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Erin E. Hillhouse, Roxanne Collin, Geneviève Chabot-Roy, Marie-Josée Guyon, Nathalie Tessier,
Maryse Boulay, Patricia Liscourt, and Sylvie Lesage
Volume 2013, Article ID 620313, 7 pages

Animal Models of GWAS-Identified Type 2 Diabetes Genes, Gabriela da Silva Xavier, Elisa A. Bellomo,
James A. McGinty, Paul M. French, and Guy A. Rutter
Volume 2013, Article ID 906590, 12 pages

Comparison of Two NewMouse Models of Polygenic Type 2 Diabetes at the Jackson Laboratory,
NONcNZO10Lt/J and TALLYHO/JngJ, Edward H. Leiter, Marjorie Strobel, Adam O’Neill, David Schultz,
Andrew Schile, and Peter C. Reifsnyder
Volume 2013, Article ID 165327, 7 pages

Deoxycholic Acid as a Modifier of the Permeation of Gliclazide through the Blood Brain Barrier of
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Diabetes is a major threat to global public health. According
to the latest data from the International Diabetes Federation
(IDF), at least 366 million people are living with diabetes
and this number is projected to be 552 million by 2030. At
least 50% of people with diabetes suffer from one or two
major diabetic complications such as diabetic cardiomyopa-
thy, nephropathy, neuropathy, retinopathy, and diabetic foot
diseases. Development of an authentic model of each type
of diabetes and their associated complications, which exactly
mimic the human pathogenesis, is very crucial not only for
a better understanding of the core causes of the diseases
but also for the development and routine pharmacological
screening of novel anti-diabetic drugs. A number of genetic
and nongenetic animal models of the different types of dia-
betes and their associated complications have been developed
in last three decades but none of them arewithout limitations.

This special issue of the Journal of Diabetes Research has
been designed to publish original and review articles with
novel approaches of the development of animal model of
diabetes and its associated complications. Almost all areas of
the animal models of diabetes and its associated complica-
tions have been covered by this issue. Among the reviews: the
animal models of diabetic retinopathy by A. K. W. Lai and
A. Lo, animal models of diabetic neuropathy by M. S. Islam,
murine models of diabetic neuropathy by L. L. Kong et al.,
methods and models for metabolic assessment by G. Pacini
et al., and porcine models of accelerated coronary atheroscle-
rosis by D. Hamamdzic et al. contributed significantly by
summarizing the advantages, disadvantages, and suitability
of animal models developed to study the above-mentioned

diabetic complications. Many other original papers such as
role of adrenomedulin in the renal NADPH oxidase and
(pro)renin in diabetic mice by M. Hayashi et al., develop-
ment of glomerulopathy in the KK.Cg-Ay/J mouse with the
pathology of diabetic nephropathy by P. Stephen et al., and the
role of ERK/MAPK and TGF-beta/Smad signaling pathways
in the kidney fibrosis of diabetic mice by X. Cheng et al.
contributed novel information in the pathogenesis of diabetic
nephropathy, a major and common complications of diabetes
mellitus. Finally, an exceptional paper has been contributed
by E. Hillhouse et al. on the effect of nearby construction
on the progress to overt autoimmune diabetes in NODmice.
As a whole, papers from almost every aspects of the animals
models of diabetes and its associated complications have been
published in this special issue so it can be a special interest of
diabetes researchers particularly thosewho areworking in the
different areas of diabetic complications.

Md. Shahidul Islam
Daisuke Koya

Bernard Portha
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Diabetic retinopathy (DR) is a microvascular complication associated with chronic exposure to hyperglycemia and is a major cause
of blindness worldwide. Although clinical assessment and retinal autopsy of diabetic patients provide information on the features
and progression of DR, its underlying pathophysiological mechanism cannot be deduced. In order to have a better understanding
of the development of DR at the molecular and cellular levels, a variety of animal models have been developed. They include
pharmacological induction of hyperglycemia and spontaneous diabetic rodents as well as models of angiogenesis without diabetes
(to compensate for the absence of proliferative DR symptoms). In this review, we summarize the existing protocols to induce
diabetes using STZ. We also describe and compare the pathological presentations, in both morphological and functional aspects,
of the currently available DR animal models. The advantages and disadvantages of using different animals, ranging from zebrafish,
rodents to other higher-order mammals, are also discussed. Until now, there is no single model that displays all the clinical features
of DR as seen in human. Yet, with the understanding of the pathological findings in these animal models, researchers can select the
most suitable models for mechanistic studies or drug screening.

1. Introduction

Diabetic retinopathy (DR) is a one of the most common
microvascular complications of diabetes. In 2012, there are
more than 371 million people suffering from diabetes, and
it is being projected that the number of diabetic patients
will reach 550 million in 2030 (http://www.eatlas.idf.org/;
assessed 29-Nov-2012).Diabetes can be generally divided into
two types: type 1 (insulin dependent) and type 2 (insulin
independent), although patients of both types will have
hyperglycemia. A study reported that about one-third of the
diabetic patients have signs of DR and about one-tenth of
them even have vision-threatening retinopathy [1]. Nearly
60% and 35% of DR patients progress to proliferative DR and
severe vision loss in 10 years, respectively [2].

Clinically, DR can be classified into nonproliferative
(NPDR) and proliferative (PDR) [3]. NPDR can be further
graded into mild, moderate, and severe and is characterized

by the presence of microaneurysms, hemorrhages, hard
exudates (liquid deposits), cotton wool spots, intraretinal
microvascular abnormalities, venous beading, and loop for-
mation. NPDR may develop into PDR, where hallmarks of
neovascularization of the retina and vitreous hemorrhage are
found. Vision loss can be resulted from retinal detachment if
patients are left untreated. Moreover, maculopathy, including
macular edema and ischemia, can occur at any stage of DR; it
accounts for the majority of the blindness due to DR. In fact,
the growing number of diabetic patients and a longer life span
in the aging population imply an increase in patients suffering
from DR, which not only affects the quality of life of the
individuals and their families but also increases the medical
and economical burden to the society. As a consequence,
effective therapy is urgently needed.

In order to develop effective drugs, detailed understand-
ing of the pathophysiological progression of DR is required.
Over half a century ago, histological studies have been
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performed in postmortem retinas of diabetic patients. In
retinal vessels and capillaries, selective endothelial andmural
cells loss, presence of mural cell ghosts, endothelial clusters,
acellularity, and microaneurysms were found to be increased
in diabetic patients [4, 5]. Basement membrane thickening,
presence of hemorrhage in the inner nuclear layer (INL), and
outer plexiform layer (OPL) as well as eosinophilic exudates
in the OPL were also reported [5].

Nowadays, immunological studies evidenced an
increased glial fibrillary acidic protein (GFAP) expression
in the Müller cell processes throughout the inner and
outer diabetic retina, suggesting that these cells were
hypertrophied [6]. There was also increased apoptosis in
diabetic retina [7]. Abu El-Asrar et al. [8] further showed
that proapoptotic molecules were expressed in ganglion
cells, together with the activation of glial cells, which
expressed several antiapoptotic molecules. Elevated vascular
endothelial growth factor (VEGF) immunoreactivity was
found in retinal blood vessels in diabetic humans with
preproliferative or no retinopathy, further consolidated the
role of VEGF in angiogenesis and vascular permeability [9].
Alternation in other factors, including somatostatin [10],
cortistatin [11], 𝛼A and 𝛼B-crystallins, advanced glycation
end products (AGEs), and receptor for AGE (RAGE) [12] as
well as apolipoprotein A1 (ApoA1) [13], were also observed
in the postmortem tissues. Somatostatin and cortistatin,
which are neuropeptides with a very similar structure,
were both downregulated in diabetic retinas, and their
expression levels are inversely correlated with glial activation
and apoptosis. On the other hand, upregulations of 𝛼A-,
𝛼B-crystallin, AGE, RAGE, and ApoA1 in the diabetic retinal
tissue were reported. These morphological studies provide a
better picture, yet without the mechanistic pathway, of the
pathogenesis of DR at a cellular level. Moreover, advanced
technologies further allow us to study the mRNA or protein
expressions of various chemokines [14–17], cytokines [15–
18], inflammatory markers [16, 19, 20], angiogenic factors
[16, 17, 19–21], and other factors [19, 22, 23] in aqueous
humor, serum, or urine from diabetic patients, thereby
predicting the pathological pathways of DR. With the
aid of the sophisticated computerized equipments and
technologies, clinicians would even be able to monitor or
predict the progression structural lesion [24–29] as well as
functional defects [30, 31] in live patients with DR.

Although a lot of important information or clues on the
development of DR can be obtained from human studies, the
mechanisms of DR development still cannot be elucidated.
Emergence of animalmodels, therefore, not only enables us to
have a more comprehensive understanding of the etiology of
DRat amolecular level in a controlledmanner, but also fulfills
the need for drug screening tools.With thesemodels, wemay
even be able to discover the early markers for DR in the body
fluids from diabetic patients.This not only allows a faster and
more convenient screening but also serves as an alarm for
diabetic patients before the presence of cellular or functional
lesion. Until now, many studies on the pathogenesis of DR
have been carried out in animal models. A cascade of events,
including oxidative stress, inflammation, protein kinase C
(PKC) activation, accumulation of AGE and sorbitol, and

upregulation of rennin-angiotensin system (RAS) and VEGF,
contribute to retinal vascular endothelial dysfunction as
a result of hyperglycemia [3]. Based on the mechanistic
studies, drugs targeting different molecules in the cascade
are being developed. In order to evaluate the effect of the
drug properly, reliable and appropriate animal models are
required. Throughout the years, many animal models of DR
have been developed; however, none of them can mimic the
entire pathophysiological progression as observed in human.
While most animal models only show the early symptoms
of DR, some show the late stage proliferative angiogenesis.
Researchers have to select an appropriate model or models
which can compensate each other in order to address their
research questions. In this review, we focus on the animal
models of DR that researchers have used, briefly describe
how the models were generated, highlight the morphological
and functional changes in the retina, and finally discuss the
strengths and weaknesses of each model.

2. Animal Models

2.1.MouseModels ofDR. In general,mice have been routinely
used in many in vivo studies since they are small in size
and therefore easy to handle and inexpensive to house. They
also have relatively short life span that allows a shorter
experimental turnover time. Indeed, mechanistic studies of
DR have been carried out extensively in mice as these models
share similar symptoms of early DR as in human. More
importantly, the availability of a collection of transgenic
and knockout mice allows researchers to study the role of
particular genes, which may even be cell type specific, in
the development and pathophysiological progression of DR.
There are three main types of mouse models to study DR;
the first two involve mice with hyperglycemia development
either via pharmacological induction or inbreeding of mice
with endogenous mutation while the third type focuses
on pathological angiogenesis found in transgenic animals
or induced by experimental procedures, in mice without
diabetes.

2.1.1. Pharmacologically Induced Mouse Models of DR. Type 1
diabetes can be induced in mice by injection of chemicals,
including streptozotocin (STZ) and alloxan, both of which
are toxic to and therefore destroy the 𝛽-cells in the pancreatic
islets. Hyperglycemia can also be induced in mice by feeding
with galactose.

STZ-induced mice have been routinely used as a DR
model in a lot of mechanistic studies and therapeutic drug
testing for a long period of time owing to the abundant
reports on the phenotypes. Depending on the injection
dosage, the onset of diabetes can be achieved within a few
days after injection in the wild-type animals, making it a pop-
ular diabetic model. Nevertheless, there are many variations
in the injection protocol in terms of dosage, route of injection,
and with or without insulin compensation that are usually
based on the practice in individual laboratories; nonetheless,
all mice end up with hyperglycemia in 1 to 4 weeks after STZ
injection. For an easy reference, a summary of DR studies
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using STZ-induced mice in the past five years is presented
in Table 1. This table aims to provide the researchers with a
general idea of the appropriate dosage or injection method
in mice of different age and/or with genetic background.
Amongst these methods, intraperitoneal injection of single
high-dose injection of 150mg/kg and multiple low doses of
50mg/kg for 5 consecutive days to C57Bl/6 mice without
insulin compensation are the standard protocols recom-
mended by the Animal Models of Diabetic Complications
Consortium (http://www.diacomp.org/; accessed on 9-Dec-
2012). In the STZ-induced diabetic mice, transient astrocyte
activation [32] as well as increased astrocyte number [33] was
observed at 4 to 5 weeks of hyperglycemia. GFAP upregula-
tion in glial cells and reactive gliosis were also evidenced at
the same time [33]. Retinal ganglion cells (RGCs) are reduced
starting from6weeks [34, 35] while thinning of INL andONL
were observed at 10 weeks of hyperglycemia [35]. Apoptosis
of RGCs and vascular cells can be identified at 6 weeks
[35] and 6 months [32] of hyperglycemia, respectively. Yet,
some studies showed that there is no significant in ganglion
cell death even after a long time, up to 9 to 10 months of
hyperglycemia [36–39]. Increased leukocyte number [40],
together with leukostasis [38], was reported at 8 weeks
of hyperglycemia. For vascular pathogenesis, upregulation
of vascular permeability was being observed as early as 8
days of hyperglycemia [41], resulting in vessel leakage at 2
months [42]. After 17 weeks of hyperglycemia, thickening
of capillary basal lamina [43] and neovascularization [44]
were reported. Acellular capillaries and pericyte ghosts were
found in retina in mice after 6 to 9 [32, 37] months of
hyperglycemia. Decreased retinal arteriolar and venular RBC
velocities, retinal arteriolar and venular blood flow rates,
and arterial velocity were observed in mice after 4 weeks of
hyperglycemia [45–47]. Although decreased arteriolar and
venular diameters were also reported in mice after 4 weeks of
hyperglycemia [48], it is controversial in other studies. Func-
tional defects were described in some electroretinography
(ERG) studies including decreasedOP3 andΣOPs, prolonged
implicit time of OP2-3 at 4 weeks of hyperglycemia [49, 50];
decreased a-waves and b-waves at 6months of hyperglycemia
[37]; and decreased pattern ERG amplitude at 7 weeks of
hyperglycemia [51]. The variations in the above observations
may be due to difference in mouse strains [52], STZ dosage,
or observation time points. Moreover, individual animals
may be resistant to STZ and fail in hyperglycemia induction;
therefore, it is essential for the experimenters to confirm the
blood glucose level of the animals and exclude those without
hyperglycemia development.

On the other hand, alloxan is less commonly used in
mice, which may be due to the absence of the inducible
cellular and vascular lesions associated with hyperglycemia.
Morphologically, the dendrites of microglial cells were found
to be shortened without any ganglion cell apoptosis after 3
months of hyperglycemia [128]. At the same time, vessel dif-
fusion and density of the retinal capillary network remained
unchanged [128]. Functional abnormalities, however, were
being reported in ERG, in which b-wave amplitude [129,
130] and b/a wave amplitude ratio [128] were found to
be decreased at 3 weeks and 3 months of hyperglycemia,

respectively. Nevertheless, cellular and vascular lesions are
possibly detectable after a longer period of hyperglycemia as
suggested by the presence of functional defects in this model.

Feeding with galactose is another method to induce
hyperglycemia. Here, the blood aldohexose concentration
is elevated in the animal without affecting other metabolic
abnormalities, such as alterations in concentrations of
insulin, glucose, fatty acids, and amino acids. This allows
the researchers to study the consequential retinal compli-
cations solely due to the elevation of hexose concentration.
Galactose-fedmice have a longer life span than other diabetic
models; therefore, an extended monitoring period of up to
26 months can be allowed [131–133]. Endothelial cell loss
and increased acellular capillaries were observed starting
from 15 months of hyperglycemia. For a further 6 months
of hyperglycemia, other morphological lesions including the
presence of pericyte ghosts, saccular microaneurysms as
well as basement membrane thickening of retinal capillaries
were also evidenced [131–133]. Amongst the mouse models
currently available, the animals in this model have the least
mortality at around 2 years old of age, which allows a
longer period of hyperglycemia, and therefore phenotypes
associated with increment of hexose concentration can be
targeted. Researchers should be aware that it takes a relatively
longer period of time to develop retinopathy in these mice,
which in turn leads to a higher cost.

2.1.2. Diabetic Mouse Models Carrying Endogenous Mutation.
Apart from injection or intake of chemicals, spontaneous
hyperglycemia can be found in mice carrying endogenous
mutation. By inbreeding the mutated mice with the wild-
type animals, researchers can further expand the colonies and
use them as mouse models for diabetes studies. Although
breeding is a time-consuming process, further manipula-
tions, such as injections and feeding with specialized chow,
are avoided. Retinopathies in terms of morphological and
functional lesions have been observed in a few type 1 and
type 2 diabetic models, including Ins2Akita, nonobese diabetic
(NOD), db/db, and KKAy mice. In these animals, onset of
hyperglycemia takes place spontaneously as a result of the
presence of the transgene or mutation; a relatively consistent
phenotype as well as a higher success rate in induction of
hyperglycemia can be obtained.

The Ins2Akita mice represent one of the spontaneous type
1 diabetic models. These mice carry a point mutation in
the insulin2 gene, which causes a conformational change in
the protein that accumulates in the pancreatic 𝛽-cells, and
ultimately leads to cell death. Retinopathy in heterozygous
Ins2Akita mice is well characterized in a few studies. Cellular
lesions, such as reactive microglia, are evidenced as early as
8 weeks of diabetes [134]. By 12 weeks of onset of hyper-
glycemia, immunological studies showed abnormal swelling
in somas, axons, and dendrites of RGCs, and the number
of these cells was reduced in the peripheral region; while
more dendritic terminals, increased total dendrite length,
and greater dendritic density were observed in the ON-type
RGCs [135]. It has been reported that the number of RGCs
was significantly reduced in the peripheral regions after 22
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weeks of hyperglycemia [135]; yet, another study showed that
there was no ganglion cell death in these mice even up to
10 months of hyperglycemia [39]. Morphological change in
astrocyteswas also observedwhere they had short projections
and became in less contact with the vessels [134]. Moreover,
the IPL and INL became thinner, which may be due to the
decrease of the cholinergic and dopaminergic amacrine cells
as evidenced in retina after 6 months of hyperglycemia [136].
Vascular lesions such as increased of leukocyte number are
already found in mice upon 8 weeks of hyperglycemia and
retinal vascular permeability was increased in 12 weeks of
hyperglycemia.The presence of acellular capillaries [134] and
neovascularization [137] were described after 8 to 9 months
of hyperglycemia. Abnormal vascular functions were also
reported in a study which showed that the arteriolar and
venular RBC velocity, shear rate, and retinal blood flow rate
were significantly decreased in the diabetic animals with 26
weeks of hyperglycemia [138]. A decrease of a- and b-wave
amplitudes in the ERG after 8 month indicates functional
problem associated with the cellular defects or degeneration
[137]. Although the diabetic animals have an average life span
of 305 days, they provide a stable induction of hyperglycemia
while projecting the early and some of the late DR symptoms
in human. Thus, this model could be very useful in drug
screening, and it has received more attention in the field of
DR.

The NOD mice are another model of type 1 diabetes,
in which pancreatic 𝛽-cells were destroyed via an autoim-
mune process by the CD4+ and CD8+ cells. The onset of
hyperglycemia in these animals is 12 weeks of age, and the
frequency of having hyperglycemia at the age of 30 weeks old
is about 80% in female and less than 20% inmale [139].Owing
to the low induction rate and inconsistency in the male mice,
female NODmice were commonly used. Using transmission
electronmicroscopy, ultrastructural changes including apop-
tosis of pericytes, endothelial cells, and RGCs, perivascular
edema, and retinal capillary basement membrane thickening
were reported as early as 4 weeks of hyperglycemia, and these
retinopathogeneses became more obvious after 12 weeks of
hyperglycemia [140]. At about 4 months of hyperglycemia,
vascular abnormalities were described in the NOD mice.
Vasoconstriction or degeneration was observed in some
of the major vessels, together with the presence of poorly
definedmicrovessels and disordered focal proliferation of the
new vessels [141]. The presence of these vascular pathologies
and the etiology of the development of type 1 diabetes in the
NOD mice are relatively similar to those of human, making
this model unique. However, there is a big variation in the
time of onset of diabetes; frequent and regular monitoring
of the blood glucose levels is therefore required. More
importantly, since female animals were used in these studies,
estrogen, which plays a role in regulation of metabolism
[142], may have a protective function in DR. This further
complicates the mechanistic studies or contributes unknown
effects in drug screening, thereby affecting the accuracy.

The db/db mice spontaneously develop type 2 diabetes
owing to the deficiency in the leptin receptor. Hyperglycemia
and obesity were observed in the homozygous mice at 4 to
8 weeks old [143]. Reduction of RGC number and thickness

of the central total retina, INL, and photoreceptor layers were
identified in the histological sections of mice after 6 weeks of
hyperglycemia [144]. After 18 weeks [145] and 13 months of
onset of hyperglycemia [146], pericyte loss and glial reacti-
vation were reported, respectively. Vascular lesions including
capillary basement membrane thickening [147], the presence
of acellular capillaries [145], increased vessel density in the
INL, and vessel leakage [146] were observed in the diabetic
retina. Compared with other mouse models, the reported
glial reactivation and vessel leakage occurred relatively late in
db/db mice, which could be explained by a relative late time
point chosen in a long-term study [146]. The use of db/db
mice to study DR is not very popular, potentially due to a
low birth rate resulting from the unsatisfactory mating per-
formance in the male homozygotes and failure to reproduce
in the female homozygotes (http://jaxmice.jax.org/; accessed
on 15-Dec-2012).

KKAy mouse is a combined model made by the intro-
duction of the yellow obese gene, Ay, into the KK mouse, in
which moderate diabetic traits are thought to be inherited
by polygenes. These mice spontaneously develop diabetic
characteristics, such as hyperglycemia, hyperinsulinemia,
and obesity, at around 6 to 8 weeks of age, but revert to
normal at the age of 40 weeks [148]. Of the limited DR
studies using this mouse model, increased apoptosis of the
retinal neuronal cells was found in the RGC layer and the
INL in mice after 4 weeks and 3 months of hyperglycemia,
respectively. Capillary basement membrane thickening was
also observed in ultrastructural study [149]. Owing to the
limited retinopathologic findings and the uncertain etiology
of this model, this model is not popularly used in DR studies.

2.1.3. Mouse Models of Proliferative Retinopathy. In order to
compensate for the lack of proliferative pathogenesis in the
retinal vasculature in most of the above diabetic mouse mod-
els, researchers developed a number of nondiabetic models,
which allow them to specifically target neovascularization
in the ocular region. When using these models, however,
researchers should be aware of the fact that the etiology of
the progression of vascular abnormalities is different owing
to the absence of classical systemic characteristics as seen
in diabetes. Proliferative retinopathy can be achieved mainly
from two approaches: the first one is via introduction of
ischemia to the eyes, such as oxygen-induced retinopathy
(OIR) and retinal occlusion [150]; the second one is by direct
injection or genetically induction of the angiogenic factor,
VEGF, into the ocular region.

OIR originally is an animal model of retinopathy of
prematurity in newborns. Owing to the presence of neo-
vascularization, this model is also adapted for studying the
angiogenesis as seen in proliferative DR [150]. In brief,
postnatal day 7 (P7) neonatal mice were put into a 75%
oxygen chamber for five days and then returned to room air
[151, 152]. Vessel loss in the central area of retina, which is
associated with hypoxic challenged, is observed immediately
at this time. Neovascularization extending from the inner
retina into the vitreous begins at two days after the return
to room air, peaks on P17 [152], and is gradually regressed
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and spontaneously resolved by P25 [151]. A comprehensive
study was carried out in this model, in which mice at P18
were analyzed [153]. Morphologically, more gliotic Müller
cells and reactivated microglia can be observed. The total
retinal thickness was reduced in the midperipheral region,
while the IPL and the outer segment length were reduced in
the central andmidperipheral regions.The number of vessels
was also reduced in the IPL in the central region; and in
the deep plexus in the central and midperipheral regions.
Aberrant intravitreal neovascularization was observed across
all eccentricities. Retinal function was examined by ERG, in
which reductions in the amplitudes of a-wave, b-wave, OP3,
and OP4, and delayed b-wave implicit time were revealed.
Mouse OIR model showed a number of vascular, neuronal,
and glial changes in the retina; however, the spontaneous
regression of the neovascularization within a week confines
its application in therapeutic drug research.

Since DR can also be considered as an ischemic disorder
in the retina, retinal occlusion models, such as unilateral
ligation of pterygopalatine artery (PPA) and external carotid
artery (ECA) [154], branch retinal vein occlusion [155], and
elevating the intraocular pressure (IOP) [156], were also
applied in studies of vasculature abnormalities. In these
occlusion models, increased apoptotic cells, reduced thick-
ness of retinal cell layers, reduced a-wave, b-wave, and OPs
amplitudes of the ERG were evidenced. Nevertheless, the
acute induction of ischemia, particularly those followed by
reperfusion, to the retinal tissue makes these models less
appropriate for studying DR, in which chronic ischemia is
persistently involved.

Kimba (trVEGF029) is a transgenic mouse model of
neovascularization, as a result of transient overexpression
of human VEGF

165
in the rhodopsin-expressing cells with

which it peaks at P10 to P15 and declines at P20. Character-
ization studies have been carried out as early as at P7 [157].
At that time, reduced thickness of the RGC layer, INL, outer
nuclear layer (ONL), and the total retinal layer was observed.
By P28, such reduction was found in IPL, the outer segment,
and the total retinal layer. Microaneurysms, intraretinal
microvascular abnormalities, and capillary dropout were
evident by P28 [157]. Vascular leakage was also observed at
P28 [157], but it ceased at 9 weeks of age potentially due to the
absence of over-expression of VEGF [158]. Increased adhered
leukocytes were found in veins and capillaries, together with
increased acellular capillaries by 6 weeks of age. Topological
and fractal analysis of retinal vasculature showed that vessel-
covered area, vessel length, and crossing points in the 9-
week-old Kimba mice were reduced. Vessel tortuosity and
pericyte loss were also evident at this time point [158]. Varied
degrees of the pathogenesis were being reported, which were
separated into two groups based on the assessment of fundus
fluorescein angiography. The phenotypic observations of the
relatively severe group were presented in this review. Since
this transgenic mouse is not commercially available, it is not
a popular model in DR.

In order to generate an ideal mouse model to study DR, a
new mouse model of DR was created by crossing the Kimba
mice with the Ins2Akita mice, named Akimba [159]. These

mice inherit the key systemic diabetic phenotypes from their
parental strains, making it a unique model. At 8 weeks of
age, optical coherence tomography (OCT) showed uneven
thickness in the retina. Retinal edema and reduced photore-
ceptor layer thickness, togetherwith retinal detachment, were
observed. RGCs number and neural retinal thickness were
reduced by 24 weeks of age. Abnormal microvasculature,
including microaneurysms, capillary dropout, hemorrhage,
neovascularization, venous loops, vessel tortuosity, vessel
beading, vascular dilatation, and vascular leakage, were also
evident in mice of 8 weeks old, although the leakage stopped
by 20 weeks of age. The Akimba mouse model displays
a number of vascular changes; however, more complete
mechanistic studies are essential before its utilization in
therapeutic drug studies.

A summary of the earliest reported morphological and
functional lesions in different mouse models of DR is shown
in Table 2.

2.2. Rat Models of DR. Although rats have a slightly bigger
size than mice, they are still easy to handle with a low cost
of maintenance, making them to be another popular animal
frequently used in in vivo studies. The use of rats in DR study
is particularly common owing to a relatively larger tissue
size, with which functional assessment and morphological
and molecular analyses can be done. Similar to DR studies
in mice, three types of rat models were used; these include
pharmacological induction of hyperglycemia, spontaneous
diabetic rats, and models of angiogenesis without diabetes.
A summary of the morphological and functional lesions in
different rat models of DR is shown in Table 3.

2.2.1. Pharmacologically Induced Rat Models of DR. Similar
to mice, hyperglycemia can be induced in rats by injection of
STZ or alloxan or by ingestion of galactose.

Compared to mice, rats are more susceptible to the
toxicity of STZ; therefore, usually a much lower dosage of
STZ is used. In order to minimize the mortality, insulin com-
plementation may also be administered. Table 1 summarized
most of the induction method of STZ in the past 3 years
and served as a reference for the researchers to select the
most appropriate dosage, injection paradigm, and rats with
different genetic background for their studies. Amongst the
methods, a single dose of 60–65mg/kg of weight is the most
popular one. Variation of the retinal lesions was reported,
which can be explained by the genetic background. Indeed,
a comparative study showed a strain difference in the rate of
developing early DR symptoms in rats upon STZ challenge
[120]. After 8 months of hyperglycemia, Lewis rats displayed
accelerated degeneration of retinal capillaries and RGC loss,
whereas Wistar rats only showed the capillary degeneration
and Sprague-Dawley (SD) rats showed no morphological
defects to a significant level. Increased apoptotic cells were
detected throughout the retina as soon as 2 weeks after hyper-
glycemia [136]. After 1 month of hyperglycemia, the number
of astrocytes in the peripheral region was reduced; however,
the number of Müller cells and microglial cells is increased
[160, 161] with the accompany of microglial hypertrophy
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Table 1: Existing methods for induction of diabetes in rodents using STZ.

Compensation
of insulin Dosage Animal strain, age or weight Onset of

hyperglycemia
Mouse
Single dose No 150mg/kg, i.p. C57Bl/6, 8–10wk old 6wk∗ [53]

No 150–180mg/kg, i.p. C57Bl/6, 10–12wk old 2wk [54]
No 180mg/kg, i.p. C57Bl/6, 10 wk old 1 day [41, 55]

No 200mg/kg, i.p.
C57Bl/6J, 10 wk old [56];
F1 hybrid (BALBc/129Sv ×
C57Bl/6J), 16 wk old [43]

3 days [56]

Yes 180mg/kg, i.p. C57Bl/6, 9–12wk old 1 wk [45, 48, 57, 58]
Yes 200mg/kg, i.p. C57Bl/6, 12 wk old 1 wk [47]

Multiple dose No 40mg/kg, i.p., for 5
consecutive days C57Bl/6, 10 wk old 1 wk [59]

No 45mg/kg, i.p., for 5
consecutive days C57Bl/6, 7-8 wk old 3 days [60]

No 50mg/kg, i.p., for 5
consecutive days

C57Bl/6J, 4-5 wk old [61];
C57Bl/6J, 8-9 wk old
[46, 62];
C57Bl/6 [63]

1 wk [46]

No 55mg/kg, i.p., for 5
consecutive days

C57Bl/6, 8–10wk old
[42, 64–66]

1 wk [42, 64, 66];
2 wk [65]

No 60mg/kg, i.p., for 3
consecutive days

C57Bl/6, 5–8wk old
[34, 49, 50] 1 wk [34, 49, 50]

No 60mg/kg, i.p., for 5
consecutive days

C57Bl/6, 6 wk old [40];
C57Bl/6J, 22 g [44];
C57Bl/6, 22 wk old [67]

1 wk [40, 44];
2 wk [67]

No 75mg/kg, i.p., for 3
consecutive days C57Bl/6, 3–5 months old 5wk∗ [68]

No 80mg/kg, i.p., for 3
consecutive days C57Bl/6, 6–8wk 1wk [69]

No 80mg/kg, i.p., for 5
consecutive days

F1 hybrid mice (FVB/N ×
C57Bl/6J), 10 wk old 1 wk [33]

No 100mg/kg, i.p., for 2
consecutive days C57Bl/6J, 6–8wk old 1 wk [70]

Yes 50mg/kg, i.p., for 3
alternate days C57Bl/6, 23–36 g 4wk∗ [71]

Yes 50mg/kg, i.p., for 5
consecutive days C57Bl/6 [72] Did not mentioned

Yes 60mg/kg, i.p., for 5
consecutive days C57Bl/6 [73]; C57Bl/6J [38] 1-2 wk [38, 73]

Rat
Single dose No 30mg/kg, i.v. Wistar rats, 6 wk old 3wks [74]

No 45mg/kg, i.p.
Sprague-Dawley (SD) rats,
200–250 g [75, 76];
Wistar rats, 220–250 g [77]

1 day [77];
3 days [76];
1 wk [75]

No 45mg/kg, i.v. Wistar rats, 130–150 g 1 day [78]

No 50mg/kg, i.p. Brown Norway (BN) rats,
8 wk old 2 days [79]

No 55mg/kg, i.p. Wistar rats, 8–12 wk old
[80, 81] 3 days [80, 81]
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Table 1: Continued.

Compensation
of insulin Dosage Animal strain, age or weight Onset of

hyperglycemia
No 60mg/kg Lewis rats [82] Did not mentioned

No 60mg/kg, i.p.

BN rats, 200–250 g [83];
SD rats, 6–8wk old [84–91];
SD rats, 230–350 g [92, 93];
SD rats [94];
Wistar rats, 140–200 g
[95–97];
Wistar rats, 200–300 g
[98–100];
Long-Evens (LE) rats,
250–300 g [101]

1 day [83, 89];
2 days
[86–88, 91, 100];
3 days [84, 85, 92,
93, 97, 98]
1 wk [90, 96]

No 65mg/kg, i.p.

SD rats, 150–200 g [102–106];
SD rats, 240–275 g [107, 108];
Wistar rats, 8-9 wk old
[109–111]

1 day [106];
2 days
[107, 109–111];
3 days [102, 103];
1 wk [104, 105]

No 65mg/kg, i.v.

BN rats, 150–200 g [112];
LE rats, 150–200 g [112];
Wistar rats, 160–170 g
[113, 114]

3 days [112];
2 wk∗ [113, 114]

No 70mg/kg, i.p. SD rats, 8 wk old 12wk∗ [115]
No 75mg/kg, i.p. LE rats, 200–250 g 2 days [116]
No 80mg/kg, i.p. LE rats, 6–8wk old 1 wk [69]
Yes 45mg/kg, i.v. Wistar rats, 12 wk old 3 days [117]
Yes 50mg/kg, i.p. SD rats, 6 wk old 2wk [118]
Yes 55mg/kg, i.p. SD rats, 200 g 2-3 days [119]

Yes 55mg/kg
Lewis rats, 200 g [120, 121];
SD rats, 200 g [120];
Wistar rats, 200 g [120]

2wk∗ [120, 121]

Yes 60mg/kg, i.p.
Wistar rats, 129–170 g [58]
Wistar rats, 240–280 g∗∗
[122]

1 day [122];
1 wk [58]

Yes 65mg/kg, i.p. SD rats, 260 g 4wk∗ [123]
Yes 65mg/kg, i.v. SD rats, 200 g 4wk∗ [124]
Yes 70mg/kg, i.p. LE rats, 8 wk old 3 days [125, 126]
Yes∗∗ 80mg/kg, i.p. SD rats, 200 g 1 wk [127]

∗Indicates the earliest time point being mentioned by the authors.
∗∗Comparison between the insulin-treated versus untreated animals.

[160].The density of astrocyte was further reduced in the cen-
tral region, together with the reduction of astrocyte processes
in the peripheral region after 6 weeks of hyperglycemia [118].
Decreased total retinal thickness [163], as well as decreased
number of cells in the RGC layer [160], the ONL [163],
and the INL [160] was also reported. Regarding the vascular
changes, blood-retinal-barrier (BRB) breakdownwas evident
at 2 weeks of hyperglycemia [161, 163]. Increased adherent
leukocytes [164] and arterial or venous capillaries basement
membrane thickening [165] were observed at 8 weeks and
12 months after hyperglycemia, respectively. Retinal function
was affected from 2 weeks after the onset of hyperglycemia
as reflected by the ERG. Reduced b-wave [166], OPs [167],
and a-wave [166] amplitudes were progressively found at 2
weeks, 8 weeks, and 10 weeks of hyperglycemia. At around

the same time, the a-wave implicit time andOPswere delayed
[168]. Morphological and functional studies suggested that
STZ-induced diabetic rats only showed early DR symptoms,
which is comparable to those in STZ-induced mice.

The use of alloxan in DR studies is not very common
nowadays, and the existing morphological studies were
mainly focused on the vascular lesions. Neovascularization
was already observed from 2 months of induction of hyper-
glycemia starting from the midperiphery region and pro-
gressing to the whole retina after 9 months of hyperglycemia
[170]. Extravascular macrophage accumulation and capillary
endothelial cells swelling were also identified after 2 months
and 5 months of hyperglycemia, respectively [170]. By 8
months, increased cell death in the retinal microvasculature
was evident [171]. Acellular capillaries, basement membrane
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6–

8w
k
of

ag
e

4w
k:
in
cr
ea
se
d
ne
ur
or
et
in
al
ap
op

to
tic

ce
lls

in
RG

C
la
ye
r[
14
9]

3m
th
:i
nc
re
as
ed

ne
ur
or
et
in
al
ap
op

to
tic

ce
lls

in
th
e

IN
L
[14

9]

3m
th
:b
as
em

en
tm

em
br
an
et
hi
ck
en
in
g
[14

9]

O
IR

—
—

P1
8:

(i)
Re

du
ce
d
th
ic
kn

es
so

ft
ot
al
re
tin

al
[1
53
]

(ii
)R

ed
uc
ed

th
ic
kn

es
so

fI
PL

[1
53
]

(ii
i)
Ab

se
nc
eo

ft
he

de
ep

pl
ex
us

[1
53
]

(iv
)R

ed
uc
ed

ou
te
rs
eg
m
en
tl
en
gt
h
[1
53
]

(v
)M

ic
ro
gl
ia
lr
ea
ct
iv
at
io
n
[1
53
]

(v
i)
In
cr
ea
se
d
gl
io
tic

M
ül
le
rc

el
ls
an
d
m
ic
ro
gl
ia
[1
53
]

P1
8:

(i)
Ab

er
ra
nt

in
tr
av
itr
ea
ln

eo
va
sc
ul
ar
iz
at
io
n
ac
ro
ss
al
l

ec
ce
nt
ric

iti
es

[1
53
]

(ii
)R

ed
uc
ed

ve
ss
els

in
th
ed

ee
p
pl
ex
us

[1
53
]

(ii
i)
Re

du
ce
d
ve
ss
els

in
th
ei
nn

er
re
tin

al
pl
ex
us

[1
53
]

P1
8:

(i)
Re

du
ce
d
a-
w
av
ea

nd
b-
w
av
ea

m
pl
itu

de
si
n
ER

G
[1
53
]

(ii
)D

ela
ye
d
b-
w
av
ei
m
pl
ic
it
tim

ei
n
ER

G
[1
53
]

(ii
i)
Re

du
ce
d
O
P3

an
d
O
P4

in
ER

G
[1
53
]

Ki
m
ba

—
—

9w
k
of

ag
e:
pe
ric

yt
el
os
s[
15
8]

P2
8
of

ag
e:

(i)
M
ic
ro
an
eu
ry
sm

s[
15
7]

(ii
)V

as
cu
la
rl
ea
ka
ge

[1
57
],
bu

ts
to
ps

at
9w

k
of

ag
e[
15
8]

(ii
i)
Ca

pi
lla
ry

bl
oc
ka
ge
,d
ro
po

ut
,a
nd

he
m
or
rh
ag
e[

15
7]

6w
k
of

ag
e:

(i)
Le
uk

os
ta
sis

in
ve
in
sa

nd
ca
pi
lla
rie

s[
15
8]

(ii
)A

ce
llu

la
rc

ap
ill
ar
ie
s[
15
8]

9w
k
of

ag
e:

(i)
Re

du
ce
d
ve
ss
el
co
ve
re
d
ar
ea

[1
58
]

(ii
)R

ed
uc
ed

ve
ss
el
le
ng

th
[1
58
]

(ii
i)
Re

du
ce
d
cr
os
sin

g
po

in
ts
[1
58
]

(iv
)V

es
se
lt
or
tu
os
ity

[1
58
]

A
ki
m
ba

Ty
pe

1
4w

k
of

ag
e

8w
k
of

ag
e:

(i)
U
ne
ve
n
th
ic
kn

es
si
n
th
er

et
in
ai
n
O
CT

[1
59
]

(ii
)R

ed
uc
ed

ph
ot
or
ec
ep
to
rl
ay
er

th
ic
kn

es
s[
15
9]

(ii
i)
Re

tin
al
ed
em

a[
15
9]

(iv
)R

et
in
al
de
ta
ch
m
en
t[
15
9]

24
w
k
of

ag
e:
re
du

ce
d
RG

Cs
nu

m
be
ra

nd
ne
ur
al

re
tin

al
th
ic
kn

es
s[
15
9]

8w
k
of

ag
e:

(i)
Ca

pi
lla
ry

dr
op

ou
t[
15
9]

(ii
)M

ic
ro
an
eu
ry
sm

[1
59
]

(ii
i)
H
em

or
rh
ag
e[
15
9]

(iv
)V

as
cu
la
rl
ea
ka
ge
,s
to
ps

by
20

w
k
of

ag
e[

15
9]

(v
)V

as
cu
la
rd

ila
ta
tio

n
[1
59
]

(v
i)
Ve

no
us

lo
op

s[
15
9]

(v
ii)

Ve
ss
el
to
rt
uo

sit
y
[1
59
]

(v
iii
)V

es
se
lb
ea
di
ng

[1
59
]

(ix
)N

eo
va
sc
ul
ar
iz
at
io
n
[1
59
]

∗
So
m
es

tu
di
es

re
po

rt
ed

ab
se
nc
eo

fr
ed
uc
tio

n
of

RG
Cs

[3
6–

39
].

Th
eo

bs
er
va
tio

ns
re
po

rt
ed

at
ap

ar
tic

ul
ar

tim
ep

oi
nt
,w

hi
ch

w
as

ch
os
en

by
th
ea

ut
ho

rs
,m

ay
no

tt
ot
al
ly
re
fle
ct
th
es

eq
ue
nt
ia
lp
ro
ce
ss
es
.
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Ta
bl
e
3:
C
om

pa
ris

on
of

th
ec

el
lu
la
ra

nd
fu
nc
tio

na
ll
es
io
ns

in
ra
tm

od
el
so

fD
R.

A
ni
m
al

m
od

el
Ty

pe
of

di
ab
et
es

O
ns
et
of

hy
pe
rg
ly
ce
m
ia

Te
m
po

ra
lm

or
ph

ol
og
ic
al
le
sio

ns
in

re
tin

au
po

n
de
ve
lo
pm

en
to

fh
yp
er
gl
yc
em

ia
Te
m
po

ra
lf
un

ct
io
na
ll
es
io
ns

in
re
tin

au
po

n
de
ve
lo
pm

en
to

fh
yp
er
gl
yc
em

ia
(E
RG

,S
LO

,f
M
RI
)

C
el
lu
la
r

Va
sc
ul
ar

ST
Z

in
je
ct
io
n

Ty
pe

1
W
ith

in
1w

k
of

in
je
ct
io
n

2w
k:
in
cr
ea
se
d
ap
op

to
tic

ce
lls

[1
36
]

1m
th
:

(i)
M
ic
ro
gl
ia
lc
el
ls
hy
pe
rt
ro
ph

y
[1
60
]

(ii
)I
nc
re
as
ed

M
ül
le
rc

el
ls
an
d
m
ic
ro
gl
ia
ce
ll
nu

m
be
r

[1
60
,1
61
]

(ii
i)
Re

du
ce
d
as
tro

cy
te
nu

m
be
r[
16
1]

(iv
)A

po
pt
os
is
of

af
ew

ph
ot
or
ec
ep
to
rc

el
ls
[1
62
]

6w
k:

(i)
Re

du
ce
d
as
tro

cy
te
nu

m
be
r[
118

]
(ii
)R

ed
uc
ed

as
tro

cy
te
pr
oc
es
se
s[
118

]
(ii
i)
Re

du
ce
d
N
eu
N
-p
os
iti
ve

ga
ng

lio
n
ce
lls

in
G
CL

[1
60
]

(iv
)R

ed
uc
ed

ce
lls

in
th
eO

N
L
[1
63
]

(v
)R

ed
uc
ed

to
ta
lr
et
in
al
th
ic
kn

es
s[
16
3]

4m
th
:r
ed
uc
ed

N
eu
N
-p
os
iti
ve

ne
ur
on

si
n
IN

L
[1
60
]

2w
k:
BR

B
br
ea
kd

ow
n
[1
61
,1
63
]

8w
k:
in
cr
ea
se
d
ad
he
re
nt

le
uk

oc
yt
es

[1
64

]
12
m
th
:a
rt
er
ia
lo
rv

en
ou

sc
ap
ill
ar
ie
sb

as
em

en
t

m
em

br
an
et
hi
ck
en
in
g
[1
65
]

2w
k:
re
du

ce
d
b-
w
av
ea

m
pl
itu

de
si
n
ER

G
[1
66
]

4w
k:
de
cr
ea
se
d
po

sit
iv
es

co
to
pi
ct
hr
es
ho

ld
re
sp
on

se
in

ER
G
[1
67
]

8w
k:
de
cr
ea
se
d
O
Ps

in
ER

G
[1
67
]

10
w
k:
re
du

ce
d
a-
w
av
ea

m
pl
itu

de
si
n
ER

G
[1
66
]

11
w
k:

(i)
Re

du
ce
d
a-
w
av
ei
m
pl
ic
it
tim

ei
n
ER

G
[1
68
]

(ii
)D

ela
ye
d
O
Ps

in
ER

G
[1
68
]

A
llo

xa
n

in
je
ct
io
n

Ty
pe

1
W
ith

in
1w

k
of

in
je
ct
io
n

12
m
th
:p
er
ic
yt
el
os
s[
16
9]

2m
th
:

(i)
N
eo
va
sc
ul
ar
iz
at
io
n
lim

ite
d
to

th
e

m
id
pe
rip

he
ry
re
gi
on

[1
70
]

(ii
)E

xt
ra
va
sc
ul
ar

ac
cu
m
ul
at
io
n
of

m
on

oc
yt
es

an
d

gr
an
ul
oc
yt
es

[1
70
]

5m
th
:

(i)
N
eo
va
sc
ul
ar
iz
at
io
n
in

th
em

id
pe
rip

he
ry
re
gi
on

an
d

th
ec

en
te
r[
17
0]

(ii
)C

ap
ill
ar
y
en
do

th
el
ia
lc
el
ls
sw

el
lin

g
[1
70
]

8m
th
:r
et
in
al
m
ic
ro
va
sc
ul
ar

ce
ll
de
at
h
[1
71
]

9m
th
:n
eo
va
sc
ul
ar
iz
at
io
n
in

al
lr
eg
io
ns

[1
70
]

12
m
th
:

(i)
Ac

el
lu
la
rc

ap
ill
ar
ie
s[
16
9]

(ii
)B

as
em

en
tm

em
br
an
et
hi
ck
en
in
g
[1
69
]

G
al
ac
to
se
-

fe
d

—
—

12
m
th
:p
er
ic
yt
el
os
s[
16
9]

28
m
th
:

(i)
G
lio

sis
[1
72
]

(ii
)D

isr
up

tio
n
of

re
tin

al
la
ye
rs
[1
72
]

6m
th
:r
et
in
al
m
ic
ro
va
sc
ul
ar

ce
ll
de
at
h
[1
71
]

12
m
th
:

(i)
Ac

el
lu
la
rc

ap
ill
ar
ie
s[
16
9]

(ii
)B

as
em

en
tm

em
br
an
et
hi
ck
en
in
g
[1
69
]

28
m
th
:

(i)
Ca

pi
lla
ry

di
la
tio

n
[1
72
]

(ii
)M

ic
ro
an
eu
ry
sm

fo
rm

at
io
n
in

th
eI
PL

an
d
th
eI
N
L

[1
72
]

BB
Ty

pe
1

3-
4m

th
of

ag
e

4m
th
:a
bs
en
ce

of
in
fo
ld
in
g
or

de
ra
ng
em

en
to

ft
he

ba
sa
lp
la
sm

al
em

m
ao

ft
he

RP
E
[1
73
]

8m
th
:

(i)
Re

du
ce
d
pe
ric

yt
en

um
be
r[
17
4]

(ii
)R

ed
uc
ed

pe
ric

yt
et
o
en
do

th
el
ia
lc
el
lr
at
io

[1
74
]

2m
th
:c
ap
ill
ar
y
di
la
tio

n
[1
75
]

4m
th
:b
as
em

en
tm

em
br
an
et
hi
ck
en
in
g
[1
75
]

8m
th
:m

ic
ro
in
fa
rc
tio

ns
w
ith

ar
ea
so

fn
on

pe
rf
us
io
n
[1
75
]
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Ta

bl
e
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C
on

tin
ue
d.

A
ni
m
al

m
od

el
Ty

pe
of

di
ab
et
es

O
ns
et
of

hy
pe
rg
ly
ce
m
ia

Te
m
po

ra
lm

or
ph

ol
og
ic
al
le
sio

ns
in

re
tin

au
po

n
de
ve
lo
pm

en
to

fh
yp
er
gl
yc
em

ia
Te
m
po

ra
lf
un

ct
io
na
ll
es
io
ns

in
re
tin

au
po

n
de
ve
lo
pm

en
to

fh
yp
er
gl
yc
em

ia
(E
RG

,S
LO

,f
M
RI
)

C
el
lu
la
r

Va
sc
ul
ar

W
BN

/K
ob

Ty
pe

2
9–

12
m
th

of
ag
e

5m
th

of
ag
e(
pr
ed
ia
be
tic

):
re
du

ce
d
th
ic
kn

es
so

fo
ut
er

se
gm

en
ts
an
d
O
N
L
[1
76
]

2m
th
:

(i)
Re

du
ce
d
th
ic
kn

es
so

ft
ot
al
re
tin

al
la
ye
r,
O
PL

[1
76
]

(ii
)V

isu
al
ce
lls

di
sa
pp

ea
re
d
[1
76
]

1m
th
:c
ap
ill
ar
ie
sc

lu
ste

re
d
in
to

sm
al
lt
or
tu
ou

sk
no

ts
[1
77
]

5m
th
:c
ap
ill
ar
y
ba
se
m
en
tm

em
br
an
et
hi
ck
en
in
g
[1
76
]

6m
th
:

(i)
In
cr
ea
se
d
ca
pi
lla
ry

lo
op

[1
77
]

(ii
)R

ed
uc
ed

nu
m
be
ro

fc
ap
ill
ar
y
[1
77
]

12
m
th
:

(i)
In
cr
ea
se
d
fib

ro
va
sc
ul
ar

ele
m
en
tp

ro
lif
er
at
io
n
in

th
e

vi
tre

ou
s[
17
8]

(ii
)I
nc
re
as
ed

in
tr
ar
et
in
al
ne
ov
as
cu
la
riz

at
io
n
[1
78
]

(ii
i)
In
cr
ea
se
d
hy
al
in
iz
at
io
n
of

in
tr
ar
et
in
al
ve
ss
el
s[
17
8]

ZD
F

Ty
pe

2
6-
7w

k
of

ag
e

6m
th
:

(i)
In
cr
ea
se
d
ap
op

to
tic

pe
ric

yt
es

[1
79
]

(ii
)I
nc
re
as
ed

pe
ric

yt
eg

ho
sts

[1
79
]

5m
th
:

(i)
Ca

pi
lla
ry

ba
se
m
en
tm

em
br
an
et
hi
ck
en
in
g
[1
80
,1
81
]

(ii
)I
nc
re
as
ed

ca
pi
lla
ry

ce
ll
nu

cl
ea
rd

en
sit
y
[18

0,
18
1]

6m
th
:

(i)
In
cr
ea
se
d
ap
op

to
tic

en
do

th
eli
al
ce
lls

[1
79
]

(ii
)A

ce
llu

la
rc

ap
ill
ar
ie
s[
17
9]

O
LE

TF
Ty

pe
2

5m
th

of
ag
e

9m
th
:

(i)
D
am

ag
ed

en
do

th
eli
al
ce
lls

[1
82
]

(ii
)R

ed
uc
ed

ra
tio

of
pe
ric

yt
ea

re
at
o
th
et
ot
al

ca
pi
lla
ry

cr
os
s-
se
ct
io
na
la
re
a[

18
3]

14
m
th
:

(i)
D
ec
re
as
ed

th
ic
kn

es
so

fI
N
L
[1
82
]

(ii
)D

ec
re
as
ed

th
ic
kn

es
so

fp
ho

to
re
ce
pt
or

la
ye
r[
18
2]

(ii
i)
RP

E
de
cr
ea
se
d
in

he
ig
ht

[1
82
]

(iv
)B

as
al
in
fo
ld
in
gs

w
er
ep

oo
rly

de
ve
lo
pe
d
[1
82
]

6w
k:
le
uk

os
ta
sis

[1
84
]

9m
th
:

(i)
Ca

pi
lla
ry

ba
se
m
en
tm

em
br
an
et
hi
ck
en
in
g
[1
82
,1
83
]

(ii
)C

al
ib
er

irr
eg
ul
ar
ity

[1
83
,1
85
]

(ii
i)
N
ar
ro
w
in
g
of

ar
te
rie

s[
18
5]

9–
12
m
th
:

(i)
To

rt
uo

sit
y
[1
82
,1
83
,1
85
]

(ii
)M

ic
ro
an
eu
ry
sm

s[
18
2,
18
3,
18
5]

(ii
i)
Lo

op
fo
rm

at
io
n
in

ca
pi
lla
ry

[1
82
,1
83
,1
85
]

G
K

Ty
pe

2,
no

no
be
se

4–
6w

k
of

ag
e

7m
th
:i
nc
re
as
ed

en
do

th
eli
al
/p
er
ic
yt
er

at
io

[1
86
]

1m
th
:

(i)
Re

du
ce
d
re
tin

al
se
gm

en
ta
lb
lo
od

flo
w
s[
18
6]

(ii
)I
nc
re
as
ed

re
tin

al
m
ea
n
ci
rc
ul
at
io
n
tim

e[
18
6]

3m
th
:i
nc
re
as
ed

BR
B
pe
rm

ea
bi
lit
y
[1
87
]

SD
T

Ty
pe

2,
no

no
be
se

5m
th

of
ag
e

20
w
k:
in
cr
ea
se
d
ap
op

to
tic

ce
lls

in
th
eG

CL
an
d
th
e

IN
L
[1
88
]

48
w
k:
di
sto

rt
io
n
of

re
tin

aa
nd

pr
ot
ru
de
d
op

tic
di
sc

[1
89
]

50
w
k:
tr
ac
tio

na
lr
et
in
al
de
ta
ch
m
en
tw

ith
fib

ro
us

pr
ol
ife
ra
tio

n
[19

0]
15
m
th
:

(i)
Pr
ol
ife
ra
tiv

er
et
in
op

at
hy

w
ith

ou
tv
as
cu
la
r

no
np

er
fu
sio

n
(5
3%

of
ra
ts)

[1
91
]

(ii
)T

ra
ct
io
n
re
tin

al
fo
ld
s[
19
1]

24
w
k:
le
uk

os
ta
sis

[19
2]

48
w
k:
le
ak
ag
eo

ffl
uo

re
sc
ei
n
ar
ou

nd
th
eo

pt
ic
di
sc

[1
89
]

4w
k:
de
la
ye
d
pe
ak

la
te
nc
y
of

th
eΣ

O
Ps

in
ER

G
[1
89
]

24
w
k:

(i)
Re

du
ce
d
a-
w
av
e,
b-
w
av
e,
an
d
O
Ps

am
pl
itu

de
si
n
ER

G
[19

3]
(ii
)P

ro
lo
ng
ed

im
pl
ic
it
tim

es
in

a-
w
av
e,
b-
w
av
e,
an
d
O
Ps

in
ER

G
[19

3]

O
IR

—
—

P1
8:

(i)
Re

du
ce
d
th
ic
kn

es
si
n
IN

L,
IP
L,
an
d
to
ta
lr
et
in
al

la
ye
r[
19
4]

(ii
)M

ül
le
rc

el
lg
lio

sis
in

pe
rip

he
ra
lr
eg
io
n
[19

4]
(ii
i)
Re

du
ce
d
as
tro

cy
te
nu

m
be
r[
19
5]

(iv
)I
m
pa
ire

d
pe
ric

yt
ee

nd
ot
he
lia
li
nt
er
ac
tio

ns
[19

5]
(v
)D

iso
rg
an
iz
ed

an
d
th
in
ni
ng

of
th
eo

ut
er

se
gm

en
t

[19
6]

P1
8:

(i)
In
tr
av
itr
ea
ln

eo
va
sc
ul
ar
iz
at
io
n
[19

5]
(ii
)U

nd
er
de
ve
lo
pm

en
to

ft
he

ou
te
rv

as
cu
la
rp

le
xu

s[
19
5]

(ii
i)
In
cr
ea
se
d
to
rt
uo

sit
y
in

ar
te
rio

le
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thickening, and pericyte loss were also reported upon 12
months of hyperglycemia [169]. Nevertheless, appearance of
the lesions varied between studies; it would be due to the
different time points selected by the authors or different
dosage of alloxan being injected. Reported lesions with the
“earliest onset” were listed in this review.

