Identification and Characterization of
NIDDM QTL

To identify the QTL(s) affecting susceptibility to NIDDM, we
carried out a total genome scan on the F2 progeny using a set
of 361 informative simple sequence length polymorphisms
between the OLETF and F344 rats [30, 32, 33]. The markers
were on average 4.7 cM apart. Overall 95.6 and 100% of
the genome were within 10 and 20 cM, respectively, of an
informative marker. Phenotypic and genotypic data were
analyzed for linkage with the MAPMAKER/QTL computer
package which is applied for the internal mapping based on
single-QTL models [34–37]. We found statistically signifi-
cant evidence for two QTLs affecting postprandial glucose
levels in OGTT, that met the stringent criteria by Lander
and Kruglyak [38] (Table 1). A gene on chromosome 7, near
D7Wox6, showed a maximum LOD score of 4.33 for glucose
levels 60 min after the glucose challenge and was designated
Nidd1/of [30]. This locus accounted for 11.7% of the genetic
variation (single gene model) in the F2 progeny. Another
gene on chromosome 14, near D14Rat3, was linked (LOD
score = 5.10) to the AUC for the entire glucose challenge and
was designated Nidd2/of, accounting for 14.0% of the genetic
variation (single gene model) in the F2 progeny [30].

Nidd1/of and Nidd2/of exerted effects on glucose levels
at all time points after glucose challenge, and the inheritance
pattern at the loci was consistent with OLETF alleles acting
in a recessive or additive mode of inheritance to increase
the level of plasma glucose. Significant interaction (epistasis)
was found between these two loci (P = 0.0007 for glucose
levels at 60 min, P = 0.0094 for glucose levels in AUC). The
effect of the OLETF allele at one locus on glucose levels was
maximal in animals homozygous for the OLETF allele at the
other locus.

Evidence for additional “suggestive” QTLs was found
[30] (Table 1). Nidd3/of, linked to D8Mgh9 on chromosome
8 (LOD score = 3.73), designates a suggestive locus for the
level of glucose 30 min after the challenge. Interestingly, this
locus exhibited heterosis: heterozygotes showing significantly
higher glucose levels than OLETF homozygotes or F344
homozygotes, and no difference in effects between the two
homozygote classes, reflecting an intra-allelic interaction.
The region between D11Mgh2 and D11Mgh3 on chromo-
some 11 (Nidd4/of ) was linked to fasting glucose levels (LOD
score = 3.61). The OLETF alleles at Nidd4/of were associated
with increased fasting glucose levels through acting in a
dominant or additive manner.

In addition to Nidd3 and 4/of, we detected suggestive
linkage of the trait of glucose levels to markers on chro-
mosomes 1, 5, 7, 9, 12, 14, 16, and 17 [32] (Table 1).
There existed evidence for two QTLs on chromosome 1
affecting fasting glucose levels with one (Nidd5/of ) around
D1Rat46 that explains 7.8% of phenotypic variance, and
the other (Nidd6/of ) around D1Rat90 that explains 10.7%
of phenotypic variance. A chromosome 5 gene (Nidd7/of ),

near D5Mit11, showed a linkage to fasting glucose levels. A
chromosome 9 locus (Nidd8/of ), near D9Rat21, showed a
linkage to glucose levels 90 min after the glucose challenge.
A locus (Nidd9/of ), linked to D12Mgh5 on chromosome 12,
designates a locus for fasting glucose levels. A chromosome
14 QTL (Nidd10/of ) linked to CCKAR (gene encoding chole-
cystokinin type A receptor) had a significant effect on glucose
levels 60 min after glucose challenge. The region (Nidd11/of )
between D16Wox7 and D16Rat13 on chromosome 16 was
linked to glucose levels 60 min after the challenge.

Furthermore, we detected three novel QTLs (Nidd12-
14/of ) on chromosomes 5, 7, and 17 [33] (Table 1), by
using the MapQTL computer program which is applied for
the MQM-mapping based on multiple-QTL models and
reported to be more powerful than interval mapping [39–
41]. We found evidence for a novel QTL near D5Mgh22 on
chromosome 5 (Nidd12/of ), which was linked to the AUC
for the entire glucose challenge. A gene on chromosome
7 (Nidd13/of ), near D7Rat35, showed a linkage to fasting
glucose levels. A QTL on chromosome 17 (Nidd14/of ), near
At1, was linked to the AUC for the entire glucose challenge.