Similar to mice, DR can be studied in rats fed with
galactose, with the equivalent advantage of longer life span
[172, 198]. Studies showed increased retinalmicrovascular cell
death in 6 months after hyperglycemia [171]. Other vascular
lesions, such as acellular capillaries and basement membrane
thickening as well as pericyte loss, were observed after 12
months of feeding with galactose [169]. A long-term study
demonstrated cellular lesions, including gliosis and disrup-
tion of retinal layers, together with vascular abnormalities,
capillary dilation and microaneurysm formation in the inner
plexiform layer (IPL) and the INL, in rats fed with galactose
for 28 months [172]. Owing to the differences in galactose
concentration and time points selected by various studies, the
“earliest onsets” of the lesions were listed in this review.

2.2.2. Diabetic Rat Models Carrying Endogenous Mutation. A
number of rats with spontaneous onset of diabetes have been
identified. These include type 1 diabetic model: biobreeding
(BB) as well as type 2 diabetic model: Wistar Bonn/Kobori
(WBN/Kob) rats, Zucker diabetic fatty (ZDF) rats, Otsuka
Long-Evans Tokushima fatty (OLETF) rats, nonobese Goto-
Kakizaki (GK) rats, and nonobese spontaneously diabetic
Torii (SDT) rats.

Like NODmice, the BB rats spontaneously develop poly-
genic autoimmune type 1 diabetes, in which the pancreatic
𝛽-cells were selective destroyed [175, 199]. After 4 months
of hyperglycemia, absence of infolding and derangement of
the basal plasma lemma of the RPE were also observed [173].
The number of pericyte and the pericyte to endothelial cell
ratio were reduced [174, 175] after 8months of hyperglycemia.
Lesions associated with the retinal microvasculature, includ-
ing capillary dilation and basement membrane thickening,
were found from 2 months and 4 months of hyperglycemia,
respectively [175]. Microinfarctions with areas of nonper-
fusion were evident whereas no neovascularization was
detected up to 11 months [175]. Several inbred and outbred
lines, such as BB/Wor, BB/E, and BB/Ph, have been produced
and named based on the origin of the breeding colony. Since
genetic variations and potential differential phenotypes are
introduced, researchers should select the appropriate stain
carefully.

The WBN/Kob rats are a type 2 diabetes model owing
to endo-exocrine pancreatic insufficiency, and only male
offspring develop diabetic symptoms [200]. Retinal degen-
eration was already observed before the animal becomes
hyperglycemic at around 9 to 12 months of age. Thickness
of outer segments and ONL was reduced in WBN/Kob rats
at 5 months of age whereas high blood glucose was evident
in these rats at 10 months old [176]. About 2 months after
becoming hyperglycemic, these rats also showed reduction
in the visual cells, the OPL, and the total retinal layer
[176]. Vascular lesions were also identified, and capillaries

clustered into small tortuous knots after about 1 month
of hyperglycemia [177]. After 5 to 6 months of diabetes,
capillary basement membrane thickening [176], increased
capillary loop, and reduced number of capillary [177] were
also observed. After a prolonged hyperglycemia of 12months,
some rats showed increased proliferation of fibrovascular
element in the vitreous, intraretinal neovascularization, and
hyalinization of intraretinal vessels [178]. WBN/Kob rats,
which display the symptoms of the progressiveDR,may serve
as a model for testing therapeutic drug targeting angiogene-
sis. However, the early onset of neuronal degeneration (before
hyperglycemia commencement) suggests that the etiology of
retinal degeneration may not be the same as that in human;
therefore, further studies need to be carried out before this
can be used as a model for DR.

The ZDF rats are also a genetic model of type 2 diabetes.
They carry an inherited obesity gene mutation, which results
in impairment of glucose tolerance and insulin resistance
(http://www.criver.com/SiteCollectionDocuments/ZDF.pdf;
accessed on 19-Nov-2012). Excessive body weight gain
was observed in male ZDF rats in the first 6 months of
life, but the weight decrease to a level similar to the lean
controls afterwards [201]. Hyperglycemia starts at 6 to 7
weeks of age and maintains high throughout their life [180].
Retinopathological studies in these rats mainly focused
on the vasculature. Thickening of the capillary basement
membrane and increased capillary cell nuclear density
were reported in rats after 5 months of hyperglycemia
[180, 181]. Apoptosis of endothelial cells and pericytes
was higher in these rats compared to the lean controls,
together with an increased number of acellular capillaries
and pericyte ghosts upon 6 months of diabetes [179]. Retinal
functional analysis and long-term morphological studies of
the retinal neuronal and glial cells of these rats remain to be
elucidated.

Another type 2 diabetic rat model is OLETF rats; they
significantly gained more weight from 1 to 6 months of
age, but they lost weight from 9 to 10 months of age.
Elevated blood glucose was observed from 5 months of age
and it maintained high [182, 183]. After about 6 months
of hyperglycemia, despite no significant difference in the
number of acellular capillaries and pericyte ghosts [202],
OLETF rats with 9months of hyperglycemia showed reduced
ratio of pericyte area to the total capillary cross-sectional area
[183] and damaged endothelial cells [182]. By 14 months of
hyperglycemia, the INL and the photoreceptor layer became
thinner, accompanied with shortening of the RPE height
and poorly developed basal infoldings [182]. Relatively early
microvessel-related symptoms were reported in these rats, in
which leukocyte entrapment was evident in rats after 6 weeks
of hyperglycemia [184].Other abnormalities, including thick-
ening of capillary basement membrane, tortuosity, microa-
neurysms, loop formation in capillary, caliber irregularity
and narrowing of arteries, were also described in rats after
9 to 12 months of diabetes [182, 183, 185]. No hemorrhages,
emboli, and exudates were found in these rats up to 14months
of diabetes [182]. Moreover, ERG revealed that OLETF rats
fed with sucrose for 8 weeks had a prolonged peak latency of
∑OPs [203].The absence of acellular capillaries as well as the
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late onset of diabetes and the related symptoms diminished
the popularity of using this model to study DR.

The GK rat is a spontaneous model of non-insulin-
dependent diabetes without obesity.These rats are originated
from normal Wistar rats and they were selected via repeated
inbreeding exercise using glucose intolerance as a selection
index [186, 204]. Rats at 4–6 weeks of age develop hyper-
glycemia [186, 187]; they also showed reduction of retinal seg-
mental blood flows and prolonged retinal mean circulation
time after 1 month of hyperglycemia [186]. Increased BRB
permeability [187] and endothelial/pericyte ratio [186] were
also evident in 3 months and 7 months after the onset of
hyperglycemia. No significant differences were observed in
the retinal arterial and venous diameters [186]. Owing to the
limited publications on the retinopathology in the GK rats,
further characterizations on the non-vascular-related lesions
need to be performed.

The SDT rat, which is a substrain of the SD rat, is another
model of nonobese type 2 diabetes. Glucose intolerance
and impaired insulin secretion were demonstrated in the
male SDT rats at 14 weeks, followed by hyperglycemia
and glucosuria at 5 months of age. These rats showed a
sexual differentiation in the development of diabetes that
the cumulative incident is about 100% in males at 40 weeks
of age and only about 33% in females up to 65 weeks of
age [190, 205]. Retinal dysfunction was observed after 4
weeks of hyperglycemia, as evident by delayed peak latency
of the ∑OPs [189]. The amplitudes of a-wave, b-wave, and
∑OPs were significantly reduced with prolonged implicit
times at 24 weeks of hyperglycemia [193]. At the same
time, leukostasis [192] and the number of apoptotic cells in
the GCL and the INL [188] were increased in the retinas
of SDT rats. Vascular lesions, such as acellular capillaries
and pericyte loss, have been described by Kakehashi et al.
[206]. Advanced lesions, including leakage of fluorescein
around the optic disc as well as distortion of retina and
protruded optic disc, were also observed after 48 weeks
of hyperglycemia [189]. More importantly, a few studies
showed that proliferative DR can be detected in some of the
aged SDT rats, which have been exposed to hyperglycemia
for more than 48 weeks [190, 191, 205, 206]. The reported
symptoms include retinal hemorrhages, tortuous vessels,
capillary nonperfusion, neovascularization, and tractional
retinal detachment with fibrous proliferation. Amongst the
diabetic rat models mentioned in this review, the SDT rat is
the only one that shows severe ocular complications similar
to those seen in human. Although some commonphenotypes
in human DR, such as microaneurysms and development of
avascular area, are rare in this model, this is a unique model
to study proliferative DR [205, 207].

2.2.3. Rat Models for Angiogenesis Study. Similar to the
mouse models for studying angiogenesis, OIR and occlusion
models were also applicable to rats. Owing to the relevance
of ischemic-induced neovascularization, we will focus on the
OIR in this section.

The basic principle of OIR in rats is very similar to that
in mice, which involves the induction of neurovasculariza-
tion in nondiabetic animals. Different from the “standard”

protocol of OIR in mice, several paradigms with varied
oxygen concentrations and duration of the exposure period
have been applied in rats. In brief, the newborn pups are
exposed in alternative hyperoxia-hypoxia cycles for 11 to 14
days and then returned to room air [194, 195, 208–210].
Peripheral astrocyte degeneration was observed soon after
the rats were exposed to room air [195]. At P18, the number
of astrocyte was reduced almost throughout the whole retina
[195] with prominentMüller cell reactivity in the regions that
are devoid of intraretinal blood vessels [194]. Reduction of
thickness in the INL, the IPL, and the total retinal layers was
evident [194]; the outer segment layer also became thinner
and disorganized [196]. While the number of pericytes was
comparable to the room air control, the pericyte-endothelial
interactions were impaired [195]. Intravitreal neovasculariza-
tion, incomplete development of the outer vascular plexus
and extension of the abnormal endothelial “tufts” toward
the vitreous were observed in the OIR rats [195]. Functional
lesions were also studied using ERG, in which the a- and
b-wave amplitudes were reduced [197]. This model is useful
in therapeutic drug screening or in the study of the mech-
anisms in angiogenesis, yet special equipments are required.
Moreover, strain-dependent difference in the degree of retinal
vascularization and abnormalities in vascular morphology
have been reported [208]. The albino SD, the pigmented
Dark Agouti, and Hooded Wister rats were more prone to
the hyperoxia-hypoxia challenge, and they showed severe
vascular attenuation following the oxygen exposure as well as
severe vascular pathologies when compared to other strains.

In summary, rodents are very popularmodels to study the
pathogenesis and examine the efficiency of therapeutic drugs
of DR in laboratories.They have the advantage of being small
in size which allows easier handling; however, this alsomakes
in vivo examinations, such as fundus photography, fundus
fluorescein angiography, and optical coherence tomography,
difficult. Despite the lack of proliferative DR symptoms
as described in most of the models mentioned above,
researchers also focus on other animals in order to obtain
the most representative model of DR, which ideally displays
the comparable DR symptoms as seen in human patients.
Higher mammals not only can serve as a platform for easier
examinations but also allow easier treatment particularly
those involving sophisticated surgical procedures. In these
animals, sampling of body fluid, for example, vitreous and
blood, can also be performed routinely.

2.3. Rabbit Models of DR. Similar approaches have been
applied to rabbits to induce DR; these include pharmacologi-
cally induced and dietary-induced diabetic models as well as
VEGF-induced angiogenesis in the retina without affecting
the blood glucose level.

2.3.1. Pharmacologically Induced Rabbit Models of DR.
Hyperglycemia can be induced in rabbit by STZ, although
this method is not very frequently used. A study showed
that intravenous injection of STZ (100mg/kg) in rabbits can
elevate their blood glucose level [211]. Fundus examination
was done after 19 weeks of hyperglycemia and all eyes showed
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certain degree of retinopathy, of which 50% showed prolif-
erant retinopathy; 40% showed serious vasculopathy with
serious retinal and preretinal hemorrhages, vascular lesions,
hemovitreous and venous thrombosis; and the remaining 10%
showed moderate vasculopathy with hard or soft exudates
and widespread hemorrhages. Variation in the extent of the
retinopathogenesis limits the use of this model.

2.3.2. Diet-Induced Rabbit Models of DR. Early DR can be
found in rabbit models of diet-induced impaired glucose
tolerance plus hyperlipidaemia [212]. Rabbits were fed with
standard chow with 10% lard, 40% sucrose, and 0.1–0.5%
cholesterol for a period of 24 weeks. The blood glucose level
slightly elevated in the animals after feeding with 12 weeks
of the special diet, and they became hyperglycemic by the
end of the study period. Histological findings suggested that
increased microaneurysms and hyperfluorescent dots were
already present before the rabbit becomes hyperglycemic,
while those pathological symptoms further progressed with
prolonged feeding. Although this model mimics the natural
development of type 2 diabetes in human, the drawback is the
slow progression of DR symptoms.

2.3.3. Rabbit Models for Angiogenesis Study. In brief, a
polymeric pellet containing human recombinant VEGF was
implanted into the vitreous cavity of the rabbit [213]. After
7 days of implementation, increased dilation and tortuosity
of retinal vessels were observed. During 14 to 21 days after
implementation, fluorescein angiography further showed
profuse leakage of dye, together with the presence of numer-
ous small tortuous blood vessels, suggesting induction of
neovascularization. However, such vascular changes stopped
afterwards and neovascularization almost totally regressed
after 35 days of implementation. The authors suggested that
the regression of vessels may be due to depletion of the
VEGF, implying that choosing the experimental endpoint
is crucial when screening therapeutic agents in this model.
Therefore, another group generated a similarmodel, in which
human recombinant basic fibroblast growth factor (bFGF)
was also incorporated into the polymeric pellet besides the
human recombinant VEGF [214]. In this model, similar
retinopathologies were observed but they only required
approximately half of the time to develop when compared
with the VEGF-induced model previously described. In
addition, hemorrhage from the new vessels and even total
traction retinal detachment were also observed. Moreover,
differential retinal angiogenic response to VEGF/bFGF was
reported in different rabbit strains, where Dutch belt rabbits
are more susceptible than the NZW/Black satin cross rabbit
[215].

It is evident that vascular retinopathy could be observed
in the rabbit models mentioned above; however, researchers
should be aware of the fact that retinal vasculature in the
rabbit differs from those in other species. In rabbit, the optic
artery branches into major blood vessels in a bidirectional
horizontal manner; they further arborized into capillaries,
forming a ring-like network. Moreover, the visual streak of
rabbit is located below this region; functional defects may not

be able to be detected if the lesion site is in the medullary
ray where the blood vessels are. As compared with other
animals, such vascular system is only present in a small
area of the retina in rabbit; therefore, the global deleterious
contributions by the vessels may be underestimated. On
the other hand, if researchers aim to study the vessel-to-
cell interaction at a molecular level, this model provides an
alternative choice with an additional advantage of a bigger
eyeball size than rodents.Therefore,more precise and delicate
experiments can be performed, but the problem of limited
housing space needs to be attended to.

2.4. Cat Model of DR. The majority of the DR studies in
cats are induced by pancreatectomy with or without alloxan
injection.The animal will become hyperglycemic 1 to 2 weeks
after the surgery [216–218]. Capillary basement membrane
thickening was first described from 3 months of pancrea-
tectomy, where no change was observed in the number of
endothelial cells and pericytes as well as the contacts between
endothelial cells and pericytes up to 10 months [218]. A case
report showed that microaneurysm was first observed in one
eye in a diabetic cat after 5 years of pancreatectomy; and
by 6.5 years, both eyes showed microaneurysms and small
intraretinal hemorrhages in the area centralis [216]. Region
of capillary nonperfusion and intraretinal microvascular
abnormalities (IRMA) were also evident from 7.5 years. At
8.5 years, presence of small foci of neovascularization was
suggested. Cotton-wool spots, venous beading, extensive
preretinal neovascularization, ormicrovascular changes were
not found in the peripheral retina. On the other hand,
another study showed that only one out of two experimental
diabetic cats showed microaneurysms, but not hemorrhages
or area of nonperfusion, after 7 years of pancreatectomy,
while the other diabetic cat did not show anymicroaneurysm
or hemorrhage in the retina [217]. Cats only showed mild
cataracts upon diabetes, thereby allowing visualization of the
fundus angiography and ERG. However, the studies of DR
in cat are very limited and the described phenotypes are less
consistent. A long follow-up period for the development of
retinal pathology and lack of reagents in molecular studies
may be the drawbacks for using this animal model.

2.5. Dog Model of DR. Attempts of using dogs for studying
DR have also been made, in which most of them are
about inducible hyperglycemia either by injection of STZ or
alloxan or feeding the animals with galactose. It has been
suggested that galactose-fed dog is the animal model that
shares the retinal lesions morphologically and clinically as
those developed in human diabetic patients [219].

2.5.1. Pharmacologically Induced Dog Models of DR. Induc-
tion of diabetes in dogs by intravenous injection of STZ
and alloxan resulted in basement membrane thickening in
3 years of injection, and it was recognized in some vessels
from the first year [220]. Loss of pericytes and smoothmuscle
cells was observed in the retinal arterioles from 4 years of
postinjection; no microaneurysm was noted towards the end
of this 5-year study. Moreover, a comparative study showed
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that increasedmicroaneurysms, acellular capillaries, pericyte
ghosts, endothelial cells to pericytes ratio, and basement
membrane thickening were evident in the dogs after 5 years
of galactosemia than those of alloxan-induced diabetes [221].

In the galactose-induced DR model, experimental dogs
were continuously fed with normal diet supplemented with
30% galactose. Cellular lesions such as presence of pericyte
ghosts and uneven distribution of endothelial cells were
observed in retina of dogs after feeding with galactose for
19 and 24 months, respectively, followed by the formation
of microaneurysms [222, 223]. Dot and blot hemorrhages
were found from 33 months, which became more confluent,
progressing to the preretinal and intravitreal regions after
66 months of feeding [222]. Nonperfusion was evident in
dogs from 37 months of feeding [223, 224], and the area
was broadened with time [222]. After 36-month feeding
of galactose, acellular capillaries and endothelial cells to
pericytes ratio were increased [225]. Other vascular lesions,
such as abnormalities in intraretinal microvessels, occlusion
of arterioles, presence of large arteriovenous shunts, and
node formation on arterial and arteriolar walls, were also
reported after feeding for about 5 years. At about the same
time, presence of soft exudates and gliosis in the nerve fiber
layer was reported [222]. Further advanced retinopathy of
neovascularization was described in dogs being galactose fed
for 68 to 84 months [222, 224]. It has been suggested that
the onset of DR symptoms is age dependent in galactose-fed
dogs; younger animals developDR symptoms earlier than the
older ones [225]. This may explain the variation of the onsets
of the lesions mentioned above.

The biggest advantage of using dogs as a model is that
they develop similar retinal morphological lesions as com-
pared with human. Routine in vivo vasculature assessments,
however, were impeded owing to the spontaneous diabetic
cataract, particularly in the galactose-fed model; additional
lensectomy is necessary [219, 223, 224]. Moreover, high
maintenance cost, long-term follow-up period, and lack of
molecular reagents, such as antibodies, make this model less
commonly used for studying DR.

2.6. Swine Model of DR. Pig eye has become a useful tool in
eye research because of its close similarities in the size as well
as the basic retinal structure and vasculature to the human eye
[226]. A number of models have been generated in order to
study the retinopathy in swine upon diabetes, which include
alloxan- and STZ-induced type 1 diabetic models. There
is also a recently developed model of proliferative vitreo-
retinopathy that involved surgical procedures and intravitreal
injection of retinal pigment epithelial (RPE) cells.

2.6.1. Pharmacologically Induced Swine Models of DR. There
are only limited reports on the retinal morphology of the
chemically induced diabetic pigs. Instead, researchers make
use of the large amount of specific retinal cells and vitreous
available in the pig eyes for in vitro experiments [227,
228]. Nevertheless, reactivation of Müller cells was evident
from the increased GFAP immunoreactivity from the ONL
extending to the outer limiting membrane [227] in 2 to 3

months after onset of alloxan-induced diabetes. At around 4
months of hyperglycemia, pericyte degeneration in parallel to
reduced the total number of BRB capillaries and capillary col-
lapse were also observed [229]. Retinal vascular lesions, such
as basement membrane thickening [230, 231] and rarefaction
[231], were reported in pigs after 18 weeks of STZ-induced
diabetes. Development of hyperglycemic cataract was also
reported in this animal after 32 weeks of hyperglycemia that
constrain the visualization of the vasculatures, such as fundus
angiography [231].

2.6.2. Swine Model for Angiogenesis Study. Recently, a new
swine model of proliferative vitreoretinopathy has been
described [232]. In brief, vitreal and retinal detachments were
initially induced by vitrectomy and injection of subretinal
fluid, respectively, prior to injection of cultured RPE cells into
the vitreous cavity. Formation of contractile membranes on
the inner retinal surface as well as localized tractional retinal
detachments was evident and maintained after 14 days of
induction while the retina reattached in the control animals
at 3 days after the surgery. Further characterization of this
model needs to be carried out before its use in therapeutic
drug screening.

Although pig is a valuable model for disease study
in human, high maintenance cost, requirement of special
housing facilities, and lack of biochemical reagents make this
model less commonly being used.

2.7. Monkey Model of DR. Monkey, a nonhuman primate, is
considered to be a potentialmodel in eye research owing to its
structural similarity to human and, in particular, the presence
of macula. The studies of DR in monkey can be divided into
3 groups: type 1 diabetic model, type 2 diabetic model, and
model of VEGF-induced neovascularization.

2.7.1. Type 1 Diabetic Monkey Models. In an attempt to
produce DR in monkeys, monkeys with type 1 diabetes that
developed spontaneously as well as that resulted from total
pancreatectomy or STZ injection were being used [233].
Unexpectedly, 37 out of 39 of thesemonkeys did not show any
significant DRwithin 5 years of hyperglycemia. Animals with
hyperglycemia of 6 to 15 years only showed mild disruption
of the blood-retinal barrier. On the other hand, sponta-
neous or pharmacological induction of hypertension in the
hyperglycemic monkeys, either by STZ injection or with
spontaneous diabetes, resulted in ischemic retinopathies,
such as cotton-wool spots which were found in the peripap-
illary region, microaneurysms, capillary dropout, capillary
dilatation, focal intraretinal capillary leakage spots, arteriolar
and venular occlusions, and atrophic macula, between 6 and
15 years of diabetes.The authors suggested that the fluctuating
blood glucose levels and systemic blood pressure, but not
hyperglycemic alone, play a role in the pathogenesis of DR.

2.7.2. Type 2 Diabetic Monkey Models. DR studies have also
been carried out inmonkeys that spontaneously develop type
2 diabetes. While moderate retinal lesions can be identified
in a case of monkey with 3 years of diabetic history, no
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detectable retinopathywas reported in amonkeywith 15 years
of diabetes [234]. The presence of these lesions was variable
in individual animals, making it hard to deduce the precise
onset of symptoms based on the diabetic duration. Among
those showing retinopathies, cotton-wool spots, intraretinal
hemorrhages, and nonperfused areas were the early observa-
tions. Progressive lesions, such as growing nonperfused area,
which are associated with the formation small IRMAs and
microaneurysms, as well asmacular edemawere also evident.
Similar observations were also reported in another case study
in which the subject is a monkey with at least 5 years of
diabetes [235].The authors havementioned other histological
abnormalities, including reduction of the thickness of the
ONL and the inner and outer segments of the photoreceptor
layers. Functional lesions were suggested by a loss in the
amplitudes in the multifocal ERG, and they were virtually
correlated to the nonperfused areas. Progressive reduction of
amplitudes and delayed a-waves were also observed in the
dark-adapted Ganzfeld ERG, suggesting a loss of function in
the both inner and outer retina and reduced sensitivity in
the photoreceptors, respectively. Moreover, it is reported that
the occurrence of retinopathy is correlated with hypertension
[234], which is coincidently similar to the descriptions in the
type 1 diabetic monkey model.

2.7.3. Monkey Models for Angiogenesis Study. VEGF-induced
proliferative retinopathy has also been carried out in non-
human primates [213]. In brief, a pellet containing human
recombinant VEGF was implanted into the vitreous cavity
of the animal. At 2 weeks after the implementation, severe
BRB breakdown was noted. Retinal vascular dilation and tor-
tuosity were further observed in 3 weeks. The abnormalities
peaked at 3 weeks and regressed afterwards. Neovasculariza-
tion was not detected in this model.

There are many limitations in using monkeys in DR stud-
ies. Apart from the variations in the onset of morphological
abnormalities and the absence of advanced retinopathies,
low birth rate, high cost, long duration of study, and the
heightened ethical concern make this model unfeasible for
the purpose of drug screening.

2.8. Zebrafish Model of DR. Despite the enormous ethical
concern in the laboratory use of the mammals mentioned
above, in particular the primates, the recent emergence
of zebrafish can resolve this complication. Zebrafish is
extensively used in the study of visual development and
impairments owing to its similarity to those seen in human
[236]. The distinctive pattern of the mammalian retinal cell
layers, ranging from ganglion cell layer to retinal pigment
epithelium, is observed in zebrafish [236]. The retinal vas-
culature is rather complex in adult zebrafish [237]. Blood
supply to the retina is supported by the optic artery, which
branches into four to nine major blood vessels. These vessels
further arborize into smaller vessels towards the peripheral
of the retina where anastomosis between the neighboring
capillaries is present. This radial vascular network covers the
entirely inner surface retinawith direct contact with theGCL.
Oxygen-deprived blood is collected in the circumferential

vein surrounding the retina where the cilliary marginal zone
is. DR can be studied in zebrafish via direct elevation of
glucose in the surrounding as well as angiogenesis without
the involvement of glucose.

2.8.1. Glucose-Induced Diabetic Model of DR. In brief,
zebrafish was exposed to freshwater with alternation between
2% and 0% glucose in every 24 hours for 30 days [238].
Hyperglycemia can be achieved in the animal in 1 day of
immersion in the 2% glucose freshwater and maintained for
at least 30 days with repeated hyperglycemic spikes every
time after the removal from the glucose-freshwater. After 28
days of persistent hyperglycemia, the thickness of the IPL
was significantly decreased, and yet no other abnormality has
been observed [238]. The mechanism of glucose uptake in
zebrafish is regulated by osmoregulation, in which influx of
water, together with glucose, goes into their body as a result
of high internal salt concentration. It has been reported that
teleosts also have endocrine islet tissue containing hormone-
producing cells which converge in the fish body, and the
secretory teleost insulin is functional and is homologous to
the human insulin [239]. This further validates the potential
use of glucose-induced diabetic zebrafish in studying the
retinopathy. Yet, morphological studies associated with the
retinal vessels remained to be performed.

2.8.2. ZebrafishModels forAngiogenesis Study. Twomodels to
study angiogenesis in zebrafish are described below, namely,
environmentally and transgenic-induced models.

Retinal neovascularization can be achieved by keeping
the zebrafish in hypoxic aquaria where the air saturation
is gradually reduced to 10% (820 bbp) over a course of
48 to 72 hours and maintained for 12 days [240, 241]. In
these studies, fli-EGFP-Tg zebrafish, which is a transgenic
line that overexpresses EGFP in the vascular endothelium,
was used for easy visualizing and imaging of the blood
vessels. After 12 days of hypoxic challenge, neovascularization
was observed in the retina evident by increased number of
branch points, sprouts, and vascular area as well as reduced
intercapillary distance [240]. This model can be useful for
studying the development of angiogenesis or possibly for
screening antiangiogenic pharmacological agents.

Retinal angiogenesis can also be induced in zebrafish
via transgenic approach. Zebrafish carrying vhl−/− mutation
displays an upregulation of hypoxia-inducible factor, which
in turns triggers VEGF production and expression of the
VEGF receptors [242]. By 5.75 days after fertilization (dpf),
increased hyaloids and choroidal vascular networks were
observed, followed by vascular leakage at 7.25 dpf. Excessive
blood vessels were evident in the IPL, together with severe
macular edema and retinal detachment at 7.5 dpf. However,
this model is not commercially available, which limits its
use in the field even though severe neovascularization and
proliferative retinopathy are observed.

Zebrafish is very small in size; therefore, its maintenance
is simple, convenient, and inexpensive. They have a short
life span and a large breeding size, which in turn allow a
shorter experimental turnover time. Moreover, a number
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of studies showed that genes of interest can be specifically
induced, deleted, or overexpressed in zebrafish, allowing
mechanistic studies of diseases [243]. As a consequence,
researchers have developed certain zebrafish models in order
to study DR, including glucose-induced diabetic model and
models specifically of angiogenesis. However, the retinal cells
layers differ in thickness and thereby the number of cells,
the findings may under- or overestimate the contribution
of a specific cell type in regard to the pathogenesis of DR.
In terms of the vasculature in zebrafish, the growth of the
tertiary plexus of blood vessels in the INL is absent and the
venous system is different from those in human. Therefore,
researchers should be aware that using zebrafish may lead
to potential discrepancy in cellular and vascular aspects and
may not truly reflect the pathological development of DR in
patients. Moreover, owing to the limited supply of tissue from
a single animal, skillful techniques and a large quantity of
eyeballs are required in dissection and formolecular analysis.

A summary of the temporal morphological and func-
tional lesions of the animal models, other than rodents,
described above is shown in Table 4. Table 5 displays general
comparisons of the use of different animals in studying
DR.

3. Conclusions

Animal models are very important in understanding the
pathogenesis of diseases in human, defining novel therapeu-
tic targets as well as screening of novel therapeutic drugs.
In this review, a number of animal models of DR have
been described and compared, ranging from different species
to different induction methods of diabetes or angiogenesis,
together with their corresponding temporal morphological
and functional lesions. Up to date, there is no single model
which can mimic the development of DR as in human, that
is, from the very early cellular and vascular abnormalities to
the proliferative stage, and subsequently retinal detachment,
as a result of prolonged hyperglycemia. Rodents have been
extensively used in DR studies owing to their small size and
the ability to develop retinopathies within a relatively short
period of time. The availability of a collection of transgenic
mice further aids in elucidating the role of target molecules
in DR. Since the STZ-induced diabetic rodents are the most
frequently used models in studying the associated retinopa-
thy, we have summarized the administration dosage and
paradigm published in the recent years as a reference to other
researchers. Nevertheless, a majority of the diabetic rodent
models only demonstrated the early symptoms of DR, which
restricts their applications in mechanistic studies and drugs
screening targeting the early progression ofDR. Somehigher-
order animals showed relatively advanced retinopathies, such
as neovascularization, upon induction of diabetes, yet they
still cannot imitate the later stage of DR as seen in human.
Moreover, high maintenance cost, long duration of study,
and lack of molecular reagents, such as antibodies, as well as
ethical concern further limit their use in studies. Zebrafish is
another model that emerged recently in studies of DR; how-
ever, further characterization needs to be done. The presence

of neovascularization is controversial in some animalmodels;
such variationmay come from animals of different strain and
age, individual variation, and/or even the detection methods.
Therefore, we suggested that researchers should have a bigger
sample size, use at least two detection methods, such as
fluorescence angiography, immunohistochemical staining of
blood vesselmarker on retinal flatmounts or cross-sections in
combination withmolecular analysis, in order to have amore
convincing claim. Furthermore, overexposure of the fluores-
cence staining and “cleanness” of the section, particularly in
the flat mounts, are other issues that researchers should be
aware of. Although neovascularization can be observed in
animals overexpressing VEGF, either via transgenic approach
or direct introduction, the development of neovasculariza-
tion is not caused by prolonged hyperglycemia. Therefore,
using these models in studies of the etiology of the disease or
the development of preretinal neovascularization should be
avoided. Another approach for induction of neovasculariza-
tion is by hypoxic challenge in rodents; however, regression
was reported within a few days, whichmay limit the duration
of the drug treatment versus the formation of new vessels. As
outlined in this review, individual model of DR has different
strengths and weaknesses; careful consideration should be
made in choosing appropriate models to address the research
questions.
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The role of diabetic nephropathy in the outcome of acute renal injury (AKI) is not well defined. Herein we evaluate the outcome
of lipopolysaccharide- (LPS-) induced AKI in streptozotocin-induced diabetes, as well as the potential role of Hypoxia Inducible
Factor (HIF-1𝛼) in this condition. Although 6 h after LPS injection all mice developed a decrease in renal function, proteinuric
diabetic mice showed a better recovery of this parameter throughout the study (72 h). Both HIF-1𝛼 and vascular endothelium
growth factor (VEGF) were found to be upregulated in diabetic mice. After LPS injection, all animals showed an upregulation
of these factors, although it was higher in the diabetic group. Glycated albumin (GA) was found to upregulate HIF-1𝛼 in HK-
2 cells, which resulted in increased production of VEGF. Interestingly, LPS cooperated with GA to induce HIF-1𝛼 upregulation.
In conclusion, diabetic mice display a better recovery of AKI after experimental endotoxemia. Moreover, these animals showed
an increased expression of both HIF-1𝛼 and VEGF that was reproduced by incubating renal cells with GA. Since VEGF is
considered a survival factor for tubular cells, our findings suggest that diabetes displays HIF-1𝛼 upregulation that might function
as a “precondition state” offering protection from endotoxic AKI.

1. Introduction

Therole of diabetes in the outcomeof acute renal injury (AKI)
is not well understood andmay depend upon the cause of the
injury as well as on the stage of diabetic renal involvement.
Among the various causes of AKI, endotoxemia, a major
component of sepsis, remains an elusive and challenging
condition which is still lacking treatment. Although it is
known that rodents with experimental diabetes are protected
from certain nephrotoxic agents [1–3], diabetes has been
recognized as an independent risk factor for the development
of AKI in a variety of clinical settings, including sepsis [4–8].

Hypoxia-inducible factor (HIF-1𝛼) allows the adaptive
response to hypoxia by stimulating the expression of target

genes such as erythropoietin, enzymes involved in glucose
metabolism, and the vascular endothelial growth factor A
(VEGF-A) [9]. The later has been recognized as a survival
factor for proximal tubular cells [10].

HIF-1𝛼 is a heterodimer transcription factor consisting of
a constitutively expressed 𝛽 subunit and two 𝛼 subunits, HIF-
1𝛼 or HIF-2𝛼. In normoxia, HIF-1𝛼 is continuously synthe-
sized but rapidly ubiquitinated and subsequently degraded
by the cellular proteasome [11]. Under hypoxia, the HIF-
1𝛼 ubiquitination is suppressed. HIF-1𝛼 protein is thereby
stabilized, it translocates to the nucleus, and together with
the 𝛽 subunit and transcriptional coactivators, it binds to
hypoxia-responsive elements (HRE) in target genes [12, 13].
Besides hypoxia, several physiological regulators such as

http://dx.doi.org/10.1155/2013/254529
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growth factors, hormones, stress factors, and inflammatory
mediators, increase HIF-1𝛼 expression in normoxia [14].
Moreover, HIF-1𝛼 is also induced upon diabetic condition
with a potential role inwoundhealing [15]. Activation ofHIF-
1𝛼 by cobalt chloride has therapeutic benefit in several kidney
disease models including ischemia reperfusion, cisplatin
nephropathy, remnant kidney, progressive anti-Thy1 nephri-
tis, and diabetic nephropathy, reviewed byNangaku et al. [16].
Less is known about the potential role ofHIF-1𝛼 inAKI due to
endotoxemia. Moreover, most of the available data are based
upon experimental models of early diabetic stage, which
might not recapitulate a long-term disease such as diabetic
nephropathy, a condition characterized by an increase in
urinary albumin excretion (UAE) [17]. There is also tubular
injury, which is due to several factors, particularly high glu-
cose levels, albuminuria, and the presence of advanced glyca-
tion end-product (AGE-) modified proteins [17, 18].

The aim of the present study was to evaluate the outcome
of AKI in animals with experimental diabetes after the
development of an increase in the UAE. Moreover, we also
investigate the potential role of HIF-1𝛼 in this outcome.

2. Material and Methods

In all of the experiments, adult CD-1 mice (4–8 months old,
𝑛 = 10–15 per group, total 104) were used. The experimental
procedures were previously approved by the Committee
for Animal Ethics of Alcalá University, in accordance with
the Spanish and European Guidelines. AKI was induced
by intraperitoneal injection of lipopolysaccharide (LPS)
(10mg/Kg) (from E. Coli, Sigma) in mice at different periods
(6–72 h). In some animals, diabetes was induced by three
consecutive daily intraperitoneal injections of streptozotocin
(STZ) (Sigma, St. Louis, MO, USA), 65mg/kg body weight in
citrate buffer, pH 4.5 (vehicle) 6 weeks before LPS injury.This
is a previously reported model of early diabetic nephropathy
characterized by increasedUAEduring the firstmonth of dia-
betes [19]. After the last STZ injection, induction of diabetes
was confirmed by measurement of blood glucose levels.
Animals with blood glucose >300mg/dL were included in
the study.

Animals were individually housed in metabolic cages
with free access to food and tap water, and 24-hour urine
was collected for protein measurement. Blood was taken by
cardiac puncture under ether anaesthesia, and plasma glu-
cose was determined [19]. Urinary albumin excretion (UAE),
endogenous creatinine clearance (CCr), urinary volume
(UV), and fractional excretion of sodium (NaFE) (Na

𝑢
×

Cr
𝑠
)]/[Na

𝑠
× Cr
𝑢
] × 100) were analyzed. One kidney of each

animal was removed, weighed, frozen in liquid nitrogen,
and stored at −80∘C for subsequent total protein and RNA
extraction. The remaining kidney was fixed in 10% (v/v)
formaldehyde in PBS, embedded in paraffin, and sectioned at
5 𝜇m for morphological and immunohistochemistry studies.

2.1. Renal Expression and Immunolocalization of HIF-1𝛼 and
VEGF-A. Western blotting in tissue was performed as previ-
ously described [20]. Briefly, a small piece of kidney was lysed
in RIPA buffer and centrifuged for preclearance, and total

protein was loaded into 8% acrylamide SDS gels and trans-
ferred to PVDF membrane. The membrane was incubated
with anti-mouse anti-HIF-1𝛼 (R&D Systems, Inc, MN, USA),
1/500 and appropriate HRP-conjugated secondary anti-
body.

Sections were deparaffinised, rehydrated, and placed in
10mM sodium citrate buffer, pH 6.0, and heated in a pressure
cooker for 2min. The sections were allowed to cool for
20min. After rinsing with distilled water, the sections were
washed twice in TBS buffer, pH 7.6, for 5min. The endoge-
nous peroxidase activity was inhibited by incubation with 3%
H
2
O
2
for 20min. Sections were washed with H

2
O and TBS

and incubated with 3% normal donkey serum plus 0.05%Tri-
ton X-100 in TBS, pH 7.6, at room temperature for 45min, to
prevent nonspecific binding of the first antibody. Afterwards,
the sections were incubated overnight at 4∘C, with the fol-
lowing rabbit polyclonal antibodies: HIF-1𝛼 (Abcam, Cam-
bridge, UK) diluted 1 : 300 and VEGF-A (Santa Cruz Biotech-
nology, Lamecula, CA, USA) diluted 1 : 500 in the blocking
solution diluted 1 : 9. Then, the sections were washed in
TBS, and detection was made by the conventional labelled-
streptavidin-biotin method (LSAB-kit, Dako). The perox-
idase activity was detected using the DAB kit (Master
Diagnostica, Granada, Spain). Tissue sections were coun-
terstained with hematoxylin, dehydrated, cleared in xylene,
andmounted in Entellan (Merck,Darmstadt, Germany). Two
independent observers in a blinded manner scored both
HIF-1𝛼 and VEGF-A renal staining as negative, mild, mod-
erate, and intense. The final score was the mean of the two
evaluations.

2.2. Cell Culture. Human kidney HK-2 cells were purchased
from American Type Culture Collection (Rockville, MD,
USA). YC-1 was purchased from Sigma Chemical Co. (St.
Louis, MO, USA), monoclonal HIF-1𝛼 (1 : 1000) (Transduc-
tion Laboratories, BDBiosciences, PaloAlto, CA,USA); poly-
clonal𝛽-actin (1 : 10000)was obtained fromSigma. Cells were
maintained in DMEM supplemented with 10% foetal bovine
serum (FBS), 1% penicillin/streptomycin/amphotericin B
(Invitrogen, Carlsbad, CA, USA) and 1% Insulin-Transferrin-
Selenium (Sigma, St. Louis, MO, USA). Cells were routinely
cultured in 95% air, 5% CO

2
(normoxic conditions) at 37∘C.

In all experiments, cells were plated at 70–90% confluence,
and when completely attached, they were treated with LPS
in serum complete media. When necessary, cells were also
treated with AGE, albumin, or YC-1 under the conditions
specified in the legends to figures.

2.3. Single-Step Real-Time Quantitative RT-PCR. Total cell
RNA from HK-2 cells was isolated with TriReagent (Sigma,
St. Louis,MO,USA), and real-time quantitative RT-PCR ana-
lysis was performed in 2 ng samples using SYBR Green
PCR master mix (Applied Biosystems), in one-step RT-PCR
protocol as previously described [20]. Primer sequences for
genes were as follows (sequences 5-3): VEGF165 sense:
GACAAGAAAATCCCTGTGGGCAAC, antisense: GCG-
AGTCTGTGTTTTTGC; 𝛽-actin sense: AGAAGGATTCC-
TATGTGGGCG and antisense: CATGTC CCAGTTGGT-
GAC.
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2.4. Protein Isolation and Western Blotting. HK-2 cells were
incubated with albumin or AGE (100𝜇g/mL each) or in
combination with LPS (1𝜇g/mL) for different periods. Cells
were washed twice with ice-cold PBS, then harvested, scraped
into ice-cold PBS, and then pelleted by centrifugation at 500
×g for 5min at 4∘C. In order to obtain cell lysates, the cells
were kept on ice for 30min in a solution containing 50mM
Tris-HCl (pH 7.5), 150mM NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate, and protease inhibitors.Thereafter, the
cells were pelleted by centrifugation at 4000×g for 5min at
4∘C. Proteins from cell lysates were denatured by heating.
Then, they were resolved by 10% SDS-PAGE and blotted on a
nitrocellulosemembrane (BioTrace/NT) overnight in 50mM
Tris-HCl, 380mM glycin, 0.1% SDS, and 20% methanol.
Mouse anti-HIF-1𝛼 (1 : 1000) antibody (BD Biosciences, CA,
USA) was added followed by incubation overnight at 4∘C.
After treatment for 1 h at room temperature with the cor-
responding secondary antiserum (1 : 4000), the signals were
detected with enhanced chemiluminescence reagent (GE
Healthcare-Life Science, NJ, USA) using 𝛽-actin antibody
(Calbiochem-Merk Bioscience, USA) as loading control.

For HIF-1𝛼 inhibition, we used HIF-1𝛼 siRNA sc-44225
(Santa Cruz Biotechnologies, CA, USA) for HIF-1𝛼 con-
taining 3 sequences against 3 different HIF-1𝛼 exons and
scramble siRNA AM4637 (Ambion) as a control as previ-
ously described [16]. HK-2 cells at 70% of confluence were
transfected with 100 nM HIF-1𝛼 siRNA or 100 nM scramble
siRNA. According to the manufacturer’s protocol, we used
Lipofectamine 2000 to get the transfection. HIF-1𝛼 interfer-
ence was evaluated by qRT-PCR for HIF-1𝛼mRNA.

2.5. Statistical Analysis. Results are expressed asmean ± SEM
throughout the text. Animal data was analyzed by either
the Kruskal-Wallis test or Mann-Whitney test, when appro-
priate. Unless otherwise specified, in vitro experiments were
repeated at least three times, and the statistical analysis was
performed by the Bonferroni test. In all cases, a 𝑃 < 0.05 was
considered statistically significant.

3. Results

3.1. Characterization of LPS-Induced AKI in Diabetic Mice
Model. As shown in Figure 1, diabetic animals after 6 weeks
of STZ display a significant increase in the UAE throughout
the study. Both groups of animals also showed a significant
increase of this parameter at 18–24 h after LPS injection.
Although six hour after LPS, diabetic and nondiabetic mice
developed a similar degree of decrease of renal function, only
diabetic animals showed a recovery of this parameter at 24 h
to a level not significantly different from those of the control
animals (Figure 2). On the contrary, nondiabeticmice did not
show a complete recovery of the renal function throughout
the period of the study (72 h) (Figure 2). As expected,
these changes were associated with an increased Urine
Volume (UV) in diabetic mice, and a decrease in the UV in
nondiabetic mice (Figure 3). Moreover, while diabetic mice
did not show any significant changes in the NaFE throughout
the study, nondiabetic mice displayed a significant decrease
in this parameter (Figure 4). This maintained renal sodium
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Figure 2: Renal function (endogenous creatinine clearance (CCr) in
diabetic (black bars) andnondiabetic (open bars) LPS-injectedmice.
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reabsorption capacity observed in the diabetic mice is in
accordance with a functional or mild form of AKI [21].

3.2. Renal Expression and Immunolocalization of HIF-1𝛼 and
VEGF-A. Western-blotting analysis revels that LPS increased
the expression of HIF-1𝛼 in both groups of animals, albeit
it was even higher in the diabetic group (Figure 5(a)). Inter-
estingly, the condition of diabetes itself was able to induce a
significant upregulation of this protein.

In the kidney of control animals, an intense immuno-
expression to HIF-1𝛼 was observed in the cytoplasm and
several nuclei of the proximal convoluted tubules, and a
weak signal was observed in the nuclei of distal tubules
(Figure 5(b), I). By contrast, 5 weeks after diabetes induction,
the mouse kidney displayed a higher number of positive
tubuloepithelial nuclei, showing an increase in the cytoplasm
immunoreactivity (Figure 5(b), II).
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In LPS-treated mice, both the nucleus and cytoplasm of
renal tubules showed a strong immunoexpression to HIF-1𝛼
antibody (Figure 5(b), III) and this labelling was even greater
in diabetic LPS-treated mice (Figure 5(b), IV).

To analyze if the observed HIF-1𝛼 upregulation was
transcriptionally active in vivo, we analyzed the expression of
the HIF-1𝛼 target gene VEGF-A, by immunostaining in mice
kidneys. We first observed that while control mice did not
show VEGF-A staining, diabetic mice display some degree
of expression of this protein. Although all LPS-treated mice
display a significant increase in the expression of VEGF-A
in comparison with their respective controls, diabetic LPS-
treated mice showed the highest immunolabeling (Figure 6).

3.3. Glycated Albumin Synergizes with LPS to Upregulate HIF-
1𝛼 in HK-2 Renal Cells. We then performed an in vitro
approach in order to get inside into the cellular mechanism
responsible for the observed upregulation of both HIF-1𝛼
and VEGF-A in the kidney of diabetic mice. It has been
previously described that AGE increases VEGF expression
in retinal epithelial cells through activation of HIF-1𝛼 [22].
AGE is themajor formof circulating glycated proteins in vivo,
and its levels are increased in diabetes [23, 24]. Furthermore,

AGE elicits pathobiological effects in cultured renal cells
that are identical to those of high glucose ambient [23].
Therefore, in order to assess the effect of the diabetic milieu
on the expression of HIF-1𝛼 in proximal tubular cells, HK-
2 cells were incubated with 100 𝜇g/mL AGE or albumin for
up to 6 h. In these conditions, HIF-1𝛼 was upregulated in
a time-dependent manner in AGE-treated cells, but not in
cells treated with albumin, and its expression reached its
maximum after 4 h incubation (Figure 7(a)).

We then assessed whether LPS affects AGE-induced
HIF-1𝛼 upregulation, since a hypothetical synergy for HIF-
1𝛼 expression in the proximal tubule could contribute to
better recovery of renal function in diabetic mice after
experimental endotoxemia. HK-2 cells were preincubated
with either 100 𝜇g/mL AGE or 100𝜇g/mL albumin for 1 h
and then with 1 𝜇g/mL LPS for 5 h. Expression of HIF-1𝛼 was
increased to a similar degree by AGE and LPS, but it was
dramatically enhanced in cells which were incubated with
both agents (Figure 7(b)).These results suggest that AGE and
LPS increased HIF-1𝛼 expression in the proximal tubules, in
a synergistic manner.

3.4. Glycated Albumin-Induced HIF-1𝛼 Promotes the Upregu-
lation of the Renoprotective VEGF-A in HK-2 Renal Cells. To
demonstrate that AGE-induced HIF-1𝛼was transcriptionally
active, we determined by Q-RT-PCR the mRNA levels of
VEGF-A in HK-2 cells treated with either 100𝜇g/mL GA or
100 𝜇g/mL albumin for 5 h. VEGF mRNA expression (Figure
8) was substantially increased by AGE but not by albumin.
In order to establish the dependency on HIF-1𝛼 of AGE-
induced increase in VEGF-A mRNA expression, cells were
preincubated with HIF-1𝛼 inhibitor YC-1 or transfected with
specific HIF-1𝛼 siRNA. Both treatments abolished AGE-
induced increase in VEGF-A mRNA expression (Figure 8),
which confirmed that the AGE effect on VEGF-A expression
is dependent on HIF-1𝛼.

4. Discussion

Although it is known that rodents with experimental diabetes
are protected from certain nephrotoxic agents [1–3], most
of the available data are based upon experimental models
of an early diabetic stage, condition characterized by the
presence of renal cell proliferation, and thus renal cells are
not quiescent as occurred in adult subjects [25, 26]. Thus, as
reported by Zhang et al. [25], an inherently proproliferative
state of the diabetic kidney may explain the observed lower
expansion of renal injury on the one hand and recovery due
to higher proliferative response after injury on the other. The
same also accounts for HIF-1𝛼 where available data is limited
to an early diabetic stage. Thus, herein we studied the role of
HIF-1𝛼 in the outcome of AKI in diabetic animals after the
development of proteinuria.

AKI is a syndrome defined by an abrupt change in the
renal function and/or urine output which could range from
overt tubular necrosis tomild perturbations in renal function
without significant pathologic changes (prerenal azotemia)
[18]. In our study, we observed that diabetic mice, besides
an increase in the UAE, display better recovery of renal
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Figure 5: (a)Western-blotting analysis of HIF-1𝛼 in renal tissue. Quantification of HIF-1 𝛼 signal normalized by 𝛽-actin signal is also shown.
(b) HIF-1𝛼 immunohistochemistry. I: control kidney. An intense immunoexpression of HIF-1𝛼 was detected in the cytoplasm of proximal
convoluted tubules (∗), and in the nuclei of distal tubules, the labelling was weaker (→). II: diabetic mice. Proximal tubules showed positive
reaction to HIF-1𝛼 in the cytoplasm (◼). Both nucleus and cytoplasm of distal convoluted tubules cells () presented a positive reaction to
HIF-1𝛼. The arrow points to the urinary pole with moderate reaction to this antibody. III: LPS-treated mice. Both convoluted tubules showed
a strong immunolabelling to HIF-1𝛼. IV: diabetic LPS-treated mice.The highest reaction to HIF-1𝛼was encountered in the kidney of diabetic
mice treated with endotoxin. Magnification: I and II: ×600; III and IV: ×300.

function after experimental endotoxemia. The maintained
renal sodium reabsorption capacity observed in the diabetic
mice is in accordance with a functional or mild form of AKI
[21]. Furthermore, no alterations of the renal structure in any
of the animal groups studied were found.

This is interesting due to the fact that proteinuria is a well-
known factor involved in the progression of renal damage
by mechanisms which include alterations in tubuloepithelial
cell growth, apoptosis, gene transcription, and inflammatory
cytokine production [27]. Furthermore, multiple clinical
trials have indicated that antiproteinuric strategies are, in
general, renoprotective [27]. Herein we demonstrate that in
the diabetic kidney, endotoxemia could trigger the upregula-
tion of HIF1-1𝛼 even in the proteinuric stage of the disease.

It is known that renal proximal tubular epithelial cells
are targets for LPS during sepsis and renal infections. Septic
AKI is characterized by a paucity of tubular cell death despite

often severe impairment of global function. Accumulating
data suggest that the renal tubules are also heavily involved
in the pathogenesis of diabetic nephropathy [16]. In diabetes,
tubular injury in the kidney is due to several factors, par-
ticularly high glucose levels, albuminuria, and the presence
of advanced glycation end-product modified proteins. We
show here that either LPS or AGE increases the expression of
HIF-1𝛼 in HK-2 cells to a similar extent, and that exposure
of AGE-treated cells to LPS results in overexpression of
HIF-1𝛼. Interestingly, renal expression of HIF-1𝛼 was also
increased in several areas, including proximal tubules, in both
diabetic and LPS-treated mice, and maximal renal HIF-1𝛼
upregulation was found in diabetic mice treated with LPS.

Accumulating evidence indicates that there is a fine line
between the potential benefit and harmful side effects of HIF-
1𝛼 activation. For instance, among the noxious effects of HIF-
1𝛼, which is related to our experimental setting, it is worth



6 Journal of Diabetes Research

III

III IV
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arrow). III: LPS-treated mice. In some cells of convoluted tubules, VEGF-A was located in the cytoplasm with a granular pattern; in the other
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Figure 7: AGE and LPS induceHIF-1𝛼 upregulation and cooperate to over-increaseHIF-1𝛼 expression. (a) AGE inducesHIF-1𝛼 upregulation.
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mentioning that hypoxia-dependent increased tubular activ-
ity ofHIF-1𝛼has been proposed as a contributing factor in the
development of tubulointerstitial fibrosis in diabetes mellitus
[16]. In addition, HIF-1𝛼 has been shown to play an essential
role in the development of LPS-induced sepsis in mice, so
that targeted deletion of HIF-1𝛼 has a protective effect [28].
On the other hand, HIF-1𝛼 inducer cobalt chloride improves
disease manifestations in a variety of kidney disease models
including diabetic nephropathy and hypoxic preconditioning
ameliorates LPS-induced renal dysfunction [29]. Moreover,
it has been recently published that HIF-1𝛼 promotes renal
ischemic injury regeneration [30]. According to the latter
observation, it is tempting to speculate that the increased
renal expression of HIF-1𝛼 in diabetic mice, particularly in

the proximal tubules, might contribute to better recovery of
renal function after experimental endotoxemia.

Regarding potential mechanisms triggered by HIF-1𝛼 for
contributing to renal recovery in our model, it is conceiv-
able that VEGF induction as HIF-1𝛼 target gene might be
mediating. VEGF has been described as a survival factor for
proximal tubule cells [23] and critical for maintenance of
renal vasculature during kidney damage including AKI [31].
Our present data indicating that VEGF is induced in LPS-
treated diabetic mice further support this notion.

In conclusion, we have found that mice with diabetic
nephropathy display better recovery of renal function after
experimental endotoxemia than their control littermates.
This finding was associated with an increased expression of
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Figure 8: AGE increases VEGF mRNA expression in a HIF-1𝛼-
dependent manner. Cells were preincubated with HIF-1𝛼 inhibitor
YC-1 or transfected withHIF-1𝛼 siRNAor control siRNA (scramble)
as indicated in Section 2.Then they were incubated with albumin or
AGE, and VEGF mRNA expression was quantified by Q-RT-PCR.
Bars are the mean ± SD of 3 different experiments. ∗𝑃 < 0.01 versus
albumin; +𝑃 < 0.01 versus AGE.

both HIF-1𝛼 and VEGF-A in the tubule epithelium of the
diabetic mice. Furthermore, in these cells, AGE was found
to be capable of upregulating HIF-1𝛼 as well as VEGF-A, a
survival factor for these cells. Our findings suggest that even
in the presence of an increased UAE, the diabetic condition
may display upregulation of HIF-1𝛼 that might function as a
“precondition state” capable of protecting from renal damage
such as endotoxic AKI.
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the Eugenio Rodŕıguez Pascual Foundation.

References

[1] W. C. Elliott, D. C. Houghton, and D. N. Gilbert, “Exper-
imental gentamicin nephrotoxicity: effect of streptozotocin-
induced diabetes,” Journal of Pharmacology and Experimental
Therapeutics, vol. 233, no. 1, pp. 264–270, 1985.

[2] K. Hamilton, E. J. Eaton, H. O. Garland, and S. Old, “Effect
of experimental diabetes mellitus on gentamicin-induced acute

renal functional changes in the anaesthetized rat,” Clinical and
Experimental Pharmacology and Physiology, vol. 25, no. 3-4, pp.
231–235, 1998.

[3] A. V. Dnyanmote, S. P. Sawant, E. A. Lock, J. R. Latendresse,
A. A. Warbritton, and H. M. Mehendale, “Diabetic mice
are protected from normally lethal nephrotoxicity of S-1,2-
dichlorovinyl-L-cysteine (DCVC): role of nephrogenic tissue
repair,” Toxicology and Applied Pharmacology, vol. 211, no. 2, pp.
133–147, 2006.

[4] M. R. Rudnick, S. Goldfarb, L. Wexler et al., “Nephrotoxicity
of ionic and nonionic contrast media in 1196 patients: a rando-
mized trial,” Kidney International, vol. 47, no. 1, pp. 254–261,
1995.

[5] P. A. McCullough, R. Wolyn, L. L. Rocher, R. N. Levin, and
W. W. O’Neill, “Acute renal failure after coronary intervention:
incidence, risk factors, and relationship to mortality,” American
Journal of Medicine, vol. 103, no. 5, pp. 368–375, 1997.

[6] C. V. Thakar, S. Arrigain, S. Worley, J.-P. Yared, and E. P.
Paganini, “A clinical score to predict acute renal failure after
cardiac surgery,” Journal of the American Society of Nephrology,
vol. 16, no. 1, pp. 162–168, 2005.

[7] M. H. Rosner andM. D. Okusa, “Acute kidney injury associated
with cardiac surgery,” Clinical Journal of the American Society of
Nephrology, vol. 1, no. 1, pp. 19–32, 2006.

[8] M. D. Griffin, E. J. Bergstralh, and T. S. Larson, “Renal papillary
necrosis a sixteen-year clinical experience,” Journal of the
American Society of Nephrology, vol. 6, no. 2, pp. 248–256, 1995.

[9] G. L. Semenza, “Signal transduction to hypoxia-inducible factor
1,” Biochemical Pharmacology, vol. 64, no. 5-6, pp. 993–998,
2002.

[10] J. Kanellis, S. Fraser, M. Katerelos, and D. A. Power, “Vascular
endothelial growth factor is a survival factor for renal tubular
epithelial cells,” American Journal of Physiology, vol. 278, no. 6,
pp. F905–F915, 2000.

[11] P. Jaakkola, D. R. Mole, Y.-M. Tian et al., “Targeting of HIF-𝛼 to
the vonHippel-Lindau ubiquitylation complex by O

2
-regulated

prolyl hydroxylation,” Science, vol. 292, no. 5516, pp. 468–472,
2001.

[12] M. Ivan, K. Kondo, H. Yang et al., “HIF𝛼 targeted for VHL-
mediated destruction by proline hydroxylation: implications for
O
2
sensing,” Science, vol. 292, no. 5516, pp. 464–468, 2001.
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3 Nephrology Department, Fundació Puigvert, Barcelona, Spain
4 Bone and Mineral Metabolism Laboratory, Instituto de Investigación Sanitaria-Fundación Jiménez Dı́az, Madrid, Spain
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Parathyroid hormone-related protein (PTHrP) and its receptor type 1 (PTH1R) are extensively expressed in the kidney, where they
are able tomodulate renal function. Renal PTHrP is known to be overexpressed in acute renal injury. Recently, we hypothesized that
PTHrP involvement in the mechanisms of renal injury might not be limited to conditions with predominant damage of the renal
tubulointerstitiumandmight be extended to glomerular diseases, such as diabetic nephropathy (DN). In experimentalDN, the over-
expression of both PTHrP and the PTH1R contributes to the development of renal hypertrophy as well as proteinuria. More recent
data have shown, for the first time, that PTHrP is upregulated in the kidney from patients with DN. Collectively, animal and human
studies have shown that PTHrP acts as an importantmediator of diabetic renal cell hypertrophy by amechanismwhich involves the
modulation of cell cycle regulatory proteins and TGF-𝛽1. Furthermore, angiotensin II (Ang II), a critical factor in the progression
of renal injury, appears to be responsible for PTHrP upregulation in these conditions. These findings provide novel insights into
the well-known protective effects of Ang II antagonists in renal diseases, paving the way for new therapeutic approaches.

1. Diabetic Nephropathy (DN)

End-stage renal failure due to diabetes mellitus, especially
type 2 diabetes, has been recently described as a medical
catastrophe of worldwide dimensions [1]. Diabetic nephropa-
thy (DN) is characterized by the development of proteinuria
and subsequent glomerulosclerosis, conditions which are
always preceded by renal cell hypertrophy [2]. Although
the diabetic kidney is extremely variable, from near normal
size to even small fibrotic kidney, renal enlargement due to
cellular hypertrophy and hyperplasia is an early feature of the
disease both in human and in experimental animal models,
especially in the absence of insulin treatment. Hypertrophy
of tubuloepithelial as well as glomerular cells, including both
visceral epithelial (podocytes) and mesangial cells, is an early

hallmark of diabetes renal involvement [3–5]. Over time,
glomerular cell hypertrophy might become a maladaptive
response leading to glomerulosclerosis.

Although the mechanisms by which high glucose (HG)
leads to renal cell hypertrophy are still not completely under-
stood, they appear to involve cell entry into the cell cycle—
associated with cyclin D

1
kinase activation early in G

1
—

and subsequent arrest at the G
1
/S interphase, implicating

inhibition or insufficient activation of cyclin E kinase, to
permit progression into S phase, and therefore, arrest of
cell cycle progression followed by an increase in cell protein
synthesis [6].

Recent studies have shown that HG-induced hypertrophy
involves an early activation of the renin angiotensin system,
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followed by an induction of TGF-𝛽
1
, which in turn activates

a cell cycle regulatory protein, the cyclin dependent kinase
inhibitor (CDKI) p27Kip1 [7–9]. The interaction of p27Kip1
with the cyclin E kinase has been implicated in the inhibition
of this late complex and thus the G

1
progression [10].

2. The Renal PTH/PTHrP System

In the adult kidney, both parathyroid hormone- (PTH-)
related protein (PTHrP) and the PTH1 receptor (PTH1R) are
abundant throughout the renal parenchyma, including the
intrarenal vasculature [11–13]. In the kidney, PTHrP appears
to modulate renal plasma flow and glomerular filtration
rate and induces proliferative effects on both glomerular
mesangial and tubuloepithelial cells [11–17]. Renal PTHrP is
overexpressed in several experimental nephropathies, includ-
ing acute renal injury, obstructive nephropathy, and a rat
model of tubulointerstitial scarring after protein overload,
associated with the development of proteinuria [12, 18]. The
recent development of a transgenic mouse model character-
ized by PTHrP overexpression in the renal proximal tubule
made it possible to explore the functional consequences of
chronic PTHrP overexpression in experimental models of
renal damage (reviewed in [19]). This novel approach has
provided valuable data which have helped to disclose the
true roles of PTHrP in the damaged kidney. The following
paragraphs describe the latest results in experimental as well
as in human DN.

3. PTHrP in Experimental DN

Recently, we hypothesized that PTHrP involvement in
the mechanisms of renal injury might not be limited
to conditions with predominant damage of the renal
tubulointerstitium and might be extended to glomerular
diseases, such as DN. Using an experimental model of
DN induced by streptozotocin (STZ) [20], we studied the
possible changes in the PTHrP/PTH1R system associated
with the outcome of this nephropathy, characterized by
an initial phase of renal hypertrophy at both tubular and
glomerular levels, followed by an increase in urinary albumin
excretion (UAE) (proteinuria) [21, 22]. DN was induced in
Swiss-CD1 (CD1) mice as well as in PTHrP-overexpressing
mice. In the diabetic CD-1 mice, a significant increase in
the expression of both PTHrP and PTH1R was observed,
at both glomerular and tubular levels, associated with the
development of an increase in the UAE [20]. On the other
hand, diabetic PTHrP-overexpressing mice, in comparison
to their control littermates, have increased renal hypertrophy,
a significantly higher UAE, and lower total plasma protein
levels. A significant association among the renal expression of
PTHrP, PTH1R, and UAE was found to occur in the diabetic
mice. Furthermore, there was a 6-fold increase in the risk of
developing proteinuria in those mice with the higher PTHrP
and PTH1R levels, according to the logistic regression analy-
sis [20]. It is interesting to mention that albeit the STZmodel
has limitations for assessing long-term histomorphological
changes in the diabetic kidney [21], the aforementioned
findings might have pathophysiological implications since

the amount of proteinuria is a reliable predictor of diabetic
nephropathy [22]. Thus, these studies indicate that the
renal PTHrP/PTH1R system is upregulated in STZ-induced
diabetic mice, where it appears to be involved in renal hyper-
trophy and adversely affects the outcome of DN.

More recently, the putative role of PTHrP in the hypertro-
phy of the diabetic kidney was explored. In this way Romero
et al. observed that PTHrP plays a key role in themechanisms
ofHG-induced podocyte hypertrophy. It is worthmentioning
that podocytes are thought to be terminally differentiated cell
and hence not able to regenerate in vivo. In these studies, HG-
induced podocyte hypertrophy was inhibited by the presence
of a specific PTHrP neutralizing antibody. Interestingly, in
this condition HG also failed to upregulate the expression of
the hypertrophy factor TGF-𝛽

1
[23].

Although PTHrP does not seem to affect podocyte
apoptosis, it was shown to be able to modulate the expression
of several positive as well as negative cell cycle regulatory
proteins. In this way, while PTHrP (1–36) was shown to
stimulate cyclin D

1
, thus promoting podocytes to enter into

G
1
, it also downregulates cyclin E, hence blocking the cell

cycle later in G
1
. Moreover, PTHrP is able to upregulate

the negative cell cycle regulatory protein p27Kip1 which
plays a key role in diabetic cell hypertrophy by preventing
activation of cyclin E activity and arresting the cell cycle
later in G

1
[4, 23]. Interestingly, Romero et al. [23] found

that the pharmacological blockade of the PTH1R inhibited
the p27Kip1 upregulation induced by both HG and AngII.
Taken together, these data suggest that PTHrPmight mediate
the hypertrophic signaling acting in an autocrine/intracrine
fashion through the PTH1R receptor.

To discern the mechanism involved in the stimulation
of p27Kip1 induced by both PTHrP and TGF-𝛽

1
, Romero

et al. [23] performed two experimental approaches. First,
they found that using a PTHrP siRNA inhibited the ability
of HG and AngII to stimulate the upregulation of p27Kip1,
albeit it could not prevent the TGF-𝛽

1
upregulation of this

protein. Secondly, on TGF-𝛽
1
siRNA transfected podocytes,

PTHrP (1–36) failed to induce both p27Kip1 overexpression
and hypertrophy, thus suggesting that TGF-𝛽

1
mediates both

p27Kip1 upregulation and the hypertrophy response induced
by PTHrP on HG conditions.

Interestingly, Romero et al. [23] observed that the glomer-
ular expression of both TGF-𝛽

1
and p27Kip1 are constitutively

upregulated in PTHrP-overexpressing mice, albeit the latter
was not accompanied by renal hypertrophy [24]. This result
seems plausible since the hypertrophic mechanism requires
the entry into the cell cycle and subsequent arrest at the
G
1
/S interphase. Several studies have demonstrated that in

glomerular mesangial cells grown in HG ambient, initially,
self-limited proliferation occurs due to generation of HG-
induced growth factors, followed by cell cycle arrest in the
G
1
due to the expression of factors that block the checkpoint

G
1
-S interphase and undergo cellular hypertrophy [4, 25–27].

Of considerable interest is the fact that previous studies on
PTHrP-overexpressing mice have revealed the constitutive
upregulation of various proinflammatory mediators [28],
including the vascular endothelial growth factor-1 [29]
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without evidence of kidney damage in the absence of a renal
insult. In any case, these data strongly suggest that PTHrP
might participate in the upregulation of glomerular TGF-𝛽

1

and p27Kip1. Collectively, these results indicate that the renal
PTHrP/PTH1R system is upregulated in streptozotocin-
induced diabetes in mice and appears to be involved with
renal hypertrophy and adversely affects the outcome of DN.

4. PTHrP in Human DN

In order to extend our studies into human DN, we developed
two experimental approaches (30). We first assessed whether
PTHrPmight be upregulated in the kidney frompatientswith
DN. And secondly, we analyzed the potential role of PTHrP
in the mechanisms of HG-induced hypertrophy in another
glomerular cell line known to be affected in this condition,
such as human mesangial cells (HMC).

By using immunohistochemistry in kidney sections from
patients with clinical and histopathological diagnosis of
DN, we observed an intense PTHrP upregulation in both
glomerular and tubuloepithelial cells, including a remarkable
nuclear immunolocalization in the latter cells. Interestingly,
the kidneys of these patients displayed a similar pattern of
PTHrP immunolocalization to that previously observed in
a diabetic mouse model [23]. Although the human diabetic
kidney is extremely variable in size, renal enlargement due to
hypertrophy and hyperplasia is an early feature of the disease
as measured by several imaging techniques [1, 30]. Due to the
fact that kidney size measurement is not regularly assessed
in the clinical setting, this parameter was not available in
the studied human cohort. However, the fact that all of these
patients presented a pattern of PTHrP staining similar to that
observed in the mouse model referred to previously, together
with present in vitro data in HMC, strongly suggests that
PTHrP may be an important factor in the pathophysiology
of glomerular mesangial cell hypertrophy in diabetic patients
(Figure 1).

In vitro studies have established that prolonged exposure
of human as well as rodent MC to HG in the absence of
exogenous growth factors triggers hypertrophy after a brief
self-limited mitogenic effect [31]. We and other investigators
previously reported that the N-terminal fragment of PTHrP
is mitogenic for these cells [13, 16]. Our data herein show
that HG-induced HMC hypertrophy was associated with a
progressive increase in PTHrP protein expression between
24 and 72 h. Moreover, exogenous PTHrP (1–36) displays
an early (24 h) proliferative effect followed by a hypertrophy
response at 72 h. Thus, PTHrP seems to recapitulate the
proliferative as well as the hypertrophy response induced by
HG on cultured HMC (30).

In order to study the mechanism whereby PTHrP (1–36)
was able to switch its initialmitogenic stimulus into hypertro-
phy, we assessed the expression of several cell cycle regulatory
proteins known to modulate this cellular effect. Both HG and
PTHrP (1–36) were initially (24 h) shown to trigger HMC to
enter the cell cycle, associated with an increase of both cyclins
D1 and E and cdk2 activity. Later, at 72 h, only cyclin D1
remained increased, together with cyclin E/cdk2 inactivation.
In this sense, it is well accepted thatwhile cyclinDgoverns the

physical growth of the cell, cyclin E determines whether the
growth pattern of renal cells will be one of hyperplasia (cyclin
E upregulation) or hypertrophy (cyclin E downregulation)
[32].The cdk inhibitor p27Kip1 is also known to play a key role
in the mechanisms of HG-induced MC hypertrophy by reg-
ulating (inhibiting) the activity of the cyclin E/cdk2 complex
[33, 34]. Interestingly, we also show that PTHrP (1–36) was
able to upregulate p27Kip1 in a similar fashion and time frame
as HG medium. Collectively, our findings indicate that the
observed decrease in cyclin E/cdk2 complex kinase activity
elicited by either HG or PTHrP (1–36) related to HMChyper-
trophy is likely a consequence of both cyclin E downregula-
tion and p27Kip1 upregulation. In addition, these data strongly
suggest that HG and PTHrP (1–36) interact with a common
cellular pathway leading to hypertrophy in HMC (30).

The potential role of PTHrP on the mechanisms of HG-
induced HMC hypertrophy was further assessed by observ-
ing that antagonizing the PTHrP system abolished the latter,
together with reversal of the hypertrophy-related changes in
the cell cycle (30). As we previously observed in a mouse
podocyte cell line, we find that PTHrP is also able to stimulate
the protein expression of TGF-𝛽

1
and its type II receptor in

HMC, and a neutralizing TGF-𝛽
1
antibody abrogated HMC

hypertrophy induced by PTHrP (1–36). Moreover, blockade
of the PTHrP system abolished TGF-𝛽

1
upregulation but not

that of its type II receptor by HG in these cells. In this regard,
upregulation of the latter receptor has been shown to be
associatedwith increasedTGF-𝛽-mediated growth inhibition
[35], whereas its reduced expression contributes to the loss
of sensitivity to TGF-𝛽 and the increased proliferation of
some cancer cells [36, 37]. Therefore, it is likely that the
TGF-𝛽 system might also be activated, contributing to HMC
hypertrophy by a PTHrP-independent mechanism. In any
event, these findings indicate that TGF-𝛽1 is a downstream
mediator of PTHrP (1–36) to induce hypertrophy in HMCs,
as previously discussed in mouse podocytes [23].

5. Interaction between PTHrP and
Angiotensin II in the Damaged Kidney

The renin-angiotensin system is well known for playing an
important pathogenic role in the mechanisms of renal injury
[38, 39]. Local activation of components of this system,
including Ang II, in the kidney has shown to occur early in
various experimental models of ARF, for example, folic acid-
induced nephrotoxicity and ischemia/reperfusion [11, 39, 40].
Moreover, Ang II antagonists exert beneficial effects on renal
function in these models [39, 41, 42].

Recent data strongly suggest that PTHrP might be
involved in the mechanisms related to Ang II-induced renal
injury. Exogenously administered Ang II, via its type 1 (AT1)
receptor, increases PTHrP expression in glomerular and
tubular cells as well as in vascular smooth muscle cells both
in vivo and in vitro [43, 44]. Interestingly, a significant cor-
relation between PTHrP overexpression and tubular damage
and fibrosis was observed in the rat kidney after systemic
Ang II infusion [43]. Furthermore, in nephrotoxic ARF,
the improvement of renal function by Ang II antagonists
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(a) (b)

(c)

Figure 1: Immunostaining for PTHrP in the kidney of patients with diabetic nephropathy. PTHrP was detected by using a goat 𝛼-PTHrP
antibody (Santa Cruz Biotechnology) in kidney tissue sections from patients with clinical and histological diagnosis of DN. (a) Section from
normal kidney showing PTHrP immunostaining restricted to the epithelial cells cytoplasm of convoluted renal tubules. (b, c) Kidney samples
from two diabetic patients with different degree of DN: one patient with moderate (b) or more severe (c) diabetic glomerulosclerosis. PTHrP
labelling was present in both the glomeruli and the tubuloepithelial cells. Original magnifications ×300.

was associated with inhibition of PTHrP overexpression
[38]. These aggregated data suggest that Ang II is a likely
candidate responsible for PTHrP overexpression, and this
might contribute to the deleterious effects of Ang II in the
damaged kidney. These findings could provide novel insights
into the well-known protective effects of Ang II antagonists
in renal diseases, possibly leading the way to new therapeutic
approaches.

6. Conclusion

Collectively, these results indicate that the renal PTHrP/
PTH1R system is upregulated in experimental as well human
diabetes, appears to be involved with renal hypertrophy, and
adversely affects the outcome of DN. PTHrP also participates
in the hypertrophic signalling triggered byHGon glomerular
cells. In this condition, AngII induces the upregulation
of PTHrP, which might induce the expression of TGF-𝛽

1

and p27Kip1. These findings provide new insights into the
protective effects of AngII antagonists in DN, paving the way
for new forms of intervention.
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Diabetic or peripheral diabetic neuropathy (PDN) is one of themajor complications among some other diabetic complications such
as diabetic nephropathy, diabetic retinopathy, and diabetic cardiomyopathy. The use of animal models in the research of diabetes
and diabetic complications is very common when rats and mice are most commonly used for many reasons. A numbers of animal
models of diabetic and PDN have been developed in the last several decades such as streptozotocin-induced diabetic rat models,
conventional or genetically modified or high-fat diet-fed C57BL/Ks (db/db) mice models, streptozotocin-induced C57BL6/J and
ddY mice models, Chinese hamster neuropathic model, rhesus monkey PDN model, spontaneously diabetic WBN/Kob rat
model, L-fucose-induced neropathic rat model, partial sciatic nerve ligated rat model, nonobese diabetic (NOD) mice model,
spontaneously induced Ins2Akitamicemodel, leptin-deficient (ob/ob)micemodel, Otsuka Long-Evans Tokushima Fatty (OLETF)
rat model, surgically-induced neuropathic model, and genetically modified Spontaneously Diabetic Torii (SDT) rat model, none of
which are without limitations. An animal model of diabetic or PDN should mimic the all major pathogeneses of human diabetic
neuropathy. Hence, this review comparatively evaluates the animal models of diabetic and PDN which are developed since 1960s
with their advantages and disadvantages to help diabetic research groups in order to more accurately choose an appropriate model
to meet their specific research objectives.

1. Introduction

The term “diabetes” was first coined by Araetus of Cap-
podocia (81-133AD). Later, the word “mellitus” (honey sweet)
was added byThomasWillis (Britain) in 1675 after rediscover-
ing the sweetness of urine and blood of patients (first noticed
by the ancient Indians) [1]. In 1776, Dobson (Britain) for the
first time confirmed the presence of excess sugar in urine and
blood as a cause of their sweetness. Depending on the patho-
genesis, diabetes is classified as type 1 and type 2. The first
widely accepted classification of diabetes mellitus was pub-
lished by World Health Organization (WHO) in 1980 [2]
and, in modified form, in 1985 [3]. In 1980, the WHO Expert
Committee proposed two major classes of diabetes melli-
tus, namely: Insulin Dependent Diabetes Mellitus (IDDM)
or Type 1 and Noninsulin Dependent Diabetes Mellitus
(NIDDM)orType 2 diabetes (T2D). In 1985, theWHOexpert
committee omitted the terms Type 1 and Type 2, but the
terms IDDM and NIDDM were retained, and a class of
Malnutrition-Related Diabetes Mellitus (MRDM) was intro-
duced [3]. In both reports (1980 and 1985), other classes of

diabetes were also included, for example, Impaired Glucose
Tolerance (IGT) and Gestational Diabetes Mellitus (GDM)
[2, 3]. These were reflected in the subsequent International
Nomenclature of Disease (IND) in 1991 and in the tenth revi-
sion of the International Classification of Diseases (ICD-10)
in 1992. The 1985 classification was widely accepted and used
internationally even today.

Since last few decades, diagnosis of diabetes is not only
limited in blood and urine sugar levels but also inmany other
parameters and factors such as serum insulin levels, blood
glycated haemoglobin and proteins, glucose tolerance ability,
insulin sensitivity or insulin resistance, pancreatic beta-cell
function, and so forth. Apart from above-mentioned parame-
ters related abnormalities, diabetes patients are often suffered
from other diabetes related complications such as—diabetic
neuropathy, diabetic cardiomyopathy, diabetic nephropathy
(DN), and diabetic retinopathy. These are usually caused by
the poor glycemic control or improper management of dia-
betes mellitus. About 50% of people with diabetes are affected
with one or more of the above complications. Amongst
others, diabetic neuropathy is one the leading and painful
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complications usually suffered by many diabetic patients;
however, the pathogenesis of this complication is still not fully
understood due to the absence of an authentic animal model
which fullymimics the complications of human diabetic neu-
ropathy.

Animal models in diabetes research are very common
when most of the existing models are developed as a conven-
tional model either for Type 1 or for T2D. But very often a
conventional model of diabetes cannot demonstrate the spe-
cific pathogenesis of diabetes related complications. There-
fore, the necessity of the individual and specific model for
diabetic complications has been raised in the recent years to
achieve the authentic outcomes of specific research aims. A
number of animal models of diabetic neuropathy have been
developed in last few decades approaching fromdiverse point
of views. However, most of them did not receive much pop-
ularity because of their considerable number of limitations
and disadvantages. In a comprehensive review, Harati [4]
reported that the major handicap in studying diabetic neu-
ropathies is the lack of a suitable animal model that addresses
acute and chronic events leading to diabetic neuropathy.
Hence, in this review, the pathogenesis, advantages, disad-
vantages, and limitations of several genetic and nongenetic
animal models of diabetic neuropathy have been discussed
to substantiate their efficacy for human study and in order to
guide diabetes research groups to more accurately select the
most appropriate models to address their specific research
questions.

2. Animal Models in Diabetic Neuropathy

Peripheral diabetic neuropathy (PDN) is a shattering com-
plication of diabetes and leading cause of foot exclusion [5].
Clinical indications of PDN include increased vibration and
thermal perception thresholds that progress to sensory loss,
occurring in conjunction with degeneration of all fiber types
in the peripheral nerve [6]. A proportion of patients with
PDN also describe abnormal sensations such as paresthesia,
allodynia, hyperalgesia, and spontaneous pain that some-
times coexist with loss of normal sensory function [7].
According to a recent review, a number of studies have inves-
tigated anddescribedDN inmice, but it is difficult to compare
these studies with each other or with human DN due to
experimental differences including the animal strain, type of
diabetes, method of induction, duration of diabetes, animal
age, and gender [8]. Although two review articles [9, 10]
on animal models of diabetic and some other neuropathies
are published recently, none of them suggested the most
suitable model in order to study the further pathogenesis of
diabetic neuropathy and also for the pharmacological screen-
ing and development of antidiabetic or anti-neuropathic
drug in their reviews. Shaikh and Somani [9] simply
reviewed the behavioral, structural, functional, and molecu-
lar markers of Type 1 and Type 2 diabetic neurophaty while
Höke [10] briefly reviewed the physiological changes in
diabetic and some other peripheral neuropathies such as
chemotherapy-induced peripheral neuropathy and human-
immunodeficiency virus-associated sensory neuropathies.
This review precisely discussed the progress with the animal

models of diabetic neuropathy which have been developed
in last few decades since early 1960s with their advantages,
disadvantages, and limitations in order to assist scientists to
more appropriately choose a model based on their specific
research aims. Additionally, the characterization of neuropa-
thy or advantages and limitations or disadvantages of most of
the models are summarized in Table 1.

2.1. Models Developed during 1960s and 1970s. The nerve
conduction and regenerative changes in experimental dia-
betes were first noticed by Eliasson during 1964-1965 [11, 12];
however, the first peripheral neuropathy in alloxan-diabetic
rats was reported by Preston in 1967 [13] then Lovelace in
1968 [14]. After that a number of scientists reported diabetic
neurophaty mostly in alloxan-induced diabetic models. A
complete animal (rat) model of diabetic neuropathy (DN)
was first reported by Jakobsen and Lundbeck in 1976 [15] with
reduced sizes of nerve fiber, axon, and myelin sheath, which
contribute in impaired motor function in streptozotocin
(STZ)-induced diabetic rats. After a couple of years, during
1978–1980, animal model of PDN was first reported as well
as evaluated by Sima and Robertson in several studies con-
ducted in streptozotocin-induced diabetic rats and mutant
diabetic [C57BL/Ks (db/db)] mice [16–18]. The PDN was
initially characterized by severely decreased motor nerve
conduction velocity (MNCV), absence of large myelinated
fibers, and axonal atrophy in thismousemodel. In the further
evaluation studies, axonal changes aswell as axonal dystrophy
were observed in the myelinated and unmyelinated fibers
followed by loss, shrinkage, and breakdown of myelin sheath
in the later stage. However, the major limitation is that none
of these models have been evaluated by using anti-diabetic or
antineuropathic drugs.

2.2. Models Developed during 1980s. In early 1980s, PDN
was assessed in diabetic Chinese hamster by Kennedy and
colleagues [19]. Conduction velocities in both motor and
sensory components of the hind lamb nerves were reduced
16–22% in diabetic compared to control animals. However,
there was no reduction in nerve fiber diameters or other signs
of abnormal morphology that could be correlated with these
physiological effects. However, PDN in diabetic hamster is
less severe than humanDN in its clinical stage.Hence, further
study is warranted to use this animal as a model for human
PDN. Cornblath et al. [20] tried to develop a primate model
of PDN in rhesus monkey. They found significantly reduced
motor nerve conduction velocities and prolonged F-wave
latencies in diabetic animals compared to nondiabetic control
animals, whilemotor-evoked amplitudes did not differ. Addi-
tionally, nerve conduction times were increased in motor
fibers of diabetic animals two years after the onset of diabetic
hyperglycemia. Although these abnormalities are similar to
those seen in humans, further study is needed to establish this
primate model for human PDN since these models have not
been evaluated by any antineuropathic drugs. Additionally,
after comparing with diabetic and hypoglycaemic neuropa-
thy, Sima et al. [21] reported that diabetic neuropathy is not
associated with nerve cell loss but showed marked axonal
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Table 1: Characterization criteria (advantages) and limitations (disadvantages) of some selective animal models of diabetic neuropathy
developed since 1960s.

Animals models References Characterization of diabetic
neuropathy/advantages Limitations/disadvantages

Streptozotocin-
induced rat model
(classic)

Jakobsen and Lundbeck [15].

(i) Reduced sizes of nerve fiber, axon, and
myelin sheath.
(ii) Impaired motor function.

Not validated by
antineuropathic drug.

Streptozotocin-
induced rat model
(recent)

Filho and Fazan [22].
(i) Significantly reduced right and left fascicular
areas and myelination of phrenic nerves.
(ii) Validated by insulin (s.c.).

(i) Some major
pathogenesis of diabetic
neuropathy has not been
characterized.
(ii) Although validated by
insulin (s.c.), no
antineuropathic drug has
been used.

C57BL/Ks (db/db)
mice model
(classic)

Sima and Robertson [16, 17];
Robertson and Sima [18].

(i) Severely decreased motor nerve conduction
velocity (MNCV).
(ii) Absence of large myelinated fibers.
(iii) Axonal atrophy.
(iv) Axonal dystrophy in myelinated and
unmyelinated fibers.
(v) Loss, shrinkage, and breakdown of myeline
sheath.

Not evaluated by any
anti-diabetic or
antineuropathic drug.

Genetically
modified
C57BL/Ks (db/db)
mice model
(recent)

Hinder et al. [23].

(i) Increased body weight, hyperglycemia, and
hyperlipidemia.
(ii) Lower tail flick response to heat stimulus,
sciatic motor nerve conduction velocity, and
intraepididymal nerve fiber velocity.

(i) Mismatched results were
observed for body weight,
blood glucose, plasma
lipids, and blood glycated
hemoglobin.
(ii) Not validated by
anti-diabetic or
antineuropathic drugs.

Streptozotocin-
induced C57BL6/J
mice model

Vareniuk et al. [24].

(i) Peroxynitrite injury in peripheral nerve and
dorsal root ganglion neurons.
(ii) Motor and sensory nerve conduction
velocity deficits, thermal and mechanical
hyperplasia, tactile allodynia, and loss of
intraepidermal nerve fibers.

Not validated by using
antineuropathic drug.

Streptozotocin-
induced diabetic
sensory
neuropathic ddY
mice model

Murakami et al. [25].

(i) Significantly lower sensory nerve
conduction velocity, higher nociceptive
threshold, hypoalgesia, and unmyelinated fiber
atrophy.
(ii) Successfully evaluated by insulin treatment.
(iii) Can be a better model to study the human
sensory polyneuropathy.

No significant change was
found in the myelinated
nerve fiber areas.

Chinese hamster
neuropathic model Kennedy et al. [19].

Reduced conduction velocity of both motor
and sensory components of hind lamb nerves
(16–22%).

(i) Peripheral diabetic
neuropathy (PDN) was less
severe than human diabetic
neuropathy.
(ii) Further study needed
for proper validation.

Rhesus monkey
model of PDN Cornblath et al. [20].

(i) Significantly reduced motor conduction
velocity.
(ii) Prolonged F-wave latencies.
(iii) Pathogeneses’ resembles to humans.

(i) No difference in
motor-evoked amplitudes.
(ii) Prolonged nerve
conduction induction time
(2 years).
(iii) Not validated by
antineuropathic drug.



4 Journal of Diabetes Research

Table 1: Continued.

Animals models References Characterization of diabetic
neuropathy/advantages Limitations/disadvantages

Spontaneously
diabetic WBN/Kob
rat model

Yagihashi et al. [26].

(i) Slower motor nerve conduction and
temporal dispersion of compound muscle
action potential.
(ii) Structural de- and remyelination in the
sciatic and tibial nerves at 12 month.
(iii) Axonal degeneration, dystrophy, and
reduced myelinated fiber at 20 month.
(iv) Resembles human pathogenesis of PDN.

Not validated by
antineuropathic drug.

L-fucose induced
neuropathic rat
model

Sima et al. [27].

(i) Reduced Na+-K+-ATPase activity.
(ii) Reduced nerve conduction velocity.
(iii) Axonal dystrophy.
(iv) Paranodal swelling and demyelination
without increasing Walleran degeneration of
nerve fiber loss.

Not validated by
antineuropathic drug.

Partial sciatic nerve
ligated rat model Fox et al. [28].

(i) Produced long-lasting mechanical, but
thermal hyperalgesia.
(ii) Evaluated by ant-diabetic neuropathic
drugs.

Major pathogenesis was not
characterized.

Nonobese diabetic
(NOD) mice model

Schmidt et al. [29];
Homs et al. [30].

(i) Short induction period.
(ii) Markedly swollen axons and dendrites
(neurotic dystrophy).
(iii) Consistent with the pathogenesis of other
rodent models of PDN and human PDN.
(iv) Suggested as a better model than ICR mice
particularly in terms of nerve regeneration.

Not validated by
antineuropathic drug.

Spontaneously
induced Ins2 Akita
mouse model

Choeiri et al. [31];
Schmidt et al. [32].

(i) Spontaneously induced diabetic model.
(ii) Progressive and sustained chronic
hyperglycemia.
(iii) Reduced sensory nerve conduction
velocity.
(iv) Markedly swollen axons and dendrites
(neurotic dystrophy).
(v) Consistent with the pathogenesis of other
rodent models of PDN and human PDN.

Not validated by
anti-diabetic or
antineuropathic drug.

Leptin-deficient
(ob/ob) mice
model

Drel et al. [6].

(i) Clearly manifested thermal hypoalgesia. (ii)
Relatively higher nonfasting blood glucose
level (20mmol/L).
(iii) Slow motor and sensory nerve conduction.
(iv) Significant reduction of intraepidermal
nerve fiber.
(v) Validated by antiperipheral diabetic
neuropathic drug.

May not be widely available
for routine
pharmacological screening
of anti-diabetic or
anti-neuropathic drugs.

Otsuka
Long-Evans
Tokushima Fatty
(OLETF) rats
model

Kamenov et al. [33].

(i) Significantly higher blood glucose and
HbA1c levels.
(ii) Reduced motor nerve conduction velocity
and thermal nociception.

(i) Some major
pathogenesis of PDN has
not been characterized.
(ii) Not validated by
anti-diabetic neuropathic
drugs.

Rat insulin I
promoter/human
interferon-beta
(RIP/IFN𝛽)
transgenic ICR
mice model

Seraf́ın et al. [34].

(i) Significantly hyperglycemia, slower tibial
sensory nerve conduction velocity.
(ii) Reduced nerve fiber density and increased
motor latencies.

(i) A sophisticated surgical
approach has been used to
develop the model.
(ii) Not validated by
anti-diabetic or
antineuropathic drugs.
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Table 1: Continued.

Animals models References Characterization of diabetic
neuropathy/advantages Limitations/disadvantages

High-fat diet-fed
female C57BL6/J
mice model

Obrosova et al. [35].

(i) Deficit of motor and sensory nerve
conductions, tactile allodynia, and thermal
hypoalgesia. (ii) Can be used as model for
prediabetic or obesity related neuropathy.

(i) Intradermal nerve fiber
loss, and axonal atrophy
was absent.
(ii) Cannot be used for
chronic diabetic
neuropathy.
(iii) Not validated by
antineuropathic drugs.

Surgically-induced
neuropathic model Muthuraman et al. [36].

(i) Thermal and mechanical hyperalgesia in
paw and tail.
(ii) Reduced nerve fiber density and nerve
conduction velocity.
(iii) Very short induction period.

(i) Not validated by using
antineuropathic drug.
(ii) Not suitable to study
the human diabetic
neuropathy.

Genetically
modified SDT fatty
rat model

Yamaguchi et al. [37].

(i) Sustained hyperglycemia and dyslipidemia
with delayed and reduced motor nerve
conduction velocity.
(ii) Lower number of sural nerve fibers and
thickened epinural arterioles.
(iii) Successfully validated by anti-diabetic
drug such as pioglitazone.

Some pathogenesis was
induced only after a long
period of time such as 40
weeks.

atrophy involving predominantly sensory fibers. So this par-
ticular factor needs to be considered before choosing any ani-
mal model for a diabetic neuropathic study.

2.3. Models Developed during 1990s

2.3.1. Spontaneously Diabetic WBN/Kob Rat Model. In early
1990s, the model of PDN further developed in a sponta-
neously diabetic WBN/Kob rats via examining electrophys-
iologic, biochemical, and structural changes of peripheral
nerves at 12 and 20months of ages [26].This model was char-
acterized by slower motor nerve conduction and temporal
dispersion of compound muscle action potential. Structural
de- and remyelinations were observed in the sciatic and tibial
nerves in 12-month-old rats, while 20-month-old rats addi-
tionally showed axonal degeneration and dystrophy, reduced
myelinated fiber occupancy, and decreased mean myelinated
fiber size. Additionally, these neuropathic manifestations are
unique as compared with those found in other spontaneously
diabetic animal models. This model of WBN/Kob rats is
further supported by Ozaki et al. [38], because this model of
PDN develops primary segmental demyelination and sec-
ondary axonal degeneration, which are similar to those in
human patients with diabetes mellitus and unlike those in
rodents with streptozotocin-induced diabetes [38]. Hence,
spontaneously diabetic WBN/Kob rats can be a better model
to study the human PDN.

2.3.2. L-Fucose-Induced Rat Model. In late 1990s, it has been
reported that L-fucose, a competitive inhibitor of sodium-
dependent myoinositol transport, has been shown effective
to induce diabetic neuropathy in normal rats mediated by
Na+-K+-ATPase activity and conduction of nerve velocity
[27]. To further validate, long-term feeding of L-fucose has

been studied in this model and evaluated by nerve Na+-K+-
ATPase activity, conduction velocity, and myelinated nerve
fiber pathology. After 24-week supplementation of L-fucose
enriched (10 or 20%) diets, Na+-K+-ATPase activity was
significantly decreased, associated with a 25–30% reduction
in nerve conduction velocity. Twenty percent L-fucose diet
resulted in significant axonal atrophy, paranodal swelling,
and paranodal demyelination without increasing Walleran
degeneration or nerve fiber loss. After this study, it has
been recommended that this L-fucose model can serve as an
experimental tool to study the diabetic neuropathy.

2.3.3. Partial Sciatic-Nerve Ligated Rat Model. In another
study, partial ligation of sciatic nerve method has been used
to induce PDN and compared with a usual STZ-induced
rat model of PDN [28]. STZ-induced diabetic animals were
chronically ill, with reduced growth rate, polyuria, diarrhoea,
and enlarged and distended bladders when these symptoms
were not found in sciatic nerve ligated model. This sciatic
nerve ligated model has also been evaluated with antineu-
ropathic drugs (Morphine and L-Baclofen), which produce
greater reversal of mechanical hyperalgesia following partial
nerve ligation.They also added that STZ-induced diabetes in
rats produces long-lastingmechanical but not thermal hyper-
algesia. Although evaluated by antineuropathic drugs, further
study is needed to understand the induction of the major
pathogenesis of PDN.

2.4. Models Developed during 2000s

2.4.1. Nonobese Diabetic (NOD) Mice Models. Diabetic auto-
nomic neuropathy has been examined in the nonobese
diabetic (NOD), and streptozotocin (STZ)-induced diabetic
mice, two models of Type 1 diabetes, and the db/db mouse,
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amodel of Type 2 diabetes [29]. It was found that after only 3–
5 weeks of diabetes, NOD mice developed markedly swollen
axons and dendrites (neurotic dystrophy) in the prevertebral
superior mesenteric and celiac ganglia (SMG-CG), similar
to the pathology described in diabetic STZ- and BBW-rat
and human. STZ-induced diabetic mice develop identical
changes, although at amuch slower pace and to a lesser degree
than NOD mice. Chronically diabetic Type 2 db/db mice
fail to develop neurotic dystrophy, suggesting that hypergly-
caemia alone may not be the crucial and sufficient element.
Therefore, NODmouse appears to be a valuablemodel of dia-
betic sympathetic autonomic neuropathy which is consistent
with the pathogenesis of other rodent models and human. It
has been further supported by a very recently published com-
parative study on peripheral neuropathy between NOD and
ICR diabeticmice [30] whereNODmice have been suggested
as a bettermodel than ICRmice particularly in terms of nerve
regeneration.

2.4.2. Genetic RodentModels. Thedevelopment of peripheral
diabetic neuropathy has been assessed by longitudinal mem-
ory performance in spontaneously induced Type 1 diabetic
Ins2C96Y Akita mice by Choeiri et al. [31]. This model was
characterized by reduced number of beta cells with hypoinsu-
linemia, progressive hyperglycemia, and reduced sensory
nerve conduction velocity; however no significant deficit has
been detected as Morris water maze trial compared to the
control group, and many other diabetic neuropathy-related
major parameters have not been measured. Later, after mea-
suring a number of diabetic neuropathy related parameters,
Schmidt et al. [32] reported that Ins2 Akita mouse is a robust
model of diabetic sympathetic autonomic neuropathy which
closely corresponds to the characteristics pathology of other
rodent models and humans. This model has been evaluated
by progressively developed markedly swollen axons and
dendrites which are the common signs of neurotic dystrophy.
According to the above-mentioned studies, although Ins2
Akita mice can be a proper genetic model of diabetic neu-
ropathy, this model needs to be evaluated by antidiabetic and
antineuropathic drugs.

Drel et al. [6] reported that leptin-deficient (ob/ob) mice
clearly manifest thermal hypoalgesia, the condition observed
in human subjects, which is a transient phenomenon in PDN
in humans [39] and, non-fasting blood glucose was not more
than 20mmol/L which was found very higher, ∼30mmol/L,
in Zucker Diabetic Fatty (ZDF) rats [39]. The ob/ob mice
developed a clearly manifested slowmotor and sensory nerve
conduction and accumulation of peripheral nerve sorbitol
pathway intermediate when fed a regular mouse diet to
maintain moderated hyperglycaemia [6]. Usually subject
with Type 1 or Type 2 diabetes display epidermal nerve fiber
loss, and it was found that 11-week-old ob/ob mice developed
a dramatic reduction (78%) in intraepidermal nerve fiber
compared with age-matched nondiabetic controls [6]. This
animal model was also successfully evaluated by a potent
inhibitor of PDN such as aldose reductase inhibitor which
normalized motor and sensory nerve conduction velocity.
The results of this study suggest that leptin-deficient ob/ob
mice can be better for PDN.

On the other hand, Kamenov et al. [33] compared the
complications of diabetic neuropathy between Otsuka Long-
Evans Tokushima Fatty (OLETF) rats and Long-Evans Tok-
ushima Otsuka (LETO) rats, where OLETF is a spontaneous
animal model of T2D. In this regard, each type of animal
has been divided into 2 subgroups and fed with or without
sucrose-containing diets for 2 months and found that the
blood glucose and HbA1c levels were significantly higher in
OLETF rats, when comparedwith those in control LETO rats.
Motor nerve conduction velocity and thermal nociception
were significantly decreased inOLETF rats in their 10months
of age, while the values of the tail pressure test did not differ
compared with those from LETO rats. It was concluded that
signs of diabetic neuropathy appear in LETO rats after a
longer period of time compared to OLETF rats. Therefore
OLETF rat can be a better animal model for Type 2 diabetic
neuropathy than the LETO rats.

Recently, Seraf́ın et al. [34] developed a model of diabetic
neuropathy in 6-week-old rat insulin I promoter/human
interferon-beta (RIP/IFN𝛽) transgenic ICR mice with a low
dose of STZ injection (30mg/kg BW) for 5 consecutive days.
Additionally, in order to induce nerve damage, after 4 weeks
of sustained hyperglycemia, the left sciatic nerve was exposed
by blunt dissection and crushed at the femurmajor trochanter
level for three times in succession for 30 seconds in anaes-
thetized animals when intact contralateral nerve was used
as a control. This transgenic model was evaluated by signif-
icant hyperglycemia, slower tibial sensory nerve conduction
velocity (SNCV) and increased motor latencies and duration
of compound muscle potential, reduced nerve fiber density,
and so on.The slower recovery of nerve conduction velocities
were observed in the diabetic transgenic mice group com-
pared to the control. Although this model has been displayed
most of the major pathogenesis of peripheral diabetic neu-
ropathy, a sophisticated surgical approach has been used with
multiple STZ injections to develop this model, and it has not
been evaluated by any antidiabetic or antineuropathic drugs.

2.4.3. Experimentally-Induced Models. Filho and Fazan [22]
developed a streptozotocin (STZ)-induced model of phrenic
nerve neuropathy in rats. Diabetes was induced by a single
injection of streptozotocin to penile vein, and higher blood
glucose level confirmed the diabetic state. Left and right
fascicular areas and diameter of the phrenic nerves were
significantly decreased in the proximal segments and right
segments, respectively. The phrenic nerves of diabetic rats
showed smaller myelinated axon diameters compared to
controls. The 𝑔 ratio for diabetic rats was significantly lower
than the controls when these changes have been restored
by the daily injection (s.c.) of insulin (9U/kg body weight).
Although this model has been evaluated by insulin, no anti-
neuropathic drug has been used for the evaluation of this
model.

After a year, Obrosova and colleagues [35] tried to
develop a neuropathy model in female C57BL6/J mice by
feeding high-fat diet for a 16-week period. This model was
characterized by the deficit of motor and sensory nerve con-
ductions, tactile allodynia, and thermal hypoalgesia; however
intradermal nerve fiber loss or axonal atrophy was absent in
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this model. Although plasma FFA and insulin concentrations
were increased and glucose tolerance was impaired, the frank
hyperglycemia was absent in this model. According to the
data, although this model can be used for prediabetes and
obesity related neuropathy, it cannot be used for chronic dia-
betic neuropathy. This model has also not been evaluated by
any antineuropathic drug, and the duration of model devel-
opment time is one of the major concerns.

In 2008, Hong and Kang [40] published a very special
finding on auditory neuropathy in streptozotocin-induced
diabetic ICR mice in order to understand the possible
auditory damage. The diabetes was induced by the different
dosages of STZ (50, 100, and 150mg/kg BW) dissolved in cit-
rate buffer (pH 4.5) in 7-week-oldmale animals.The auditory
diabetic neuropathy in this particular model has been evalu-
ated by significantly increased absolute latencies of IV, and the
interpeak latencies of I–III and I–IV of auditory brainstem
response (ABR), and dose dependent induction of Pa latency
of auditory middle latency response (AMLR) in STZ treated
mice compared to control mice. In terms of ABR, best results
were observed for the dose of 100mg/kg BW of STZ com-
pared to other two STZ dosages. From the data of this study,
authors suggested that the STZ-induced mouse can be used
for the evaluation of auditory pathway impairment via ABR
and AMLR tests, however this model has not been evaluated
by any antidiabetic or antineuropathic drugs.