Interestingly, Nidd8/of, Nidd9/of, and Nidd13/of, as well
as Nidd3/of, exhibited heterosis. Further, there were epistasis
between Nidd1/of and Nidd10/of, between Nidd2/of and
Nidd8/of, and between Nidd2/of and Nidd14/of, as well as
between Nidd1/of and Nidd2/of.

The Nidd4, 5, 6, 7, 9, 13, and 14/of affected the fasting
glucose levels (Table 1) and, together, explained 55.6% of the
total phenotypic variance or 70.4% of the genetic variance
in fasting glucose levels in the F2, in a multiple QTL model.
Furthermore, the Nidd1, 2, 3, 6, 8, 10, 11, 12, and 14/of
had effects on the postprandial glucose levels (Table 1) and,
together, explained 54.6–78.8% of the total phenotypic vari-
ance or 71.8–93.8% of the genetic variance in postprandial
glucose levels, depending upon the time of measurements, in
the F2.

Previous studies have identified NIDDM susceptibility
loci on chromosomes 1, 2, 4, 5, 8, 10, and 17 in the GK
rat [19, 20] and on chromosomes 1, 12, and 16 in the
obese Lepr f a/Lepr f a WKY13 M rat [42]. The Nidd/gk1
and Niddm1 identified on chromosome 1 in the GK rat,
respectively, may be homologous to the Nidd5 and 6/of in
the OLETF rat (Table 2). Further, the Nidd/gk6 identified on
chromosome 17 in the GK rat may be homologous to the
Nidd14/of in the OLETF rat (Table 2). On the other hand,
the Nidd/gk5 identified on chromosome 8 in the GK rat, the
Nidd/gk4 on chromosome 5 in the GK rat, the QTL identified
on chromosome 12 in the Lepr f a/Lepr f a WKY13 M rat, and
the QTL identified on chromosome 16 in the Lepr f a/Lepr f a

WKY13 M rat would not appear to correspond to the Nidd3,
7 and 12, 9, and 11/of in the OLETF rat, respectively, because
the most likely positions for these loci are separated by
∼50 cM for chromosome 8, by ∼35 cM and ∼50 cM for
chromosome 5, by ∼20 cM for chromosome 12, and by ∼
40 cM for chromosome 16. Thus, the majority of total 14
loci for NIDDM in the OLETF rat are clearly distinct from
NIDDM susceptibility loci in the GK and the Lepr f a/Lepr f a
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Table 1: NIDDM loci and their actions to increase glucose levels in combination with body weight.

Locus Mapping method Chromosome Trait LOD score Action of gene

Nidd1/of Interval 7 Glucose 60 min 4.33 Interaction

Nidd2/of Interval 14 Glucose AUC 5.15 Interaction

Nidd3/of Interval 8 Glucose 30 min 3.06 Direct action

Nidd4/of Interval 11 Fasting glucose 3.70 Direct action

Nidd5/of Interval 1 Fasting glucose 2.82 Direct action

Nidd6/of Interval 1 Glucose 30 min 3.79 Pleiotropic

Nidd7/of Interval 5 Fasting glucose 3.54 Direct action

Nidd8/of Interval 9 Glucose 90 min 3.87 Interaction

Nidd9/of Interval 12 Fasting glucose 3.72 Interaction

Nidd10/of Interval 14 Glucose 60 min 4.06 Interaction

Nidd11/of Interval 16 Glucose 60 min 3.54 Pleiotropic

Nidd12/of MQM 5 Glucose AUC 3.98 Interaction

Nidd13/of MQM 7 Fasting glucose 3.90 Direct action

Nidd14/of MQM 17 Glucose AUC 4.20 Direct action

Table 2: Physiologically relevant positional candidate genes and QTLs for the Nidd1-14/of.

Locus Genes QTLs

Nidd1/of CA3, GAD3, SSTR3 —

Nidd2/of — —

Nidd3/of APOA1, APOA4, KCNJ5 —

Nidd4/of KNG, SST, APOD —

Nidd5/of GANAB, TPH, SUR, KCNJ11 Nidd/gk1

Nidd6/of IDE Niddm1

Nidd7/of — —

Nidd8/of NEUROD1 NIDDM1, IDDM7, IDDM12, IDDM13

Nidd9/of TCF1/MODY3 NIDDM2

Nidd10/of CCKAR —

Nidd11/of — —

Nidd12/of — —

Nidd13/of IGF1 —

Nidd14/of — Nidd/gk6
—

Not detected.