At the same year, Vareniuk et al. [24] compared the patho-
genesis of peripheral diabetic neuropathy in STZ-induced
wild-type and inducible nitric oxide synthase (iNOS) gene
deficient mice with C57BL6/J background. The model was
developed by injecting single doses (100mg/kg BW) of STZ
injection (i.p.) to nonfasted wild-type and iNOS (also known
as Nos2) deficient (iNos (−/−)) mice and maintained for a
6-week experimental period. Although STZ-injected wild-
type mice displayed peroxynitrite injury in peripheral nerve
and dorsal root ganglion neurons and developed motor and
sensory nerve conduction velocity deficits, thermal and
mechanical hypoalgesia, tactile allodynia, and approximately
36% loss of intraepidermal nerve fibers, the STZ-injected
iNOS (−/−) mice did not display most of the above-men-
tioned pathogenesis except nitrosative stress in dorsal root
ganglia with normal nerve conduction velocities and less
severe small fiber sensory neuropathy. Although the STZ
injected model was not evaluated by any antidiabetic or
antineuropathic drugs, but from this study it is clear that
iNOS gene plays a major role in the induction or peripheral
diabetic neuropathy which can be future research and drug
development target.

Recently, Muthuraman and colleagues [36] developed a
rat model of vasculatic neuropathy by ischemic perfusion in
the rat femoral artery.Thismodel was validated after 2, 4, and
6 hof ischemia followed by prolonged reperfusion.Themodel
has been characterized by thermal and mechanical hyperal-
gesia in paw and tail which are associated with peripheral
and central neuropathic pain, respectively. The serum IL-10,
nerve fiber density, and nerve conduction velocitywere lower,
and serum nitrate, malondialdehyde (MDA) and TNF-alpha
levels were higher in this model. Although neuropathy
induction period of this model is very short and has similar

pathogenesis with human diabetic neuropathy, the pathogen-
esis of neuropathy have not been developedhere via hypergly-
caemia, what is usually happened in diabetic neuropathy, but
via ischemic perfusion in the animal femoral artery. Hence,
this model cannot be a better model to study human periph-
eral diabetic neuropathy. Additionally, this model has not
been evaluated by using any antineuropathic drugs.

2.5. Models Developed during 2010s

2.5.1. Genetically Modified SDT Rat Model. Recently, Yam-
aguchi et al. [37] developed diabetic peripheral neuropathy in
Spontaneously Diabetic Torii (SDT) fatty rats by introducing
fa allele of Zucker Diabetic Fatty (ZDF) rats since SDT rats
develop delayed hyperglycemia compared to diabetic com-
plications. Apart from common diabetic abnormalities such
as sustained hyperglycemia and dyslipidemia, this diabetic
peripheral neuropathic model was further characterized by
significantly delayed and lower motor nerve conduction
velocity from 24 weeks and significantly lower number of
sural nerve fibers at the end of the 40-week experimental
period. Additionally, thickened epineurial arterioles were
frequently found in thismodel.Thismodel was further evalu-
ated by an antidiabetic drug such as pioglitazone which could
significantly improve the motor nerve conduction velocity
and blood HbA1c level when fed food admixture at a dose of
10mg/kg/day for a 6-week period. So this model can be a bet-
ter diabetic peripheral neuropathic model not only to under-
stand the pathogenesis of diabetic peripheral neuropathy but
also to screen and develop antidiabetic peripheral neuro-
pathic drug, particularly for Type 2 diabetes.

2.5.2. Genetically Modified C57BLKS Mice Model. Very
recently, Hinder et al. [23] developed a dyslipidemia-induced
mousemodel of diabetic neuropathy by some genetic manip-
ulation.This model was developed by knockout of ApoE and
ApoB48 genes in db/db or ob/ob mice C57BLKS background
which mimicked the neuropathic plasma lipid profile in
diabetic humans. It was also characterized by increased body
weight, hyperlipidemia, hyperglycemia, and the evidence
of neuropathy; however this model was not delivered by
lipid profile usually seen in translational diabetic neuropathy.
Although this model has been characterized by significantly
lower tail flick response to heat stimulus, sciatic motor nerve
conduction velocity, and intraepididymal nerve fiber velocity,
mismatched results were observed for the body weight, blood
glucose, plasma lipids, and total blood glycated haemoglobin.
From the results of this study, authors suggested that the
overall effects of ApoE knockout, either directly upon nerve
structure and function or indirectly on lipid metabolism, are
insufficient to significantly alter the course of translational
diabetic neuropathy research, and further therapeutic inter-
vention is necessary in this regard. Apart from the above
limitations, this model was also not evaluated by any antidi-
abetic or antineuropathic drug.

2.5.3. Streptozotocin-Induced Diabetic Sensory Neuropathy
Mice Model. Most recently, Murakami et al. [25] developed
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a sensory neuropathymodel in STZ-induced 8-week-old ddY
mice. Diabetes was developed by a single injection (i.p.) of
STZ and confirmed by blood glucose level >16.7mmol/L one
week after the STZ injection. This model has been evaluated
by significantly lower sensory nerve conduction velocity
(SNCV), higher nociceptive threshold, hypoalgesia, and
reduced axon area of unmyelinated nerve fibers or unmyeli-
nated fiber atrophy. Although no difference was found for the
myelinated nerve fiber areas between the diabetic and healthy
mice, this model has been successfully evaluated by insulin
treatment. Since the unmyelinated nerve fibers were more
affected thanmyelinated nerve fibers and it has been success-
fully evaluated with insulin treatment, so it can be a better
model to study the human sensory polyneuropathy.

3. Conclusion

As per this review, although a number of approaches have
been used to develop the diabetic neuropathic models in dif-
ferent strains of animals in last five decades, none of them are
without limitations. Several models such as conventional and
geneticallymodifiedC57BL/Ks (db/db)mice, streptozotocin-
induced C57BL6/J and ddY mice, spontaneously diabetic
WBN/Kob rats, L-fucose induced neuropathic rats, nonobese
diabetic (NOD) rats, spontaneously induced InS2 Akita
mice, leptin-deficient (ob/ob) mice, high-fat diet-fed female
C57BL6/J mice, and genetically modified SDT fatty rats have
been shown to develop major pathogenesis of diabetic neu-
ropathy or peripheral diabetic neuropathy; however most of
them were not validated either by antidiabetic or antineuro-
pathic drugs. Some models such as streptozotocin-induced
rats, Chinese hamster, rhesus monkey, partial sciatic nerve
ligated rats, and Otsuka Long-Evans Tokushima Fatty
(OLETF) rats developed very few major or some minor
pathogenesis of diabetic neuropathy and peripheral diabetic
neuropathy and the model development time for some of
these models were very long.The best model of diabetic neu-
ropathy or peripheral diabetic neuropathy should have some
major criteria such as: (1) the model should have all major
pathogenesis of diabetic neuropathy or PDN with other
minor pathogenesis which is normally found in human dia-
betic neuropathic patients, (2) the model should be sensitive
to antidiabetic or anti-neuropathic drugs, and (3) the model
needs to be suitable to study the pathogenesis of disease
as well as for routine pharmacological screening of antidia-
betic anti-neuropathic drugs. Although most of the genetic
or genetically modified models of diabetic neuropathy or
PDN discussed in this review are suitable for studying the
pathogenesis of the diseases, the C57BL/Ks (db/db) mice,
streptozotocin-induced C57BL6/J and ddY mice, sponta-
neously diabetic WBN/Kob rats, nonobese diabetic mice,
spontaneously induced Ins2 Akita mice, and leptin-deficient
(ob/ob) mice have been found as better models for human
diabetic neuropathy when high-fat diet-fed female C57BL6/J
mice have been suggested to use for prediabetic or obesity
related diabetic neuropathy. Although L-fucose induced neu-
ropathic rats, OLETF rats, and genetically modified SDT rats
have shown some promising pathogenesis of diabetic and
PDN, further studies are needed to understand the suitability

and usefulness of these models for diabetic or peripheral dia-
betic neuropathic researches.
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Local induction of pro-tolerogenic cytokines, such as IL-10, is an appealing strategy to help facilitate transplantation of islets and
other tissues. Here, we describe a pair of implantable devices that capitalize on our recent finding that hyaluronan (HA) promotes
IL-10 production by activated T cells. The first device is an injectable hydrogel made of crosslinked HA and heparan sulfate loaded
with anti-CD3/anti-CD28 antibodies and IL-2. T cells embedded within this hydrogel prior to polymerization go on to produce
IL-10 in vivo. The second device is a bioengineered implant consisting of a polyvinyl alcohol sponge scaffold, supportive collagen
hydrogel, and alginate spheres mediating sustained release of HA in fluid form. Pancreatic islets that expressed ovalbumin (OVA)
antigen were implanted within this device for 14 days into immunodeficient mice that received OVA-specific DO.11.10 T cells and a
subsequent immunization with OVA peptide. Splenocytes harvested from these mice produced IL-10 upon re-challenge with OVA
or anti-CD3 antibodies. Both of these devices represent model systems that will be used, in future studies, to further evaluate IL-10
induction by HA, with the objective of improving the survival and function of transplanted islets in the setting of autoimmune
(type 1) diabetes.

1. Introduction

Interleukin 10 (IL-10) is a potent immunosuppressive
cytokine made by regulatory T cells (Tregs) and other cell
types [1–3]. IL-10 inhibits antigen-specific immune responses
in part via suppression of activated macrophage and
monocyte functions, which include cytokine synthesis and
expression of class II MHC and costimulatory molecules
such as IL-12 and CD80/CD86 [4].

IL-10 has important roles in transplant biology. Endoge-
nous IL-10 production is correlated with transplant accep-
tance in multiple animal models and human tissues [5–
8]. IL-10 has been evaluated as a treatment to improve the
survival of engrafted islets, which has been accomplished by
transfer of IL-10-producing Tregs [6], gene therapy [9, 10]
or direct administration of IL-10 alone, or in conjunction
with immunomodulatory drugs [11–13]. It is noteworthy that

systemic IL-10 treatment has failed to support islet engraft-
ment in mice in the setting of established autoimmunity [14]
and may induce immune suppression. These results suggest
that an alternative approach that provides a sustained, local
presence of IL-10 at the graft site might be more effective at
preventing islet rejection.

We recently reported a role for the extracellular matrix
(ECM) macromolecule hyaluronan (HA) in regulating IL-
10 production by T cells. HA is a simple, long-chain gly-
cosaminoglycan polymer made up of repeating disaccha-
rides of N-acetyl glucosamine and glucuronic acid. HA is
an important structural component of many tissues, but
also has important roles in inflammation and tissue repair
[15–18]. Short HA oligomers (<30 kDa) generated through
tissue catabolism are typically proinflammatory [16–18]. Con-
versely, plate-boundHAor chemically crosslinkedHA is anti-
inflammatory and promotes IL-10 production by FoxP3(+)
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natural Tregs (nTregs) [19] and conventional T cells in vitro
[20]. Induction of IL-10 in these systems was mediated by
crosslinking of CD44, the primary receptor for HA [20].
We have proposed that plate-bound HA and HA hydrogels
may function as biomimetics of HA-containing tissue matri-
ces. However, the minimum size for HA-mediated CD44
crosslinking and IL-10 production by T cells is unknown.
Additional support for a role for HA in IL-10 production is
provided by observations of HA-induced upregulation of IL-
10 by cultured synoviocytes [21] and elevated IL-10 levels in
intestinal biopsies of mice given oral HA [22]. However, HA
alone does not appear to promote IL-10 induction by T cells
in vitro. Indeed, our data suggest that concomitant antigenic
stimulation through the T cell receptor (TCR) complex is
required for efficient IL-10 induction in the presence of HA.

HA preparations are currently used as treatments for
arthritis [23], atopic dermatitis [24], prevention of abdom-
inal adhesions [25, 26] and are under evaluation as an
experimental treatment for burns and wounds [27, 28]. In
most of these preparations, HA is crosslinked to promote
its stability and efficacy [29]. Crosslinking (as well as plate-
binding or sustained release from alginate) may also limit
the generation of pro-inflammatory HA fragments. Building
upon these findings, we have evaluated whether HA has
utility in promoting IL-10 production in vivo.

Here, we describe and evaluate a pair of technologies that
both provide antigenic stimulation in the context ofHA. First,
we have asked whether cells implanted within a crosslinked
HA hydrogel that incorporates a supplemental complex to
induce polyclonal TCR stimulation could enhance produc-
tion of IL-10 in vivo. Second, we have developed a bioengi-
neered implant capable of delivering an antigenic signal along
with sustained release ofHA in fluid form.These technologies
represent parallel strategies for delivering HA as a medium to
promote IL-10 production in vivo, with the ultimate objective
of inducing durable immune tolerance to transplanted islets
in individuals with autoimmune diabetes.

2. Materials and Methods

2.1. Transgenic Mice. C57BL/6 green fluorescent protein
(GFP)-FoxP3 knock-in and RIPmOVA/Rag2−/− mice were
the kind gifts of Dr. A. Rudensky (Memorial Sloan-Kettering
Cancer Center, New York, NY, USA) and Dr. Steve Ziegler
(Benaroya Research Institute—BRI), respectively. DO11.10
mice were purchased from Taconic Farms. All mice were
maintained in a specific pathogen-free, AAALAC-accredited
facility at BRI, and all experiments were approved by the
BRI Institutional Animal Care andUse Committee (IACUC),
protocol approval number 10116.

2.2. Isolation of Leukocyte Populations. Mouse lymphocyte
populations were prepared as previously described [19]. In
brief, for the in vitro experiments, CD4(+) cells were isolated
using MACS kits (Miltenyi, Inc.), and the GFP-FoxP3(−)
fraction was isolated from the CD4(+) population using a
FACS Vantage cell-sorter (BD Biosciences). CD4(+)/GFP-
FoxP3(−) T cells were used to ensure that any IL-10 pro-
duction we measured would be from conventional T cells,

rather than from activated GFP-FoxP3(+) nTregs. Cells were
cultured in Opti-MEM (Invitrogen) serum-free media sup-
plemented with 100 𝜇g/mL penicillin and 100U/mL strep-
tomycin (P/S). Where specifically noted, cells were cul-
tured in complete media consisting of Dulbecco’s Modified
Eagle’sMedium (DMEM)-10 (Invitrogen) supplementedwith
10% fetal bovine serum (FBS) (Hyclone), P/S, 50𝜇M 𝛽-
mercaptoethanol, 2mM glutamine, and 1mM Na pyruvate
(Invitrogen).

2.3. In Vitro T Cell Activation Using Plate-Bound Antibodies
and HA. Cell culture plates (96-well) were coated with
0.5 𝜇g/mL of anti-CD3 antibody (145-2C11, BD Biosciences),
washed, and then subsequently coated with either 0.2mg/mL
bovine serum albumin (BSA)- conjugated HA (1.5 × 106Da)
HA (Genzyme) or 10% BSA. CD4(+)/GFP-FoxP3(−) T cells
(2 × 105 per well) were cultured for 96 hours on these plates,
followed by collection of the culture supernatants for analysis.
Measurement of cytokines in the cell culture supernatants
was performed using enzyme-linked immunosorbent assays
(ELISAs) or cytometric bead assays (BD Biosciences).

2.4. In Vitro T Cell Activation Using HAHydrogels. Hydrogels
were made from thiolated constituents (HA, heparin sulfate
[HS], and collagen) crosslinked with polyethylene glycol
S-S diacrylate (PEGSSDA). These reagents are available as
a kit (Extracel-HP, Glycosan/Biotime) and were used per
the manufacturer’s instructions. Of note, our understanding
from communications with the manufacturer is that HA of
> 1 × 10

6 Da is used in the kits. Prior to addition of the
crosslinker, the mixture was supplemented with 10𝜇g/mL of
streptavidin (Sigma Aldrich), 10 𝜇g/mL each of biotinylated
anti-CD3 and anti-CD28 antibodies (145-2C11, 37.51, BD
Biosciences), and 20 IU/mL of IL-2. Hydrogels of this formu-
lation are referred to here as “supplemented HA hydrogels.”
For in vitro cell culture experiments, 2 × 105 CD4(+)/GFP-
FoxP3(−) T cells were layered on top of 25𝜇L volumes of
the hydrogel. After 96 hours of culture, cells and culture
supernates were collected for analysis. To control the collagen
constituent of the HA hydrogels, a set of hydrogels lacking
HA/HS was made by replacing the thiolated HA/HS with an
equivalent volume of thiolated collagen. These controls are
referred to as “supplemented collagen hydrogels.”

2.5. Implantation of T Cells and HA. 3 × 106 CD4(+)/GFP-
FoxP3(–) T cells were dispersed in supplemented HA hydro-
gels of 300 𝜇L volume prior to crosslinking with PEGSSDA,
which was initiated 30min prior to intraperitoneal injection
into mice. For these studies in vivo, the supplemented HA
hydrogels incorporated 360 IU/mL of IL-2. Four days after
injection of the supplemented HA hydrogels, the mice were
sacrificed and lymphoid tissues were harvested. Residual
hydrogel material in the peritoneal cavity was also removed
and dissolved by mild reduction of the PEGSSDA (per the
manufacturer’s instructions) in order to retrieve cells for
analysis. Intracellular staining of these cells for IL-10 and
subsequent flow cytometry assays utilized antibodies and
equipment as previously described [19].
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2.6. Isolation of Islets. Islets were isolated as described
previously [30]. Briefly, C57Bl/6 mice of 12–24 weeks age
were anesthetized with 2,2,2-tribromoethanol in phosphate-
buffered saline (PBS). The descending aorta of each anes-
thetized mouse was transected, the bile duct clamped at its
distal (intestinal) end, and a 30-gauge needle was used to
inflate each pancreas through the common bile duct with
4mLof 4∘C IsletMedium comprised of RPMI 1640 containing
1.0 g NaHCO

3
, 10% FBS (Atlanta Biologicals, cat. number

S12450H), 1mM Na-pyruvate, and P/S. The Islet Medium
was supplemented with 0.8mg/mL of collagenase P (Roche,
cat. number 11-249-002-001) and filtered at 0.22𝜇m prior to
injection. Subsequently, 2-3 excised pancreata were placed
in separate 50mL conical centrifuge tubes and incubated in
5mL of Islet Medium for 13min at 37∘C. The medium was
then decanted, fresh 4∘C Islet Medium was added, and the
tubes were shaken vigorously to disrupt the pancreata. The
tissue suspensions were filtered through a 30-mesh metal
screen to remove large debris, the filtrates were pelleted
by centrifugation, and the pellets resuspended in 4∘C Islet
Medium.The resuspended material was centrifuged through
Histopaque 1077 to isolate the islets, which were washed,
resuspended in Islet Medium, and placed in a tissue culture
(TC) incubator. After all pancreata were processed, the iso-
lated islets were hand picked, cultured overnight, and picked
again the next day before being placed in bioengineered
implants. Average yields were 100–150 islets per mouse.

2.7. Fabrication of Bioengineered Implants (BIs)

2.7.1. Polyvinyl Alcohol (PVA) Scaffolds. Biopsy punches
(Sklar Instruments) were used to cut 10mm diameter disks
from 2mm thick sheets of PVA sponge (Type CF90, 500 𝜇m
average pore size with no surfactant treatment—a generous
gift from Merocel/Medtronic, Inc.). Subsequently, each disk
was through-punched with a single central hole of 2mm
diameter and six peripheral holes of 1.5mm diameter, using
correspondingly sized biopsy punches (Acuderm, Inc.). The
punched disks were washed 5 × 10min on a rocker in 50mL
centrifuge tubes filled with 40mL of sterile distilled water,
then air-dried onWhatman filter paper, transferred to 60mm
dishes, sterilized by gamma irradiation, and stored until
needed for BI assembly.

2.7.2. Type I Collagen Solution. One volume of a stock
solution of rat tail native type I collagen in dilute (0.02N)
acetic acid (BD Biosciences) was combined with 1/9 volume
of 10-strength NaHCO

3
-saturated Medium 199 (Invitrogen)

and sufficient DMEM and normal mouse serum (NMS) to
yield a working solution containing 2.5mg/mL collagen and
10% NMS [30]. The working solution was prepared just prior
to assembly of the BIs and kept on ice until needed.

2.7.3. Alginate Spheres. An aqueous stock solution of 4% algi-
nate (Sigma-Aldrich, cat. number A0682), filtered at 0.45𝜇m,
was used for preparation of spheres for sustained release of
vascular endothelial growth factor (VEGF) and HA. Spheres
incorporating human recombinant VEGF

165
(Peprotech, cat.

number 100-20) were prepared as described previously [30].
Briefly, a mixture of 2% alginate and 5 ng/𝜇L VEGF was
formed into 10𝜇L (2.2mm diameter) spheres using a gravity-
drop method, crosslinked into a hydrogel for 15min in
0.1M CaCl

2
, washed 2 × 2min in 0.15M NaCl/25mM

HEPES/2mM CaCl
2
, pH 7.2 (saline/HEPES/Ca), transferred

to serum-free DMEM/P/S, and kept in a tissue culture
incubator until needed for BI assembly.

Fabrication of HA spheres was similar to that of the
VEGF constructs, with replacement of the VEGF with 50 𝜇g
of 120 kDa HA (Genzyme). HA of this size (approximately
317 disaccharide units) was chosen to facilitate a complete
delivery ofHA from the spheres within a 2week experimental
time period.

2.7.4. Assembly of BIs. Dry PVA sponge scaffolds were
allowed to swell for 5min in sterile DMEM/P/S. Subse-
quently, a single, freshly prepared alginate sphere containing
VEGF and five spheres containing HA were gently pressed
into the 6 peripheral holes of each expanded scaffold. The
scaffolds were then blotted on sterile Whatman filter paper,
transferred to 60mm plastic cell culture dishes lined with
UV-sterilized Parafilm M, and flooded with 60 𝜇L of type
I collagen working solution containing suspended islets.
The PVA sponges absorbed the collagen solution, with the
majority of the islets entering the 2mm diameter central hole
of the scaffold. Subsequently, the dishes were covered with
dish tops (lined with moist filter paper) and placed in a tissue
culture incubator for 30min to polymerize the collagen into
a hydrogel. The completed BIs were placed in DMEM/10%
NMS/P/S in 24-well cell culture plates and kept in a tissue
culture incubator prior to implantation in mice.

2.7.5. Measurement of Release of HA from Alginate Spheres In
Vitro. Tomeasure the kinetics of release of HA from alginate
hydrogels in vitro, spheres containing 2% alginate and 2.5 𝜇g
of fluorescein isothiocyanate (FITC)-conjugated 120 kDa HA
or 1.5 × 106Da HA were prepared as described previously.
The spheres were placed in 96-well cell culture plates (one
sphere per well) that had each of the wells filled with 200𝜇L
of Dulbecco’s Ca/Mg PBS (DPBS Ca/Mg, Invitrogen). The
plates were placed in a tissue culture incubator, and 100 𝜇L
volumes of themedia were removed from eachwell at specific
time points (up to 14 days) and analyzed by fluorescence
spectrophotometry to quantify released FITC-HA, using a
standard curve of fluorescence versus known concentration
of FITC-HA. Following removal of the medium at each time
point, the residual medium in each well was discarded, and
each well was refilled with 200 𝜇L of fresh medium.

To determine the percentage of HA retained in alginate
spheres during their fabrication, freshly prepared spheres
containing 2.5 𝜇g of FITC-HAwere dissolved in PBS/100mM
ethylenediaminetetraacetic acid (EDTA), and the resultant
solution was analyzed by fluorescence spectrophotometry to
quantify total FITC-HA per sphere.

2.7.6. Implantation of BIs In Vivo. BIs were implanted into
mesenteric pockets of RIPmOVA/Rag2−/− mice (one BI per
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Figure 1: Induction of IL-10 by supplemented HA hydrogels in vitro. (a) Schematic for the design of a hydrogel capable of delivering a TCR
stimulus in association with an HA signal. The “supplemented HA hydrogel” incorporates a crosslinked matrix of thiolated high molecular
weight (HMW)-HA, HS, and collagen to which we have added streptavidin and biotinylated anti-CD3 and anti-CD28 antibodies (b-𝛼CD3,
b-𝛼CD28) to deliver an activating signal through the TCR. (b) Concentration of IL-10 in supernates taken from T cell cultures 96 hours after
either plate-based (left side of graph) or hydrogel-based (right side of graph) activation (cells were cultured on top of the hydrogels for the
latter experiments). Supplemented collagen hydrogels that lacked HA were used as a negative control. 𝑛 = 5 independent experiments.

mouse) using previously described protocols [30], followed
by injection of the mice 24 hours later with 1 × 105 purified
OVA-specific CD4(+) DO11.10 T cells.

2.8. Statistical Analyses. Statistical comparison of samples
was made using Student’s t-test.

3. Results

3.1. Supplemented HA Hydrogels Promote IL-10 Production
In Vitro. We previously demonstrated that plate-bound HA
together with an antigenic signal promotes IL-10 production
by CD4(+)/GFP-FoxP3(−) T cells. This led us to ask whether
we could develop this finding into a tool for use in promoting
IL-10 production in vivo.

To this end, we modified a HA-based hydrogel to deliver
a polyclonal antigenic stimulus through addition of strepta-
vidin, biotinylated anti-CD3/CD28 antibodies, and IL-2. A
schematic of this hydrogel design is shown in Figure 1(a). We
have previously shown that a similar form of supplemented
HAhydrogel is an efficientway to elicit IL-10 production from
T cells in vitro [20].

We found that CD4(+)/GFP-FoxP3(–) T cells exposed to
the supplemented HA hydrogels produced IL-10 at signifi-
cantly higher levels than did corresponding T cells activated

with anti-CD3/CD28 antibodies and IL-2 on cell culture
plates (Figure 1(b)). This was the case whether the cells were
cultured on top of the gels (as shown) or embedded within
the gels (data not shown). Omission of either streptavidin or
anti-CD3 antibody from the gel mixture likewise abrogated
IL-10 production (data not shown), indicating that CD3 was
required for the stimulus and suggesting that streptavidinwas
necessary to retain CD3 in the hydrogel lattice. Streptavidin,
biotinylated anti-CD3/CD28 antibodies, and IL-2 incorpo-
rated into a hydrogel lacking HA (supplemented collagen
hydrogel) did not significantly increase IL-10 production over
plate-bound activation by these agents (Figure 1(b)), which
demonstrated the potentiating influence of HA on IL-10
production. The unique capability of HA to stimulate IL-
10 production by T cells is underscored by the observation
that hydrogels made from other types of ECM, including
basement membrane components (Matrigel) and fibrin, are
not stimulatory in vitro [20].

3.2. Supplemented HA Hydrogels Promote IL-10 Production
In Vivo. To evaluate whether supplemented HA hydrogels
could be used to induce IL-10 production in vivo, the gels
were populated with 3 × 106 CD4(+)/GFP-FoxP3(–) T cells
from CD45.2 mice and injected into the peritoneal cavities
of CD45.1 mice. By use of the CD45.1 and CD45.2 allelic
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Figure 2: Supplemented HA hydrogels induce IL-10 in vivo. (a) Diagram of the experiment. Supplemented HA hydrogels, or control collagen
hydrogels lacking HA, were populated with 3 × 106 CD4(+)/GFP-FoxP3(–)/CD45.2 donor cells and injected into the peritoneal cavities of
CD45.1 recipient mice. Four days after implantation, lymphoid tissues were harvested, processed, and stained for intracellular IL-10 and CD
markers. (b) Gating indicates relative IL-10 expression by CD45.2 donor and CD45.1 host T cells. (c) IL-10 expression by CD45.2 donor T
cells harvested from HA hydrogel residue removed from the peritoneal cavity is substantially greater than that of CD45.1 host T cells from
the spleen. (d) IL-10 staining of CD3(+)/CD4(+) T cells harvested from the spleen and mesenteric/pancreatic lymph nodes (LN). The donor
T cells frommice that received the supplemented HA hydrogels expressed higher levels of IL-10 than corresponding donor T cells frommice
that received the control supplemented collagen hydrogels. Host T cells from these two groups of mice did not express IL-10 above levels of
the nonspecific antibody (isotype) controls. In (c), and (d), data are representative of three experiments each.

markers, the donor and recipient cell populations could be
distinguished. A schematic of this transfer protocol is shown
in Figure 2(a). Four days after implantation, spleens and
lymph nodes were harvested, processed, the released cells
stained for intracellular IL-10 and CD markers, and gating
performed to distinguish donor T cells from host T cells
(Figure 2(b)). As controls, analogous supplemented collagen
hydrogels lacking HA were populated with cells and injected
into a designated set of mice.

After 4 days, a substantial volume of residualHAhydrogel
was found within the peritoneal cavities of the treated mice;
however, the control collagen hydrogels had dissolved. In
separate experiments, we found that after 7 days no implanted
HA hydrogels were identifiable, indicating that extensive
catabolism of the hydrogels takes place in vivo.

The cells within the HA hydrogel residue 4 days after
implantation were primarily CD45.2(+) and expressed IL-
10 at a high level relative to host T cells from the spleen

(Figure 2(c)). These cells remained FoxP3(−) (data not
shown), consistent with our previous report that HA does
not induce FoxP3 expression [19]. Cell isolates from the
spleens and lymph nodes of the transplanted mice contained
CD45.2(+) donor T cells (Figure 2(d)), which indicated that
the T cells embedded in the hydrogels had migrated into
lymphoid tissues. Donor T cells that migrated from the
supplemented HA hydrogels expressed higher levels of IL-
10 than the corresponding donor T cells that migrated from
the control collagen hydrogels. Host T cells from these two
groups of mice did not express IL-10 above levels of the non-
specific antibody controls (Figure 2(d)). These data indicate
that HA hydrogels providing endogenous TCR stimuli can be
used as platforms to induce IL-10 production in vivo.

While supplemented HA hydrogels are a novel system
for inducing implantable T cell populations that produce
IL-10, we sought to devise an implantable platform that
would elicit IL-10 production from endogenous T cells in
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Figure 3: Kinetics of release of HA from alginate in vitro. Alginate
spheres (2% alginate/10𝜇L volume/2.2mm diameter) incorporating
2.5 𝜇g of FITC-labeled 120 kDa HA (closed circles) or FITC-labeled
1.5×10

6 DaHA (open circles) were cultured at 37∘C inDPBSCa/Mg,
and the media collected at specific time points for measurement of
released HA. Essentially all (98%) of the 120 kDa HA was released
over 14 days, whereas less than 5%of the 1.5×106 DaHAwas released
during this time period. Error bars = standard deviations (error bars
for the 1.5×106 Dagroup arewithin the diameter of the open circles).
𝑛 = 10 spheres for each group.

an antigen-specific manner. To this end, we adapted a novel
bioengineered implant (BI) we had developed from an earlier
study to combine the antigenic stimulus with sustained
release of HA within the same construct.

3.3. Sustained Release of HA fromBIs Induces IL-10 Production
In Vivo. We recently reported on the development of the BI
as a model system to explore improved approaches for islet
transplantation [30]. The BI, sized for mesenteric or subcu-
taneous implantation in mice, consists of a disk-shaped PVA
sponge infused with a type I collagen hydrogel that contains
dispersed donor islets. To promote islet vascularization, the
BI incorporates a spherical alginate construct for delivery of
VEGF. Previously, we used syngeneic mice to demonstrate
that BIs containing 450–500 islets and 20 ng of VEGF could
reverse streptozotocin (STZ)-induced diabetes in 100% of
recipients [30]. Notably, none of these mice required exoge-
nous insulin therapy once the BIs began to fully regulate levels
of blood glucose. Moreover, the transplantedmice responded
to glucose challenge in a near-normal manner.

Induction of pro-tolerogenic cytokines, such as IL-10,
is an appealing strategy to help facilitate transplantation of
islets. Here, we have adapted our BI device to evaluate the
capacity of HA in fluid form (i.e., HA not crosslinked to
form a hydrogel) to elicit IL-10 production in an autoimmune
setting. To test this model, we loaded the BI with islets
expressing the OVA antigen, transferred in OVA-specific T
cells, immunized the recipient mice with OVA, and asked
whether these cells expressed IL-10 in an OVA or TCR-
specific manner.

We first evaluated the kinetics of release of HA from
2mm diameter, 2% alginate spheres under physiological
conditions in vitro (Figure 3). We found that release of
1.5 × 10

6Da HA was linear, but relatively slow—less than
5% was released after 14 days. In contrast, the release of
120 kDa HA was much more rapid—essentially 100% was
released within 14 days, which was a useful time frame in
which to analyze post-transplantation immune responses.
We found that over 60% (63.7% ± 6.1%) of the 120 kDa
HA loaded into each sphere was retained by the alginate
after crosslinking with calcium. The BIs we designed for
our experiments in vivo (Figure 4) incorporated a single
alginate sphere containing 20 ng of VEGF and 5 spheres
that contained a total of 160𝜇g of 120 kDa HA (the total is
derived from a value of 32 𝜇g of HA per sphere, based on
64% retention of the 50𝜇g of HA present in each sphere prior
to calcium crosslinking). A set of control BIs incorporated
one VEGF sphere and 5 spheres loaded with saline in place
of the HA. The central hole of the BI was infused with a
type I collagen hydrogel containing islets from RIPmOVA
mice, which express chicken ovalbumin driven by the rat
insulin promoter (RIP). BIs of this design were implanted
into mesenteric pockets of RIPmOVA/Rag2−/− mice (one
BI per mouse), followed by injection of the mice 24 hours
later with 1 × 105 purified OVA-specific CD4(+) DO11.10 T
cells. Forty-eight hours after implantation, each mouse was
immunized with 100𝜇g of OVA peptide (aa 323–339). On
day 14 after implantation, splenocytes were isolated from the
mice and assayed for IL-10 production in vitro after 96 hours
of stimulation with either anti-CD3/anti-CD28 antibodies or
antigen-specific OVA peptide (Figure 5(a)). In this assay, the
splenocytes from the mice treated with HA produced more
IL-10 than the splenocytes from the control mice that were
not exposed to HA. This differential response was observed
when the splenocyteswere given either a nonspecific stimulus
with CD3/CD28 (Figure 5(b)) or a specific stimulus with
OVA peptide (Figure 5(c)). Unfortunately, these data do not
allow us to discern which cells are the source of IL-10 in
this assay and specifically whether the cells in question are
FoxP3(+) Tregs or FoxP3(−) conventional T cells.

4. Discussion

We demonstrate, using two separate model systems, that
delivery of HA together with antigenic signals promotes the
production of IL-10 in vivo. Our data suggest a potential
clinical application for HA-mediated induction of IL-10-
producing T cells using injectable hydrogels. HA hydrogel
platforms are in development for a variety of applications,
including drug delivery and wound dressings, and are noted
for their biocompatibility [31, 32]. In the present study, we
have shown that augmentation of HA hydrogels with a
complex of biomolecules that provide TCR stimulation in
addition to the HA signal can deliver the requisite cues for
IL-10 induction, both in vitro and in vivo.

In treatments of diabetic patients that involve trans-
plantation of islets, controlling rejection is typically accom-
plished by systemic immunosuppressive compounds. Dosing
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Figure 4: BI designed for evaluation of immune modulation by HA in vivo. (a) Cut-away diagram of the BI. A disk-shaped PVA sponge (Sp)
scaffold provides mechanical support. Alginate spheres (AS-blue) occupy the six peripheral holes (PH) of the sponge. A central hole in the
sponge contains islets (yellow) suspended in a type 1 collagen hydrogel (not shown).The collagen hydrogel also infuses the sponge. For clarity,
the pores of the sponge are not depicted. (b) A PVA sponge scaffold (stained pink from culture medium) is oriented to show the empty central
hole (asterisk) and the six peripheral holes, which each contain an alginate sphere (e.g., arrow). The scaffold is 10mm in diameter × 2mm
thick.

of these compounds is a difficult balance—levels must be
low enough to permit a reasonable degree of protective
immunity against pathogenic organisms, but high enough
to effectively suppress allo- and autoimmune activity. In
the case of simultaneous pancreas-kidney (SPK) transplants,
some current immunosuppression regimens are inadequate
to control autoimmunity [33, 34]. Moreover, no matter what
the dose, systemic immunosuppression can be accompanied
by a variety of undesirable side-effects on tissue and organ
systems that are not directly associated with the transplant.
In light of the problems associated with systemic treat-
ments, an alternative approach would be to confine the
delivery of immunotherapy to the implant itself. In this
way, immunomodulatory compounds could be delivered at
relatively high concentrations, but within the limited volume
of the implant, thereby minimizing side-effects on tissues
and organs outside the zone of delivery. To this end, the BI
described here includes a mechanically-supportive scaffold
and ECM hydrogel that concentrates the islets in a small
volume, and a sustained-release component for local delivery
of immunomodulatory compounds.

In the present study, we have adapted our BI to releaseHA
in fluid form. Rather than using HA of 1–1.5 × 106Da that is
typically incorporated into HA hydrogels, we used HAwith a
10-fold lower MW (120 kDa) to provide release kinetics that
were optimal for the 14-day duration of our experiments in
vivo. Of note, we observed that this shorter HA could induce
an IL-10 response from host mice. To our knowledge, this
observation is the first demonstration of IL-10 production by
HA of this weight class. It is possible that the 120 kDa HA is
crosslinked into higher MW forms after its release into tissue
from alginate, which could be accomplished by HA-binding
molecules such as inter-alpha-trypsin inhibitor (I𝛼I) and/or
tumor necrosis factor-stimulated gene-6 protein (TSG-6)
which are present at sites of inflammation and which are

known to crosslink HA into macromolecular assemblies [35–
37]. Such crosslinking could result not only in a functional
increase in the MW of HA, but also promote the retention
of HA in the fibrovascular tissue that invades the BI [30]
and in the tissues immediately surrounding the implant. Our
future studies will continue to use BIs as platforms to evaluate
the effectiveness of HA and other specific ECM and cytokine
environments on islet survival and reversal of diabetes in the
setting of autoimmunity.
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Adrenomedullin has an antioxidative action and protects organs in various diseases. To clarify the role of adrenomedullin in diabetic
nephropathy, we investigated the NADPH oxidase expression, renin-secreting granular cell (GC) hyperplasia, and glomerular
matrix expansion in the streptozotocin (STZ)-induced diabetic adrenomedullin gene knockout (AMKO) mice compared with the
STZ-diabetic wild mice at 10 weeks. The NADPH oxidase p47phox expression and lipid peroxidation products were enhanced in
the glomeruli of the diabetic mice compared with that observed in the controls in both wild and AMKOmice. These changes were
more obvious in the AMKO mice than in the wild mice. Glomerular mesangial matrix expansion was more severe in the diabetic
AMKOmice than in the diabetic wildmice and exhibited a positive correlation with the degree of lipid peroxidation products in the
glomeruli. Proteinuria was significantly higher in the diabetic AMKOmice than in the diabetic wildmice.TheGChyperplasia score
and the renal prorenin expression were significantly increased in the diabetic AMKO mice than in the diabetic wild mice, and a
positive correlation was observed with the NADPH oxidase expression in the macula densa.The endogenous adrenomedullin gene
exhibits an antioxidant action via the inhibition of NADPH oxidase probably by suppressing the local renin-angiotensin system.

1. Introduction

Adrenomedullin is a potent vasodilating peptide that is
upregulated in cardiovascular diseases to counteract the dis-
ease process with its diverse physiological actions including
antioxidative stress actions [1–6]. The plasma concentration
of adrenomedullin also increased in the diabetic patients, and
hyperglycemia increases the production of adrenomedullin
in the vasculature [7, 8]. The receptors for adrenomedullin
are expressed in the kidneys, especially in the glomerulus
and distal nephron, and the local action of adrenomedullin
is increased in diabetic rats [9], thus suggesting that
adrenomedullin may contribute to the dilatation of the
glomerular capillary in the early phase of diabetic nephropa-
thy. Although the organoprotective effects of adrenomedullin
have been demonstrated in various cardiovascular diseases,
the mechanisms underlying its renoprotection in diabetic
nephropathy are still unclear.

Hyperglycemia accelerates the formation of advanced
glycation end products (AGE), while also upregulating the
protein kinase C (PKC) activity, accelerating the polyol path-
way, and promoting sorbitol deposition [10]. These pathways
are related to the increased oxidative stress, which plays a
significant pathogenetic role in diabetic complications. In
the kidneys of diabetic animals, the expression of NADPH
oxidase and its oxidative products is observed to increase,
and the suppression of NADPH oxidase ameliorates renal
damage and endothelial dysfunction in diabetics [11–16].
Adrenomedullin has been demonstrated to possess an antiox-
idant action; however, the relationship between NADPH
oxidase and adrenomedullin in the kidneys of diabetic
nephropathy remains to be elucidated.

In this study, we applied the streptozotocin (STZ)-
induced diabetic adrenomedullin gene knockout (AMKO)
mice to clarify the role of adrenomedullin in the NADPH
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oxidase expression and its oxidative products in diabetic
nephropathy, and we also investigated the relationship
between adrenomedullin and the renin-angiotensin system
that stimulates NADPH oxidase and oxidative stress.

2. Materials and Methods

2.1. Animals. The AMKO mice were generated in our lab-
oratory as previously described [4]. The homoknockout of
the adrenomedullin gene is embryonically lethal; therefore,
we used the adrenomedullin gene heteroknockout mice
in the experiments. The genotyping was performed with
polymerase chain reaction (PCR) using the tail genomic
DNA as a template and the +/+ littermates as wild controls.
All mice were kept in a 12-hour light/12-hour dark room
and fed mice pellets and tap water ad libitum. STZ at a
dose of 50mg/kg BW in citrate buffer (pH 4.5) was injected
intraperitoneally at six weeks (𝑛 = 4 in each group) after 18
hours of fasting for five consecutive days. Four weeks after the
last STZ injection, 24-hour urine samples were collected, and
themice were anesthetized with pentobarbital (5mg/mouse).
After abdominal incisions were created, blood samples were
collected from the inferior vena cava, and the mice were then
perfused with phosphate buffered saline (PBS) to wash out
the blood, followed by 4% paraformaldehyde. The kidneys
were excised and subjected to a histological examination.
All procedures were performed in accordance with our
university guidelines for animal handling.

2.2. Immunohistochemistry and Morphometry. The proce-
dure for immunohistochemistry has been described previ-
ously [13, 17, 18]. Briefly, 2-𝜇m sections of kidney blocks were
incubated with 3% H

2
O
2
and blocking serum. The sections

were incubated with a monoclonal antibody for NADPH
oxidase component p47phox (Transduction Laboratories,
Lexington, KY, USA) and a rabbit polyclonal antibody for
malondialdehyde (MDA, Alpha Diagnostic International,
San Antonio, TX, USA) at 1 : 100 dilution overnight. Sec-
tions were incubated with a biotinylated secondary anti-
body against mouse immunoglobulin for NADPH oxi-
dase p47phox or with a biotinylated secondary antibody
against rabbit immunoglobulin for MDA (Dako, Glostrup,
Denmark) for two hours, followed by incubation with a
horseradish peroxidase (HRP)-conjugated streptavidin solu-
tion. HRP labeling was detected using incubation with
peroxidase substrate solution and diaminobenzidine (DAB,
0.8mM, Dojindo Laboratories, Kumamoto, Japan). The sec-
tions were counterstained with hematoxylin. For a negative
control, sections were processed in the same way without
the primary antibody. Immunoreactivity for p47phox in the
macula densa and for MDA in the glomerular mesangial
area was scored as 0 for no staining, 1 for mild staining, 2
for moderate staining, and 3 for strong staining [18]. The
scores from four animals were pooled in each group. The
juxtaglomerular apparatus (JGA) was observed using peri-
odic acid methenamine silver (PAM) staining. The presence
of renin-secreting granular cells (GC) around the afferent

arteriole was scored as 0 for no renin granules, 1 for few
segmental cells containing renin granules in the JGA, 2 for all
cells containing renin granules around the afferent arteriole,
and 3 for renin-containing cells extended to the proximal
portion of the afferent arteriole. The GC scores of four mice
were pooled in each group. The correlation between the GC
score in the JGA and the NADPH oxides expression score
in the macula densa was calculated using a linear regression
analysis. The degree of glomerular matrix expansion was
scored in each glomerulus as previously described [19], and
the correlation with the glomerular MDA immunostaining
score was calculated using a linear regression analysis.

2.3. Western Blot for Prorenin. As described previously [13],
the kidneys were homogenized, and samples containing
50mg of protein were separated using SDS-polyacrylamide
gel electrophoresis on a 4/20% gel and electroblotted on a
nitrocellulose membrane. Western blotting was performed
with rabbit anti-prorenin antibodies (Yanaihara Institute
Inc., Shizuoka, Japan, 1 : 250 dilution) as the primary anti-
body and HRP-conjugated swine anti-rabbit immunoglob-
ulin (Dako, Glostrup, Denmark) as the secondary antibody
at 1 : 1,000 dilution. Next, the membrane was incubated with
0.8mmol/L of diaminobenzidine (DAB; Dojindo Laborato-
ries, Kumamoto, Japan) with 0.01% H

2
O
2
and 3mmol/L of

NiCl
2
to detect blots.The area anddensity of the bands of each

stained protein were measured using the NIH image software
package.

2.4. Measurements for Blood Glucose, Urinary Protein, and
Plasma and Renal Angiotensin II. Blood glucose was mea-
sured by Glutest E II (Kyoto Dai-iti Kagaku, Kyoto, Japan),
and urinary protein was measured by the Bradford method
and corrected by urinary creatinine measured by Jaffe
method using spectrophotometer [15]. Plasma and renal
angiotensin II concentration was assessed by the radioim-
munoassay method and corrected by the kidney weight [20].

2.5. Statistics. The values were expressed as the mean ±
standard error. An analysis of variance was used for statistical
comparisons among the four groups followed by a Bonferroni
post hoc analysis. 𝑃 values of less than 0.05 were considered
to be statistically significant.

3. Results

3.1. Diabetes in AMKOMice. Four weeks after STZ injection,
the blood glucose levels significantly increased in both the
wild DM mice and the AMKO-DM mice compared with
those observed in the control wild and AMKO mice, and
there were no differences in the blood glucose levels between
the wild DM mice and the AMKO-DM mice (Table 1). The
urinary protein excretion corrected for the level of urinary
creatinine was significantly higher in the AMKO DM mice
than in the wild DM mice (Table 1). It was impossible to
measure the urinary protein levels of wild andAMKOcontrol
mice due to their extremely low urinary volume.
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Table 1: Physiological data.

Wild-control Wild-DM AMKO-control AMKO-DM
Body weight (g) 22.0 ± 0.4 16.9 ± 1.1∗∗++ 24.5 ± 0.6 18.9 ± 0.9∗++

Blood glucose (mg/dL) 109 ± 3 361 ± 45∗∗++ 161 ± 16 410 ± 27∗∗++

Urinary protein (mg/mgCr) ND 29 ± 3 ND 44 ± 4#

Plasma angiotensin II (pg/mL) 33.3 ± 11.0 19.0 ± 3.9 34.5 ± 1.5 59.3 ± 19.0#

Renal angiotensin II (pg/g kidney) 615 ± 102 685 ± 71++ 269 ± 32∗ 458 ± 81#
∗
𝑃 < 0.05, ∗∗𝑃 < 0.001 versus Wild control, +𝑃 < 0.05, ++𝑃 < 0.001 versus AMKO control, #𝑃 < 0.05 versus Wild-DM.𝑁 = 4 in each group.
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Figure 1: Immunohistochemistry of NADPH oxidase p47phox and malondialdehyde (MDA) in the kidneys of the control (C) and
streptozotocin-induced diabetic (DM) in wild and adrenomedullin gene knockout (AMKO) mice. Immunoreactivity for p47phox and its
product MDAwas stronger in the glomeruli and distal tubules, including the macula densa (arrowhead), in the DMmice compared with that
observed in the controls in both wild and AMKO mice, and was stronger in the AMKO-DM mice than in the wild-DM. The bar indicates
50 𝜇m.

3.2. The NADPH Oxidase Expression and Lipid Peroxidation
Products in the Kidneys. Immunoreactivity for the NADPH
oxidase p47phox in the glomerulus and distal tubules, includ-
ing the macula densa, was increased in the wild-DM mice
compared with that observed in the wild-control mice, and
while the AMKO-DM mice exhibited further increases in
NADPHoxidase p47phox comparedwith theAMKO-control
mice (Figure 1). Associated with the changes in the NADPH
oxidase expression, the lipid peroxidation products evaluated
withMDAwere increased in the glomeruli and distal tubules
in both the wild-DM and AMKO-DM mice compared with
that observed in each control, and the immunoreactivity for
MDAwas stronger in the AMKO-DMmice than in the wild-
DMmice (Figure 1).

3.3. Glomerular Matrix Expansion Was Correlated with Lipid
Peroxidation Products in Glomeruli. PAS staining demon-
strated glomerular mesangial matrix expansion in the dia-
betic mice compared with that observed in the control
wild and control AMKO mice (Figure 2(a)). The glomerular
mesangial expansion scores were significantly higher in the
diabetic mice than in the controls in both wild mice (0.83 ±
0.05 versus 0.40 ± 0.07, 𝑃 < 0.005) and AMKO mice
(1.20 ± 0.12, versus 0.46 ± 0.07, 𝑃 < 0.0001), and the

AMKO-DM mice exhibited further increases in mesangial
matrix expansion than the wild-DM mice (𝑃 < 0.01,
Figure 2(b)). There was a significant positive correlation
between the glomerularMDA staining scores and themesan-
gial matrix expansion scores (Figure 2(c)).

3.4. Renin-Secreting Granular Cells and the NADPH Oxi-
dase Expression. PAM staining identified the renin-secreting
granular cells (GC) around the distal portion of the afferent
arteriole in the juxtaglomerular apparatus with small gran-
ules (Figure 3(a)). The diabetic mice displayed GC hyperpla-
sia compared with that observed in the controls in both wild
(1.16 ± 0.12 versus 0.68 ± 0.14, 𝑃 < 0.005) and AMKO mice
(1.66 ± 0.12 versus 0.96 ± 0.11, 𝑃 < 0.001), and the GC
hyperplasia scores were significantly higher in the AMKO-
DM mice than in the wild-DM mice (𝑃 < 0.01, Figure 3(b)).
Western blotting of renal prorenin confirmed the increased
renal prorenin production in AMKO-DM mice compared
with that observed in the wild-DM mice (Figure 4). Plasma
angiotensin II was significantly increased in AMKO-DM
mice compared with that in wild-DM mice, and renal
angiotensin II was significantly increased in AMKO-DM
mice compared with that in AMKO-C mice. There was
a significant positive correlation between the GC hyperplasia
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Figure 2: PAS staining of the glomerulus (a). The glomerular matrix expansion score (b) and its correlation with the glomerular
malondialdehyde (MDA) staining score (c). The mesangial matrix was segmentally increased in both the STZ-induced diabetic wild mice
(Wild-DM) and the diabetic adrenomedullin gene knockout (AMKO) mice (AMKO-DM) compared with that observed in the control mice
(Wild-C and AMKO-C). (a) The bar indicates 50 𝜇m. (b) The AMKO-DM mice exhibited a significant increase in the mesangial matrix
expansion score compared with the wild-DM mice. Four mice in each group. ∗𝑃 < 0.005, ∗∗𝑃 < 0.0001 versus Wild-C, +𝑃 < 0.01,
++

𝑃 < 0.0001 versus AMKO-C, and #
𝑃 < 0.01 versus Wild-DM. (c) The white circles indicate wild-control mice, the black circles, diabetic

wildmice, thewhite triangles indicate adrenomedullin gene knockout (AMKO)-controlmice, and the black triangles indicate diabetic AMKO
mice. 𝑅 = 0.96, 𝑃 < 0.05.

scores and the NADPH oxidase p47phox expression scores in
the macula densa (Figure 3(c)).

4. Discussion

In the present study, we revealed that diabetic AMKO mice
exhibit significant increases in the NADPH oxidase expres-
sion and lipid peroxidation product formation in the kidneys
compared with diabetic wild mice. The presence of increased
lipid peroxidation products in the glomeruli exhibited a
positive correlation with the presence of mesangial matrix
expansion. This indicates that endogenous adrenomedullin
plays an important role in protecting against oxidative stress
in the kidneys via the suppression of NADPH oxidase and
can prevent glomerulosclerosis. This is consistent with our
previous observation that the antioxidative stress action of
adrenomedullin plays an important role in organ protection
in cardiovascular disease [4, 6].

It has been shown that the production of adrenomedullin
is increased in the vasculature in patients with diabetes [7, 8]
and that the local action of adrenomedullin in the kidneys
is upregulated in the early phase of diabetic nephropa-
thy [9]. However, the role of adrenomedullin in diabetic
nephropathy has not been clearly elucidated. To clarify the
role of adrenomedullin in diabetic nephropathy, we induced
diabetes using STZ in AMKO mice. We demonstrated that
proteinuria and glomerularmatrix expansion aremore severe
in the diabetic AMKO mice than in the diabetic wild mice.
Therefore, we hypothesize that endogenous adrenomedullin
in diabetes may act to protect against the development of
diabetic nephropathy.This is supported by evidence showing
that the genetic predisposition to develop diabetic nephropa-
thy is associated with the microsatellite DNA polymorphism
of the adrenomedullin gene [21].

Endogenous adrenomedullin plays a role in renoprotec-
tion by suppressing oxidative stress in the diabetic condition



Journal of Diabetes Research 5

Wild-C Wild-DM AMKO-C AMKO-DM

(a)

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0

∗

1.8

1.6

G
C 

hy
pe

rp
la

sia
 sc

or
e

Wild-C
Wild-DM

AMKO-C
AMKO-DM

∗∗+#

(b)

0 0.4 0.8 1.2 1.6 2.0

2.0

1.6

1.2

0.8

0.4

0

N
A

D
PH

 o
xi

da
se

 p
47

ph
ox

 st
ai

ni
ng

 sc
or

e

GC hyperplasia score

(c)

Figure 3: Renin-secreting granular cells in the juxtaglomerular apparatus and their correlation with the NADPH oxidase expression in the
macula densa. (a) PAM staining illustrating granular cells in the juxtaglomerular apparatus with silver stained renin granules and reddish
cytoplasm.Thebar indicates 50 𝜇m. (b)Thegranular cell (GC) hyperplasia scoreswere increased in the STZ-induceddiabeticwildmice (Wild-
DM) and the adrenomedullin gene knockout (AMKO) mice (AMKO-DM) compared with those observed in the control mice (Wild-C and
AMKO-C). The AMKO-DMmice exhibited further increases in granular cells compared with the Wild-DMmice. Four mice in each group.
∗

𝑃 < 0.005, ∗∗𝑃 < 0.0001 versus Wild-C, +𝑃 < 0.001 versus AMKO-C, and #
𝑃 < 0.01 versus Wild-DM. (c) The correlation between the

renin-secreting granular cells (GC) hyperplasia score in the juxtaglomerular apparatus and the NADPH oxidase p47phox immunoreactivity
score in the macula densa. The white circles indicate wild-control mice, the black circles indicate diabetic wild mice, the white triangles
indicate adrenomedullin gene knockout (AMKO)-control mice, and the black triangles indicate diabetic AMKOmice. 𝑅 = 0.96, 𝑃 < 0.03.

because we showed that oxidative stress production via
NADPH oxidase is increased in diabetic adrenomedullin
gene-deficient mice compared to that observed in diabetic
wild type mice and that renal MDA production has a
positive correlationwith glomerularmesangialmatrix expan-
sion. Among several pathogenetic mechanisms of diabetic
nephropathy including advanced glycated end-product for-
mation, an enhanced PKC pathway, the polyol pathway,
the hexosamine pathway, and the renin-angiotensin (RA)
system [10], oxidative stress plays an important role in the

development of diabetic nephropathy, while the suppression
of oxidative stress ameliorates renal damage [12–15]. In this
study, the NADPH oxidase expression in the glomeruli and
distal tubules, including the macula densa, was increased in
diabetic wild mice compared to that observed in control wild
mice, confirming the findings of our previous study showing
that the expression of p47phox, the regulatory component
of NADPH oxidase, is increased in the kidneys of diabetic
rats [13, 15]. The diabetic AMKO mice demonstrated further
increases in the NADPH oxidase in glomeruli and distal
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Figure 4:Western blotting of prorenin in the kidneys.The bands for
prorenin are demonstrated at themolecular weight of 45 kD, and the
densitometry of the bands is shown below (𝑛 = 4). Wild-C: wild-
control mice, Wild-DM: wild mice with streptozotocin-induced
diabetes, AMKO-C: adrenomedullin gene knockout (AMKO) mice
without treatment (control), and AMKO-DM: AMKO mice with
streptozotocin-induced diabetes. ∗𝑃 < 0.05 versus Wild-C, +𝑃 <
0.01 versus AMKO-C, and #

𝑃 < 0.05 versus Wild-DM.

tubules, indicating that endogenous adrenomedullin may
suppress the NADPH oxidase expression and its oxidative
products in the diabetic kidneys.

In contrast, oxidative stress can induce adrenomedullin
production [1, 22, 23], and it is possible that adrenomedullin
increases in patients with diabetes to counterbalance
increased oxidative stress. Indeed, increased oxidative stress
is associated with elevated plasma levels of adrenomedullin
in hypertensive diabetic patients [24]. The induction of
adrenomedullin by high levels of glucose is dependent
on PKC activation [8], while PKC also activates NADPH
oxidase via translocation of p47phox and p67phox to the
membrane components and produces oxidative stress [25]
that further increases adrenomedullin production.Moreover,
the NADPH oxidase expression and renal MDA production
did not show significant differences between the AMKOmice
and the wild type mice in the control condition in the present
study, suggesting that the role of endogenous adrenomedullin
is not obvious in the control condition without stimuli to
enhance oxidative stress. Based on our results, it is possible
to assume that endogenous adrenomedullin exerts a negative
feedback action on oxidative stress via the suppression of
NADPH oxidase.

Hyperplasia of renin-secreting granular cells in the JGA
indicates the activation of the renin-angiotensin system in
the kidneys. Enhanced production of renal angiotensin II
increases the mesangial matrix via TGF-𝛽 and is also well
known to stimulate NADPH oxidase activity and radical

production [26, 27]. In the present study, we showed that
the scores of granular cell hyperplasia were higher in the
diabetic animals compared with those observed in the
controls in both wild and AMKO mice. This finding is
consistent with those of previous reports showing that the
JGA is enlarged in the early stage of type 1 diabetes [28,
29]. It has been reported that the level of local angiotensin
II is increased in the kidneys of diabetes, although the
circulating levels of renin are normal or even low in diabetic
patients [30–33]. Interestingly, in this study, the diabetic
AMKOmice exhibited an exaggerated enlargement of renin-
secreting granular cells and renal prorenin compared with
the diabetic wild mice. This suggests an interaction between
adrenomedullin and the renin-angiotensin system. Some
reports have demonstrated that adrenomedullin increases
the plasma renin concentration [34] and also increases the
release of renin from isolated perfused kidneys as well as
from primary cultured granular cells [35]. On the other hand,
chronic adrenomedullin administration inDahl salt-sensitive
rats inhibits increases in the plasma renin concentration, the
aldosterone level, and the renal tissue angiotensin II levels
[2]. Although renal angiotensin II level was suppressed in
the AMKO-mice in the normal condition, our histological
findings of increased granular cell hyperplasia and renal
prorenin in AMKO-DMmice compared with those of Wild-
DMmice and the findings of renal angiotensin II suppression
in the chronic adrenomedullin-infused-Dahl salt sensitive
rats raise the hypothesis that adrenomedullin counteracts
the pathological activation of JGA and the renal renin-
angiotensin system in diabetes and hypertension. In this
study, there was a positive correlation between the granular
cell hyperplasia score and the NADPH oxidase expression in
themacula densa, indicating that increases in the renal renin-
angiotensin system stimulate the NADPH oxidase expression
in the kidneys of diabetic AMKOmice.

In conclusion, adrenomedullin gene knockout exagger-
ates diabetic mesangial matrix expansion and the NADPH
oxidase expression and is associated with increased renin-
secreting granular cell hyperplasia and renal prorenin.There-
fore, we believe that endogenous adrenomedullin coun-
teracts the pathogenesis of diabetic nephropathy possibly
through an antioxidative stress action via the suppression
of NADPH oxidase and the renin-angiotensin system. The
activation of an endogenous adrenomedullin may therefore
be a novel therapeutic approach for effective treating of
diabetic nephropathy.

Acknowledgment

This work was partly supported by Grants-in-Aid for scien-
tific research from the Japan Society for the Promotion of
Science to AT (C2-16590780, C-23591214).

References

[1] T. Saito, H. Itoh, T.-H. Chun et al., “Coordinate regulation of
endothelin and adrenomedullin secretion by oxidative stress in
endothelial cells,” American Journal of Physiology, vol. 281, no.
3, pp. H1364–H1371, 2001.



Journal of Diabetes Research 7

[2] T.Nishikimi, Y.Mori, N. Kobayashi et al., “Renoprotective effect
of chronic adrenomedullin infusion in Dahl salt-sensitive rats,”
Hypertension, vol. 39, no. 6, pp. 1077–1082, 2002.

[3] H. Nishimatsu, Y. Hirata, T. Shindo et al., “Role of endoge-
nous adrenomedullin in the regulation of vascular tone and
ischemic renal injury: studies on transgenic/knockout mice of
adrenomedullin gene,” Circulation Research, vol. 90, no. 6, pp.
657–663, 2002.

[4] T. Shimosawa, Y. Shibagaki, K. Ishibashi et al., “Ad-ren-om-
ed-ull-in, an endogenous peptide, counteracts cardiovascular
damage,” Circulation, vol. 105, no. 1, pp. 106–111, 2002.

[5] T. Tsuruda and J. C. Burnett Jr., “Adrenomedullin: an autocrine/
paracrine factor for cardiorenal protection,” Circulation Re-
search, vol. 90, no. 6, pp. 625–627, 2002.

[6] J. Kawai, K. Ando, A. Tojo et al., “Endogenous adrenomedullin
protects against vascular response to injury in mice,” Circula-
tion, vol. 109, no. 9, pp. 1147–1153, 2004.

[7] M. Hayashi, T. Shimosawa, M.-A. Isaka, S. Yamada, R. Fujita,
and T. Fujita, “Plasma adrenomedullin in diabetes,”The Lancet,
vol. 350, no. 9089, pp. 1449–1450, 1997.

[8] M. Hayashi, T. Shimosawa, and T. Fujita, “Hyperglycemia
increases vascular adrenomedullin expression,” Biochemical
and Biophysical Research Communications, vol. 258, no. 2, pp.
453–456, 1999.

[9] K. Hiragushi, J. Wada, J. Eguchi et al., “The role of adreno-
medullin and receptors in glomerular hyperfiltration in
streptozotocin-induced diabetic rats,”Kidney International, vol.
65, no. 2, pp. 540–550, 2004.

[10] M. Brownlee, “Biochemistry and molecular cell biology of
diabetic complications,” Nature, vol. 414, no. 6865, pp. 813–820,
2001.

[11] C. G. Schnackenberg and C. S.Wilcox, “The SODmimetic tem-
pol restores vasodilation in afferent arterioles of experimental
diabetes,” Kidney International, vol. 59, no. 5, pp. 1859–1864,
2001.

[12] T. Nassar, B. Kadery, C. Lotan, N. Da’as, Y. Kleinman, and A.
Haj-Yehia, “Effects of the superoxide dismutase-mimetic com-
pound tempol on endothelial dysfunction in streptozotocin-
induced diabetic rats,” European Journal of Pharmacology, vol.
436, no. 1-2, pp. 111–118, 2002.

[13] M. L. Onozato, A. Tojo, A. Goto, T. Fujita, and C. S. Wilcox,
“Oxidative stress and nitric oxide synthase in rat diabetic
nephropathy: effects of ACEI and ARB,” Kidney International,
vol. 61, no. 1, pp. 186–194, 2002.

[14] M. W. Brands, T. D. Bell, and B. Gibson, “Nitric oxide may
prevent hypertension early in diabetes by counteracting renal
actions of superoxide,” Hypertension, vol. 43, no. 1, pp. 57–63,
2004.

[15] M. L. Onozato, A. Tojo, A. Goto, and T. Fujita, “Radical
scavenging effect of gliclazide in diabetic rats fed with a high
cholesterol diet,” Kidney International, vol. 65, no. 3, pp. 951–
960, 2004.

[16] K. Asaba, A. Tojo, M. L. Onozato et al., “Effects of NADPH oxi-
dase inhibitor in diabetic nephropathy,” Kidney International,
vol. 67, no. 5, pp. 1890–1898, 2005.

[17] A. Tojo, M. L. Onozato, N. Kobayashi, A. Goto, H. Matsuoka,
and T. Fujita, “Angiotensin II and oxidative stress in Dahl salt-
sensitive rat with heart failure,” Hypertension, vol. 40, no. 6, pp.
834–839, 2002.

[18] A. Tojo, M. L. Onozato, S. Fukuda, K. Asaba, K. Kimura, and
T. Fujita, “Nitric oxide generated by nNOS in the macula densa

regulates the afferent arteriolar diameter in rat kidney,”Medical
Electron Microscopy, vol. 37, no. 4, pp. 236–241, 2004.

[19] A. Tojo, K. Kimura, S. Nanba, H. Matsuoka, and T. Sugimoto,
“Variations in renal arteriolar diameter in deoxycorticosterone
acetate-salt hypertensive rats. A microvascular cast study,”
Virchows Archiv A, vol. 417, no. 5, pp. 389–393, 1990.

[20] M. L. Onozato, A. Tojo, J. Leiper, T. Fujita, F. Palm, and C.
S. Wilcox, “Expression of NG,NG-dimethylarginine dimethy-
laminohydrolase and protein arginine N-methyltransferase iso-
forms in diabetic rat kidney effects of angiotensin II receptor
blockers,” Diabetes, vol. 57, no. 1, pp. 172–180, 2008.

[21] T. Ishimitsu, K. Tsukada, J. Minami et al., “Microsatellite
DNA polymorphism of human adrenomedullin gene in type 2
diabetic patients with renal failure,” Kidney International, vol.
63, no. 6, pp. 2230–2235, 2003.

[22] T.-H. Chun, H. Itoh, T. Saito et al., “Oxidative stress augments
secretion of endothelium-derived relaxing peptides, C-type
natriuretic peptide and adrenomedullin,” Journal of Hyperten-
sion, vol. 18, no. 5, pp. 575–580, 2000.

[23] F. Yoshihara, T. Horio, T. Nishikimi, H. Matsuo, and K.
Kangawa, “Possible involvement of oxidative stress in hypoxia-
induced adrenomedullin secretion in cultured rat cardiomy-
ocytes,” European Journal of Pharmacology, vol. 436, no. 1-2, pp.
1–6, 2002.

[24] A. Katsuki, Y. Sumida, H. Urakawa et al., “Increased oxi-
dative stress is associated with elevated plasma levels of
adrenomedullin in hypertensive patients with type 2 diabetes,”
Diabetes Care, vol. 26, no. 5, pp. 1642–1643, 2003.

[25] M. Kitada, D. Koya, T. Sugimoto et al., “Translocation of
glomerular p47phox and p67phox by protein kinase C-𝛽 acti-
vation is required for oxidative stress in diabetic nephropathy,”
Diabetes, vol. 52, no. 10, pp. 2603–2614, 2003.

[26] K. K. Griendling, C. A. Minieri, J. D. Ollerenshaw, and R.
W. Alexander, “Angiotensin II stimulates NADH and NADPH
oxidase activity in cultured vascular smooth muscle cells,”
Circulation Research, vol. 74, no. 6, pp. 1141–1148, 1994.

[27] P. N. Seshiah, D. S. Weber, P. Rocic, L. Valppu, Y. Taniyama,
and K. K. Griendling, “Angiotensin II stimulation of NAD(P)H
oxidase activity: upstreammediators,”Circulation Research, vol.
91, no. 5, pp. 406–413, 2002.

[28] C. Gulmann, S. Rudberg, G. Nyberg, and R. Østerby, “Enlarge-
ment of the juxtaglomerular apparatus in insulin-dependent
diabetes mellitus patients with microalbuminuria,” Virchows
Archiv, vol. 433, no. 1, pp. 63–67, 1998.

[29] C. Gulmann, R. Østerby, H.-J. Bangstad, and S. Rudberg, “The
juxtaglomerular apparatus in young type-1 diabetic patients
with microalbuminuria: effect of antihypertensive treatment,”
Virchows Archiv, vol. 438, no. 6, pp. 618–623, 2001.

[30] E. Ritz and R. Dikow, “Angiontensin receptor antagonists in
patients with nephropathy due to type 2 diabetes,” Annals of
Medicine, vol. 34, no. 7-8, pp. 507–513, 2002.

[31] R. E. Gilbert, H. Krum, J.Wilkinson-Berka, andD. J. Kelly, “The
renin-angiotensin system and the long-term complications of
diabetes: pathophysiological and therapeutic considerations,”
Diabetic Medicine, vol. 20, no. 8, pp. 607–621, 2003.

[32] S. Mezzano, A. Droguett, M. E. Burgos et al., “Renin-angi-
otensin system activation and interstitial inflammation in
human diabetic nephropathy,” Kidney International, Supple-
ment, vol. 64, no. 86, pp. S64–S70, 2003.

[33] R. Moriya, J. C. Manivel, and M. Mauer, “Juxtaglomerular
apparatus T-cell infiltration affects glomerular structure in type
1 diabetic patients,” Diabetologia, vol. 47, no. 1, pp. 82–88, 2004.



8 Journal of Diabetes Research

[34] C. J. Charles, J. G. Lainchbury,M. G. Nicholls,M. T. Rademaker,
A. M. Richards, and R. W. Troughton, “Adrenomedullin and
the renin-angiotensin-aldosterone system,”Regulatory Peptides,
vol. 112, no. 1–3, pp. 41–49, 2003.
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Background.Thenotion that diabetic nephropathy is the leading cause of renal fibrosis prompted us to investigate the effects of blood
glucose fluctuation (BGF) under high glucose condition on kidney in themice.Methods.The diabetic and BGF animal models were
established in this study. Immunohistochemistry,Western blot, and RT-PCR analysis were applied to detect the expression of type I
collagen, matrix metalloproteinase-1 (MMP1), metalloproteinase inhibitor 1 (TIMP1), transforming growth factor beta 1 (TGF-𝛽1),
phosphorylated-ERK, p38, smad2/3, and Akt. Results. BGF treatment increased type I collagen synthesis by two times compared
with the control. The expression of MMP1 was reduced markedly while TIMP1 synthesis was enhanced after BGF treatment. ERK
phosphorylation exhibits a significant increase in the mice treated with BGF. Furthermore, BGF can markedly upregulate TGF-𝛽1
expression. The p-smad2 showed 2-fold increases compared with the only diabetic mice. However, p-AKT levels were unchanged
after BGF treatment. Conclusions. These data demonstrate that BGF can accelerate the trend of kidney fibrosis in diabetic mice by
increasing collagen production and inhibiting collagen degradation. Both ERK/MAPK and TGF-𝛽/smad signaling pathways seem
to play a role in the development of kidney fibrosis accelerated by blood glucose fluctuation.

1. Introduction

Diabetes can cause a wide range of health complications
such as atherosclerosis, cardiac dysfunction, retinopathy, and
nephropathy.Hyperglycemia is amajor sign of diabetesmelli-
tus (DM) and the main cause for its various complications.
The side effects of hyperglycemia can be categorized into
two types, persistent elevation of blood glucose (BG) levels
and blood glucose fluctuation (BGF) [1], which are closely
correlated with the DM prognosis, pathogenesis, and com-
plications. Larger BGF is associated with a higher incidence
of chronic diabetic complications and a poorer prognosis
[2]. Clinical studies have shown that the risks associated
with long-term BGF were much more detrimental than that

of chronic elevation of BG levels [3]. Furthermore, there
are some evidences that intermittent fluctuation of high
glucose can induce lesions of varying degrees in glomerular
mesangial and vascular endothelial cells in vitro [4–6]. Thus,
the effects of BGF on diabetic complications need to be
determined.

Diabetic nephropathy (DN) is the leading cause of renal
fibrosis and chronic renal failure [7]. Renal fibrosis was
characterized by glomerulosclerosis and tubulointerstitial
fibrosis, which would reduce excretory renal function [8].
Although considerable advances have been made to under-
stand that hyperglycemia can promote chronic diabetic
nephropathy, there are no published data to describe the
effects of BGF under high glucose condition on renal fibrosis.
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It is well known that fibroblast proliferation, altered
expression and overdeposition of extracellular matrix con-
tribute to progressive diabetic renal fibrosis. Collagen over-
production, as the major contributor of renal fibrosis, is
regulated by several fibrogenic factors such as transforming
growth factor-beta1 (TGF-𝛽1) and matrix metalloproteinases
(MMPs). To study the different effects of hyperglycemia
and BGF under hyperglycemia conditions on collagen syn-
thesis and degradation in the kidney of diabetic mice, we
establish the diabetic and repetitive BGF animal models,
respectively.

The inhibition of p38 mitogen-activated protein kinase
has been reported to ameliorate renal fibrosis in obstructive
nephropathy [9]. TGF-beta is the primary cytokine driving
fibrosis in kidney and other organs susceptible to fibrotic
injury such as lung and liver. Members of the TGF-𝛽 super-
family transduce intracellular signals by smad proteins.
Smad2 and smad3 act in the TGF-𝛽/activin pathway, whereas
smad1, smad5, and smad8 are thought to act as bone-mor-
phogenetic-protein- (BMP-) specific smads. Smad2/3 form
heteromeric complexes with smad4 and translocate into the
nucleus to regulate transcription of target genes. A study
demonstrates that TGF-𝛽 signals can mediate renal fibrosis
through smad2/3 [10]. However, the underlying cellular
mechanisms by which BGF leads to matrix accumulation in
the renal tissue are less well understood.

Therefore, this study investigates whether blood glucose
fluctuation in the diabetic mice could accelerate the devel-
opment and progression of diabetic renal fibrosis in vivo.
Moreover, we also examine the underlying mechanisms of
BGF-associated renal changes to further study the therapeu-
tic potential of inhibiting BGF in diabetic renal fibrosis.

2. Methods

2.1. Animals. Male Kunming mice (25–28 g) were purchased
from Shanghai SLAC Laboratory Animal Co. (Shanghai,
China). They were housed in pathogen-free conditions with
water and standard mouse chow freely available. Mice were
randomly divided into 3 groups (𝑛 = 10/group): (i) Controls
(C), (ii) Diabetic (D), and (iii) Diabetic with BGF (D + BGF).

2.2. Diabetic Mouse Model. Animals were fasted overnight
and then injected i.v. into the tail vein with 50mg/kg alloxan
that was freshly prepared in normal saline and used within
10min, whereas controls received saline only. Five days later,
mice were fasted for 6 h and then peripheral blood was
harvested from the tail vein. Blood glucose levels were deter-
mined using a glucose kit and only mice with concentrations
between 18 to 21mM were used for the studies.

2.3. BGF Mouse Model. Glucose delivered via i.p. injection
was used to establish the BGF model. Diabetic mice were
injected i.p. with 2 g/kg of glucose three times a day every 4 h
starting at 8 a.m. for 6 weeks. Control and only diabetic mice
received saline injections instead of glucose. Blood glucose
levels were measured at 7 time points throughout the day for
each week to test the regularity of fluctuations as shown in
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Figure 1: Blood glucose level in themice at one day after eight-week
BGF treatment.

Figure 1. After the animal models were established, ten mice
remained in each group for the further experiments.

2.4. RT-PCR. After the mice was killed by cervical disloca-
tion, kidney tissue was taken and then weighed for 100mg.
The 100mg samples were quick-frozen and crushed to pow-
der in amortar under liquid nitrogen. Total RNAwas isolated
using Trizol reagent (Invitrogen, USA) according to the
instructions ofmanufacture. RNA sampleswere quantified by
using BioPhotometer (Eppendorf, Germany), and 2𝜇g total
RNA was reverse transcribed into cDNA in 20𝜇L reaction
volume containing 2 𝜇L of random oligonucleotide primer,
AMV reverse transcriptase (Invitrogen, USA), and 2mM
dNTP mix. Reverse transcription was performed using a
thermal program of 30∘C for 10min, 42∘C for 20min, 99∘C
for 5min, and 4∘C for 5min. Then, 1𝜇L cDNA was used as
the templates for PCR amplification in a thermal cycler. The
specific primers sequences for human collagen I(𝛼2), MMP1,
TIMP1, TGF-𝛽1, and GAPDH were as provided in Table 1.
The cycling program used was 95∘C for 10min followed by 35
cycles of 95∘C for 30 s, 58∘C for 30 s, and 72∘C for 45 s. PCR
products were electrophoresed at 100V for 30min by using
a 1% agarose gel, stained with 0.5 𝜇g/mL ethidium bromide,
and further visualized byUV illumination (Shanghai, China).
The bands were then recorded and analyzed on a digital
imaging system (Quantity One software). Levels of gene
expression were expressed as the intensity of PCR products
normalized that of the GAPDH in the same sample.

2.5. Western Blot. Frozen tissue was crushed in liquid nitro-
gen, homogenized in 100𝜇L RIPA lysis buffer (50mM Tris-
Cl, pH 8.0, 150mM NaCl, 1% (v/v) Nonidet P-40, 0.5%
Sodium deoxycholate, 0.1% SDS) on ice for 30m. Protein
was quantified by using the BCA Protein Assay Kit. Samples
were run on a 10% denaturing polyacrylamide gel at 80V,
transferred to a nitrocellulose membrane (Millipore) and
immunoblotted with anticollagen (Santa Cruz, CA, USA)
at 1 : 1000, anti-MMP1 (Santa Cruz, CA, USA) at 1 : 1000,
anti-TIMP1 (Santa Cruz, CA, USA) at 1 : 1000, anti-phospho-
AKT at 1 : 1000, anti-phospho-ERK (Santa Cruz, CA, USA) at
1 : 1000, and anti-𝛽-actin (Santa Cruz, CA, USA) at 1 : 5000.
The fluorescently labeled secondary antibodies (Santa Cruz,
CA, USA) were diluted 1 : 5000 into phosphate-buffered
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Table 1: Primers for PCR.

Gene Primer sequence-forward Primer sequence-reverse
GAPDH GGAGACAACCTGGTCCTCAG ACCCAGAAGACTGTGGATGG
Col I(𝛼2) CTTGTGGCTTCTGACTATCT AGGAAAATGAGGCTGTTA
MMP1 TTCTGAAACCCTGAGTGC AAGCCTGGATGCGATTA
TIMP1 AGTGGGGTCTGTGAGGT CAAAAGAGGGAGTGCTG
TGF-𝛽 CGGTGCTCGCTTTGTA GCCACTCAGGCGTATC

saline—0.05% Tween (PBST)—1% ovalbumin. Antigen-
antibody complexes were visualized with fluorescent labeled
secondary antibodies and LI-COROdyssey Infrared Imaging
System.

2.6. Immunohistochemistry. Kidney tissues were fixed in 4%
paraformaldehyde at room temperature for 24 h.The samples
were then dehydrated with 50%, 70%, 80%, 90%, 95%,
and two times of 100% alcohol, cleared with xylene, and
embedded in paraffin wax. Also, 5 𝜇m sections were cut in
a microtome (Leica, Germany), deparaffinized with xylene,
and rehydrated in a series of ethanols. Endogenous peroxi-
dase was blocked by 3% hydrogen peroxide in methanol for
30m. For epitope retrieval, slides were heated in a microwave
oven at 92∘C for 20m in a PBS buffer. They were then
incubated overnight at 4∘C with the primary antibodies
anticollagen I, MMP1 at 1 : 250 (Santa Cruz, CA, USA).
Sections were subsequently incubated for 1 h with biotiny-
lated goat anti-rabbit antibody IgG and then for 30m with
Streptavidin-HRP peroxidase (Santa Cruz, CA, USA). Color
reaction product was visualized by using diaminobenzidine-
(DAB-) H

2
O
2
as substrate for peroxidase. All sections were

counterstained with hematoxylin, dehydrated, and covered.
Incubations with phosphate-buffered saline containing 1%
bovine serum albumin were used as negative controls. The
positivity of immunoreactivity was evaluated semiquantita-
tively in a double-blind manner.

2.7. Statistical Analysis. Statistical analyses were performed
with SPSS 15.0 software. Differences among different groups
were evaluated with the student’s 𝑡-test, and 𝑃 < 0.05 was
considered to be statistically significant.

3. Results

3.1. Blood Glucose Fluctuation Accelerate Type I Collagen Syn-
thesis of Diabetic Mice. To examine whether blood glucose
fluctuation could affect the expression of extracellular pro-
tein, RT-PCR analysis was performed. The results showed
that type I collagen expression in the kidney increased
markedly after BGF treatment when compared with the only
diabetic mice and controls (Figure 2(a)). The increase rate of
type I collagen in the D + BGF group was 2-fold higher than
in the D group (𝑃 < 0.05) (Figure 2(b)).

The expression of type I collagen at the protein level was
determined by Western blots. Compared with the D and C
groups, BGF treatments induced the maximal increase in
the protein level of type I collagen (Figure 2(c)). The results
were similar to those obtained by RT-PCR.

To further test the effects of BGF on the kidney of dia-
beticmice, we performed the immunohistochemical analysis.
Collagen expression was positive in 80% of the tissue in
the BGF group, 50% of diabetic tissue, and 40% of controls
(Figure 2(d)).Therefore, it is obvious that collagen expression
was increased significantly in the D + BGF group compared
with the D and control groups.

3.2. Blood Glucose Fluctuation Reduce Type I Collagen Degra-
dation of Diabetic Mice. RT-PCR results showed that MMP1
mRNA levels were significantly decreased in the D + BGF
group (Figure 3(a)). Although the mRNA level of MMP1 in
the D group was also lower than the control, more decrease
was observed in the D + BGF group than in only diabetic
group (𝑃 < 0.05) (Figure 3(b)). In contrast, TIMP1 mRNA
expression in the D + BGF group was elevated markedly
compared with the D and C groups (Figures 3(a) and 3(b)).
The proteins of MMP1 and TIMP1 were also evaluated by
Western blot analysis. As expected, the protein production
of MMP1 in the D + BGF group was markedly inhibited
compared with the control and diabetic mice, while the
TIMP1 level was higher than the other groups (Figure 3(c)).

A decrease of MMP1 positivity was observed simultane-
ously in the tissues of the BGF group by immunohistological
staining. The MMP1 positive staining presents in 30% of
tissue in BGF group, while the control mice showed 80%
MMP1 positivity in the kidney (Figure 3(d)).Thus, consistent
with the PCR and Western blotting analyses, immunohisto-
logical staining supported that collagen synthesis was rather
increasedwhile collagen degradationwas quite reduced in the
D + BGF group.

3.3. ERK Was Activated by Blood Glucose Fluctuation of Dia-
betic Mice. To determine whether blood glucose fluctuation
might increase collagen synthesis in the kidney by activating
extracellular signal-regulated kinase/mitogen-activated pro-
tein kinase (ERK/MAPK) signaling pathway, the effect of
blood glucose fluctuation on the phosphorylation of ERK1/2
was examined. As seen in Figure 4, blood glucose fluctuation
markedly induced MAPK/ERK activation. The activation of
ERK was increased by twofold when compared with the only
D group. Although the diabetes could also elevate the level
of phospho-ERK1/2, the increase rate is far less than that of
BGF treatment. Western blot analyses showed that the total
protein levels of ERK in the BGF groupwere the same as theD
and C groups. However, p38 showed little sensitivity to BGF
treatment in the mice. The level of phosphor-p38 was almost
unchanged in the control, diabetic, and the BGF mice.



4 Journal of Diabetes Research

Colla2

GADPH

C D D + BGF

(a)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

C D D + BGF

Re
la

tiv
e q

ua
nt

ity

∗

∗

(b)

Colla2

Actin

C D D + BGF
1.1 2.6 5.4

(c)

(A) (B) (C)

(D) (E) (F)

(d)

Figure 2: BGF treatment increased the synthesis of type I collagen. (a) Total RNA was extracted and analyzed for the expression of collagen
in the kidney by RT-PCR. (b) GAPDH was used as an internal control. PCR products were semiquantified according to the ratio of type I
procollagen mRNA to GAPDH mRNA. (b) Data are expressed as the mean ± SEM of three separate experiments. ∗𝑃 < 0.05 as compared
to the control. (c) Western blot analysis depicted protein level of collagen in the kidney of mice. (d) Immunohistological staining of type I
collagen in the kidney tissue of normal ((A), (D)), diabetic ((B), (E)), and BGF-treated ((C), (F)) mice. The rate of collagen positivity in the
BGF-treated mice is higher than the other groups. Magnification: 200x.

3.4. Blood Glucose Fluctuation Increased TGF-𝛽 and p-Smad2
Expression of Diabetic Mice. Blood fluctuation significantly
increased TFG-𝛽1 mRNA expression compared with the
untreatedmice (Figure 5(a)).The TGF-𝛽1 levels in the kidney
treated with BGF for eight weeks were 8 times the con-
trol (Figure 5(b)). Compared with the only diabetic mice,

the TGF-𝛽1 mRNA expression of D + BGF mice increased
twofold (𝑃 < 0.05). So, blood glucose fluctuation caused
more increase of TGF-𝛽 level than only diabetes.

To elucidate whether smad activity was increased by the
upregulated expression of TGF-𝛽1, the detection of phospho-
rylation of smad2 and smad3 was carried out. Figure 5(c)
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Figure 3: BGF treatment inhibitedMMP1 and activated TIMP1. (a)MMP1 and TIMP1 expression in the kidney was evaluated by RT-PCR. (b)
GAPDH was used as an internal control. PCR products were semiquantified according to the ratio of type I procollagen mRNA to GAPDH
mRNA (b). Data are expressed as the mean ± SEM of three separate experiments. ∗𝑃 < 0.05 as compared to the control. (c) Western blot
analysis depicted protein levels of MMP1 and TIMP1 in the kidney of mice. (d) Immunohistological staining of MMP1 in the kidney of mice.
The rate of MMP1 positivity in the BGF-treated mice (C) was lower than the normal (A) and diabetic (B) mice. Magnification: 200x.

clearly showed that the expression of p-smad2 in the kidney
of BGF-treated mice was markedly increased compared with
the controls. The elevation of p-smad2 was evident as a 2-
fold increase in the kidneys of diabetic mice. The expression
of p-smad3 also demonstrated a marked increase compared
with controls. However, p-smad3 was similar between the
diabetic mice and BGF-treated mice. These results showed
that the increase of p-smad2 induced by BGF was more
strongly than that of diabetes.

3.5. AKT Was Not Affected by Blood Glucose Fluctuation
of Diabetic Mice. PKB/AKT signaling molecules have been
reported to be activated by TGF-𝛽1 and play a role in
renal fibrosis during diabetic nephropathy. To determine
the effects of blood glucose fluctuation on the activation
of this signal pathway, phosphospecific antibody to AKT
was used in Western blot. As shown in Figure 6, the level
of AKT phosphorylation in the kidneys of BGF-treated
mice is similar with the control. No differences in AKT
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Figure 4: BGF treatment enhanced ERK1/2 phosphorylation in the
kidney of mice.The p38 activity was not sensitive to BGF treatment.
Whole cell lysates were collected and subjected to Western blot
analysis for phosphorylated ERK1/2, p38 and total ERK 1/2, p38.

phosphorylation among the BGF-treated group, consistent
hyperglycemia group and controls, were noted.

4. Discussion

Previous study indicates that repetitive postprandial fluctu-
ation in glucose concentration evokes monocyte adhesion
to endothelial cells, enhances endothelial cell apoptosis, and
accelerates atherosclerosis that was worse than that induced
by stable hyperglycemia in vivo [11–13]. Glucose fluctuations
during postprandial periods also exhibited a more specific
triggering effect on oxidative stress than chronic sustained
hyperglycemia [14]. Moreover, BGF was demonstrated to
damage skin collagen metabolism in mouse skin [15]. In
this study, we find that treatments with BGF resulted in
increased expression and deposition of type I collagen and
decreased collagen degradation when compared to the stable
hyperglycemia mice. The overproduction of the interstitial
matrix components such as type I and type III collagen and
fibronectin is thought to be the most important event in
naturally occurring renal fibrosis [8]. Decreased MMPs and
increased expression of TIMP1 participate in the excessive
collagen deposit during the evolution of experimental inter-
stitial renal fibrosis [16]. Thus, our data indicated that BGF
may be related with the development of renal fibrosis in
diabeticmice. BGF seems to producemore deleterious effects
on accelerating of renal fibrosis of diabetic mice than only
consistent hyperglycemia. Therefore, besides the traditional
therapeutic methods for DN, more attention should be payed
to inhibiting BGF in the diabetes.

Renal fibrosis is characterized by the increased accu-
mulation of extracellular matrix (ECM) within renal tissue.
An abnormal matrix deposition may be due to increased
synthesis or decreased degradation of ECM. Our present
study demonstrated that BGFnot only induces the expression
of ECM, but also inhibits its degradation by inhibiting
matrix metalloproteases (MMPs) and activating the tissue
inhibitor of metalloproteinases (TIMPs), which supported
the importance of BGF in the progress of renal fibrosis in
the diabetes. A previous study demonstrated that short-term
peaks in glucose increased the production of collagen type IV,
fibronectin, MMP2, MMP9, and TGF-1 in human renal
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Figure 5: BGF treatment upregulated TGF-𝛽1 expression and
activated TGF-𝛽1-induced smad signaling. (a) TGF-𝛽1 expression
in the kidney of mice was evaluated by RT-PCR. (b) Data are
expressed as the mean ± SEM of three separate experiments. ∗𝑃 <
0.05 as compared to the control. (c) The phosphorylated forms of
smad2 and smad3 were analyzed byWestern blot, using either rabbit
anti-p-smad2 or rabbit anti-p-smad3 and total rabbit anti-smad2/3
antibody.
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Figure 6: The activity of PIP3/AKT signal pathway was unchanged
after BGF treatment. The phosphorylated and total AKT levels were
evaluated by Western blot analysis.

cortical fibroblasts [17].Thus, they concluded that exposure to
fluctuating glucose concentrations increases renal interstitial
fibrosis in vitro, which is consistent with our results in vivo.

However, the mechanisms by which BGF affects renal
fibrosis remain unclear. The MAPK pathways are well char-
acterized in regulating ECM expression. A previous report
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showed that the single blockade of p38MAPK after the emer-
gence of established fibrosis is effective to reduce subsequent
renal fibrosis in the model of unilateral ureteral obstruction
[18]. We had some indication, in renal fibrosis, that MAPK
pathway may have some roles in promoting BGF-induced
abnormal deposition of ECM.Western blot analysis indicated
that the level of the phosphorylation of ERK1/2 increased
significantly in comparison with the controls and the stable
hyperglycemia group. Consistent with the increased collagen
synthesis, treatments with only hyperglycemia also cause
the activation of ERK pathway compared to controls, but
the effect was less than that of BGF treatment. The positive
relationship between pERK and collagen overproduction
indicated that it is possible that BGF accelerated renal fibrosis
by activating the ERK pathway. However, our results showed
that the role of p38 in the BGF-induced renal fibrosis can be
neglected. It is regrettable that we could not detect the p-JNK
expression. We assumed that the role of JNK signaling in the
process of BGF-induced renal fibrosis may be minimal.

A previous study has demonstrated that TGF-𝛽was a key
mediator of hyperglycemia-induced increase in ECM accu-
mulation [19]. In addition, blocking TGF-𝛽’s function has
been described to suppress excess ECM accumulation and
glomerulosclerosis [20]. Similar with the previous results, we
found that hyperglycemia indeed increased the expression
of TGF-𝛽1 when compared to the controls. However, the
level of TGF-𝛽1 in the D + BGF group was more than
that of stable hyperglycemia group, indicating that BGF can
accelerate the accumulation of ECM than only diabetes.
Several data showed that both smad2 and smad3 mediate the
signal transduction from TGF-𝛽1 [21, 22]. Thus, we detected
the phosphorylation of smad2 and smad3 by Western blot.
We observed BGF markedly increased the levels of p-samd2
when compared the hyperglycemia mice. Our results indi-
cated that BGF-accelerated renal fibrosis also appears to be
related with the activation of TGF-𝛽/smad signal pathway.
However, p-smad3 showed the similar increases in the BGF-
treated and only diabetic mice compared with the con-
trols. Smad7 is an inhibitory smad that functions to block
smad2/3 activation by degrading the T𝛽RI and smads [23].
Also, it can inhibit NF-𝜅B-driven inflammatory response by
inducing I𝜅B𝛼 [24]. Kidney-targeting smad7 gene transfer
inhibits renal TGF-𝛽/MAD homologue (smad) and nuclear
factor 𝜅B (NF-𝜅B) signalling pathways and improves diabetic
nephropathy in mice [25]. Thus, expression of smad7 and
NF-𝜅B in response to blood glucose fluctuations should be
performed in our further experiments. Further studies are
also needed to determine the exact relationship between
ERK/MAPK and TGF-𝛽/smad signaling in the development
and progression of diabetic renal fibrosis.

Another previous study showed that TGF-𝛽-mediated
PKB/Akt activation may be important in renal fibrosis
during diabetic nephropathy [26]. The activated PI3-K/Akt
was found to participate in regulation of HSC migration,
proliferation, collagen secretion, and adhesion. However, we
could not find any elevation of phosphorylated-AKT in the
hyperglycemia mice and BGF-treated mice compared with
the controls. Thus, these data showed that Akt may not

serve as a mediator of BGF induced renal fibrosis during the
pathogenesis of DN.

In summary, we have shown in this present study that
BGF could accelerate the progress of renal fibrosis under high
glucose conditions by increasing extracellular matrix protein
synthesis and inhibiting its degradation. Furthermore, we
demonstrate that both ERK/MAPK and TGF-𝛽/smad sig-
naling pathways seem to play a role in the kidney fibrosis
of diabetic mice accelerated by blood glucose fluctuation.
The data suggest that inhibition of fluctuations in glucose
concentrations may be of potential benefit in preventing
the renal fibrosis in the diabetic patients. However, diabetic
nephropathy as well as interstitial fibrosis is a late occurrence
during the development of diabetes. So, it is worthwhile to
make a long-term animal model to confirm the results in this
study.
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The presence of diabetes in pregnancy leads to hormonal and metabolic changes making inappropriate intrauterine environment,
favoring the onset of maternal and fetal complications. Human studies that explore mechanisms responsible for changes caused
by diabetes are limited not only for ethical reasons but also by the many uncontrollable variables. Thus, there is a need to develop
appropriate experimental models. The diabetes induced in laboratory animals can be performed by different methods depending
on dose, route of administration, and the strain and age of animal used. Many of these studies are carried out in neonatal period or
during pregnancy, but the results presented are controversial. So this paper, addresses the review about the different models of mild
diabetes induction using streptozotocin in pregnant rats and their repercussions on the maternal and fetal organisms to propose
an adequate model for each approached issue.

1. Introduction

Diabetes mellitus (DM) is considered a chronic disease char-
acterized by hyperglycemia resulting from insulin resistance
and/or insulin secondary deficiency caused by failure in beta
cells (𝛽) pancreatic [1]. DM1 is an autoimmune disease in
which there are deficiency of insulin and loss of control of
blood glucose, caused by the destruction of pancreatic 𝛽
cells mediated by T cells [2]. DM2 is characterized by 𝛽-cell
dysfunction and decreased insulin action in some tissues [3].
Another classification is the gestational DM, which occurs
by glucose intolerance with variable magnitude. It is first
diagnosed during pregnancy andmay ormay not persist after
delivery [4].

Human studies that explore mechanisms responsible
for changes caused by diabetes are limited not only for
ethical reasons but also by the many uncontrollable variables
(diet, socioeconomic factors, nutrition, and genetic factors)
that can alter the intrauterine environment and increase
congenital malformations. So there is a need to develop a
suitable experimental model [5]. The use of animal models

provides an essential tool for investigating the molecular
mechanisms that control cell growth. The maternal-fetal
interface is no exception. Although there are some differences
in the organization of rodent versus primate maternal-fetal
interface, there are many similarities in the functions and
in cell lines that compose it. The induction of experimental
diabetes by cytotoxic drugs such as beta-streptozotocin (STZ)
is well characterized [6]. Depending on the animal strain
used, dose, route of drug administration, and the life period
inwhich STZ is administered in rats, different glycemic inten-
sities are achieved: severe diabetes (blood glucose superior to
200/300mg/dL) [7–13] or mild diabetes (glycemia between
120 and 200/300mg/dL) [14–18].

An ideal experimental model of gestational diabetes
should have normal glycemia levels before gestation but
glucose intolerance and impaired insulin secretion and/or
function after midpregnancy, which leads to alterations in
both glucose and lipid metabolism in the mother and conse-
quently in the fetus [19].Therefore, mild diabetes is employed
in experimental studies to reproduce blood glucose levels as
observed in human pregnancy.
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This paper addresses a review about the different models
of mild diabetes induction in rat pregnancy. This review
includes repercussions on the endocrine pancreas, early
embryo development, reproductive performance, oxidative
stress, structural analysis of the extracellular matrix and
urethral striated muscle, and transgenerational effects.

2. Models of Mild Diabetes Induction
and Repercussions on the Maternal
and Fetal Organisms

2.1. Endocrine Pancreas. Studies about the effects of dia-
betes in the endocrine pancreas address 𝛽-cell regeneration
by different mechanisms like neogenesis, proliferation, and
transdifferentiation of these cells in animals. Neogenesis
consists in generation of new cells from undifferentiated
cells. When a differentiated cell undergoes transgression and
becomes another type of cell, this is termed transdifferentia-
tion. Proliferation consists in cell replication itself [20, 21].

The regeneration of 𝛽 cells in STZ-treated pancreata has
already been demonstrated in neonatal rats [22]. To evaluate
the relationship among the morphology of the pancreatic
islets, plasmatic glucose, and insulin, Bonner-Weir et al.
[23] intraperitoneally induced diabetes by streptozotocin
administration at a dose of 90mg/kg on day 2 of life in rats.
At day 4 of life, the rats presented hyperglycemia and reduced
𝛽 cells number. At day 10 of life, there were partial recovery
of the 𝛽 cells and normoglycemia. However, after six-weeks,
return of hyperglycemia and decreased 𝛽-cell volume were
observed, therefore, suggesting that these cells are able to
partially regenerate.

STZ administration (100mg/Kg, saphenous vein) on
the day of birth of the neonate rats [14, 15] caused high
mortality (30 to 50%) [14]. These animals showed decreased
pancreatic insulin and hyperglycemia (200–300mg/dL) [14,
15]. Diabetes presented a quick and spontaneous remission
observed by gradual increase of pancreatic insulin of these
animals [14], however, during adult life, the animals showed
a decrease of insulin secretion [15]. It was concluded that
the STZ administered in neonatal life causes regeneration,
however, there is a partial loss of 𝛽-cell mass and its function.
Thus, it suggests that the STZ administered in newborns
can not only be used for experimental diabetes but can
also be used as a model for studies on neogenesis and/or
proliferation of beta cells [14]. Similarly, Movassat et al. [24]
intraperitoneally used the same dose of STZ (100mg/Kg)
and observed three days after treatment that the newborn
rats exhibited diabetes, decreased body weight, and reduced
𝛽 cells number. Seven days after administration of STZ, all
animals showed increased proliferation of 𝛽 cells, but the
group treated with insulin presented a higher number of cell
replication. The insulin-favored regeneration of the 𝛽 cells
reflects both an increased replication from differentiated 𝛽
cells and an increased neogenesis from precursor/stem cells,
with this last pathway being preferentially activated.

Thyssen et al. [25], Nicholson et al. [26], and Liang et
al. [27] used 70mg/kg STZ intraperitoneally on day 4 of
postnatal life of rats, and the hyperglycemia (200–300mg/dL)

was verified two days after induction of diabetes.The animals
that received the drug presented increased glycemia and
partial destruction of 𝛽 cells [25–27] accompanied by a
relative loss of the nucleus islet microvasculature of rats [26].
There was a decrease in pancreatic beta cell mass, but these
cells showed rapid regeneration because hyperglycemia was
transient. This fact suggests that generation of new islets and
restructuring of existing islets may occur [25–27]. Thus, a
rapid regeneration that appears to involve the generation of
new islets [25], the restructuring of preexisting islets [26],
or transdifferentiation of the alpha cell to beta cell was
documented [27], but studies indicate that age may limit the
mechanism of cell regeneration [25].

Thus, the different studies showed that, regardless of the
doses and route of streptozotocin administered in neonatal
period, the transient hyperglycemia is resulting from partial
regeneration of the beta cell. However, the pathophysiological
mechanism involved in this regeneration is unclear.

2.2. Reproductive Performance. The hyperglycemia of gesta-
tional diabetes can lead to changes in maternal reproductive
performance and embry-ofetal development [28]. Perhaps
one of themost devastating diabetes complications is diabetic
embryopathy, in which the offspring of a mother with dia-
betes predating a pregnancy presents congenital malforma-
tions.Thesemalformations can affectmultiple organ systems,
including the brain and spinal cord, the heart and major
vessel, kidneys, gut, and skeletal structures [29, 30], and result
in pre- or postnatal mortality or disability.

The cellular damage that occurs in differentiated tissues
leading to disease may also occur in differentiating embryo
tissues but, in addition, malformation may result because
signaling caused by excess glucosemetabolism interfereswith
tissue morphogenesis. Because the observations of structures
were formed, the factors involved in the malformation
appearance cannot be determined. It is important to identify
and intermediate in these factors in preimplantation period
to prevent fetal malformations.

A unique characteristic of preimplantation development
of mammals is that the embryo at this stage is self-regulative;
that is, during the first three cleavages, the embryo is highly
adaptable and can resist insults with the removal, addition,
or rearrangement of its blastomeres [31–33]. Even so, changes
that occur in the first stage of embryonic development have
an impact on pre-and postimplantation [34]. In addition,
initial embryos are able to grow in synthetic culture medium
for several days without presenting changes even after being
returned to the uterus [35]. Thus, most studies related to dia-
betes and embryo development use this ability of the embryo
as a tool to monitor embryo development in vitro, trying
to justify the low implantation rates and the malformation
occurrence in diabetic women. As a result, several models are
used to explore the pathophysiological mechanisms involved.
Although this review has been focused on the models of
mild diabetes induction, we studied in vivo model of the
mild diabetes, and there are few published articles on the
effects/consequences of this type of diabetes at the beginning
of embryonic development. Therefore, this section shows an
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overview of the studies and in vitro models of diabetes with
high glycemic intensity (severe diabetes).

Mihajlik et al. [36] used embryos recovered (day 3) from
females mice that received different doses of streptozotocin
(130 or 160mg/kg ip), 14–17 days before mating. These
embryos were transferred to the environment in vitro and
analyzed after 48 hours of cultivation. The embryos from
mice that received STZ 130mg/kg showed delay in cell
proliferation, and those from mice given 160mg/kg STZ
exhibited a high degree of degeneration. However, on day 3 of
pregnancy, these animals showed similar blood glucose levels
to the control group. After glucose overload, both groups
missed reestablishing initial glucose levels, suggesting that
changes in maternal insulin levels may affect the embryo
in the preimplantation resulting in alteration of cellular
distribution during cultivation in vitro and in highest dose of
beta-cytotoxic drug, inhibiting the progression of embryonic
development after the third cleavagewhich reinforces the idea
that the plasticity of embryonic cells decreases as the embryo
develops.

The culture of mouse embryos in serum of women with
diabetes [37] results in decreased viability, however, caused
no developmental delay. Changes in embryonic growth are
found in vitro models as in the study proposed by Wyman
et al. [34] that involves embryos exposed to high glucose
concentrations in vitro at the fertilization period and, after
that, transferred to the uterus of control rats or on the model
proposed by Pampfer et al. [38], using uterine cells from
diabetic rats as component of the culture medium in which
the embryos are developed. Fraser et al. [39] exposed embryos
to different glucose concentrations and showed that at high
concentrations (15.56 and 25.56mM glucose) the numbers
of blastocysts and cells per blastocyst were reduced at the
5th day of pregnancy; however, the apoptosis rate of these
cells was unaltered. In contrast, other investigators describe
a relation between decreased cellular number and increased
apoptosis in embryos exposed to hyperglycemic environment
[40, 41]. Furthermore, increased glucose concentration alters
the distribution of embryonic cells causing a decrease in
the inner cells mass number while causing an increase in
trophoectoderm cells number [39].

These in vitro results could explain the low implantation
rate and increased losses and embryonic malformations
in pregnancy complicated by diabetes. However, when the
zygote is transferred from diabetic uterus to healthy uterus,
developmental delay occurs in addition to malformations
(neural tube, ribs, and abdominal wall defects), although the
exposure time in hyperglycemic environment is short. When
the zygote is submitted to high glucose concentrations in vitro
for the same period and transferred to the uterus of a female
healthy, embryos exhibit reduced capacity for development,
demonstrated by an increase in the rate of reabsorption and
decreased sites of embryo implantation [34]. While in vitro
analysis of embryos allows monitoring normal morphology
[42], recent studies indicate that culture of embryos can break
embryonic epigenetic control mechanisms leading to altered
expression of some genes [43, 44], resulting in embryos that
respond differently from those which develop in the in vivo
environment.

Furthermore, while high concentrations of glucose are
used in vitro studies, many researchers have developed
models of diabetes in animals to reproduce DM2 and/or
DM gestational to better understand the pathophysiology.
A single in vivo study has associated the increased number
of morulae and increased number of blastocysts at 5th day
of pregnancy at lower doses of streptozotocin to rats with
moderate diabetes (glycemia between 120 and 300mg/dL).
Changes in early development in vivo demonstrate that
embryos arising from rats with moderate diabetes have
developmental delay, similar to embryos from ratswith severe
diabetes. Moreover, when maternal hyperglycemia increases,
the embryos show higher apoptosis rate [45]. Sincemetabolic
insults, such as diabetes, can permanently affect the initial
development [34], the use of in vivo models can be a way
to clarify the possible mechanisms involved in the increased
embryonic loss and malformation in type 2 DM.

Our research group aimed to induce the mild diabetes in
laboratory animals. In this regard, female offspring received
STZ (100mg/kg, sc) at first day of life. At adult stage, the
Wistar rats presented at termpregnancy increased embryonic
losses before and after the implantation process, reduced
corpora lutea number and decreased number of live fetuses
[46, 47], increased weight and placental index, reduced
rates of fetuses with appropriate weights for gestational age,
and decreased degree of ossification, showing delay in fetal
somatic maturation [46]. Dallaqua et al. [48], using the same
model of diabetes induction but with another stain (Sprague
Dawley), found a reduction in the number of live fetuses,
fetal viability index, and increased number of embryonic
deaths. In other study, mild diabetes was induced using
STZ (70mg/kg ip) in female rats on day 5 of postnatal
life, and the results showed altered maternal lipid profile,
increased oxidative stress, and increased frequency fetal
visceral anomalies [49]. The same research group verified
similar alteration when STZ was administered at birth
(100mg/kg, sc) and at day 7 of pregnancy (20mg/kg, ip),
confirming that glycemic alterations may impair ovulation
and the early stages of embryonic development. Besides,
intrauterine growth restriction (IUGR) in the fetuses from
these rats was also observed. Regarding the analysis of
skeletal fetuses of diabetic rats, the sterna showed abnormal
morphology and absent cervical nuclei [50].