WKY13 M rats reported previously, consistent with genetic
heterogeneity of this disease.

5. Relationship between NIDDM QTLs and
Body Weight

It has been demonstrated that an increase in body weight
is an important risk factor for NIDDM development in the
OLETF rat [43]. We thus tried to identify QTLs affecting
an increase in body weight. We found one major locus
responsible for 11.9% of the genetic variance that was linked
to Ppy on chromosome 10 with a LOD score of 4.36,
designated Bw1/of [30]. In addition to the Bw1/of region,
there existed evidence for suggestive linkage of the trait of
body weight to the same regions as Nidd6 and 11/of that are
responsible for glucose levels [32].

We have categorized these NIDDM QTLs into three
types in terms of their relationship with body weight [32,
33] (Table 1). One type (Nidd6 and 11/of ) represents the

gene contributing to NIDDM through an increase in body
weight or affecting pleiotropically to both NIDDM and
weight increase. Another type (Nidd1, 2, 8, 9, 10, and
12/of ) designates the gene, not linked to body weight, but
interacting with body weight for NIDDM development. The
other type (Nidd3, 4, 5, 7, 13 and 14/of ) includes the gene
possessing action independent of body weight for NIDDM
development.

6. Suggested Positional Candidate Gene

We have mapped the Nidd1-14/of to 11, 10, 17, 13, 21,
13, 11, 12, 8, 10, 27, 10, 13, and 16 cM 1-LOD support
intervals, respectively [30, 32, 33]. Several interesting can-
didate genes were located in these rat genomic regions
or the syntenic regions in human genome [30, 32, 33].
Physiologically relevant candidate genes suggested are CA3,
GAD3, and SSTR3 for Nidd1/of, APOA1, APOA4 and KCNJ5
for Nidd3/of, KNG, SST, and APOD for Nidd4/of, GANAB,
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TPH, SUR and KCNJ11 for Nidd5/of, IDE for Nidd6/of, NEU-
ROD1 for Nidd8/of, TCF1/MODY3 for Nidd9/of, and IGF1
for Nidd13/of (Table 2). In addition, NIDDM1, IDDM7,
IDDM12, and IDDM13 loci for the Nidd8/of and NIDDM2
locus for the Nidd9/of may be defining the same under-
lying gene as the present QTLs (Table 2). It is particularly
interesting that the CCKAR maps in the center of the
Nidd10/of interval, since the CCKAR has been reported to be
implicated as a mediator of pancreatic growth in response to
cholecystokinin and tumorigenesis in the pancreas [44, 45],
and since Takiguchi et al. [46] have reported a homozygous
DNA deletion in the OLETF CCKAR gene which includes
the promoter region and the first and second exons, and
therefore leads to defect of its expression in the pancreas.
Indeed, we showed that a major QTL colocalizing with
CCKAR influences poor pancreatic proliferation in the
OLETF rat [47].

7. Conclusion

(1) NIDDM and an increase in body weight in the
OLETF rat are controlled by multiple genes.

(2) There is a strong positive correlation between body
weight and the glucose levels in the F2 progeny,
consistent with the role of obesity as an important
factor in NIDDM development in the OLETF rat.
However, NIDDM and body weight are almost under
different genetic control.

(3) Two significant QTLs for NIDDM are located on
chromosomes 7 and 14, and twelve suggestive
NIDDM QTLs on chromosomes 1, 5, 8, 9, 11, 12, 14,
16, and 17.

(4) Epistasis and heterosis of these QTLs are likely to be
involved in NIDDM development in the OLETF rat.

(5) One significant QTL for body weight is located on
chromosome 10. Two NIDDM QTLs on chromo-
somes 1 and 16 affect body weight, and six NIDDM
QTLs on chromosomes 5, 7, 9, 12, and 14 have an
interaction with body weight.

(6) NIDDM QTLs are categorized into three types in
terms of their relationship with body weight.

(7) These suggest a higher degree of genetic complexity
in NIDDM of the OLETF rat.

(8) The mapped loci for NIDDM in the OLETF rat
are almost distinct from those in the GK and the
Lepr f a/Lepr f a WKY13 M rats, consistent with genet-
ic heterogeneity of this disease.
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