Another model using STZ (70mg/kg, ip) on the 5th day
of life in female rats showed a reduction in the number of
corpora lutea, lower maternal weight due to higher rates of
fetuses with small weight for gestational age, and a lower
rate of fetuses large for gestational age [51]. In addition,
there was an increase in the number of fetuses with visceral
abnormalities (hydronephrosis and hydroureter) [18].

Kervran et al. [52], in order to analyze the development
and maturation of 𝛽 cells in fetuses from mothers with
mild diabetes, administered different doses of STZ (from
30 to 50mg/kg, iv) in adult rats before mating and verified
that rats showed an increase in placental weight, but not in
fetal weight, even with high levels of plasma insulin. These
conflicting results could be explained by the shorter duration
of pregnancy of the animals and the existence of a reduced
fat mass of fetuses compared to human, which does not allow
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the verification of macrosomia in fetuses of rats with mild
diabetes.

When STZ (37mg/kg, ip) was administered at day 5 of
pregnancy, it was found that diabetic rats presented reduced
insulin levels during the last week of pregnancy. Moreover,
most of the fetuses presented macrosomia and high levels of
plasma glucose and insulin at first day of life [53].

López-Soldado and Herrera [54] used different doses of
streptozotocin (25, 30, and 35mg/kg, iv), at the onset of
pregnancy in rats. It was observed that, on the day of birth,
the rat newborns of diabetic dams presented elevated plasma
insulin and macrosomia. Caluwaerts et al. [55] also tested
different single doses of STZ (30, 35, 40, or 50mg/kg, ip) on
the first day of pregnancy and on two other groups of rats with
two lower doses of STZ (one given two days prior to mating
and one on the first day of pregnancy: from 30 to 20 or from
30 to 30mg/kg, ip). There was a reduced maternal weight
gain during pregnancy in groups 35 and 50 STZ, and only
STZ groups 30/30 and 50 showed fetuses with hyperglycemia
on the first day of life. On the first day of birth, fetuses of
STZ groups 30/30, 40, and 50 were small and showed larger
placentas. Only, STZ groups 30, 30/20, in 35 and there was an
increase in plasma insulin.

Some studies cited regarding the induction of diabetes
between day 0 and 5 of pregnancy were successful as an ideal
model, since the doses and routes of administration resulted
similarity in results when compared to gestational diabetes in
human, besides the induction period, which is corresponding
to the preimplantation, thus avoiding the transfer of 𝛽-
cytotoxic drug (STZ) from mother to fetus through the
placenta and its possible influence on the development of the
offspring. The experiments that had failed during the same
period can be explained by dose and route of administration.
In the first case one should take into consideration that high
doses in ways which favor the release of the drug over a
prolonged period cause lasting action, and in the second
case, the administration of a drug intravenously favors this
movement directly into the bloodstream,which leads to faster
andmore potent compared to other routes of administration.

The literature investigations that employ or have
employed different models of induction of mild diabetes
(blood glucose between 120 and 300mg/dL) analyzed
maternal and perinatal repercussions by vaginal delivery
few days after birth, which contributes to the findings of
macrosomia in offspring from diabetic dams, due to their
greater adipose tissue during this period [54]. However,
because of our research group to assess the diabetes effects
in dams and fetus by laparotomy, it was evidenced higher
percentage of pups with growth restriction, which does not
corroborate with clinical diabetic mothers found.

In general, studies show that the diabetes induction
by STZ before and after mating led to an exacerbated
hyperglycemia, which features a severe diabetes and not
mild diabetes. If we consider that this hyperglycemia in
early pregnancy can influence embryonic development, this
model should not be used to study maternal reproductive
performance. The diabetes induction of STZ at the birth
of rats caused glucose intolerance in adulthood and during
pregnancy, becoming a model for the study of the effects

of mild diabetes in the maternal and embryonic organisms.
When the STZ administration was performed on the 5th
day of life, our results showed favorable glucose levels for
characterization of mild diabetes model. The induction on
the 5th day of pregnancy, as established by the research
groupMerzouk et al. [16], shows excellent results with regard
to blood glucose levels and rates of macrosomic newborns.
However, these authors did not evaluate the developing
embryo, which undertakes the study of reproductive perfor-
mance.

2.3. Oxidative Stress. Oxidative stress occurs when the pro-
duction of free radicals is higher than the capacity of the
antioxidant defense system. This state is characterized by
molecular and structural damage in the cell, such as mem-
branes, DNA, lipid, and protein. Studies have shown that
hyperglycemia and pregnancy induce increased production
of reactive oxygen [56] and nitrogen species [57]. The first
line of defense against oxidative damage is the endogenous
enzymatic antioxidants: superoxide dismutase (SOD), cata-
lase, and glutathione system, among them are glutathione
reductase (GSH-Rd) and glutathione peroxidase (GSH-Px).
There are also nonenzymatic antioxidants that are liposol-
uble (tocopherols, carotenoids, quinones, and bilirubin) or
hydrosoluble (ascorbic acid, uric acid, and proteins bound to
metals) [58, 59].

To evaluate the oxidative stress status in mild diabetic
models, diabetes was induced by streptozotocin (100mg/kg
sc) in Sprague Dawley rats on the day of birth. At term
pregnancy, higher MDA concentration and no change on the
SOD and GSH-Px enzymatic activities and concentration of
thiol groups was observed, showing an exacerbated oxida-
tive stress [48]. In other study, mild diabetes was induced
using STZ (70mg/kg ip) in female Wistar rats on day 5 of
postnatal life. At the end of pregnancy, the mild diabetic rats
showed that SOD enzymatic activity was reduced and MDA
concentration (lipid peroxidation) was slightly increased,
confirming oxidative stress status [18]. Yessoufou et al. [60]
showed that the diabetes induced on t day 5 of pregnancy
using STZ (40mg/kg ip) caused mild diabetes on days 12
and 21 of pregnancy, decreased SOD, GSH-Rd, and GSH-
Px enzymatic activities, and increased TBARS concentration,
showing elevated oxidative stress in diabetic animals.

Although there are different models to induce mild
diabetes, an exacerbated oxidative stress status was found
in several studies. However, the existing differences are
altered/unaltered scavenger activities in these investigations.

2.4. Morphological Analysis of the Extracellular Matrix and
Urethral Striated Muscle. Diabetes mellitus during preg-
nancy is associated with high urinary incontinence levels
and pelvic floor muscle dysfunction, but the exact patho-
physiology of urinary incontinence (UI) has not been well
characterized. UI is known to be multifactorial in origin,
including malfunction of the urethral sphincter [61, 62]. The
development of animal models is essential for understanding
these events and developing preventive interventions [63].
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Based on the hypothesis that the muscle and connective
tissue integration are intimately related to urinary conti-
nence, diabetic animals have great chances to present changes
in these tissues. Therefore, a study with mild diabetes model
in pregnant rats that received neonatally streptozotocin
(100mg/kg, sc) was conducted. At term pregnancy, the mor-
phological analysis of the extracellular matrix and urethral
striated muscle from urethrovaginal tissues showed that
the urethral layers were thin, disorganized, and atrophic
and there were more fibrosis replacement and collagen
fiber deposition associated to muscle atrophy. In addition
to structural analyses, one of the most significant findings
was the colocalization of fast and slow fibers and a steady
decrease in the proportion of fast to slow fibers by immuno-
histochemical examination in the mild diabetic pregnant
rats [64]. Diabetes is related to accumulation of reactive
oxygen species, and tissue ischemiawhich can interactively or
independently contribute to the myopathy causes of skeletal
muscle dysfunctions [65, 66]. It is well established that the
muscle fibers are able of altering their physiological and
biochemical properties according to stimulus which they are
submitted, reflecting on amount or type of muscle proteins
[67]. These changes are often associated with altered glucose
metabolism, diabetes and obesity. Skeletal muscle can adapt
to functional and metabolic demands by remodeling with
fiber type switches to maintain a normal energy balance and
utilization of nutrients [68].

Vascular complications are also associated with the pro-
gressive severity of diabetes [69] which showed a significant
increase in blood vessels in the urethra of mild diabetic
pregnant rats. The literature describes the diabetic time-
dependent alterations inmacrovascular structure and cellular
function, suggesting that one of the underlying mechanisms
responsible for diabetes-induced vascular disease is uncou-
pled mitochondria, with increased electron leak and the
generation of reactive oxygen species [69].

Themild diabetic pregnant rats also showed an increased
interstitial collagen in the ultrastructural analysis. Glycogen
granules, lipid droplets, and numerous mitochondria were
apparent in the striated muscle cells [64]. Lipid droplets
are not membrane bound, and their number and size may
vary considerably among different muscle types. They are
frequently associated with mitochondria and sometimes
completely encircled by them. Experimental enzyme defi-
ciencies in mitochondrial energy metabolism induced the
accumulation of giant mitochondria and numerous lipid
droplets. This has led to the suggestion that mitochondria
may use lipids as a source of energy formuscular contraction.
The increased number of lipid droplets in the diabetic
pregnant rats indicates that lipidsmay be an important energy
source for striated muscle [70].

These results indicate that mild diabetes in pregnant rats
can lead to time-dependent disorder and tissue remodeling
in which the urethral striatedmuscle and extracellularmatrix
has a fundamental function [64]. Since this is a unique study,
there is no description of a best model or comparison with
other models in order to reach a conclusion. These findings
show that there is a relation between the changes found in the

urethra-vagina tissue that would be similar to which occur in
the urethra of diabetic women with UI.

2.5. AnotherModel toObtainMildDiabetes. Inmammals, the
growth and development in fetal intrauterine environment
are completely dependent on the nutrients provided by
the mother. The maternal requirement of carbohydrates,
proteins, and lipids increases considerably during this period
[71, 72]. In rats, as in humans, glucose is themain substrate for
the development of the fetus, which comes from thematernal
circulation.Whereas the insulin is the main growth hormone
to the fetus, which is responsible for 50% of fetal weight [73].

An inappropriate maternal-fetal food supply or nutrient
flow leads to marked changes in maternal metabolism by
modifying isolated fetal nutrition. Thus, further adjustments
are needed during development in utero environment [74,
75]. Without these adjustments the postnatal growth is
impaired. Health conditions in the course of adulthood result
from the combination between genotype and phenotype,
which begins in the prenatal period. This effect is known as
“fetal origins of adult disease” [29, 30, 76].

The literature studies show transgenerational effects in
animal models of hyperglycemia. When female Wistar rats
received STZ (30mg/kg) on the day of mating, it was
observed that these rats presented a mean blood glucose
250mg/dL at the end of pregnancy. The authors found that
maternal hyperglycemia impaired glucose metabolism in
subsequent generations [77–81]. The first-generation fetuses
showed hyperglycemia, and at adulthood (100 days old)
these rats showed normal glucose basal levels and endocrine
pancreas morphology. However, when glucose load (glucose
infusion) was administered, some animals showed glucose
intolerance and others presented mild diabetes during preg-
nancy [82, 83]. The subsequent generation was affected by
unfavorable maternal intrauterine environment, and their
fetuses showed hyperplasia of pancreatic islets, beta-cell
hyperactivity, hyperinsulinemia, and macrosomia [77]. It
was verified that the fetal hyperinsulinemia was due to
the low levels of amino acids, which can be explained by
higher amino acid uptake by placental unit, which can
be coresponsible for the decreased insulin response [83].
According to some authors, the transgenerational effect of
diabetes crosses through the generations only by the female
offspring. However, even if themale present impaired glucose
tolerance, there is no transmission to their descendants.

When STZ (40mg/Kg ip) was administered at day 5
of pregnancy, the animals presented glycemic levels from
100 to 300mg/dL, confirming mild diabetes. At birth, pups
from mild diabetic dams presented higher mean weight
compared to control pups, confirming macrosomia. The
macrosomic fetus presented higher serum insulin, glucose,
and lipid levels and maintained accelerate postnatal growth
combined with high adipose tissue weight up to 12 weeks of
age without being hyperphagic. This metabolic disturbances
varied according to age and sex. At 2 months of age, hepatic
and serum triacylglycerol levels were higher in macrosomic
females than in controls. By 3 months, macrosomic rats
(males and females) had development insulin resistance with
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hyperinsulinemia, hyperglycaemia, and higher serum and
hepatic lipids [16]. The same research group demonstrated
that fetal obesity is associated with alterations in VLDL
lipid fatty acid composition and represents an important
risk factor for adult obesity and diabetes [84]. Besides these
results, it was observed that obese offspring (3 months)
presented higher serum lipoprotein concentration, typical of
obese and diabetic woman begins [85].

To induce mild diabetes, Sprague Dawley rats received
STZ (35mg/Kg ip) at day 5 of pregnancy.The pups born to the
mild diabetic dams had higher birth weight (macrosomia),
pancreatic insulin content, plasma insulin, and C-peptide
concentrations compared to those pups born to control dams.
At 6 weeks of age, an accelerated growth in the female rats
was associated with higher fat weight. At adulthood, higher
plasma insulin and glycemia in macrosomic rats, only the
female macrosomic rats, showed abnormal glucose response
due to peripheral insulin resistance. In the male rats, a higher
plasma insulin concentration in the macrosomic group was
associated with a normal plasma glucose response to oral glu-
cose challenge.This study showed thatmaternalmild diabetes
in rats led to fetal hyperinsulinemia and accelerated fetal
growth [86]. To study the cross-generation effect of newborn
rats in the mild diabetes model, similar methodology was
used. The first generation of rats presented glycemic levels
from 100 to 300mg/dL, confirming mild diabetes. These
dams had macrosomic pups presenting hyperinsulinemia
and accelerated growth. The second-generation macrosomic
males and females and nonmacrosomic males and females
were mated to obtain the third generation. It was observed
that the pups from macrosomic parents presented higher
birth weight and plasma insulin levels. At adulthood, these
animals presented an accelerated growth and higher fat tissue
weight compared the control pups, showing that an abnormal
intrauterine metabolic environment can lead to obesity and
glucose intolerance across generations in rats [87].

Another model to induce mild diabetes was employed
by our group, who administered STZ (40mg/Kg iv) in the
first generation of adult Wistar rats before the mating period.
During pregnancy, these rats presented glycemia higher than
300mg/dL, characterizing an abnormal intrauterine envi-
ronment. The offspring from these dams presented glucose
intolerance at adulthood, showing impaired repercussions of
maternal hyperglycemia [88, 89].

The different models of mild diabetes induction to study
the cross-generation effect are important to demonstrate
that transgenerational effect from an abnormal intrauterine
environment causes metabolic alterations across further gen-
erations.

3. Conclusion

Many models mentioned to induce diabetes lead to similar
characteristics compared to those resulting from human ges-
tational diabetes. Thus, according to the targeted objectives,
each researcher should choose the best model of diabetes
induction for the study.
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ation in normal and streptozotocin-treated newborn rats: site,
dynamics and capacity,” Diabetologia, vol. 37, no. 11, pp. 1088–
1096, 1994.

[23] S. Bonner-Weir, D. F. Trent, R. N. Honey, and G. C. Weir,
“Responses of neonatal rat islets to streptozotocin. Limited B-
cell regeneration and hyperglycemia,”Diabetes, vol. 30, no. 1, pp.
64–69, 1981.

[24] J. Movassat, C. Saulnier, and B. Portha, “Insulin administration
enhances growth of the 𝛽-cell mass in streptozotocin-treated
newborn rats,” Diabetes, vol. 46, no. 9, pp. 1445–1452, 1997.

[25] S.Thyssen, E. Arany, andD. J. Hill, “Ontogeny of regeneration of
𝛽-cells in the neonatal rat after treatment with streptozotocin,”
Endocrinology, vol. 147, no. 5, pp. 2346–2356, 2006.

[26] J. M. Nicholson, E. J. Arany, and D. J. Hill, “Changes in islet
microvasculature following streptozotocin-induced 𝛽-cell loss
and subsequent replacement in the neonatal rat,” Experimental
Biology and Medicine, vol. 235, no. 2, pp. 189–198, 2010.

[27] X.-D. Liang, Y.-Y. Guo, M. Sun et al., “Streptozotocin-induced
expression of Ngn3 and Pax4 in neonatal rat pancreatic 𝛼-cells,”
World Journal of Gastroenterology, vol. 17, no. 23, pp. 2812–2820,
2011.

[28] R. J. Jarrett, “Gestational diabetes: a non-entity?”BritishMedical
Journal, vol. 306, no. 6869, pp. 37–38, 1993.

[29] D. J. P. Barker, “Maternal nutrition, fetal nutrition, and disease
in later life,” Nutrition, vol. 13, no. 9, pp. 807–813, 1997.

[30] C. Kanaka-Gantenbein, “Fetal origins of adult diabetes,”Annals
of the New York Academy of Sciences, vol. 1205, pp. 99–105, 2010.

[31] B.Hogan andR. Tilly, “In vitro development of inner cellmasses
isolated immunosurgically from mouse blastocysts. II. Inner
cell masses from 3.5- to 4.0-day p.c. blastocysts,” Journal of
Embryology and Experimental Morphology, vol. 45, pp. 107–121,
1978.

[32] N. Hillman, M. I. Sherman, and C. Graham, “The effect of
spatial arrangement on cell determination during mouse devel-
opment,” Journal of Embryology and Experimental Morphology,
vol. 28, no. 2, pp. 263–278, 1972.

[33] A. K. Tarkowski and J. Wróblewska, “Development of blas-
tomeres of mouse eggs isolated at the 4- and 8-cell stage,”

Journal of Embryology andExperimentalMorphology, vol. 18, no.
1, pp. 155–180, 1967.

[34] A.Wyman, A. B. Pinto, R. Sheridan, and K. H.Moley, “One-cell
zygote transfer from diabetic to nondiabetic mouse results in
congenital malformations and growth retardation in offspring,”
Endocrinology, vol. 149, no. 2, pp. 466–469, 2008.

[35] J.M.Goldberg, T. Falcone, andM.Attaran, “In vitro fertilization
update,” Cleveland Clinic Journal of Medicine, vol. 74, pp. 329–
338, 2007.

[36] J. Mihajlik, P. Rehák, J. Veselá, Š. Čikoš, V. Baran, and J.
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Brahma-related gene 1 (Brg1) is a key gene in inducing the expression of important endogenous antioxidant enzymes, including
heme oxygenase-1 (HO-1) which is central to cardioprotection, while cardiac HO-1 expression is reduced in diabetes. It is unknown
whether or not cardiac Brg1 expression is reduced in diabetes. We hypothesize that cardiac Brg1 expression is reduced in diabetes
which can be restored by antioxidant treatment with N-acetylcysteine (NAC). Control (C) and streptozotocin-induced diabetic (D)
rats were treated with NAC in drinking water or placebo for 4 weeks. Plasma and cardiac free15-F2t-isoprostane in diabetic rats
were increased, accompanied with increased plasma levels of tumor necrosis factor-alpha (TNF-alpha) and interleukin 6 (IL-6),
while cardiac Brg1, p-STAT3 and HO-1 protein expression levels were significantly decreased. Left ventricle weight/body weight
ratio was higher, while the peak velocities of early (E) and late (A) flow ratio was lower in diabetic than in C rats. NAC normalized
tissue and plasma levels of 15-F2t-isoprostane, significantly increased cardiac Brg1, HO-1 and p-STAT3 protein expression levels
and reduced TNF-alpha and IL-6, resulting in improved cardiac function. In conclusion, myocardial Brg1 is reduced in diabetes
and enhancement of cardiac Brg1 expression may represent a novel mechanism whereby NAC confers cardioprotection.

1. Introduction

Diabetes mellitus-induced cardiovascular complication is a
growing life-threatening disease worldwide. Diabetic car-
diomyopathy (DCM) is a diabetes-associated ventricular
dysfunction, resulted from abnormal ventricular structural
alteration that is independent of other etiological factors such
as hypertension [1]. Studies have shown that hyperglycemia-
induced oxidative stress and the subsequent inflammation
play critical roles in the development and progression
of diabetic cardiomyopathy [2, 3]. Hyperglycemia-induced
oxidative stress mainly results from increased production of
reactive oxygen species (ROS) with or without concomitantly
damped antioxidant defense system [4, 5]. Our previous

study found that the major endogenous antioxidant enzyme
superoxide dismutase (SOD), which plays an important
role in balancing ROS generation and the overall tissue
antioxidant capacity, was increased in both the plasma and
heart tissue of rats at a relatively early stage (4 weeks)
of diabetes, but tissue and plasma levels of free 15-F

2t-
isoprostane, a specific marker of lipid peroxidation, were also
increased [6]. This indicates that the upregulation of SOD
is not sufficient to resist hyperglycemia-induced oxidative
stress. Of note, another important enzyme, heme oxygenase-1
(HO-1), a stress-inducible cytoprotective defense enzyme, has
been shown to exert cytoprotective effect against oxidative
insults [7]. Also, studies showed that enhancing myocardial
HO-1 expression could attenuate diabetes-induced cardiac
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dysfunction. However, in contrast to the compensatory
increase of SOD during early diabetes mellitus, a number
of studies showed that myocardial HO-1 expression was
significantly decreased in the myocardium of diabetic rats
[8, 9].Thus, unveiling the underlying mechanisms governing
the reduction of myocardial HO-1 in diabetes should lead
to the development of novel therapies to upregulate HO-1
expression in diabetic heart.

It has been reported that, in response to oxidative
stress, Brahma-related gene 1 (Brg1) is necessarily required
in Nuclear factor-E2 related factor 2 (Nrf2)/ARE-mediated
induction of HO-1 [10]. Brg1 is the core ATPases in the
SWI/SNF complex, which plays a central role in the activation
and transcription of genes in mammalian cells [11]. The
deficiency of Brg1 results in the dissolution of discrete
heterochromatin domains, aberrant mitotic progression, and
genomic instability, which eventually induces cell death or
cell apoptosis [12]. A recent study showed that Brg1 can
bind to the promoters of antioxidant defense genes and
protect cells from oxidative damage [13], which means that
Brg1 can exert antioxidative effect. Furthermore, increasing
evidence shows that Brg1 can regulate gene expression during
cardiac growth, differentiation, and hypertrophy [14–16].
Brg1 null mice embryos die when cardiomyocytes expansion
and maturation begin, while in adult cardiomyocytes, Brg1
is activated by cardiac stresses and assembles a chromatin
complex to activate downstream signal transduction, includ-
ing HO-1 and signal transducer and activator of transcription
3 (STAT3) [10, 16–18], which are protective against ROS-
induced cardiomyopathy. Studies by us and others found
that myocardial HO-1 expression is reduced in diabetic rats
[8, 9] which is accompanied with reduced phosphorylation
of STAT3 (p-STAT3, the activated status of STAT3) [19]. We
postulated that reductions in myocardial HO-1 and STAT3 in
diabetes may be a consequence of reduction in cardiac Brg1
expression subsequent to hyperglycemia-induced oxidative
stress.

Accumulated evidence proves that therapies that can
reduce oxidative stress are effective to attenuate the devel-
opment of diabetic cardiomyopathy [20, 21]. Our previous
study also found that treatment with the antioxidant N-
acetylcysteine (NAC) could attenuate the increase in inflam-
mation factors tumor necrosis factor-alpha (TNF-alpha) and
interleukin 6 (IL-6) [6] and ameliorate myocardial dysfunc-
tion [2] in diabetic rats. Moderate levels of TNF-alpha or
IL-6 have been shown to initiate the activation of STAT3,
a key protein in cardioprotective signaling pathway, whose
activation is Brg1 dependent [22, 23]. Therefore, the current
study was designed to test the hypothesis that myocardial
Brg1 is reduced in diabetes and antioxidant NAC may
enhance cardiac Brg1 expression and concomitantly increase
cardiac STAT3 activation and confer cardioprotection in
diabetes.

2. Materials and Methods

2.1. Animals and Introduction of Diabetes. Sprague-Dawley
male rats (220 ± 20 g, 8 weeks of age) were obtained from

the Laboratory Animal Service Center (University of Hong
Kong). All rats were allowed to adapt in their houses and
have free access to standard chow and water according to
the principles of Animal Care of the University of Hong
Kong. The experiment procedures were approved by the
Committee on the Use of Live Animals in Teaching and
Research (CULATR). Diabetes was induced by a single tail
vein injection of streptozotocin (STZ) at the dose of 65mg/kg
body weight (Sigma-Aldrich, St. Louis, MO), freshly dis-
solved in 0.1M citrate buffer (PH 4.5) under anesthesia with
sodium pentobarbital (65mg/kg body weight), while control
rats were given equal volume of citrate buffer alone. After
three days of injection, blood glucose was measured using a
Glucose Analyzer (Bayer Healthcare, Bayer AG, Germany),
and rats with blood glucose over 16.7mM were considered
diabetic.

2.2. Experimental Protocol. Rats were randomly divided into
three groups (𝑛 = 6 per group): control (C); diabetes (D);
diabetes treated with NAC (1.5 g/kg/day) (D + NAC). NAC
was administered to theD+NACgroupdissolved in drinking
water for 4weeks after induction of diabetes starting oneweek
after the onset of diabetes. Upon completion of treatment, the
rats were anticoagulated with heparin (1000 IU/kg) and then
anaesthetized with pentobarbital sodium (65mg/kg body
weight). Blood samples were obtained from the inferior vena
cava, and plasma was separated and stored at −80∘C for
further analysis. Rats were sacrificed after completion of
echocardiographic assessment of cardiac function, and hearts
were harvested and rinsed with ice-cold phosphate buffer
saline, dried, and weighted.

2.3. Echocardiography. At the end of 4-week treatment, the
rats were examined by echocardiography using a High Reso-
lution Imaging System (Vevo 770, VisualSonics Inc., Canada)
equipped with a 17.5-MHz liner array transducer. The follow-
ing validated parameters were automatically calculated by the
ultrasound machine: LV end-diastolic volumes (LVVd), LV
end-systolic volume (LVVs), fractional shortening (FS), ejec-
tion fraction (EF), and stroke volume (SV). M-mode images
were recorded to detect heart rate (HR), LV internal diameter
in systole (LVIDs) and diastole (LVIDd), interventricular
septal thickness in systole (IVSs) and in diastole (IVSd), and
LV posterior wall thickness in systole (LVPWs) and diastole
(LVPWd). LV mass was assessed by calculating the formula:
LV mass = 1.053 [(LVIDd + LVPWd + IVSd)3− LVIDd3] ×
0.8. The peak velocities of early (E) and late (A) flows were
obtained from the apical four-chamber view. The E/A ratio
and the isovolumetric relaxation time (IVRT) were used as
indices of LV diastolic function.

All recordings were performed in rats that underwent
inhalation of 3% isopentane in air throughout the whole pro-
cess, and echocardiography was conducted by investigators
who were blinded to the experimental group as we reported
[24].

2.4. Measurement of Free 15-F
2t-Isoprostane, TNF-Alpha,

and IL-6. Free 15-F
2t-isoprostane (15-F

2t-IsoP), a specific



Journal of Diabetes Research 3

marker of oxidative stress, was measured by using an
enzyme-linked immunoassay kit (Cayman chemical, Ann
Arbor, MI) as described [20]. Plasma samples and homog-
enized heart tissue (in PBS) were purified using Affin-
ity Sorbent and Affinity Column (Cayman chemical, Ann
Arbor, MI), then processed for analysis, according to
the protocol provided by the manufacturer. The values
of plasma or cardiac free 15-F

2t-IsoP were expressed as
pg/mL in plasma or pg/mg protein in cardiac homogenates,
respectively.

Plasma levels of TNF-alpha and IL-6 were determined by
using the commercially available rat ELISA kit (Bender Med,
Vienna, Austria).

2.5. Western Blot Assay for HO-1, STAT3, and p-STAT3.
Frozen heart tissue was homogenized using lysis buffer
(20mmol/L Tris-HCl PH = 7.5, 50mmol/L 2-mercaptoeth-
anol, 5mmol/L EGTA, 2mmol/L EDTA, 1% NP40, 0.1%
sodium dodecyl sulfonate (SDS), 0.5% deoxycholic acid,
10mmol/L NaF, 1mmol/L PMSF, 25mg/mL leupeptin, and
2mg/mL aprotinin) for 30min and then sonicated and
centrifuged at 12000 g for 20min at 4∘C. Protein concentra-
tions were determined using the Bradford assay (Bio-Rad,
USA). Samples containing equal amounts were separated
on a 10% SDS-polyacrylamide gel, and then proteins were
transferred to PVDF membrane overnight at 4∘C. Mem-
branes were blocked with 5% nonfat milk in Tris-Buffered
Saline (TBS)-Tween for 1 hour and were incubated with anti-
Brg1 (Abcam, USA) or anti-STAT3, anti-phospho-STAT3
(T705), anti-HO-1 antibodies (Cell Signaling Technology,
Beverly,MA,USA), andGAPDH (Cell Signaling Technology,
Beverly, MA, USA) at 1 : 1000 dilution for overnight at
4∘C. After washing with phosphate buffered saline-tween
(PBST) three times for 30min, membranes were then incu-
bated with horseradish-peroxidase- (HRP-) conjugated anti-
rabbit IgG at 1 : 2000 dilution for 1 hour. Protein bands
were developed with enzymatic chemiluminescence, and
images were measured by a densitometer with analysis
software.

2.6. Statistical Analysis. Data are presented as means ±
standard error of the mean (S.E.M.). Data were analysed by
the ANOVA within the same group and between groups.
Multiple comparisons of group means were analyzed by
Tukey’s test. The analysis was performed using statistical
software package (GraphPad Prism, San Diego, CA, USA).
Significant difference was defined as 𝑃 ≤ 0.05.

3. Results

3.1. General Characteristics and Effects of NAC Treatment.
Administration of STZ resulted in increased plasma glucose
and food and fluid intake and reduced body weight gain
as compared with age-matched control rats (all 𝑃 < 0.05,
Table 1). Treatment with NAC for 4 weeks significantly
reduced food consumption and water intake in diabetic rats
(𝑃 < 0.05, D + NAC versus D) but did not have significant
effect on glucose levels and body weight gain.

Table 1: General Characteristics of Rats at the End of the Study.

C D D + NAC
Water intake (mL/kg/day) 121.1 ± 8.3 840.3 ± 10.7∗ 421.1 ± 7.1∗

Food intake (g/kg/day) 66.0 ± 1.3 195.1 ± 3.8∗ 145.5 ± 3.5∗

Body weight (g) 486.3 ± 12.7 310.9 ± 17.2
∗

304.5 ± 12.5
∗

Plasma glucose (mM) 6.2 ± 0.8 27.7 ± 1.7
∗

26.1 ± 1.5
∗

All values are expressed as Mean ± S.E.M. 𝑛 = 6 per group. Control
(C) or STZ-induced diabetic rats with untreated (D) or treated with NAC
(1.5 g/kg/day) for 4 weeks. ∗𝑃 < 0.05 versus C; #

𝑃 < 0.05 versus D.

Table 2: Effects of NAC treatment on the level of free 15-F2t-
isoprostane in plasma and heart tissue.

C D D + NAC
Plasma
(pg/mL) 125.1 ± 18.9 245.0 ± 19.1

∗∗

150.7 ± 21.4
#

Heart tissue
(pg/mg protein) 101.3 ± 17.3 208.5 ± 20.6

∗

167.2 ± 18.5
#

All values are expressed as Mean ± S.E.M. 𝑛 = 6 per group. Control
(C) or STZ-induced diabetic rats with untreated (D) or treated with NAC
(1.5 g/kg/day) for 4 weeks. ∗𝑃 < 0.05 versus C; #

𝑃 < 0.05 versus D.

3.2. Oxidative Stress Marker Free 15-F
2t-IsoP Levels. Com-

pared with the control group, the levels of free 15-F
2t-IsoP

were significantly increased in both the plasma and cardiac
tissues of diabetic rats (𝑃 < 0.01 or 𝑃 < 0.05 versus C,
Table 2). NAC treatment reduced plasma and cardiac tissue
15-F
2t-IsoP to a level comparable to that in the control (𝑃 <

0.05 versus D, 𝑃 > 0.05 D + NAC versus C, Table 2).

3.3. Effect of NACon LeftVentricularDimension and Function.
As shown in Table 3, LVM was much lower in diabetic rats
(𝑃 < 0.05 versus C), despite the fact that there were no signif-
icant differences in IVSd, IVSs, LVIDs, LVPWd, and LVPWs
between the control and the diabetic rats. However, LVM to
body weight ratio, an indicator of myocardial hypertrophy,
was remarkably increased in diabetic rats (𝑃 < 0.05 versus C).
NAC reduced LVM to bodyweight ratio to a level comparable
to that in the control (𝑃 < 0.05, D + NAC versus D; 𝑃 > 0.05
D + NAC versus C, Table 3). The HRs of diabetic rats were
significantly decreased as compared to those of the controls
(𝑃 < 0.05 versus C Table 3). NAC had no effect on HR.
LVVd and the E/A ratio in diabetic rats were significantly
decreased, while IVRT increased (all 𝑃 < 0.01 versus C
Table 3). This is indicative of compromised LV relaxation,
which may contribute to the significantly reduced SV (𝑃 <
0.05D versus C, Table 3). NAC treatment did not have signif-
icant effects on LVVd and IVRT nor did it improve SV (𝑃 >
0.05 D + NAC versus D, Table 3) but remarkably increased
E/A ratio which primarily resulted from a reduction in MVA
(𝑃 < 0.05 D + NAC versus D, Table 3). There was no
difference in values of FS and EF between the control and
diabetic rats.

3.4. Plasma Il-6 and TNF-𝛼. As shown in Figures 1(a) and
1(b), the plasma levels of TNF-𝛼 and IL-6 in diabetic rats were
significantly increased as compared with the control group
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Figure 1: Effects of N-acetylcysteine (NAC) treatment on the level of TNF-alpha (a) and IL-6 (b) in plasma. Control (C) or STZ-induced
diabetic rats without treatment (D) or with NAC treatment (1.5 g/kg/day, D + NAC) for 4 weeks. All values are expressed as mean ± S.E.M.
𝑛 = 6 per group. ∗𝑃 < 0.05 versus C; #

𝑃 < 0.05 versus D.

Table 3: M-mode Echocardiographic and transmitral Doppler flow
velocity indices of LV dimensions and functions.

C D NAC
LVIDd (mm) 8.30 ± 0.17 7.90 ± 0.15 7.75 ± 0.15

∗

LVIDs (mm) 4.80 ± 0.14 4.55 ± 0.13 4.65 ± 0.25

IVSs (mm) 2.25 ± 0.11 2.24 ± 0.08 2.08 ± 0.06

IVSd (mm) 1.72 ± 0.06 1.78 ± 0.05 1.60 ± 0.05

LVPWs (mm) 3.06 ± 0.07 2.92 ± 0.05 2.57 ± 0.05
∗

LVPWd (mm) 1.92 ± 0.04 1.87 ± 0.05 1.62 ± 0.03
#

LVM (mg) 964 ± 27.5 812 ± 14.3
∗

707 ± 18.7
∗

LVM/body 1.90 ± 0.04 2.44 ± 0.07
∗

2.17 ± 0.04
#

weight (mg/g)
HR (bpm) 323 ± 7.8 285 ± 10.8

∗

286 ± 9.2
∗

LVVd (𝜇L) 372.7 ± 23.4 318.5 ± 24.2
∗

319.7 ± 18.4

LVVs (𝜇L) 107.8 ± 10.6 93.7 ± 9.8 101.5 ± 13.2

IVRT (ms) 21.6 ± 1.6 32.5 ± 1.8
∗

28.5 ± 1.4
∗

MV E (cm/s) 133.2 ± 58.3 1217 ± 30.2 1181.7 ± 62.2

MV A (cm/s) 909.5 ± 36.2 1028.9 ± 36.1 838.6 ± 63.8
#

E/A 1.49 ± 0.09 1.19 ± 0.03
∗

1.45 ± 0.07
#

SV (𝜇L) 277.8 ± 17.8 226.7 ± 17.4
∗

218.3 ± 12.2
∗

FS (%) 42.5 ± 0.9 42.1 ± 0.8 40.7 ± 1.0

EF (%) 71.6 ± 1.7 72.2 ± 1.7 68.8 ± 3.0

All values are expressed as Mean ± S.E.M. 𝑛 = 6 per group. M-mode
Echocardiographic and transmitral Doppler flow velocity indices of LV
dimensions and functions in Control (C), Diabeties (D), Ruboxistaurin
(RBX), N-acetylcysteine (NAC) rats. ∗𝑃 < 0.05 or 0.01 versus C; #

𝑃 <

0.05 or 0.01 versus D. LVIDd: LV internal diastolic diameter; LVIDs: LV
internal systolic diameter; IVSs: systolic interventricularseptal thickness;
IVSd: diastolic interventricularseptal thickness; LVPWs: LV systolic pos-
terior wall thickness; LVPWd: LV diastolic posterior wall thickness; LVM:
LV mass; HR: heart rate; LVVd: LV end-diastolic volume; LVVs: LV end-
systolic volume; IVRT: isovolumetric relaxation time; SV: stroke volume; FS:
fractional shortening; EF: ejection fraction.

(𝑃 < 0.05). NAC treatment reduced plasma TNF-𝛼 and IL-6
to a level comparable to that in the control (𝑃 < 0.05 versus
D; 𝑃 > 0.05 versus C) although they were slightly higher than
that in the control rats.

3.5. Effect of NAC on Protein Expression of Brg1. To investigate
whether the cardiac protein expression of Brg1 is altered in
diabetic rats at an early stage of the disease and whether or
not it can be affected by antioxidants, we explored the effects
of NAC on cardiac levels of Brg1 in STZ-induced diabetic
rats 4 weeks after the establishment of diabetes. As shown in
Figure 2(a), the protein expression of Brg1 was significantly
decreased in diabetic rats as compared to that of control
group (𝑃 < 0.01). NAC treatment partially but significantly
restored the protein expression of Brg1.

3.6. Effect of NAC on Protein Expression of STAT3 and HO-1.
Recent study demonstrated that Brg1 is required to establish
chromatin accessibility at STAT3 binding targets [18], which
is essential to enable these sites to respond to downstream
signaling. Therefore, in addition to exploring the changes
of myocardial Brg1 protein in diabetes, we also investigated
themyocardial protein levels and phosphorylation/activation
status of STAT3 in diabetic heart. As shown in Figures 2(c)
and 2(d), the protein expression of p-STAT3 (Tyr705 and
Ser727) but not total STAT3 was significantly reduced in the
myocardium of diabetic rats, accompanied with concomitant
reduction of cardiac protein expression of HO-1 (all 𝑃 <
0.05 versus C, Figure 2(b)), an important signaling protein
downstream of Brg1. NAC completely restored myocardial
p-STAT3 at site Tyr705 and HO-1 protein expression and
partially but significantly enhanced p-STAT3 at site Ser-727
in diabetic rats (𝑃 < 0.01 versus D; 𝑃 < 0.05, 𝑃 < 0.01 versus
C).

4. Discussion

Consistent with our previous studies, we have shown in the
current study that oxidative stress increased in the early
stage (at 4 weeks) rats with STZ-induced type 1 diabetes
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Figure 2: Effects of N-acetylcysteine (NAC) treatment on the protein expression of Brg1 (a), HO-1 (b), and p-STAT3 ((c), (d)) inmyocardium.
Control (C) or STZ-induced diabetic rats without treatment (D) or with NAC treatment (1.5 g/kg/day, D + NAC) for 4 weeks. All values are
expressed as mean ± S.E.M. 𝑛 = 6 per group. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 versus C; #

𝑃 < 0.05, ##
𝑃 < 0.01 versus D.

as indicated by a significant increase in both plasma and
heart tissue levels of free 15-F

2t-isoprostane, a specific index
of oxidative stress [25]. Enhanced levels of oxidative stress
were accompanied by increased TNF-alpha and IL-6. In the
current study, we further discovered that diabetic rat hearts
exhibited decreased expression of Brg1, which was coincident
with decreased cardiac expressions of p-STAT3 and HO-1
and compromised cardiac diastolic function as assessed by
echocardiography. Effective antioxidant treatment with NAC

evidenced as complete prevention of hyperglycemia-induced
increases in plasma and heart tissue free 15-F

2t-isoprostane
significantly attenuated the reduction ofmyocardial Brg1 pro-
tein expression, subsequently significantly enhancedmyocar-
dial p-STAT3 and HO-1, and improved cardiac relaxation
in diabetic rats. To our knowledge, this is the first study
to explore the changes of cardiac Brg1 in diabetic rats and
the effectiveness of antioxidant treatment on Brg-1 cardiac
expression in diabetes.
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Oxidative stress occurs in diabetes as a consequence
of hyperglycemia-induced abnormalities, including glucose
autooxidation, the formation of advanced glycation end
products, and impairment of antioxidant defense system [4].
We previously reported that the heart tissue SOD activity
was compensatorily increased, but both the plasma and heart
tissue levels of free 15-F

2t-isoprostanes were still increased in
diabetic rats at the early stage of 4-week diabetes [6], which
indicates that, during early stage of diabetes, compensatory
increase in myocardial SOD was not sufficient to combat
hyperglycemia-induced oxidative stress.While in our current
study conducted in the same model of early stage of 4-week
diabetes [6], we showed that the protein expression of HO-
1, another important antioxidative enzyme, was decreased
significantly in the myocardium of diabetic rats, which
suggests that a decrease in HO-1 expression may be a major
contributor to hyperglycemia-induced oxidative stress in
early diabetes. Many studies confirmed that HO-1 plays a
central role in cardiovascular protection [26]. It has been
shown that, in response to oxidative stress, HO-1 expression
can be induced through the Nrf2/ARE signaling pathway,
while, effectiveNrf2/ARE signaling needs the participation of
Brg1 [10]. However, as we showed in the current study, cardiac
Brg1 expression in rats at the 4th week after STZ-induced
type 1 diabetes was significantly reduced, which might be
the major reason why cardiac protein expression of HO-
1 was significantly decreased. Antioxidant NAC normalized
cardiac free 15-F

2t-isoprostanes in diabetic rats and enhanced
myocardium Brg1 expression, leading to full restoration of
cardiac HO-1 expression. This finding suggests that enhanc-
ing Brg1 may represent a novel mechanism whereby NAC
confers its antioxidant protection at least in early diabetes.

Consistentwith our recent study findings [24], we showed
in the current study that ventricular dysfunction occurs dur-
ing early stage of diabetes manifested as abnormal relaxation
function that was coincident with significant reduction in
myocardial Brg1 protein expression. This finding is similar
in nature to a previous study which showed that mice with
cardiac-specific deletion of Brg1 developed impaired cardiac
relaxation evidenced as reduction in E/A ratio as determined
by ultrasound [15]. The findings by us and others [15] point
out the importance of Brg1 in the maintenance of normal
cardiac function. In our study, NAC treatment mediated
improvement in cardiac diastolic function manifested as
significant elevation of E/A ratio in diabetes which may
be contributable to enhancement of cardiac Brg1 protein
expression.

The risk of progression to heart failure after myocardial
ischemia and reperfusion was significantly higher in dia-
betes compared with nondiabetes [27]. Myocardial STAT3
is an important transcription factor in the SAFE path-
way (i.e., JAK2/STAT3 signaling cascade), especially during
myocardium ischemia reperfusion injury [28], but cardiac p-
STAT3 is reduced in diabetes [19]. Further, STAT3-deficient
mice spontaneously develop a form of dilated cardiomy-
opathy similar to that which occurred in diabetic mice
[29], indicating that reduced STAT3 activation may lead
to myocardial remodeling. Brg1 is necessarily required to
establish chromatin restructure for the activation of STAT3,

High glucose

ROS

Brg1

Cardiac hypertrophy Cardiac dysfunction

NAC

HO-1 p-STAT3

Figure 3: Schematic diagram proposing that Enhancement of
cardiac Brg1 expression represents a novel mechanism whereby
antioxidant N-acetylcysteine (NAC) enhanced cardiac HO-1 and p-
STAT3 expression, and attenuated cardiac diastolic dysfunction in
diabetes.

especially STAT3 phosphorylation at site Try705 in various
cells such as cancer cell and macrophagocyte [30], and
for STAT3 signaling transduction. In the current study, we
also found that STAT3 phosphorylation at both Ser727 and
Try705 was dramatically reduced in the hearts of diabetic
rats, which was concomitant with decreased Brg1 expression.
NAC treatment increased the expression of Brg1 and conse-
quently enhanced p-STAT3 at both Try705 and Ser727 in the
myocardium of diabetic rats. Based on the fact that Brg1 is
a needed component for STAT3 activation [30], our findings
suggest that Brg1 may play a key role in the transcriptional
induction of cardiac STAT3, especially at Try705 in diabetic
rats. NACmay have increased STAT3 phosphorylation in dia-
betes through enhancing Brg1 expression, although further
study is needed to confirm this hypothesis.

Inflammation has been considered as an important pro-
cess in the progression of diabetes [31, 32]. Elevation of TNF-
alpha and IL-6 was detected in diabetes, which was related to
the progression of diabetic complications [33]. In the current
study, we showed that plasma levels of TNF-alpha and IL-
6 were remarkably elevated in diabetic rats at 4 weeks after
the establishment of diabetes, and NAC treatment decreased
them, indicating that NAC can inhibit the inflammation
reaction in diabetes. Studies found that moderate levels
of TNF-alpha or IL-6 can increase the phosphorylation of
STAT3 at Try705, and this is Brg1 dependent [22, 23]. In
our study, we found that the levels of TNF-alpha and IL-6
in NAC-treated diabetic rats were significantly lower than
that in the untreated diabetes, but still slightly higher than
that in nondiabetic rats. These remaining slight elevations
in TNF-alpha and IL-6 after NAC treatment should have
contributed to the enhancement of cardiac p-STAT3 as seems
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to be in the NAC treated group, which added to the effect of
Brg1 in enhancing cardiac Brg1-mediated STAT3 activation
as previously mentioned. This explains why NAC treatment
did not completely restore cardiac Brg1 protein expression in
diabetic rats but completely restored cardiac p-STAT3 at site
Try705.

In summary, we first report that the expression of Brg1
was decreased significantly in the myocardium of diabetic
rats, which may be responsible at least in part for the reduced
expressions of HO-1 and p-STAT3 and impairment of cardiac
diastolic function as summarized in the schematic diagram
(Figure 3). Enhancement of cardiac Brg1 expressionmay thus
represent a novel mechanism whereby NAC enhanced car-
diac HO-1 and p-STAT3 expressions and attenuated cardiac
diastolic dysfunction in diabetes.
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Diabetic nephropathy (DN) is one of the microvascular complications of both type 1 and type 2 diabetes, which is also associated
with a poor life expectancy of diabetic patients. However, the pathogenesis of DN is still unclear. Thus, it is of great use to establish
appropriate animal models of DN for doing research on pathogenesis and developing novel therapeutic strategies. Although a large
number ofmurinemodels of DN including artificially induced, spontaneous, and genetically engineered (knockout and transgenic)
animal models have been developed, none of them develops renal changes sufficiently reflecting those seen in humans. Here we
review the identified murine models of DN from the aspects of genetic background, type of diabetes, method of induction, gene
deficiency, animal age and gender, kidney histopathology, and phenotypic alterations in the hope of enhancing our comprehension
of genetic susceptibility and molecular mechanisms responsible for this disease and providing new clues as to how to choose
appropriate animal models of DN.

1. Introduction

DN, as one complication of diabetes, is one of the leading
causes of end-stage renal disease (ESRD) worldwide. The
value of animalmodels in the study of pathogenesis is beyond
doubt. Although great progress has been made in the study
of animal models, none of the models can reproduce all the
structural and functional changes of human DN. Murine
models have substantial advantages over other species in the
studies on pathogenesis of DN, including lower cost, murine
repositories that bear multiple mutations, plentiful inbred
strains, and an available map of murine genomic sequence on
the Internet. The Animal Models of Diabetic Complications
Consortium (AMDCC) proposes the following three criteria
for a desirable murine model of DN: (1) more than 50%
decline in glomerular filtration rate (GFR) over the lifetime of
the animal; (2) greater than 10-fold increase in albuminuria
compared with controls for that strain at the same age and
gender; (3) histopathology findings which include mesangial
sclerosis (a 50% increase in mesangial volume), any degree
of arteriolar hyalinosis, glomerular basement membrane
(GBM) thickening (a >25% increase compared with baseline
by electronmicroscopymorphometry), and tubulointerstitial

fibrosis. In fact, there are no murine models that meet all
of the three criteria. Here we review the identified murine
models of DN including artificially induced, spontaneous,
and genetically engineered (knockout and transgenic) animal
models and compare their advantages and deficiencies. Some
of the key issues, such as strain, genetic background, type
of diabetes, method of induction, gene deficiency, animal
age and gender, kidney histopathology, and phenotypic alter-
ations, are all included in this review. We hope this review
could enhance our understanding of genetic susceptibility
and molecular mechanisms responsible for DN, as well as
provide new clues as to how to choose appropriate animal
models of DN.

2. Artificially Induced Murine Models of DN

2.1. Murine Models of DN from Type 1 Diabetes Mellitus
(T1DM). Alloxan and streptozotocin (STZ) are widely used
for producing artificially induced T1DMwhich causes kidney
damage with similarities to humanDN. Both of them are glu-
cose analogues that enter the insulin-producing beta-cells via
a glucose transporter.The diabetogenic actions of alloxan and
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STZaremediated by reactive oxygen species (ROS).However,
they are generated through different approaches in the case
of alloxan and STZ. In the presence of glutathione, alloxan
and its reduction product, dialuric acid, generate superoxide
radicals in a cyclic redox reactionwhich undergo dismutation
to hydrogen peroxide afterwards. Then Fenton reaction
ensues with the formation of highly reactive hydroxyl rad-
icals. After being taken into pancreatic beta-cells, STZ is
broken down into its glucose and methylnitrosourea moiety.
The latter modifies DNA fragments due to its alkylating
properties. DNA damage causes the activation of poly ADP-
ribosylation which leads to depletion of cellular NAD+ and
ATP. Enhanced ATP dephosphorylation provides substrate
for xanthine oxidase. As a result, superoxide radicals are
formed. ROS and a simultaneous cytosolic calcium overload
lead to acute necrosis of pancreatic beta-cells [1, 2]. So both of
the two diabetogenic agents induce diabetes secondary to the
necrosis of pancreatic beta-cells. As time progresses, hyper-
glycaemia eventually leads to diabetic kidney damage. These
STZ-treated models develop a modest degree of proteinuria
and serum creatinine increase, as well as minimal mesangial
matrix expansion, depending on the genetic background [3,
4]. Animalmodels of STZ-inducedDNare usually performed
in mice, Sprague-Dawley and Wistar-Kyoto rats.

2.1.1. Moderate and High-Dose STZ. Given the mouse strains
which are resistant to a single dose of STZ (≥200mg/kg) or a
two-dose regimen of STZ (2 × 100–2 × 125mg/kg), greater
cytotoxicity to pancreatic beta-cells and collateral tissue
occurs, resulting in a higher incidence and severity of diabetes
[4–7]. Because of the severe hyperglycaemia, the diabetic
models need to be monitored for blood glucose and admin-
istrated insulin. Several months later, a modest degree of
proteinuria can be detected. Some investigators optimize the
animal models of STZ-induced DN by uninephrectomy in
advance which lead to compensatory hypertrophy of the
remaining kidney and acceleration of the disease progression.
However, owing to the nephrotoxicity of STZ, it is difficult
to differentiate between the direct toxic effect of STZ and
lesions caused by hyperglycaemia [8, 9]. Some studies on
mouse models of DN show that high-dose STZ-treated mice
exhibit more albuminuria than those which receive low-dose
STZ, despite of similar blood glucose [10]. Besides, evidence
for acute kidney injury caused by high-dose STZ in mice and
rats has been reported [9, 11]. Although STZ-treated models
result in hypoinsulinemia and hyperglycaemia, they do not
share autoimmune features like patients with T1DM.

2.1.2. Low-Dose STZ. In order to reduce nonspecific nephro-
toxicity of STZ, the regimen of multiple low-dose injections
of STZ to induce diabetes has been performed, that is daily
intraperitoneally injections of 40–60mg/kg STZ for five
consecutive days [4, 12–14] which usually induces repeti-
tive low-grade beta cell damage accompanied by secondary
autoimmune insulitis [15, 16]. It is quite different among
inbred strains of mice in susceptibility to both pancreatic
beta cell toxicity [17] and the direct nephrotoxicity of low-
dose STZ [12]. It is reported by Gurley et al. [18] that

there is a hierarchical response of blood glucose level to
multiple low doses of STZ (DBA/2 > C57BL/6 >MRL/MP >
129/SvEv > BALB/c). His research results also show that
males are more susceptible to diabetes induced by this STZ
regimen than females. Generally, given strain-appropriate
doses of STZ, mice that receive low-dose STZ develop
parallel levels of hyperglycemia to those that receive high-
dose STZ [9]; the levels of albuminuria, by contrast, are
generally lower as a result of reduced direct nephrotoxicity
of STZ [19, 20]. Moreover, evidence for nontoxicity on
podocytes has been reported. The US-based AMDCC also
recommends a standard low-dose model for STZ-induced
diabetic complications which include DN. According to this
recommendation, mouse models of DN should be induced
by daily intraperitoneally injections of 50mg/kg STZ for five
consecutive days. However, studies show that only 50% of
C57BL/6 mice develop overt diabetes through this approach.
Therefore, whether it will be adopted by relevant experts is
not yet determined.

2.2. Murine Models of DN from Type 2 Diabetes Mellitus
(T2DM). The protocol of high-fat diet is widely used to
induce insulin resistance and obesity [21–23]. It is also of great
use for the research of accelerated atherosclerosis [24–26],
although inbred strains of mice exhibit significant differences
in response to the effect of high-fat diet. C57BL6 mice
respond strongly to high-fat diet; A/J mice, by contrast, are
relatively resistant [21]. Sugano et al. [27] have reported a
new rat model of DN induced by high-fat diet, multiple low-
dose injections of STZ, and uninephrectomy. This model
exhibits most features of human DN from T2DM including
hyperglycemia, hypoinsulinemia, hyperlipidaemia, hyper-
tension, and microalbuminuria followed by overt albumin-
uria,mesangial expansion, and terminal glomerular sclerosis.

3. Spontaneous Murine Models of DN

Spontaneous animal models of DN are established by selec-
tive breeding from animals which spontaneously develop
DN due to genetic abnormality. Renal abnormalities in these
models resemble human diseases; therefore, these models
provide an experimental platform for studying pathogenesis
and genetic susceptibility responsible for DN. Although these
models are difficult to feed and breed, not widely available,
and with longmodeling cycle and higher cost, the application
of them is becoming increasingly extensive. Table 1 lists some
common murine models of spontaneous DN.

3.1. Murine Models of Spontaneous DN from T1DM

3.1.1. Nonobese Diabetic (NOD) Mouse. The spontaneous
murine model of T1DM that has been studied most exten-
sively is the NOD mouse. Due to pathogenic and genetic
similarities to the human disease, the model serves as a
useful tool to study the etiology, pathology, and progression
of disease. NODmousewas derived from the Jcl: ICR cataract
mouse 30 years ago in Japan [28]. These mice develop
spontaneous insulitis at the age of 4-5 weeks, and overt
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diabetes emerges at the age of 24–30 weeks when most of
pancreatic𝛽-cells are destroyed. Female incidence of diabetes
is four times higher than the male in NOD mice [10].
This model exhibits a number of clinical features of human
T1DM including hyperglycaemia, glycosuria, polyuria, and
polydipsia; however, it is more resistant to ketoacidosis.
Without insulin administration, NOD mice usually die of
dehydration, rather than ketoacidosis. Like in humans, the
major histocompatibility complex (MHC) alleles are closely
related to susceptibility to T1DM. Moreover, some MHC
alleles must be accompanied by other non-MHC genes for
the development of T1DM [29, 30], which is also the same
in human disease. Even so, NOD mice are not the perfect
animal model for human T1DM. As an inbred strain, they
have a fixed genetic risk for T1DM and develop T1DM in a
predictable fashion [31], whereas human T1DM develops as a
result of deleterious interactions between relevant genes and
from external environmental factors.

Despite of the extensive study of the genetic and immuno-
logic pathogenesis of T1DM inNODmouse, few investigators
choose NOD mouse to do research on DN because of the
complicated genetics, the late and variable age of onset of
T1DM, and the requirement for insulin administration [10].
Even so, one of the few studies shows that the amount of
albuminuria in hyperglycemic NOD mice is seven times
higher than that in NOD mice before the development of
hyperglycemia [32].The results of renal lesions in acute phase
of T1DM in NOD mice show mild changes in glomeruli and
structural alteration of the proximal straight tubules. The
study also points out that increased neuronal nitric oxide
synthase may represent one of the pathogenic factors of
DN [70]. Besides, there are also studies using NOD mice
demonstrating that transforming growth factor-𝛽 (TGF-𝛽)
and advanced glycosylation endproducts (AGE) take an
important role in mesangial proliferation and sclerosis [71–
73], which is also the same in human DN.

3.1.2. Insulin-2 Akita Mouse. Akita mice develop T1DM
because of the spontaneous mutation in Ins-2 gene. The
mutation leads to the misfolding of insulin protein, which is
toxic to pancreatic 𝛽-cell. Consequently, the capacity of 𝛽-
cell to secrete insulin is largely decreased. The Ins-2 Akita
mutation which is autosomal dominant was originally found
in C57BL/6 mice in Akita, Japan. Mice heterozygous for the
mutation develop significant hyperglycemia as a result of
severe insulin deficiency at 3 to 4 weeks of age, but homozy-
gotus mice usually die in perinatal period. Males develop
substantiallyworse insulin deficiency than females.Micewith
Ins-2 Akita mutation exhibit modest levels of albuminuria
and mild-to-moderate glomerular mesangial expansion [18].
Nonetheless, Akita mice have higher levels of hyperglycemia,
albuminuria, blood pressure, and more consistent structural
changes of kidney compared with STZ-induced DN [18].
Gurley et al. have found that renal phenotype of Akita mice is
largely dependent on their genetic background strains [18].
It means that genetic factors might influence susceptibility
to DN in Akita mice which is the same in human disease.
Thus, mice bearing Ins-2 Akita mutation have significant
advantages as a model of T1DM.

3.2. Murine Models of Spontaneous DN from T2DM

3.2.1. Db/db Mouse. The db/db mouse which has a G-to-T
mutation in the gene coding the leptin receptor develops
obesity, insulin resistance, and T2DM spontaneously. The
db/db mutation which is autosomal recessive was initially
recognized from an obese and hyperphagic mouse in the
C57BLKS/J strain and was subsequently backcrossed to a
pure C57BL/6J background. Mice in the C57BLKS/J stain
exhibit hyperinsulinemia at 10 days of age and slight hyper-
glycemia at 1 month of age. Overt hyperglycemia is noted by
8 weeks of age [20]. Manifestations of DN are albuminuria,
glomerular hypertrophy, mesangial matrix expansion, and
GBM thickening [20]. Albuminuria can be detected as early
as 3 to 4 weeks after the onset of hyperglycemia [3]. The level
of albuminuria in the db/db male mouse is 68–600 𝜇g/24 h
[20, 34–37] which is only 4–21 𝜇g/24 h [34, 37] in the age-
matched heterozygous littermate. The db/db mice display an
increase in glomerular size and mesangial matrix by 5-6
months of age [20]. By 18–20 months, the glomerular and
mesangial matrix enlargements become more remarkable,
and thickening of the GBM is observed [20]. In general,
db/dbmice do not develop mesangiolysis, nodular mesangial
sclerosis, and progressive renal insufficiency [33]. However,
they are good models of early changes in human DN. Hyper-
glycemia, and renal changes of db/db mice in C57BLKS/J
stain are usually worse than in the C57BL/6 background.
Hence, investigations of DN in db/db mice are more widely
conducted with the C57BLKS/J strain. Nonetheless, db/db
mice in the C57BL/6 stain which have been intercrossed with
gene knockout and transgenic mice [74, 75] provide new
strains to identify pathogenesis of DN.

3.2.2. Otsuka Long-Evans Tokushima Fatty (OLETF) Rat.
The OLETF rat is an identified murine model of T2DM.
The model is characterized by hyperphagia, mild obesity,
late-onset hyperglycemia, hypertension, dyslipidemia and
advanced DN. Multiple recessive genes are associated with
the induction of diabetes, including odb-1 on X-chromosome
of OLETF rats. It is also reported that a major quantitative
trait locus colocalizing with cholecystokinin type A receptor
gene influences poor pancreatic proliferation in OLETF
rats [38]. The progression of T2DM in OLETF rats can
be prevented by exercise [76] and calorie-restricted diet
[77] as human disease. At 12–20 weeks of age, OLETF rats
exhibit mild obesity and hyperinsulinemia [39]. Late-onset
hyperglycemia is noted by 18 weeks of age [39]. At 22 weeks
of age, the OLETF rats develop overt albuminuria, and at 54
weeks, advanced renal changes such as macroalbuminuria,
nodular lesions, diffuse glomerulosclerosis, and tubuloint-
erstitial fibrosis are noted like human DN [40]. Therefore,
OLETF rat is considered as one of the best murine models
to study DN.

3.2.3. GK Rat. Goto Kakizaki (GK) rat, a spontaneous poly-
genic model of T2DM, is established by repeated inbreeding
of glucose-intolerant Wistar rats over many generations [78].
This model is characterized by moderate hyperglycemia,
peripheral insulin resistance, and nonhyperlipidemia, and
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nonobese phenotype. It is recognized that T2DM in GK rat
is primarily caused by beta-cell deficit. In order to identify
the origin of the abnormality, Miralles and Porthe [79]
compared the development of the embryo in GK and Wistar
rats. They found a decrease in pancreatic cell proliferation
from embryonic day 16 to 20 (E16–E20) and a wave of
pancreatic cell apoptosis from E16 to E18. By E16, the number
of pancreatic beta-cells in the GK rats is half of the Wistar
rats, and this difference was sustained until birth. GK rat
exhibits morphological changes which can be seen in early
stage of human DN such as glomerular hypertrophy and
GBM thickening [41]. It does not develop overt proteinuria
or progressive nephropathy by 8 months of age [41], even
being treatedwith some initiators to promote renal injury [42,
43]. However, Sato et al. [44] have reported advanced renal
changes in GK rats such as segmental glomerulosclerosis
and tubulointerstitial fibrosis at 24 months of age. At that
time, albuminuria increases notably. Thus, they draw the
conclusion that renal changes in GK rats at a late stage were
similar to those of progressive human DN.Therefore, GK rat
serves a useful tool for studying T2DM and DN.

3.2.4. Ob/ob and BTBR ob/ob Mice. Compared with db/db
mouse, ob/ob mouse develops T2DM caused by the spon-
taneous recessive mutation in leptin [46], the ligand for
the leptin receptor. The ob/ob mutation exists in C57BL/6J,
DBA2/J, and FVB strains. This model exhibits only mild
functional and morphological changes in C57BL/6J strains
[80]. Thus, it is not widely used as an animal model of DN.

However, a new mouse model that mimics progres-
sive DN has been developed in BTBR strain with the
ob/ob mutation [47]. Its characteristics are insulin resis-
tance, hyperinsulinemia, pancreatic islet hypertrophy, severe
hyperglycemia, obesity, hypercholesterolemia, and elevated
triglycerides. The BTBR ob/ob mice are largely resistant to
the hypoglycemic effect of insulin administration and rapidly
develop pathological changes of both early and advanced
human DN [48]. The mice develop progressive proteinuria
by 4 weeks of age. Characteristics of early DN such as
glomerular hypertrophy, accumulation of mesangial matrix,
and loss of podocytes are detectable by 8 weeks of age [48].
Glomerular lesions of progressive, advanced DN are present
by 20 weeks. By 22 weeks, morphological characteristics of
renal injury has 20% increase inGBMthickness, 50% increase
in mesangial matrix, mesangiolysis, diffuse mesangial scle-
rosis, focal arteriolar hyalinosis, and focal mild interstitial
fibrosis [48]. On the one hand, the advantage of BTBR ob/ob
mice over other animal models is the relatively short period
for the development of advanced DN. On the other hand,
compared with db/db mice (with deficiency of the leptin
receptor), BTBR ob/ob mice provide a new tool for testing
therapeutic effect of leptin administration in DN, whereas
the mice have apparent limitations, such as their high cost
and infertility [33]. Besides, due to the limited study on
BTBR strain, investigators have to pay great attention to the
time-consuming backcrossing strategies in order to induce
specific genetic mutations into these mice [33]. Nonetheless,
BTBR ob/ob mouse is fairly valuable for testing therapeutic
interventions.

3.2.5. New Zealand Obese (NZO) Mouse. The NZO mouse
is established by selective breeding from polygenic mice of
obesity and T2DM in New Zealand. It is characterized by
obesity, T2DM, and low-titer IgM antibodies to the insulin
receptor [49]. The QTLs on chromosomes 1, 2, 4, 5, 6, 7, 11,
12, 13, 15, 17, and 18 [81–83] are responsible for the disease.
NZOmice are prone to autoimmune disease and develop cir-
culating antibodies to both native DNA and single-stranded
DNA [49]. By 6 months of age, the antibody levels in NZO
mice are comparable to those found in the mouse models of
systemic lupus erythematosus [49]. NZO mice exhibit mor-
phological features of both diabetic and lupus nephropathies,
such as glomerular proliferation, mesangial deposits, mild
GBM thickening, glomerulosclerosis, eosinophilic nodules in
some glomeruli, occasional hyalinization of the glomerular
arterioles, and healing arteriolar inflammation [49]. Thus,
given the evidence of immune disorder, NZO mouse offers a
unique opportunity to study the relationship among T2DM,
autoimmunity, and obesity.

3.2.6. KK-Ay Mouse. KK-Ay mice develop T2DM caused by
the dominant mutation in agouti yellow (Ay) gene. The Ay
gene is expressed in the hair follicle, where the gene product
acts as an antagonist of melanocyte stimulating hormone
receptor resulting in the inhibition of melanogenesis and
yellow fur [50]. Besides, an agouti-related protein influences
weight regulation [51]. It is widely recognized that Ay gene
is crucial to the yellow obese phenotype. KK-Ay mice
spontaneously exhibit severe, early-onset hyperinsulinemia,
hyperglycemia, obesity, hypertriglyceridemia, fatty liver, and
albuminuria. KK-Ay mice develop morphological changes of
early DN, such as glomerular hypertrophy, mild and moder-
atedmesangialmatrix expansion, and segmental proliferative
glomerular nephritis [52]. Therefore, KK-Ay mouse might be
a useful murine model of the early stage of DN. It is notable,
though, that most of male KK-Ay mice die of obstructive
uropathy associated with hydronephrosis between 7 and 14
months of age without unknown causes [53]. Partly for this
reason, KK-Ay mouse is not widely used as animal model of
DN.

3.2.7. Zucker Diabetic Fatty (ZDF) Rat. The ZDF rat which
has a missense mutation in the gene coding the leptin recep-
tor (fa/fa) [54] spontaneously develops insulin resistance,
T2DM, hyperlipidemia, both moderate hypertension and
obesity, and progressive renal injury. Studies of the ZDF rats
show that the hyperglycemia is sexually dimorphic. Although
female ZDF rats have similar levels of insulin resistance and
degrees of obesity to male ZDF rats, they develop hypergly-
caemia only when administered with diabetogenic diet [84].
Thus, the ZDF male rats are more widely used as the animal
models of T2DM andDN.Histopathologic changes of kidney
[55–60] have been described as focal segmental glomeru-
losclerosis, mild mesangial expansion, macrophage infiltra-
tion, and interstitial fibrosis. Hyperglycaemia in ZDF rats is
manifested by 12 weeks [61]. These rats develop albuminuria
at 14 weeks [62] and focal segmental glomerulosclerosis at 18–
20 weeks of age [56, 57]. Macroalbuminuria ultimately leads
to chronic renal insufficiency by 22 weeks of age [62]. The
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Table 2: Genetically engineered murine models of DN.

Models (Ref) Strains Molecular background Phenotypic alterations Kidney pathology

OVE26 mice [63–65] FVB

𝛽-cell-specific damage due
to overexpression of
calmodulin transgene
regulated by the insulin
promoter

T1DM, hyperglycemia,
hypertension, albuminuria,
hypoalbuminemia, and
GFR increased first and
then decreased

Enlarged glomeruli, enlarging
mesangium with diffuse and nodular
expansion of mesangial matrix, GBM
thickening, diffuse and nodular
glomerulosclerosis, nodules similar to
typical K-W nodules, expansion of the
tubules, atrophy of tubular cells,
interstitial infiltration of mononuclear
cells, tubulointerstitial fibrosis

eNOS−/−/db/dbmice
[66–68]

C57/B6 ×
C57BLKS/J

(BKS)

BKS-db/dbmice cross with
eNOS−/− mice

T2DM, obesity,
hyperglycemia,
hypertension, albuminuria,
and decreased GFR

Mesangial expansion, GBM thickening,
arteriolar hyalinosis, mesangiolysis,
microaneurysms, focal segmental and
nodular glomerulosclerosis, nodules that
resemble K-W nodules, striking
fibronectin accumulation in glomeruli,
minimal tubulointerstitial fibrosis

RAGE/iNOS mice
[45] CD-1

Transgenic mice that
overexpress human RAGE
in vascular cells crossbreed
with another transgenic
line carrying human cDNA
for iNOS under the control
of the insulin promoter

T1DM,
hyperglycemia,
albuminuria, and increased
serum creatinine

Mesangial expansion,
diffuse glomerulosclerosis

Megsin/RAGE/iNOS
mice [69] C57BL/6N ×

CD1

Triple transgenic mice
overexpressing megsin,
RAGE, and iNOS (megsin
transgenic mice crossbreed
with RAGE/iNOS
transgenic mice)

T1DM,
hyperglycemia,
albuminuria, increased
serum creatinine, and urea
nitrogen

Glomerular hypertrophy, diffuse
mesangial expansion, GBM thickening,
global mesangial sclerosis, some
segmental sclerotic lesions that resemble
K-W nodules, inflammatory cell
infiltration, interstitial fibrosis, and
immune complexes depositions

eNOS: endothelial nitric oxide synthase; GBM: glomerular basement membrane; GFR: glomerular filtration rate; iNOS: inducible nitric oxide synthase; K-W
nodules: Kimmelstiel-Wilson nodules; RAGE: the receptor for advanced glycation endproducts.

ZDF rat exhibits a physiological andmetabolic profile similar
to human T2DM and functional and morphological renal
lesions that resemble humanDN.Thus, ZDF rat is considered
as an excellent animal model of T2DM and DN.

4. Genetically Engineered (Knockout and
Transgenic) Murine Models of DN

Diabetes is the major cause of ESRD worldwide. Despite
of the high incidence, only a minority of patients with
diabetes develop renal lesions. Family-based studies show
that a significant genetic component confers risk for DN. All
the above studies indicate the importance of genetic factors
in differential susceptibility to DN, whereas limited progress
has been made in identifying specific genetic factors that
contribute to DN due to genetic heterogeneity and multi-
genic pathogenesis. Recently, investigators have developed
genetically engineered murine models in combination with
genetic manipulations, including transgenic and knockout
mice bearing defined alterations in a single gene or in a series
of candidate genes. Studies in vivo using these models show
that the genes coding TGF-𝛽, plasma prorenin, inducible

cAMP early repressor, receptor for advanced glycation end-
products (RAGE), endothelial nitric oxide synthase (eNOS),
and aldose reductase involve in the origin and progression
of DN, corroborating experimental findings from human
association studies. Genetically engineered murine models
provide valuable insight into the role of pathogenetic genes
andmolecularmechanisms responsible for DN, thus opening
new avenues to develop novel therapeutic strategies. Table 2
lists some of the genetically engineered murine models
that develop advanced DN-like human disease. Here we
emphasizemore on theOVE26 and the eNOS−/−/db/dbmice,
of type 1 and type 2 diabetes, that develop kidney injury most
resembling that seen in human.

4.1. OVE26 Mouse. The OVE26 mouse on the FVB inbred
strain is a transgenic mouse model of severe early-onset type
1 diabetes [63]. These mice exhibit severe hyperglycemia 2-3
weeks after birth due to 𝛽-cell-specific damage in response
to overexpression of calmodulin transgene regulated by the
insulin promoter. Zheng et al. has reported progressively
increasing albuminuria which is 305 𝜇g/24 h by 2 months
and 15,000𝜇g/24 h by 9 months of age [64]. They also detect
hypoalbuminemia, increased GFR from 2-3 months, and the
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following decreased GFR from 5–9 months, as well as hyper-
tension which coincided with increasing albuminuria. The
OVE26 mice develop morphological changes of advanced
DN including enlarged glomeruli, enlarging mesangium
with diffuse and nodular expansion of mesangial matrix,
GBM thickening, diffuse and nodular glomerulosclerosis,
nodules similar to typical K-W nodules, expansion of the
tubules, atrophy of tubular cells, interstitial infiltration of
mononuclear cells, and tubulointerstitial fibrosis. A low
level of pancreatic beta cell survival allows OVE26 mice
to survive well over a year with no insulin treatment and
maintain near normal body weight. The functional and
morphological changes in OVE26 mice closely resemble
humanDN.Therefore, OVE26mice provide a valuablemodel
of advanced human DN. However, severe albuminuria in
OVE26 mice highly depends on FVB background. Albu-
minuria, mesangial matrix expansion, and fibrosis are all
significantly diminished when OVE26 mice were crossbred
with C57BL6 or DBA2 mice [65]. This strain dependence
makes it difficult to introduce other genetic mutations from
other backgrounds into this model.

4.2. eNOS−/−/db/db Mouse. The eNOS−/−/db/db mouse is
a model of type 2 diabetes generated by backcrossing of
eNOS knockout mouse on the C57/B6 background with
db/db mouse on the C57BLKS/J (BKS) background [66].
The eNOS−/−/lepr𝑑𝑏/𝑑𝑏 double-knockout mice exhibit obe-
sity, hyperglycemia, hyperinsulinemia, hypertension, dra-
matic albuminuria, and decreased GFR [67, 68]. These mice
develop histopathological changes of DN-like human disease
such as mesangial expansion, GBM thickening, mesangioly-
sis, focal segmental and nodular glomerulosclerosis, nodules
that resemble K-W nodules, striking fibronectin accumula-
tion in glomeruli, arteriolar hyalinosis, minimal tubulointer-
stitial fibrosis, and microaneurysms. These features establish
this mouse model as one of the very few to develop features
of advanced DN.

5. Conclusions

With increasing incidence of DN, development of an ideal
animal model becomes one of the top priorities in combating
this health crisis. Murine models have significant advantages
over other species in pathogenesis investigation. Impact of
genetic background on several murine models of DN is evi-
dent on the susceptibility to diabetes-associated renal injury,
the severity and histopathology of renal lesions. STZ-treated
mice and rats are widely used as animal models of early DN
due to their cost effectiveness and the absence of advanced
pathological lesions. Somemutations in spontaneous murine
models enhance our understanding of pathophysiological
mechanisms of DN. Genetic engineering enables us to insert
or delete a specific gene or a series of candidate genes,
providing valuable insight into the role of pathogenetic genes
and molecular mechanisms responsible for DN, as well as
opening new avenues to develop novel therapeutic strategies.
However, it is difficult to establish an animal model that
recapitulates all the features of human DN. Few models

developmorphologically advancedDN; among these,OLETF
rats, OVE26 mice, BTBR ob/ob mice, eNOS−/−/db/db mice,
RAGE/iNOSmice, andmegsin/RAGE/iNOSmice seem to be
the most robust. Perhaps the last four models suggest to us
that more robust murine models of DN can be established
by superimposed genetic mutations or crossbreeding with an
entirely different strain. Novel animal models that reproduce
human DN have yet to be established in the future.
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Animal models of atherosclerosis have proven to be an invaluable asset in understanding the pathogenesis of the disease. However,
large animal models may be needed in order to assess novel therapeutic approaches to the treatment of atherosclerosis. Porcine
models of coronary and peripheral atherosclerosis offer several advantages over rodent models, including similar anatomical
size to humans, as well as genetic expression and development of high-risk atherosclerotic lesions which are similar to humans.
Here we review the four models of porcine atherosclerosis, including the diabetic/hypercholesterolemic model, Rapacz-familial
hypercholesterolemia pig, the (PCSK9) gain-of-function mutant pig model, and the Ossabaw miniature pig model of metabolic
syndrome. All four models reliably represent features of human vascular disease.

1. Introduction

Atherosclerosis is a systemic disease affecting virtually all
vascular beds. Primary and secondary prevention strategies,
novel pharmaceutical treatment modalities, and early inter-
vention have reduced mortality rates of coronary artery dis-
ease. However, cardiovascular atherosclerotic diseases such
as acute coronary syndromes, stroke, and aortic disease
continue to be the leading cause of death in developed coun-
tries and the incidence is rapidly increasing in developing
countries. Macrovascular disease is the major cause of death
with patients suffering from diabetes mellitus (DM), both
type I and type II, having a 2- to 6-fold greater risk of
developing atherosclerosis compared to nondiabetic patients
with comparable risk factors [1]. Type II diabetic patients
often exhibit increased low density lipoprotein (LDL) and
decreased high density lipoprotein (HDL) cholesterol levels
and hypertension (i.e., the metabolic syndrome), as well as
altered platelet function. Often the diagnosis of type II DM
is made at the time the patient presents with coronary artery
disease.

Animal models have proven invaluable in understanding
the pathophysiology of atherosclerosis as well as developing

and testing treatment strategies. Geneticallymodifiedmurine
models have led to an understanding of the mechanisms
of disease and the role of signaling pathways and genetic
factors which play a major role in disease initiation and
development. However, mice are limited by their varying
lipid profiles, lack of spontaneous coronary artery disease,
and development of disease in vascular beds which are in
variance with human disease [2, 3]. DM has only a small
effect on development of atherosclerosis in mice [4], and
their small size limits physiologic evaluation. Rabbits are
limited because they do not naturally develop atherosclerosis
and require a high cholesterol diet to induce atherosclerosis
resulting in cholesterol levels which often exceed 1000mg/dL,
lesions which are largely foam cell rich, and, given size
considerations, the need to perform vascular studies in the
aortae and iliofemoral arteries rather than coronary arteries
[5].

Such differences between rodents and humans havemade
it incumbent for additional models to be used to assess pos-
sible treatments, whether pharmacologic or device related.
Porcine models of atherosclerosis have several advantages
over small animal models. Pigs are closer phylogeneti-
cally to humans and present more similar anatomy, with
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a comparable size of the heart and vasculature. Like humans,
pigs are omnivores and the vascular response to the increase
in fat content of the diet is similar. Indeed, elderly pigs can
spontaneously develop atherosclerosis [6]. In this review, we
will focus on four porcinemodelswith accelerated atheroscle-
rosis: the induced diabetic/hypercholesterolemic (DM/HC)
swine model, the LDL receptor knock-out model (or Rapacz
pig), the recently described PCSK9 gain-of-function mutant
cloned pig, and the Ossabaw metabolic syndrome model
(Table 1).

2. Diabetic/Hypercholesterolemic Pig Model

In 2001, Gerrity et al. [7] first described superimposing
DM on an HC diet in male Yorkshire domestic pigs. DM
was induced by the intravenous injection of the pancreatic
𝛽-cell cytotoxin streptozotocin (STZ) which reduces the
number of insulin producing 𝛽-cells, on average, by 90% at
2 weeks. Given the subsequent risk of hyperglycemic coma
persistently elevated glucose levels, >350mg/dL, are treated
with administration of insulin [8]. An advantage of themodel
is that animals with persistently increased glucose levels
grow at slower rates than normoglycemic animals. However,
pigs with DM only do not develop atherosclerosis [7, 9, 10]
and so in order to produce lesions DM pigs require a high
fat/high cholesterol diet containing 5%–10% lard and 0.5%–
1.0% cholesterol. The combination of DM and HC results
in more severe lesions which are complex and humanoid in
morphology [7–9].

Development of atherosclerosis in DM/HC pigs is vari-
able in presence, severity, morphology, and vascular location
of the lesions. Lesions develop in all animals in the distal,
infrarenal abdominal aorta while less severe lesions are
observed in thoracic aortae. Coronary arteries demonstrate
variable lesion development with some animals developing
severe lesions, occasionally resulting in sudden cardiac death;
some animals develop single severe lesion while others
develop nonhemodynamically significant lesions or no lesion
at all.Themost advanced lesions are observed in the proximal
segment of the coronary arteries. Only a minority of carotid
arteries develop lesions. Early lesions in the affected vascular
beds are observed 3 months after induction [7, 11] and
are characterized as either intimal thickening or xanthomas
consisting of lipid deposits, foam cells, and inflammation
(mainly the early recruitment of macrophages). By 3 months
61% of coronary arteries, 20% of carotids, and 89% of thoracic
aortae demonstrate a lesion increasing to 96%, 31%, and 100%
at 6 months, respectively. By 6 months atherosclerotic lesions
in coronary arteries and abdominal aorta of DM/HC pigs
progress into complex human-like atherosclerotic plaques
characterized by lipid pools and lipid-rich necrotic cores,
thinning of the fibrous cap, increased macrophage infiltra-
tion, calcification, and destruction of themedia (Figure 1). By
9 months high-grade complex lesions consisting of smooth
muscle cells, extracellular matrix, increased calcifications
and necrotic cores are observed. Abdominal aortic lesions
demonstrate large necrotic cores and Monckeberg’s sclerosis.
At 9 months all coronary arteries, one-third of carotids, and
all thoracic aortae have lesion development [11]. Advanced

lesions such as fibroatheromas are observed in 6%of coronary
arteries at 3 months, 17% at 6 months, and 39% at 9 months
and fibrocalcific plaques are noted in 0%, 2%, and 22% of
lesions at the 3 time points [11]. Morphologically advanced
coronary artery lesionsmimic human diabetic lesions [12, 13].

Akt is a central signaling node important for inflam-
mation and involved in vascular cell growth, proliferation,
differentiation, apoptosis, and angiogenesis. Reduced Akt
activation results in loss of vascular protection contributing
to increased vascular inflammation and disease progression.
A possible mechanism by which the combination of DM and
HC produces complex lesions is through aberrant, reduced
p-Akt activity. Hamamdzic et al. [10] showed that compared
to control, DM only, and HC only coronary arteries, DM/HC
coronary arteries demonstrate greater attenuated Akt activity
resulting in decreased phosphorylation of glycogen syn-
thetase kinase-3𝛽 (GSK-3𝛽). This in turn was associated
with increased cellular proliferation and apoptosis as well
as activation of nuclear factor-kappa B (NF-𝜅B) resulting in
increased complexity of the atherosclerotic lesions. Aberrant
Akt signaling also correlated with increase vasa vasorum
neovasculogenesis.

Evaluation of 59 genes obtained from DM/HC coronary,
carotid, and thoracic aortic arteries, 1, 3, and 6 months after
DM/HC induction, showed that genes involved in choles-
terol metabolism and insulin pathways were most markedly
upregulated in coronary arteries; more so than in thoracic
aortae and carotid arteries. At 1 month increased gene
expression of insulin related pathways, such as adiponectin,
leptin, PPAR𝛾, and preproadipsin, was noted in coronary
arteries [11] and early increased expression of inflammatory
genes was observed only in coronary arteries [11], while at
6 months increased expression of multiple genes, including
those associated with monocyte chemotaxis, progression of
macrophages to foam cells, cell growth, andmaintenance was
observed in coronary arteries. Genes implicated in plaque
instability were upregulated only in the coronary arteries at
the 6-month time point.

Using intravascular ultrasound (IVUS) imaging of coro-
nary arteries in DM/HC pigs, Koskinas et al. [14] demon-
strated that low endothelial sheer stress (ESS) was an inde-
pendent predictor of the development and progression of
atherosclerosis and importantly with the development of
high-risk coronary lesions. Furthermore, plaques with exces-
sive remodeling in the areas of very low ESS were associated
with additional plaque growth resulting in development of
high-risk atherosclerotic lesions with increased expression
of collagenases in the fibrous cap [14, 15]. Similar results
demonstrating the relationship between low shear stress and
plaque progression have been obtained in patients following
an acute coronary syndrome thereby indicating the relevance
of the DM/HC model for investigating lesion development
[16].

Using Near Infrared Spectroscopy (NIRS) and IVUS
imaging, obtained at 3, 6, and 9 months after DM/HC
induction, Patel et al. [17] demonstrated that the combina-
tion of NIRS and IVUS could detect the presence of a fi-
broatheroma and importantly predict the future development
of fibroatheromas. The early and persistent accumulation



Journal of Diabetes Research 3

Table 1: Relative advantages and disadvantages of the 4 atherosclerotic porcine models.

Model Advantages Limitations

Diabetes/
hypercholesterolemic

Well characterized.
Reproducible human-like atherosclerosis.
Results obtained from diagnostic and pharmacologic
treatment studies corroborate data obtained in humans.
Complex lesions detectable as early as 6 months after
induction.

Type I diabetic model.
Variable development of atherosclerosis.

Rapacz familial
hypercholesterolemic

Well characterized
Models a known human disease state.

Long induction period for atherosclerosis.
Large size of animals (although genetic
modified mini-pig has been developed).
Expensive.

PCSK9 gain of function
Small size.
Models a known human disease state.
Reproducible lesions.

Limited commercial availability.
Relatively long-term induction period (12
months).

Ossabaw

Only model of metabolic syndrome induced
atherosclerosis.
Small size.
Relatively short induction period after a high fat diet
regimen.

Limited commercial availability.

NC

∗
∗

∗

∗

(a)

L

(b) (c)

R

I

I

(d)

Figure 1: Examples of atherosclerotic lesions from DM/HC pigs. (a) Low power magnification of a coronary artery with a severe
atherosclerotic lesion, obtained 6 months after DM/HC induction. Artery stained with Cathepsin S (brown cells) to denote the presence
of inflammatory cells showing protease activity. Lumen is within the outlined box, ∗—calcification and NC-necrotic core. (b) High power
view of outlined area in (a) with L denoting the arterial lumen. Cathepsin positive areas near the lumen indicate a thinned fibrous cap with
increased inflammation. (c) Movat’s staining of a high-risk coronary fibroatheroma showing two large necrotic cores covered by a fibrous
cap. (d) Longitudinal view of the abdominal aorta demonstrating severe, diffuse atherosclerosis between the renal arteries (R) and the distal
bifurcation (∗) into the iliac arteries (I). The ostia of the iliac arteries are generally severely diseased in this model.
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of lipid within the arterial wall of coronary arteries led
to the subsequent development of fibroatheromas, often
demonstrating increased inflammation in the plaque and
within the fibrous cap as well as thinned fibrous caps;markers
of high-risk lesions.

The vascular effects of both drug-eluting and bare-metal
stenting in DM/HC porcine coronary arteries were examined
and compared to implantation in nonatherosclerotic porcine
arteries [18]. Increased neointimal accumulation and vascular
inflammation following both bare metal and paclitaxel elut-
ing stent implantation were observed in DM/HC swine, and
use of the DM/HC model allowed for greater discrimination
of the vascular effects of bare metal and drug eluting stents
compared to nonatherosclerotic porcinemodel. DM/HCpigs
also demonstrated increased platelet aggregation mimicking
the findings in diabetic patients. In addition, the findings
of increased vascular inflammation and delayed reendothe-
lization in DM/HC porcine arteries as well as increased
platelet reactivity lent insight into the possible mechanisms
of subacute and late stent thrombosis, a potentially deadly
untoward effect of drug eluting stent implantation.

Since vascular inflammation plays an important role
in development of atherosclerosis and specifically high-risk
lesions in human and DM/HC porcine coronary arteries,
it was hypothesized that selective inhibition of lipopro-
tein associated phospholipase A

2
(Lp-PLA

2
) could reduce

lesion development in this model [8]. Darapladib, a selective
inhibitor of Lp-PLA

2
, inhibited plasma and vascular Lp-

PLA
2
activity thereby reducing levels of lysophosphatidyl-

choline and oxidized nonesterified fatty acids, inflammatory
mediators which are released by the action of Lp-PLA

2
on

intramural oxidized fatty acids. Analysis of coronary gene
expression showed that darapladib exhibited a general anti-
inflammatory action by reducing the expression of the genes
associated with macrophage and T lymphocyte functioning,
independent of an effect on blood cholesterol levels.Morpho-
logically, selective Lp-PLA

2
inhibition resulted in decreased

plaque and necrotic core area and medial destruction. As a
consequence selective Lp-PLA

2
inhibition resulted in fewer

lesions with an unstable phenotype. This study corroborated
the results of the IBIS 2 study [19] in which the treatment
reduced necrotic core area in human coronary artery lesions,
as determined by VH-intravascular ultrasound over a year
in patients with coronary artery disease and led to two large
multicenter, international Phase III clinical trials examining
the use of darapladib to prevent primary and secondary
cardiovascular events.

3. LDLR−/− Pig Model of
Familial Hypercholesterolemia

An unique strain of pigs exhibiting elevated LDL levels and
spontaneous atherosclerosis, due to a mutation in genes
coding for apolipoproteins and LDL receptor, akin to familial
hypercholesterolemia, has been described and has become
known a Rapacz-FH pigs [20, 21]. When fed low fat/low
cholesterol diet, total blood cholesterol values in these ani-
mals ranged from 234 to 464mg/dL, compared to 96 to
113mg/dL in the control pigs [22]. Blood levels of triglycerides

L

Figure 2: Photomicrograph of a lesion from an eccentric
13-month-old Rapacz-FH minipig coronary artery. Arrow denotes
a thin fibrous cap covering a foam cell rich area with necrotic cores
(empty areas within the lesion). The pig was fed a mixed high/fat,
low/fat diet. Photomicrograph kindly provided by Dr. Erling Falk.

were 48 ± 10.8mg/dL in FH animals, compared to 29 ±
5.7mg/dL in control group, while apoB levels in FH group
were 152± 32.5mg/dL, compared to 48± 5.7mg/dL in control
group.

Immature atherosclerotic lesions were identified at 12
months of age and were characterized by the presence of
macrophage derived foam cells and smooth muscle cell
proliferation in the coronary arteries, iliofemoral arteries,
and aorta. By 18 months of age 60% of animals exhibited
atheromas. Lesions were most prominent in the coronary
arteries (Figure 2), but peripheral lesions were also observed
in thoracic aortae and at the aortoiliac bifurcation. By 24
months, fully developed atherosclerotic lesions were seen
in coronary arteries, characterized by necrotic cores with
thinned fibrous caps, cholesterol deposits, calcification and
neovascularization. By 39–54 months advanced lesions were
present in the coronary, iliac, and femoral arteries, charac-
terized by extensive calcification, necrotic cores, fibrous caps,
and inflammatory cells. Neovascularization and intraplaque
hemorrhage were also present indicating a high risk of subse-
quent plaque rupture [20]. The pathogenesis of atherosclero-
sis in this model mimics the progression of human disease
and is potentially very useful for testing novel treatment
and imaging modalities. However, major limitations are the
slow progression of the disease (12–36 months) and the
size of the animals, often exceeding 200 kg. More rapid
lesion development results from administration of a high
cholesterol diet and balloon induced focal coronary injury
[23].

Rapacz FH pigs develop peripheral arterial atheroscle-
rosis in femoral but rarely in brachial arteries. Bahls et al.
[24] investigated gene expression profiling to investigate
the differences between these two vascular beds in young,
disease-free pigs to determine how the expression of pro-
atherogenic genes contributes to the heterogeneous distri-
bution of atherosclerosis development. These investigators
showed that the differences in gene expression between
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healthy brachial (atheroprotected) and femoral (atherosus-
ceptible) arteries exist prior to the onset of atherosclerotic
disease.The gene expression profiles between the two arteries
were not similar in that only 430 of 15,552 exhibited genes
significantly demonstrated different levels of expression.
Ribosomal structural genes essential for the formation of the
large 60S ribosomal subunit which controls protein produc-
tion and the small 40S ribosomal subunit which programs
protein synthesis, binds mRNA, and mediates the interac-
tions between mRNA codons and transfer RNA anticodons
were differentially expressed. Even though distinct functions
during translation of these proteins have been described, the
possible consequence of an overexpression of either the large
or the small ribosomal subunits remains unclear.

Rapacz FH swine have been used to investigate whether
angioplastywith the zotarolimus coated balloon (ZCB)would
inhibit neointimal hyperplasia in balloon injured superficial
femoral arteries [25]. Zotarolimus, a molecular target of
rapamycin (m-TOR) inhibitor, has been shown to inhibit
cell-cycle progression and is used clinically, from a stent
platform, to reduce restenosis. Pharmacokinetic studies after
balloon denudation in superficial femoral artery segments,
followed by balloon angioplasty, revealed that zotarolimus
was detected in arterial tissue up to 28 days afterZCB inflation
and was associated with a reduction in neointimal formation
compared with controls. There was no evidence of delayed
arterial healing or vascular toxicity in ZCB animals.

Given the unwieldy size and weight of full grown Rapacz
pigs, a smaller, more manageable FH pig has been developed
by crossing the Rapacz farm pigs with smaller Chinese
Meishan pigs and then crossing the offspring with a smaller
minipig [26]. Atherosclerosis in these animals was induced
by high fat/high cholesterol diet and accelerated by coronary
artery balloon injury. Following cholesterol feeding (resulting
in a 4-fold increase in total cholesterol levels) 22 high-risk
atherosclerotic lesions containing a large necrotic core and
thin fibrous cap were observed in 18 arteries which developed
either spontaneously and following balloon injury. Of inter-
est, there was a high incidence of intraplaque hemorrhage
and neovascularization as well as expansive remodeling in
the lesions, signs of rapidly progressing, unstable lesions.The
lesions are similar morphologically to the DM/HC coronary
lesions despite the absence of DM.

4. (PCSK9) Gain-of-Function Mutant Pig

Recently, a new Yucatan minipig model of familial hyper-
cholesterolemia was created by DNA transposition of
human D374Y-proprotein convertase subtilisin/kexin type 9
(PCSK9) gain-of-function mutant [27]. The D374Y-PSSK9
gain-of-function mutation in the proprotein convertase sub-
tilisin/kexin type 9 (PCSK9) gene causes severe autosomal
dominant hypercholesterolemia and early development of
atherosclerosis in humans. Clinical studies have shown that
the subcutaneous administration of a monoclonal antibody
to PCSK9 reduced LDL levels in a dose-dependent manner
in up to 61% in patients with familial or nonfamilial hyperc-
holesterolemia [28].

L

C

NC

Figure 3: Photomicrograph of a high-grade coronary atheroscle-
rotic lesion obtained from a 13-month PCSK9 gain-of-function
mutant pig fed a high cholesterol diet. C: calcifications; L: lumen;
NC: necrotic core; Photomicrograph kindly provided by Dr. Erling
Falk.

Al-Mashhadi et al. [27] showed that Yucatan minipigs
expressing human, liver specific D374Y-PCSK9 exhibited
reduced LDL receptor levels, resulting in impaired LDL clear-
ance and increased plasma LDL levels. The administration of
a high fat/high cholesterol diet for 46 weeks led to greatly
increased cholesterol (approximately 772mg/dL or 20mM)
and LDL (425mg⋅dL or 11mM) levels. At approximately 1
year of age complex progressive human-like atherosclerotic
lesions in the aortae and iliofemoral and left anterior descend-
ing coronary arteries were observed.Mean aortic surface area
covered by atherosclerosis increased by 2.1-fold in transgenic
pigs compared with wild type. In the abdominal aorta lesions
characterized as intimal thickening or fibroatheromas were
present in all transgenic males, while only 28% of control
wild-type (w/t) animals exhibited similar type lesions. In the
iliofemoral arteries there was a 7.6-median-fold increase in
atherosclerosis, while the left anterior descending coronary
arteries demonstrated a 1.8-fold increase compared to wild-
type males. All left anterior descending coronary arteries
demonstrated at least one advanced lesion compared to only
28% in the wild-type pigs. An example of the lesions is
noted in Figure 3. [18F] Fluorodeoxyglucose (FDG) Positron
emission tomography (PET) detected inflammatory activity
in the aorta. As such, the (PCSK9) gain-of-function mutant
pig is a potentially important large-animal translational
research model.

5. Metabolic Disease Pig Model (Ossabaw Pig)

The DM/HC porcine model is a type I diabetic model while
the majority of DM patients with diabetes suffer from type
II diabetes and metabolic syndrome (MetSyn). The lack
of a viable and reproducible, human-like animal model of
MetSyn with type II DM has hampered the advances in this
area of research. However, the Ossabaw strain of pigs offers
promise in lending itself to advancing the understanding of
the pathophysiology of MetSyn as well as the testing of novel
treatment strategies.

In the early 16th century Spanish explorers left a small
herd of pigs on Ossabaw Island located off the coast of
Georgia (USA). As a result of their geographic isolation
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Figure 4: Photomicrograph of a coronary lesion obtained from
an Ossabaw pig on a high fat diet. Lumen denoted by ∗, and M
indicates medial layer. Kindly provided by Drs. Michael Sturek
and Mouhamad Alloosh, Department of Cellular and Integrative
Physiology, Indiana University School of Medicine.

the pigs adapted to conditions on the island, characterized
by extreme seasonal tides, by evolving a smaller phenotype
(insular dwarfism) while adapting to the food cycle which
providedminimal amount of nutrition during the spring sea-
son. The development of a unique, thrifty genotype afforded
these pigs the ability to store large amounts of fat which
was used for survival during periods of famine but also
increased the propensity for obesity. As a result this strain
has developed low-grade, non-insulin-dependent diabetes
when fed an atherogenic diet of cholesterol and fat derived
from hydrogenated soybean oil and fructose. In addition to
the increased risk of developing diabetes, Ossabaw swine
fed this type of diet nearly double their percentage body
fat in only 9 weeks showing signs of MetSyn including
obesity, insulin resistance, hypertension, and dyslipidemia
with an increase in the LDL/HDL cholesterol ratio and
hypertriglyceridemia [29]. Female obese pigs compared with
lean pigs demonstrated a 2-fold increase in insulin × glucose
concentrations and an over 4-fold increase in total cholesterol
(156.6 ± 13.4mg/dL versus 479.0 ± 46.7mg/dL) with the
greatest increase in LDL levels (104.2 ± 13.2mg/dL versus
430.8 ± 48.0mg/dL).Themean blood pressure was increased
from 92 ± 9mmHg to 113 ± 8mmHg [30].

Mild, early coronary atherosclerosis, characterized as
intimal thickening, was also observed [28]. Neeb et al.
compared the features of MetSyn, coronary artery disease,
and stent induced restenosis in Ossabow pigs to a Yucatan
miniature pigs, both fed either a control or high fat diet with
calorie-matching for 40 weeks [31]. An example is shown in
Figure 4. Ossabaw pigs with MetSyn had more extensive and
diffuse native CAD, defined as wall coverageas well as a 2.5-
fold greater accumulation of neointimal hyperplasia, 3 weeks
following stent implantation. There was little difference in
the severity of the in-stent restenotic lesions between those
Ossabaw pigs on a control diet and those on a high fat diet. Of
interest was that Ossabaw coronary arteries were less fibrous
and more cellular, compared to Yucatan coronary arteries,
indicating a potentially higher risk for the plaque instability

and subsequent thrombosis. Increased platelet activity has
been shown in the MetSyn Ossabaw pigs compared to lean
non-MetSyn pigs [32], mimicking that observed in patients
with diabetes.

6. Conclusion

Large animal models of human-like atherosclerosis are of
increasing importance in preclinical studies evaluating novel
treatments and imaging techniques and further elucidating
the pathophysiology of cardiovascular diseases. We have
described here the four viable pig models that hold promise
in translating preclinical results to human treatment. The
major limitations for the pig studies remain the size of the
animal (relevant to housing requirements), length of the
studies, and cost.While each of thesemodels has specific uses
as well as potential limitations, continuing elaboration and
optimization of these models is ongoing.
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Thrombosis is a life-threatening complication of diabetes. Platelet reactivity is crucial to thrombus formation, particularly in arterial
vessels and in thrombotic complications causing myocardial infarction or ischaemic stroke, but diabetic patients often respond
poorly to current antiplatelet medication. In this study, we used a nonhuman primate model of Type 1 diabetes to measure early
downstream signalling events following engagement of themajor platelet collagen receptor, glycoprotein (GP)VI. Diabeticmonkeys
were given enough insulin to maintain their blood glucose levels either at ∼8mM (well-controlled diabetes) or ∼15mM (poorly
controlled diabetes). Flow cytometric analysis was used to measure platelet reactive oxygen species (ROS) generation, calcium
mobilisation, receptor surface expression, and immature platelet fraction. We observed exacerbated intracellular ROS and calcium
flux associated with engagement of GPVI in monkeys with poorly controlled diabetes. GPVI surface levels did not differ between
healthy monkeys or the two diabetic groups. Treatment of platelets with the specific Syk inhibitor BAY61-3606 inhibited GPVI-
dependent ROS and, importantly, reduced ROS generation in the poorly controlled diabetes group to that observed in healthy
monkeys. These data indicate that glycaemic control is important in reducing GPVI-dependent platelet hyperreactivity and point
to a potential antithrombotic therapeutic benefit of Syk inhibition in hyperglycaemic diabetes.

1. Introduction

Type 2 diabetes occurs when individuals with an under-
lying genetic disposition develop resistance to the glucose
uptake/metabolism-promoting signals of insulin. Type 1
diabetes, which accounts for 5%–10% of all diabetes cases,
generally results from autoimmune destruction of insulin-
secreting pancreatic islet cells [1]. One of the high risk com-
plications of diabetes is thrombosis, and platelets are pivotal
to thrombus formation, particularly in arterial vessels, and
hence the resultant thrombotic complications of myocardial
infarction or ischaemic stroke. Platelets from individuals with
diabetes, particularly Type 2 diabetes, are more sensitive to
aggregation by a variety of agonists [2, 3], and 80% of diabetic
patients are likely to die from thrombotic complications
[4]. Considerably less is known about platelet activation in

Type 1 diabetes, although the relative risk of cardiovascular
disease in Type 1 diabetic patients can be as much as 10-
fold greater than that in nondiabetic individuals [1]. However,
the reduction of thrombotic events in diabetic patients has
proven to be only marginal in several trials of antiplatelet
therapy [5–7], and diabetes is consistently associated with a
high rate of adverse cardiovascular events. There is therefore
a pressing need for alternative/improved antiplatelet therapy
for diabetic patients.

Exogenous reactive oxygen species (ROS) can influence
platelet function, and platelets themselves are able to generate
ROS. We have shown that the major collagen receptor on
platelets, glycoprotein (GP) VI, is linked to redox signalling
pathways via its association with the adaptor molecule,
tumour necrosis factor receptor-associated factor 4 (TRAF4;
[8]). TRAF4 interacts with an intracellular sequence of
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GPVI as well as p47phox of the NADPH oxidase complex,
the major source of ROS in platelets. Initiation of GPVI-
dependent signalling involves GPVI-associated Lyn phos-
phorylating an immunoreceptor tyrosine-based activation
motif (ITAM) in FcR𝛾 (in a complex with GPVI), leading to
recruitment and activation of spleen tyrosine kinase (Syk).
A subsequent tyrosine phosphorylation signalling cascade
results in intraplatelet calcium mobilisation and activation
of the integrin 𝛼IIb𝛽3, leading to platelet aggregation and
metalloproteinase-dependent GPVI ectodomain shedding.
Intracellular ROS generation following GPVI engagement is
an early signalling event and precedes GPVI-dependent sig-
nalling leading to aggregation and shedding.Wehave recently
shown that GPVIROS generation is comprised of two phases:
an initial Syk-independent burst followed by additional Syk-
dependent generation [9]. In the current study, we investigate
GPVI-dependent ROS generation and calcium mobilisation
in a rhesus model of Type 1 diabetes. Compared with rodent
models, monkeys are metabolically closer to humans, and a
longer lifespan allows long-term disease progression to be
assessed in the same animal over 3–5 years. Genetic variabil-
ity in monkeys also better approximates disease in humans
compared with in-bred rodents. Importantly, while the GPVI
primary sequence and platelet immunoreceptor signalling
pathways are significantly different in rats or mice compared
with human, monkey GPVI is closely related [10] making
them suitable for platelet functional analysis. Additionally, we
obtain data on GPVI-dependent ROS generation in monkeys
in the setting of diabetes with controlled dietary intake to
eliminate this unavoidable variable associated with human
studies. We assess the influence of glycaemic control (well-
controlled versus poorly controlled) in this model and the
effect of Syk inhibition on ROS generation in the different
diabetic groups.

2. Materials and Methods

2.1. Materials. The GPVI-specific agonist, collagen-related
peptide (CRP) was prepared as previously described [11, 12].
Thrombin receptor-agonist peptide (TRAP) was from Aus-
pep (Melbourne, VIC, Australia). The potent and selective
Syk inhibitor, 2-[[7-(3,4-dimethoxyphenyl)imidazo[1,2-c]py-
rimidin-5-yl]amino]pyridine-3-carboxamide hydrochloride
(BAY61-3606) was from Enzo Life Sciences (Farmingdale,
NY, USA).

2.2. Animals. Eighteen rhesus monkeys (aged 4–9) were
obtained from Chengdu Ping’an Experimental Animal
Reproduction Center (Sichuan, China). All the animals had
free access to water supply and were fed a primate diet
twice a day. The animals were cared for in accordance with
the guidelines of the Experimental Animal Center, Sichuan
University, which have been approved by the Association
for the Assessment and Accreditation of Laboratory Animal
Care International (AAALAC). Each subject had a history,
recording the general condition (body weight, food intake,
and behavioural activity), a physical examination, a mental
health evaluation, and laboratory testing every 1-2 months.

2.3. Induction of Diabetes. Monkeys were made to fast over-
night. Streptozotocin (STZ; Yuyang High-tech Development
Co. Ltd., Chengdu, China) was administered by intravenous
injection after dissolution with sodium citrate (pH 4.5)
at a dose of 80mg/kg over 30 seconds (see [13]). Blood
glucose levels were determined twice a day commencing
72 hours after STZ induction. The model was considered
to be successfully established if the fasting blood glucose
(FBG) values remained >11.1mM for two consecutive days
and the C-peptide concentration was <0.17 nM. After the
successful induction of diabetes, monkeys were administered
porcine insulin (Wanbang Biopharma Co. Ltd., Xuzhou,
China) that included a combination of protamine zinc insulin
and insulin, twice a day before feeding (9:00 AM and 4:30
PM) [14]. Diabetic monkeys were separated into two groups:
treated with sufficient insulin to maintain the FBG level at
<10mM (well-controlled group, 𝑛 = 6) and reduced insulin
to maintain the FBG level at 15–20mM (poorly controlled
diabetes group, 𝑛 = 6). Six healthy monkeys were used as
normal controls. Experiments were conducted between July
and August 2011. Diabetes was successfully established in the
poorly controlled diabetic monkeys between 2 and 3 years
prior to experimentation (July 2008–July 2009). Diabetes was
established in the well-controlled diabetic monkeys 1 year
prior to experimentation (June 2010).

2.4. Blood Collection. Platelet-rich plasma (PRP) was ob-
tained from blood collected into 3.2% (w/v) trisodium citrate
and centrifuged at 110 g for 20min at room temperature.

2.5. Measurement of Intracellular ROS. Platelets in PRP from
healthy, low glucose diabetic, and high glucose diabetic
rhesus monkeys were loaded with 2,7-dichlorofluorescein
(H
2
DCF-DA; Sigma, St. Louis, MO, USA), a cell-permeable

nonfluorescent dye that is cleaved by intracellular esterases
to H
2
DCF rendering it membrane-impermeable and then

emits fluorescent energy in the presence of ROS [15–17].
H
2
DCF-DA (10 𝜇M final concentration) was incubated with

PRP for 30min at 37∘C. Samples were then treated with (final
concentrations) 10𝜇g/mL CRP or 5𝜇M TRAP, then diluted
tenfold in Ca2+-free Tyrode’s buffer (0.36mM NaH

2
PO
4
,

5mM HEPES, 137mM NaCl, 5.6mM glucose, and 2.7mM
KCl, pH 7.4) containing 0.1% (w/v) BSA and 10 𝜇M H

2
DCF-

DA, and analysed in a Beckman Elite ESP flow cytometer
(Beckman Coulter). Experiments were carried out in the
presence or absence of Syk inhibitor (pretreatment with 5𝜇M
BAY61-3606 for 15min) to represent the initial and secondary
phases of ROS, respectively [9].

2.6. Measurement of Intracellular Calcium Mobilisation.
The method was modified for platelet-rich plasma (PRP)
from previous studies [18, 19]. In brief, Fluo-3-AM- (fluo-
3 acetoxymethyl ester) labelled PRP containing 1-2 × 106
platelets/mL was diluted in 290𝜇L HEPES-Tyrode’s buffer
(see measurement of intracellular ROS) containing 1mM
CaCl
2
. The GPVI agonist CRP (10 𝜇g/mL) was added to the

platelet/buffer sample. Platelet intracellular calcium mobili-
sation was measured from 10 seconds (initial calciummobili-
sation) to 2.5 minutes of agonist treatment (maximal calcium
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Table 1: Comparison of monkey parameters.

Healthy Well-controlled diabetes Poorly-controlled diabetes
𝑛 6 6 6
Age (years)† 5.50 ± 0.96 (4–9) 4.17 ± 0.17 (4–5) 5.67 ± 0.21 (5–6)
Recent weight (kg) (July-Aug. 2011) 7.25 ± 2.06 5.70 ± 0.54

∗

8.47 ± 2.09

Gender 4M, 2 F 2M, 4 F 6M
Monthly blood glucose level (mM)†
(July-Aug. 2011) 4.7 ± 0. 15 (4.2–5.2) 7.87 ± 0.53

∗ (2.6–18.20) 16.17 ± 1.65
∗∗∗ (8.0–31.2)

Platelet count in whole blood† 213.5 ± 31.5 (139–330) 192.8 ± 17.5 (137–241)
𝑛 = 5

193.4 ± 15.3 (150–230)
𝑛 = 5

MPV† 7.78 ± 0.86 (7.3–9.31)
𝑛 = 5

7.98 ± 1.67 (7.07–10.7)
𝑛 = 5

7.01 ± 0.54 (6.56–7.95)
𝑛 = 5

Basal ROS (X-mean) 0.82 ± 0.05 0.80 ± 0.06 0.85 ± 0.05

Immature platelet fraction
(TO staining; X-mean) 30.8 ± 3.6 29.8 ± 3.7 27.4 ± 3.9

†Mean ± standard error (range).
∗
𝑃 < 0.05; ∗∗∗𝑃 < 0.001 compared with control.

mobilisation). Platelets were specifically gated on forward
and side scatter characteristics and CD41a positive staining.
The Fluo-3 intensity log ratio of the agonist-induced Fluo-
3 positive platelets to basal (resting) level Fluo-3-labelled
platelets was used for calcium mobilisation analysis.

2.7. Analysis of Receptor Surface Expression. Platelet surface
levels of GPVI were assessed using anti-GPVI mAb 1G5
[20, 21] directly conjugated to phycoerythrin (PE) using the
Lightning-Link R-PE antibody labelling kit (Novus Biolog-
icals, CO, USA). GPIb𝛼 levels were measured using PE-
conjugated AK2 [22]. Integrin 𝛼IIb𝛽3 and platelet tetraspanin
CD9 levels were measured by PE-conjugated anti-CD41a
against integrin chain 𝛼IIb and anti-CD9 mAb (PE-CD9),
both from BD Biosciences, San Jose, CA, USA.

2.8. Measurement of Immature Platelet Fraction. Immature
platelets recently released from the bone marrow contain
more RNA than platelets that have been in the circulation for
longer periods of time (average platelet lifespan 7–10 days).
The immature platelet fraction is determined by staining
platelets with the RNA dye thiazole orange (TO) and reflects
platelet production and the rate of platelet turnover [23].
Platelets in PRP were fixed with 1% (w/v) paraformaldehyde
for 10min at RT. TO (0.5 𝜇g/mL final concentration in PBS
containing 5mM EDTA) was added to the fixed sample,
incubated in the dark for 1 h at RT, and then analysed by flow
cytometry on the FL-1 channel.

2.9. Statistical Analyses. For comparison of ROS generation
by various treatments, data were assessed by linear mixed
model using SAS System Software Version 9.2 (SAS Institute,
Cary, NC, USA). For comparison of basal ROS, peak calcium
mobilisation, body weight, platelet count, mean platelet vol-
ume (MPV), platelet distribution width (PDW), and receptor

levels, datawere assessed by one-wayANOVAwithNewman-
Keuls multiple comparison post hoc test using GraphPad
Prism 5.

3. Results

3.1. Haematological Parameters. Monkeys receiving sufficient
insulin per day to control their blood glucose level (well-
controlled diabetes) still had elevated glucose compared
with healthy monkeys; however the blood glucose level of
monkeys receiving a reduced insulin regime (poorly con-
trolled diabetes) was significantly greater than healthy mon-
keys or monkeys with well-controlled diabetes (Figure 1(a)).
Platelet count (Figure 1(b)) and platelet morphology markers
(including mean platelet volume, Figure 1(c) and platelet
distribution width, Figure 1(d)) displayed no significant dif-
ference between all three groups. Although well-controlled
diabetic animals had lower average body weights than poorly
controlled diabetic animals (5.7±0.5 and 8.5±2.1 kg for well-
controlled and poorly controlled diabeticmonkeys, resp.;𝑃 <
0.05), there was no significant difference between the average
weight of healthy monkeys (7.3 ± 2.1 kg) and either diabetes
group. Similarly, there was no significant difference between
the mean age within each group (Table 1).

3.2. Intracellular ROS Generation. To evaluate the effect of
glucose control on early GPVI-mediated ROS generation in
diabetic monkeys, we utilised a flow cytometry-based assay
to rapidly assess intracellular ROS using the fluorescent dye,
H
2
DCF-DA. Basal ROS in platelet-rich plasma (PRP) from

all three monkey groups was similar (Table 1). Treatment of
platelets with 10 𝜇g/mLof theGPVI-specific agonist collagen-
related peptide (CRP) for 2min increased intraplatelet ROS
in all groups, but there was a significant exacerbation of CRP-
induced ROS generation in the poorly controlled diabetic
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Figure 1: Haematological parameters for healthy and diabetic monkeys. (a) Blood glucose, (b) platelet count, (c) mean platelet volume, and
(d) platelet distribution width. Data are from six monkeys in each group. ∗𝑃 < 0.05, ∗∗∗𝑃 < 0.001.

monkeys (Figure 2). There was a tendency for intracellular
ROS generation in the well-controlled diabetic monkeys to
be lower compared with healthy or poorly controlled diabetic
monkeys, but this did not achieve statistical significance (𝑃 =
0.094). As seen previously in healthy human donors, there
was no intracellular ROS generated by treatment of platelets
with the thrombin receptor agonist, TRAP (5 𝜇M).

To examine early GPVI signalling events, platelets were
treated with GPVI agonist in the presence and absence of
5 𝜇M BAY61-3606, a potent, specific inhibitor of Syk [24].
IncreasedDCFfluorescence in response toCRPoccurs in two
distinct phases: an initial burst of ROSoccurringwithin 2min
followed by additional ROS generation as a consequence
of downstream signalling [9]. Syk inhibition reduced CRP-
induced ROS in all monkey groups and, critically, reduced
the exacerbated ROS in poorly controlled diabetic monkeys
to levels observed in healthy monkeys (Figure 2).

3.3. Intracellular Calcium Flux. As an additional readout
of downstream signalling following agonist treatment of

platelets, intracellular calcium mobilisation was measured
by flow cytometry following treatment of platelets with
10 𝜇g/mL CRP or 10 𝜇M TRAP. Although measurements
were unable to be obtained in all monkeys, calcium flux
was measured in five healthy, five well-controlled diabetic
and three poorly controlled diabetic animals (Figure 3).
Mirroring the results obtained for intracellular ROS, peak
intracellular calcium, measured 30 sec after CRP treatment,
was significantly increased in poorly controlled diabetic
monkeys (Figure 3(a); 𝑃 < 0.001 compared with healthy or
well-controlled diabetes). Control of blood glucose levels in
diabeticmonkeys reduced the peak calciumflux to below that
observed in healthy monkeys (𝑃 < 0.05). In contrast, peak
calcium flux induced by the PAR-1 agonist TRAP (measured
at 10 sec after treatment) was equivalent in all monkey groups
(Figure 3(b)).

3.4. Receptor Surface Expression. Functional GPVI responses
are determined at least in part by surface density of GPVI
[25, 26], so to assess whether variation in surface expression
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could account for differences in intracellular ROS produc-
tion or calcium flux observed between the diabetes groups,
receptor surface levels of GPVI and three other platelet
receptors were measured. Expression of glycoprotein recep-
tors (GPVI, GPIb𝛼) using in-house PE-labelled antibodies
displayed lower mean fluorescence intensity than that of
the corresponding measurements of CD9 (anti-tetraspanin
antibody) or 𝛼IIb𝛽3 using commercial PE-labelled antibod-
ies. GPVI surface expression was similar between all three
monkey groups: healthy, well-controlled diabetes, and poorly
controlled diabetes (Figure 4(a)). Although an outlier in the
healthy group (confirmed by extreme studentized deviate
method (ESD, Grubbs’ test, GraphPad)) raised the average
expression level of this group, exclusion of the outlier did not
alter the overall outcome but did highlight the tendency for
GPVI expression in the poorly controlled diabetic animals
to be higher than in the other two groups. There was
no difference in surface levels of GPIb𝛼, CD9, or 𝛼IIb𝛽3
between groups (Figures 4(b)–4(d)). TO staining of platelets
to detect the immature platelet fraction similarly revealed
no differences (Table 1) suggesting that platelet hyperactivity
was not likely to be due to aberrant platelet production or
clearance.

4. Discussion

Type 1 diabetic patients have increased risk of cardiovascular
disease compared with non-diabetic individuals [1]. Platelet
hyperreactivity plays a key role in prothrombotic complica-
tions. Increased platelet responsiveness to collagen has been
proposed as a contributing factor to the increased incidence

of vascular disease seen in diabetes. In a non-human primate
model of Type 1 diabetes, we observed exacerbated intracel-
lular ROS and calcium flux associated with engagement of
GPVI, the major platelet collagen receptor on platelets.

Basal levels of intraplatelet ROS were not different
between healthy monkeys and monkeys receiving sufficient
insulin to control their diabetes (well-controlled) or those
receiving less insulin (poorly controlled). This was not the
case in a study of non-insulin-dependent diabetic patients
in whom resting platelets had a basal level of ROS that was
significantly higher than in controls [27]. The patients in
that study had an average age of 60 years so it is likely
that their platelets had been subjected to longer periods
of hyperglycaemia than our monkeys. It will be interesting
to perform follow-up studies in our monkeys to determine
whether the oxidative status of their platelets is altered with
time.

In diabetic monkeys with higher levels of blood glucose,
there was a significant increase inGPVI-dependent ROS gen-
eration compared with normoglycaemicmonkeys or diabetic
monkeys with lower levels of blood glucose. Hyperglycaemia
is the diagnostic feature of Type 1 and Type 2 diabetes,
yet the role of glycaemic control in preventing thrombotic
events is not easily defined. Randomised controlled trials
involving Type 1 and Type 2 diabetic patients have found that
improved glycaemic control might stabilise macrovascular
disease or prevent progression in those at risk [28]. In Type 1
diabetic patients with established microvascular complica-
tions of nephropathy, however, a significant improvement
in glycaemic control did not improve hyperreactivity of
platelets in vitro [29]. In a study involving Type 2 diabetic
patients, Davi and colleagues [30] found that only with tight
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Figure 3: Influence of well- and poorly controlled diabetes on
intracellular calcium mobilisation. Flow cytometry of Fluo-3-AM-
loaded monkey platelets in PRP treated with 10𝜇g/mL CRP (a) or
10𝜇MTRAP (b). Data are from three to fivemonkeys in each group.
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glycaemic control therewas resultant improvement in platelet
function. Our data indicate that specific hyperreactivity to
GPVI engagement is an early event in the progression of
Type 1 diabetes and is linked to high blood glucose levels.
This is in agreement with a recent study in which moderately
controlled diabetes (∼10–13mM blood glucose) was induced
in cynomolgus monkeys fed an atherogenic diet, and an
increase in ROSwas detected prior to atherosclerotic changes
[31], supporting ROS elevation as an initiating event in
diabetic vascular disease.

Of interest, monkeys with well-controlled diabetes in
our study had reduced GPVI-dependent platelet responses
relative to the healthy controls, despite having elevated
glucose levels. The reduction was statistically significant
for calcium responses but did not achieve significance
for the ROS measurements. Insulin has been reported to
have antiplatelet effects, inhibiting platelet interaction with
collagen-coated coverslips following in vivo perfusion in
nonobese, non-diabetic individuals and reducing aggregation
induced by several agonists [32]. Although there is still

considerable debate over whether insulin has a direct effect
on platelet function [33, 34], our data could point to a
role for insulin administration specifically reducing GPVI-
dependent signalling (ROS generation and calcium mobili-
sation). Although it is possible that monkey characteristics
in the well-controlled diabetes group (i.e., more females,
lower average weight and age) could have contributed to the
observed reduced platelet responsiveness, it was not a global
platelet phenomenon because signalling downstream of G
protein-coupled PAR-1 receptors was not diminished under
the same conditions (Figure 3).

Mean platelet volume (MPV) is probably the most exten-
sively studied morphological marker of platelet activation.
Platelet distribution width (PDW) indicates the variation in
platelet size and is also used as an indication of platelet
activation, with both increased MPV and higher PDW
associated with increased platelet activation. In a recent
study evaluating platelet indices in diabetic and non-diabetic
patients, MPV and PDWwere significantly higher in diabetic
patients compared to the control subjects [35]. Among the
diabetic patients, PDW was found to be higher in those
withmicrovascular complications (retinopathy, nephropathy,
and neuropathy) compared to those without. In our monkey
model, there was no difference in either MPV or PDW
between healthy animals or the two diabetic groups. In accor-
dance with these observations, there was also no difference
in TO staining (a measure of the immature platelet fraction
which usually comprises larger, more haemostatically active
platelets) between the different monkey cohorts indicating
that there was no difference in platelet turnover. Diabetic
patients have been reported to have accelerated platelet
consumption/production and hence an increase in immature
platelets [36]. Given that our diabetic models have been
established no longer than three years (the earliest established
was a poorly controlled diabetic monkey, in July 2008, 3 years
prior to our laboratory tests), the increase in MPV, PDW,
and immature platelets associated with diabetes with/without
vascular problems could be a later development of the disease.

Surface expression of FcR𝛾/GPVI is reportedly enhanced
on platelets of Type 2 diabetic individuals, although only
FcR𝛾 chain levels correlated significantly with diabetes [37].
No data has been obtained in Type 1 diabetic patients. In
the current study, there was a tendency for monkeys with
poorly controlled diabetes to have higher levels of GPVI on
the platelet surface; however this did not reach statistical
significance. The reason for exacerbated GPVI-dependent
signalling in the hyperglycaemic monkeys was therefore
unlikely to be due to a higher density of receptors. There was
no difference in expression of other platelet receptors, GPIb𝛼,
CD9, or integrin 𝛼IIb𝛽3, between the groups.

Enhanced calcium mobilisation has been observed in
platelets from Type 1 and Type 2 diabetic patients [17, 38].
Intracellular calcium homeostasis in platelets of patients
with non-insulin-dependent diabetes is altered, leading to
increased adhesiveness and spontaneous aggregation [39]. In
our poorly controlled Type 1 diabetic monkeys, peak calcium
mobilisation was significantly increased relative to healthy or
well-controlled diabetic monkeys following treatment with
the GPVI-specific ligand, CRP. No such hyperreactivity was
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Figure 4: Effect of diabetes on platelet receptor surface levels. Platelet surface expression of (a) GPVI, (b) GPIb𝛼, (c) CD9, and (d) 𝛼IIb𝛽3.
Data are from five to six monkeys in each group.

observed when platelets were treated with the PAR-1 agonist,
TRAP, indicating that the exaggerated calcium response is
specific for GPVI engagement at this time (≤3 years) of
disease progression.

Upon GPVI engagement, phosphorylation of the ITAM
motif of the associated FcR𝛾 chain initiates a tyrosine phos-
phorylation-dependent signalling cascade that involves Syk
activation as an early event and leads to platelet activation.
Unlike the initial burst of ROS production following GPVI
engagement, the secondary phase is completely blocked by
the Syk inhibitor, BAY 61-3606, which inhibits GPVI-dep-
endent signalling leading to activation of 𝛼IIb𝛽3 [9]. Inhibi-
tion of Syk in the current study reduced CRP-induced ROS
generation regardless of the level of glycaemic control. Early
ROS generation in poorly controlled diabetic animals was
indistinguishable from that in healthy animals. Basal ROS
levels were similar in all groups so this indicates that the
hyperreactivity associated with hyperglycaemia in this model
of diabeteswas due to increased signalling downstreamof Syk
rather than an upregulation of receptor proximal signalling.
Syk inhibition could prove to be an effective antiplatelet

strategy for diabetic patients because of itsminimal impact on
primary haemostasis while providing significant protection
from arterial thrombosis [40].The potential for targeting Syk
in autoimmune diabetes has been evaluated in a recentmouse
study. Oral administration of the Syk inhibitor R788 delayed
the onset of spontaneous diabetes in nonobese diabetic
(NOD)mice and the progression of early-established diabetes
even when treatment was initiated after the development of
glucose intolerance in those animals [41]. The mechanism in
that study was reportedly blockage of B cell receptor- and
Fc𝛾R-mediated antigen presentation due to Syk inhibition
although R788 treatment was not associated with large
reductions in autoantibody levels, suggesting that perhaps a
reduction in B cell development and activation was not the
main reason for the antidiabetic effect of Syk inhibition.

Mechanistically, what could be the link between GPVI
and hyperglycaemia? Aldose reductase (AR) is the first
enzyme of the polyol pathway, which converts excess glucose
to sorbitol accompanied by an increase in the cytosolic
NADH/NAD+ ratio. Under normal glycaemic conditions,
AR is only a minor consumer of glucose; however during
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hyperglycaemia AR activity is significantly enhanced and it
is thought to contribute to the vascular complications associ-
ated with diabetes by increasing oxidative and osmotic stress
on cells. Two important recent studies have linked AR and
GPVI signalling [42, 43]. First, proteomic analysis of differ-
entially altered proteins revealed that AR activity and expres-
sion were upregulated following GPVI-dependent platelet
activation [42]. These changes were functionally relevant
because inhibition of AR activity resulted in reduced GPVI-
dependent platelet aggregation. Second, AR was shown to
play a central role in GPVI-dependent signal transduction
(increased PLC𝛾2 and PKC activation) and this signalling
pathway was enhanced in hyperglycaemic conditions [43].
What is not known is how AR fits into the GPVI signalling
cascade and how glucose metabolism through AR might
enhance GPVI-dependent platelet responses. Further inves-
tigation is required and is the subject of an ongoing study.

In conclusion, we have demonstrated exacerbated platelet
intracellular ROS and calcium flux associated with engage-
ment of GPVI in monkeys with poorly controlled diabetes
and that inhibition of a specific signalling protein (Syk)
reduced GPVI-dependent ROS generation regardless of the
level of glycaemic control in diabetic monkeys, indicating
that Syk inhibition could prove to be an effective antiplatelet
strategy for diabetic patients.
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The development of new therapies for the treatment of type 2 diabetes requires robust, reproducible and well validated in vivo
experimental systems.Mice provide themost ideal animalmodel for studies of potential therapies. Unlike larger animals, mice have
a short gestational period, are genetically similar, often give birth tomany offspring at once and can be housed as multiple groups in
a single cage.The mouse model has been extensively metabolically characterized using different tests. This report summarizes how
these tests can be executed and how arising data are analyzed to confidently determine changes in insulin resistance and insulin
secretion with high reproducibility. The main tests for metabolic assessment in the mouse reviewed here are the glucose clamp, the
intravenous and the oral glucose tolerance tests. For all these experiments, including some commonly adopted variants, we describe:
(i) their performance; (ii) their advantages and limitations; (iii) the empirical formulas and mathematical models implemented for
the analysis of the data arising from the experimental procedures to obtain reliable measurements of peripheral insulin sensitivity
and beta cell function. Finally, a list of previous applications of these methods and analytical techniques is provided to better
comprehend their use and the evidences that these studies yielded.

1. Introduction

The global incidence of type 2 diabetes is predicted to
grow rapidly also in the coming decades as more countries
develop economically and overweight and obesity spread to
populations with a genetic predisposition to the development
of the disease [1]. These factors make the need for effective
diabetes therapies that much greater. The development of
new therapies for the treatment of type 2 diabetes requires
robust, reproducible, and well validated in vivo experimental
systems. Of particular importance are preclinical in vivo
models, since these may select and refine experimental
models for further studies and drug development in humans.
There are multiple animal models of insulin resistance and
decreased beta cell function including genetically deficient
mice and rats as well as mouse and rat strains fed a high
energy diet. Mice may provide the most ideal animal model
for studies of potential type 2 diabetes therapies. Unlike
larger animals, mice have a short gestational period, often
give birth to many offspring at once, and can be housed
in multiple groups in a single cage. This makes “in house”
breeding less expensive and makes it easier to generate larger

numbers to obtain well-powered studies. Gene deletion and
overexpression technology have beenwell established inmice
for over two decades, allowing researchers to create single
gene mutant mice that display phenotypes which are useful
in the development of type 2 diabetes therapy [2]. There are
also mouse models of type 2 diabetes that have arisen due to
spontaneousmutations such as the leptin deficient ob/ob and
leptin receptor deficient db/db mice [3].

The C57/BL6 mouse strain fed a high-fat diet is a com-
monly used animal model in the development of potential
therapies for type 2 diabetes [4]. These mice fed a high-fat
diet for a short period of time (3–8 weeks) become obese
and severely insulin resistant and develop postglucose load
hyperglycemia, fasting hyperinsulinemia, and a diminished
first phase insulin response [4, 5]. These phenotypic charac-
teristics resemble some of the phenotypic characteristics of
type 2 diabetes in humans and as such make the model a
useful tool for studying potential type 2 diabetes therapies.

The advantages of the C57/BL6 high-fat diet mouse
model in studies of potential type 2 diabetes treatments are
numerous. The strain itself has been inbred for hundreds of
generations and its genome has been sequenced, resulting
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in no interindividual variation in genetic background and
very little phenotypic variability. With little interindividual
variation, studies can be done on fewer animals without
losing statistical power which makes it a very cost effective
model system. Unlike single gene mutant models of type 2
diabetes, the high-fat diet models have no deficiency of a
single gene meaning that all therapeutic approaches can be
applied regardless of mode of action. Additional advantages
include a short generation time. Upon delivery a study can
be executed in as little as five weeks and the availability
of precondition high-fat diet mice, which are ready for
experimentation on delivery, has also become more widely
available.The high-fat diet mousemodel has been extensively
metabolically characterized using different metabolic tests
[6]. This report aims to summarize how these tests are
performed and how arising data are analyzed to confidently
determine changes in peripheral insulin sensitivity and beta
cell function with high reproducibility.

2. Experimental Tests

In general, we refer to animals weighting 20 to 25 grams. All
the following considerations apply to the mouse in general,
regardless of the specific strain and whether is a wild type or
transgenic.Mice should be handled under anesthesia to allow
serial sampling from the preorbital plexuswith a lower degree
of stress. Example of anesthesia is intraperitoneal injection of
midazolam (0.4mg/mouse) and a combination of fluanison
(0.9mg/mouse) and fentanyl (0.02mg/mouse). This kind of
anesthesia persists for approximately 1 h. If the experimental
procedure is longer (for instance the clamp experiments; see
below), the administration of anesthetics is repeated every
60min. During the whole procedure, animals should be kept
on a heating pad.

3. Metabolic Tests for Insulin
Sensitivity and Secretion

3.1. Five-Hour Fasting Measurements. Sometimes, perform-
ing a dynamic test may not be possible and the investigator
must only rely on a single sample drawn in a steady-state
condition for which both glucose (𝐺

0
) and insulin (𝐼

0
) are

measured. In humans, in such conditions, insulin resistance is
evaluated with the HOMAmodel and insulin sensitivity with
the log-reciprocal QUICKI formula [7] by using overnight
fasting measurements. In the mouse, a long fasting means
starvationwith profound exhaustion of glycogen reserves and
also the counterregulatory implications that this condition
implies. Instead, a period of 5 hours fasting is considered to be
adequate for a definition of fasting in the small rodents since
it avoids massive reduction in body fat content and glycogen
[8, 9].

Recent studies proposed that HOMA (and thus QUICKI)
measurements refer mostly to the liver (insulin mediated
inhibition of hepatic glucose production) rather than describ-
ing peripheral insulin sensitivity [10]. Extending these con-
cepts to the mice, liver insulin sensitivity [11] can be then
calculated as 1/(log𝐺

0
+ log 𝐼

0
).With the same approach, beta

cell secretion is represented by 𝐼
0
, while beta cell function can

be described by 𝐼
0
/𝐺
0
. Of course, thesemeasurements refer to

posthepatic hormone appearance. For a better determination
of true beta cell activity, measuring C-peptide is advisable. In
fact, it is equimolarly released with insulin but not degraded
in the liver; thus, its peripheral concentration reflects directly
the islet release of insulin.

3.2. Glucose Clamp

3.2.1. Rationale. In humans the gold standard test is the
euglycemic-hyperinsulinemic glucose clamp [12]. By main-
taining glucose concentration basically constant at a target
level by means of glucose infusion despite exogenously
produced elevated insulin levels, this test provides an absolute
index of insulin sensitivity, given by the glucose infusion rate
when glucose concentration is kept at a constant steady state.
The more glucose is needed, the higher is the insulin action
(insulin sensitivity) on glucose uptake by peripheral tissues. If
insulin levels are different among the various animals, glucose
infusion must be normalized to the prevailing steady-state
insulin concentration.

3.2.2. Experimental Procedure. In the anesthetized mouse,
the right jugular vein and the left carotid artery are catheter-
ized. The venous catheter is used for infusion of glucose
and insulin, and the arterial catheter is used for sampling.
Thirty minutes after introduction of the catheters, synthetic
human insulin is infused at a rate of 60mU/kgmin−1 for
1min, followed by a continuous and constant infusion of
30mU/kgmin−1. The volume load is 4mL for the 1stmin,
followed by 2mL/min thereafter. Blood glucose levels are
determined at 5min intervals for 120min. A variable rate of
glucose (solution of 40 g/dL) is infused to maintain blood
glucose levels at 100–120mg/dL. A blood sample is taken
at 60, 90, and 120min for determination of plasma insulin.
More details can be found in previous reports [13, 14]. When
the purpose of a work is examining insulin sensitivity, the
glucose level during the steady state is targeting euglycemia,
that is, ≈6mmol/L. The glucose clamp technique may, how-
ever, be used also for other purposes than determining
insulin sensitivity. One such possibility is to evaluate glucose
counter-regulatory mechanisms during hypoglycemia.Then,
levels below baseline are targeted, for example, 2.5mmol/L,
and factors involved in the counterregulation, like glucagon,
may be measured. Alternatively, the clamp may be used to
estimate insulin secretory responses to standardized raised
glucose levels by targeting hyperglycemia values, like 8.3 or
11.1mmol/L. Therefore, although the main purpose of the
clamp technique is usually that of maintaining euglycemia
in spite of hyperinsulinemia for measurements of insulin
sensitivity, the glucose clamp technique may be used for a
variety of other scientific purposes with only slight modifica-
tions. Examples of eu- and hypoglycemic clamps are shown
in Figure 1. The technique may also be used for distinguish-
ing between hepatic versus peripheral insulin sensitivity by
administering radiolabelled glucose in the infusate. Then,
a bolus injection of [3-3H]glucose is given, followed by



Journal of Diabetes Research 3

Time (min)
0 30 60 90

G
lu

co
se

 (m
m

ol
/L

)

0

2

4

6

8

10

Hypoglycemic clamp

Euglycemic clamp

(a)

0

1

2

3

4

5

Time (min)
0 30 60 90

Hypoglycemic clamp

Euglycemic clamp

G
IR

 (𝜇
m

ol
/m

in
)

(b)

Figure 1: Example of glucose clamp experiments. Glucose levels and glucose infusion rates (mean ± SEM) during euglycemic clamp (aiming
at the target level of 6mmol/L glucose, 𝑛 = 4) and hypoglycemic clamp (aiming at 2.5mmol/L glucose, 𝑛 = 3) in C58BL/6J mice. GIR is
glucose infusion rate in the two cases.

a continuous infusion of [3-3H]glucose throughout the study
period. Blood samples are taken at steady state (60 and 90min
after the start of the infusion) for the determination of [3-
3H]glucose concentration [15].

3.2.3. Data Analysis. Insulin sensitivity is calculated as the
glucose infusion rate during the second hour (M) divided
by the mean insulin concentration at 60, 90, and 120min
(I), and the clamp glucose clearance per unit of insulin is
calculated asM/I divided by the clamped glucose concentra-
tion. Since insulin is exogenously administered, this test does
not provide any assessment of beta cell secretion for which
a hyperglycemic clamp test needs to be performed. When
using tritiated glucose, basal endogenous glucose production
(EGP) is calculated by dividing the rate of infusion of [3-
3H]glucose by the plasma glucose specific activity; glucose
appearance at 90min is measured by dividing the infusion
rate in dpm by the plasma glucose specific activity at this
time point. EGP at this time is calculated by subtracting
the glucose infusion rate from the glucose appearance rate.
Finally, the glucose disposal rate is calculated as the glucose
appearance rate divided by the glucose concentration.

3.3. Intravenous Glucose Tolerance Test (IVGTT)

3.3.1. Rationale. With this test, the steady state is perturbed
by an injection of glucose; this directly stimulates insulin
release which makes glucose to be taken up by peripheral
tissues and hepatic glucose production to be inhibited.
The rate of lowering of the glucose concentration for the
prevailing insulin concentration is an index of insulin action.
The insulin concentration is at the same time an index of
the ability of the pancreas to release the hormone under the
glucose stimulation.

3.3.2. Experimental Procedure. In the anesthetized mouse,
a blood sample is taken from the retrobulbar intraorbital
capillary plexus into a 100mL pipette that had been prerinsed
in heparin solution (100U/mL in 0.9%NaCl). Thereafter, D-
glucose (solution of 10 g/dL) is injected intravenously over
3 sec at a dose of 1 g/kg in a tail vein without flushing of the
27-gauge needle after injection. The volume load is 10mL/g
body wt.The dose of 1 g/kg is quite high, because of the rapid
metabolism in mice; in fact, a rise in insulin is observed only
at 1min, and rarely at 5min, when giving lower doses of
glucose such as 0.3 or 0.25 g/kg. At 1, 5, 10, 20, 30, and 50min
after injection, blood samples (75mL each) are collected.The
first sample is at 1min, because by that time, the mixing
phase of the glucose bolus could be considered terminated;
the last sample is at 50min to avoid possible influence on the
measurements of awakening from anesthesia. An example is
depicted in the left panel of Figure 2.

3.3.3. Data Analysis. The net glucose elimination rate after
the glucose injection (𝐾

𝐺
, the glucose tolerance index) is

calculated as the slope for the interval 1–20min after glucose
injection of the logarithmic transformation of the individual
plasma glucose values. Insulin sensitivity is estimated with
the minimal-model technique. The model assumes first-
order, nonlinear, insulin-controlled kinetics and accounts for
the effect of insulin and glucose alone on net glucose disap-
pearance. This modeling analysis that uses the whole data set
from 0 to the end of the experiment provides the parameter
𝑆
𝐼
(insulin sensitivity index), which is defined as the ability

of insulin to enhance net glucose disappearance and inhibit
glucose production, and the parameter 𝑆

𝐺
, which is the

glucose effectiveness, representing net glucose disappearance
per se from plasma without any change in dynamic insulin.
The glucose distribution volume is calculated as the ratio of
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Figure 2: Example of outcomes from metabolic tests. Glucose and insulin levels (means ± sem) after intravenous (1 g/kg; 𝑛 = 18) or oral
(75mg; 𝑛 = 27) glucose administration in normal C57/BL6 mice.

the glucose dose to the difference between the extrapolated
zero intercept (a model parameter) and glucose basal level.

In order to simplify the procedure for obtaining an insulin
sensitivity index, a simple formula has been developed. In
previous studies, it has been shown that the tolerance index
𝐾
𝐺
(see above) is linearly related to the disposition index,

which is a function of insulin sensitivity. In addition, it
has been clearly demonstrated that the insulin sensitivity
index depends upon the glucose disappearance rate and the
suprabasal concentration that follows the glucose stimula-
tion. We applied a similar approach to relate 𝐾

𝐺
to the

metabolic parameter under the assumption that an index of
insulin sensitivity should be linearly related to the ratio of
𝐾
𝐺
/ΔAUCins. ΔAUCins is defined in this case as the dynamic

area under the insulin curve in the IVGTT interval 0–
50min divided by the length of the interval. This ratio, called
computed insulin sensitivity (𝐶𝑆𝐼) has been shown to be a
valid surrogate of 𝑆

𝐼
from the minimal model for an easy use

of IVGTT data. For further details on the exploitation of this
method, we refer to the original publication [16], where also
the additional calculation of 𝑆

𝐺
is clearly explained.

Acute insulin secretion (AIR), calculated as the mean of
suprabasal 1 and 5min insulin levels, represents the early
phase insulin response, while the total area under the insulin
curve (AUCinsulin) describes the total insulin release. When
AUCinsulin is divided by AUCglucose, an index of glucose-
mediated beta cell function can be obtained.

The IVGTT technique just described, however, requires a
sufficient insulin response to the intravenous administration
of glucose for a reliable estimation of the parameters. When
the animals exhibit severe bluntness of glucose-stimulated
insulin secretion and low serum levels of insulin in associa-
tion with hyperglycemia, it is not possible to quantify 𝑆

𝐼
from

a regular IVGTT. In fact, the suppression of insulin secretion
may be so severe that hardly any suprabasal elevation of
plasma insulin followed the glucose challenge is observed,
making it impossible to use the model. In this case, insulin
can be injected exogenously along with glucose (insulin-
modified IVGTT) [17] or substances stimulating insulin
release [18, 19]. However, the achieved peripheral concentra-
tion could be too high if some residual beta cell capacity has
remained. In order to achieve the desired insulin levels, it is
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recommended to use the diazoxide-supplemented glucose-
insulin test (DSGIT), for the establishment of dynamic
insulin sensitivity in mice. This technique was applied for
exploring insulin sensitivity in the RIP-DN HNF-1𝛼 mice
[20]. The DSGIT is based on the potent action of diazoxide
to suppress insulin secretion [17]. The procedure is the
following: 30min after anesthesia, diazoxide (25mg/kg) is
given as a subcutaneous injection. Then, 10min later, D-
glucose (1 g/kg) is given intravenously together with human
insulin (doses ranging 0.1–0.4U/kg). The volume load is in
this case 10 𝜇L/g body wt. the performance of the IVGTT
(sampling and assays) occurs as previously described.

It is known that insulin resistance such as in obesity is
associatedwith an increased insulin secretion. Several studies
in humans have demonstrated that a nonlinear inverse rela-
tionship (hyperbola-like) describes the physiological regulat-
ing system which allows insulin sensitivity and secretion to
move in opposite directions, so that the ability of the normal
subject to dispose of glucose remains relatively constant [21–
23]. This constant with the IVGTT is called disposition index
and is calculated with the product of the insulin sensitivity
index times the acute insulin response, as the average of
the insulin concentration during the first minutes after the
glucose bolus. The hyperbolic relationship also means that
a change in one of the variables is mirrored by a reciprocal
change in the other variable and the understanding of this
relationship is fundamental for an accurate comprehension
of the nature of type 2 diabetes. Also in mice, a hyperbolic
relationship was evident when plotting insulin sensitivity
versus insulin secretion [17, 24] and therefore also in mice it
was possible to calculate a disposition index. This has offered
a tool for experimental analysis of themechanisms regulating
the interrelationships between insulin action and secretion
and for studies of potential treatment modalities in mice [19].

The use of measurements related to circulating insulin
concentration, however, does not necessarily allow infor-
mation on insulin secretion, since only posthepatic insulin
delivery is considered. The role of hepatic insulin extraction
should in fact also be taken into account if we are interested in
evaluating the beta cell function, that is, how the cell directly
changes hormone release in response to changes in insulin
sensitivity. To this aim, it is necessary to include in the analysis
also C-peptide, which can be evaluated with either the area
under the curve or concentration values at specific time
points. Therefore, as a further development of the use of the
hyperbolic relationship, by using 𝑆

𝐼
from the minimal model

or 𝐶𝑆𝐼 and beta cell parameters from C-peptide analysis, an
index of how capable the beta cell is of adapting its secretion
to changes in insulin resistance can be derived. This index
thus assesses true insulin secretion in relation to insulin
sensitivity; it has been called adaptation index and, together
with the classic disposition index, provides a comprehensive
picture of the mechanism of the beta cell functioning in
relation to the prevailing insulin resistance.

3.4. Oral Glucose Tolerance Test (OGTT)

3.4.1. Rationale. This should be considered the most physi-
ological test, since it mimics the correct route (i.e., orally)

of assuming carbohydrates. The ingested glucose (usually
instilled into the stomach) is absorbed in the intestinal tract
and enters the splanchnic circulation and then into the
systemic circulation. The increased blood glucose concen-
tration stimulates the pancreatic beta cell to release insulin,
which stimulates glucose uptake by peripheral tissues. The
passage of the nutrients through the early part of the intestine
stimulates the release of the gut hormones (e.g., glucose-
dependent insulinotropic polypeptide, GIP, and glucagon-
like peptide-1, GLP-1), which in turn augment the beta cell
sensitivity to glucose, increasing the production of insulin.

3.4.2. Experimental Procedure. In the 30min period after
anesthesia, a gavage tube (outer diameter 1.2mm) is placed
in the stomach to be used to administer glucose (dose
75mg/mouse) in few seconds (standardized volume of
0.5mL, approximate energy content 0.171 kcal). Blood sam-
ples are collected from the retrobulbar, intraorbital, capillary
plexus into heparinized tubes before and either 5, 10, and
20min or 15, 30, 60, and 90min after oral gavage. An example
is depicted in the right panel of Figure 2.

3.4.3. Data Analysis. Several different possibilities exist to
estimate insulin sensitivity by using empirical methods and
mathematical modeling.
ISI Comp.This empirical method is the application in rodents
of the widely used formula in humans, called also Matsuda’s
method [25]. It is simply calculated as 10000/(√[𝐺

0
×

𝐼
0
×𝐺mean × 𝐼mean]), where the suffixmean indicates the aver-

age value of glucose and insulin concentrationmeasurements
during the whole length of the test. This formula provides a
measure of insulin sensitivity.
OGIS. Modeling glucose-insulin interrelationships are the
basis of this method that provides a value of insulin-
mediated glucose clearance that reflects insulin action. The
final formula is quite complex [26], but its exploitation is
easy, offering the possibility of downloading it from internet
(http://webmet.pd.cnr.it/ogis/, last checked May 15, 2013).
The formula requires the animal’s body weight, the exact dose
of administered glucose, and glucose and insulin concentra-
tion at specific samples.

However, there is not yet validated model-derived
method to assess insulin secretion or beta cell function,
except the use of the area under the concentration curves
(AUC). Insulin secretion can be evaluated by AUCins,
while beta cell function can be obtained by BCIoral =
AUCins/AUCgluc. It is interesting to note that, if also GIP
and/or GLP-1 have been measured during the test, it is
possible to evaluate an index for the incretin effect as
BCIoral/AUCincr where AUCincr is the AUC of the measured
incretin concentration. If the main purpose of this study
is the evaluation of the performance of the beta cell, it is
again advisable to measure C-peptide, instead of insulin,
under the premises that in these small animals blood with-
drawn must be limited and only two compounds can be
measured at one time. A more direct figure of the beta
cell function can therefore be obtained from C-peptide as
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BCPoral = AUCcp/AUCgluc. Similarly, the incretin effect on
the real beta cell release is obtained by BCPoral/AUCincr.

Even though a definition of disposition index during
OGTT has never been provided, it is accepted that the prod-
uct of insulin sensitivity times insulin secretion still yields a
quantitative figure of the adaptive mechanism between beta
cell function and insulin resistance. Albeit these indices have
never been thoroughly validated during theOGTT, a possible
disposition index is the product of OGIS × BCIoral, while the
adaptation index can be derived as OGIS × BCPoral.

3.5. Combining Oral and Intravenous Glucose Tests. An
interesting and important physiological implication of oral
glucose administration is the marked increase in gut hor-
mones elicited by the glucose. These hormones are the so-
called incretin hormones which stimulate insulin secretion
in a glucose-dependent manner, for example, GIP and GLP-
1. In humans, the incretin concept was initially demon-
strated in 1964 by two studies showing that an oral glucose
administration elicited a much higher insulin response than
an intravenous glucose administration, in spite of a lower
glucose level [27, 28]. By combining oral and intravenous
glucose administration and thereby adjust the intravenous
glucose infusion rate to achieve matching glucose concentra-
tion allows for a quantification of the importance of incretin
factors (mainly GIP and GLP-1) for islet function after oral
glucose. Such a study in mice shows that approximately
50% of the insulin secretory response (measured by C-
peptide) following oral glucose administration is due to the
incretin effect and not to glucose and, interestingly, that this
relative contribution of incretin hormones is higher in high-
fat fed mice, suggesting that the incretin factors behave as an
adaptation mechanism [6].

4. Discussion

We have presented the most common methods to carry out
metabolic studies in the mouse, particularly to obtain the
main parameters related to glucose tolerance, that is, insulin
sensitivity and beta cell function, and the variables describing
the mechanisms of the beta cell to adapt insulin secretion
to the prevailing insulin resistance. The value of the use of
the tests in these animals is that the mouse is a good model
for specific diseases (diabetes), for basic physiology (aging
and obesity), and for the development of new drugs. All
the above tests in fact can be performed in any different
mouse strain and in several conceivable conditions. The
overarching goal of themetabolic tests is the understanding of
the etiology of diabetes and of its complications, by exploring
different situations and the effects of several endogenously
produced or exogenously given compounds. For instance,
both the IVGTT and OGTT have been used for evaluating
the insulin secretory capacity of different doses of pituitary
adenylate cyclase-activating polypeptide (PACAP) [18] and
glucagon-like peptide-1 (GLP-1) [19]; for the assessment of
GLP-1 effects on different processes involved in glucose
homeostasis [29–31]; for a metabolic picture of gastrin-
releasing peptide receptor gene-deficient mice [32] and of

IGF-I [33] and hepatocyte nuclear factor (HNF)-1𝛼 [19]
transgenic mice; for assessing the effect on insulin secretion
and sensitivity of different compounds such as ghrelin [34],
galanin [35], and acylation stimulating protein [36]; and for
estimating the role of different nutrients on insulin resistance
and beta cell function in different mouse strains [37–39].
The techniques have also been used in mice metabolically
challenged with high-fat diets resulting in insulin resistance
with islet adaptation [6, 24, 38].

The application of mouse models to the studying of
metabolic derangements due to overfeeding and obesity
recently assumed even more importance. In fact, with the
economic, technological, and agricultural developments of
the last century, access to adequate food supplies is the
most widespread in human history. Unfortunately, this has,
together with increasing sedentary life style with less physical
activity, led to a global increase in the incidence of overweight
and obesity.The global increase in overweight and obesity has
created near epidemics in obesity related diseases such as car-
diovascular disease and type 2 diabetes [40]. Overweight and
obesity correlate strongly with diminished insulin sensitivity
[41] and it is known since long time that most individuals
are able to counteract the decreased insulin sensitivity by
increasing insulin secretion and beta cell function [42]. In
many individuals, the improvements in beta cell function are
not maintained over a longer period, however, and a slow
decline of beta cell function is the result [43].The result of the
decline in beta cell function is a progressive increase in fasting
and postprandial hyperglycemia and the development of
diabetes. Mice studies, given the relative easiness of inducing
different adiposity conditions, may reveal paramount to
understand the etiology, progress, and possible remedies
against the obesity pandemic.

It is worth noting that no specific test has been created for
the mouse, but all of them are just tests developed in humans
and then adapted to animals. In some cases, like in theOGTT,
the data analysis is totally similar to that for human data,
while the this simplified IVGTT and theminimal model have
been tailored to the size of the animal which allows only
the collection of a limited number of samples. In this case,
being the IVGTT in mice a sort of unexplored test, it has
been necessary validating it against the gold standard (even
in the animals) glucose clamp [17]. However, the IVGTT
with minimal modeling assessment of insulin sensitivity and
glucose effectiveness still remains a quite complex method
that requires a certain skill of the operator and a wise
interpretation of the modeling outputs. For this reason, a
simplified, but still validated, method has been devised [16]
for a reliable assessment of those fundamental parameters.
It is interesting to note that, at variance with the common
procedure, this simplified method developed in the mouse
has been then successfully extended to humans [44].

In summary, we reviewed the main tests for metabolic
assessment in the mouse and analyzed the corresponding
techniques for obtaining the needed information from the
data arising from the experimental procedures. We provided
a list of previous applications of these methods to better
comprehend their use and the evidences that these studies
yielded.
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The KK.Cg-𝐴𝑦/J (KK-𝐴𝑦) mouse strain is a previously described model of type 2 diabetes with renal impairment. In the present
study, female KK-𝐴𝑦 mice received an elevated fat content diet (24% of calories), and a cohort was uninephrectomized (Unx)
to drive renal disease severity. Compared to KK-𝑎/𝑎 controls, 26-week-old KK-𝐴𝑦 mice had elevated HbA1c, insulin, leptin,
triglycerides, and cholesterol, and Unx further elevated these markers of metabolic dysregulation. Unx KK-𝐴𝑦 mice also exhibited
elevated serum BUN and reduced glomerular filtration, indicating that reduction in renal mass leads to more severe impairment
in renal function. Glomerular hypertrophy and hypercellularity, mesangial matrix expansion, podocyte effacement, and basement
membrane thickening were present in both binephric and uninephrectomized cohorts. Glomerular size was increased in both
groups, but podocyte density was reduced only in the Unx animals. Consistent with functional and histological evidence of
increased injury, fibrotic (fibronectin 1, MMP9, and TGF𝛽1) and inflammatory (IL-6, CD68) genes were markedly upregulated in
Unx KK-𝐴𝑦mice, while podocyte markers (nephrin and podocin) were significantly decreased.These data suggest podocyte injury
developing into glomerulopathy in KK-𝐴𝑦 mice.The addition of uninephrectomy enhances renal injury in this model, resulting in
a disease which more closely resembles human diabetic nephropathy.

1. Introduction

Diabetic nephropathy (DN) is the leading cause of end-stage
renal disease (ESRD) and is associated with high cardio-
vascular risk and significant morbidity and mortality [1, 2].
Disease progression is difficult to predict, as rates of decline
in glomerular filtration rate (GFR) are variable in this patient
population and only one-third of diabetic patients, themajor-
ity of whom have type 2 diabetes (T2D), develop progressive
renal failure. The pathogenesis of DN is mediated by a
complex interplay of genetic and environmental modifiers
resulting in hemodynamic and structural changes in the kid-
ney that contribute to progressive functional loss in both the
glomerulus and tubular-interstitial epithelium [3, 4]. Central
to disease progression is glomerular injury, with patholog-
ical changes including glomerular hypertrophy, glomerular
basement membrane (GBM) thickening, mesangial matrix
expansion, and subsequent glomerulosclerosis [3]. Podocytes

are critical to the functional glomerular filtration barrier and
are particularly sensitive to damage by the “diabetic milieu”
of dysglycemia, dyslipidemia, hemodynamic changes, and
inflammation [5, 6]. In both T1 and T2D patients, podocyte
detachment and loss are associated with decline in glomeru-
lar function [7–9].

While rodent DN models have provided significant
insight into renal disease pathophysiology, nomodel captures
all the features of human DN [10–13], creating an obstacle
to understanding disease etiology and to developing effective
treatments [14]. To address this, the NIH-sponsored Animal
Models of Diabetic Complications Consortium (AMDCC)
committee was formed to establish phenotyping standards
and validation criteria for available murine models of DN
(http://www.diacomp.org/). The committee defined criteria
formousemodels ofDN that reflect humandisease, including
greater than 50% decline in GFR over the lifetime of the
animalmodel, 10-fold increase in albuminuria relative to age-
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and gender- matched controls, and renal pathology charac-
terized by advanced mesangial matrix expansion, arteriolar
hyalinosis, and glomerular basement membrane thickening
[10, 11]. While numerous diabetic murine models were phe-
notyped and met some of the criteria, no one model fulfilled
all of the AMDCC criteria. The committee consequently
recommended the use of a “suite” of mouse models, each
recapitulating individual features of renal disease in diabetic
patients [11, 15].

One of the mouse models not extensively examined
by the AMDCC is the KK-𝐴𝑦 strain. This model exhibits
marked obesity, glucose intolerance, severe insulin resistance,
dyslipidemia, and hypertension [16–18]. KK-𝐴𝑦 mice also
develop renal disease characterized bymoderate albuminuria
with mild glomerular pathology and podocyte loss [19–
21]. Several therapeutic interventions have been reported
to reduce albuminuria and improve renal pathology in this
model, including renin-angiotensin blockage [18, 22, 23],
statin therapy [24], and vitamin D [25]. However, direct
measurement of GFR in this model has not been reported
and is an important component, as decline in GFR is the
benchmark of disease progression, and prevention of decline
in GFR is a key efficacy endpoint in therapeutic clinical trials
[26, 27].

The goal of this study was to increase renal disease
severity in the KK-𝐴𝑦 model by multiple “hits,” each reflect-
ing a known factor contributing to diabetes and its com-
plications in humans. We combined dietary manipulation
and reduction in renal mass to increase renal injury in
this model. Together, these environmental modifiers exac-
erbate glomerular and tubulointerstitial pathology, increase
podocyte loss, and reduce GFR in KK-𝐴𝑦mice, and our find-
ings support the use of this multifactorial approach in devel-
oping appropriate models for human diabetic nephropathy.

2. Materials and Methods

2.1. Experimental Animals. All animal studies followed the
principles of laboratory animal care established by the
National Institutes of Health and the Institutional Animal
Care and Use Committee (IACUC). Female KK.Cg-𝐴𝑦/J
(further referred as KK-𝐴𝑦) and littermate control KK-a/a
mice were purchased from Jackson Laboratories (Bar Harbor,
ME, USA) and acclimated for 3 weeks before the beginning
of the study. Cohorts of mice were uninephrectomized at
8 weeks of age. At 9 weeks, animals were placed on semi-
purified control diet (D08112307) containing 12% k/cal fat
or a moderately high-fat diet containing 24%k/cal fat and
0.2% cholesterol (D10011701) (Research Diets Inc., St. Louis,
MO, USA). Mice were randomized according to albu-
min/creatinine at 12 weeks of age and were sacrificed at 26
weeks of age.

2.2. Physiological and Biochemical Characterization. Blood
pressure wasmeasured at 11 and 22weeks of age by a noninva-
sive tail cuff CODA system (Kent Scientific, Torrington, CT,
USA) after the mice were externally prewarmed for 10min
at 37∘C. Animals were trained once daily, 4 days prior to

recorded measurements. Eight to twenty recordings were
taken for each measurement.

Fasting blood samples were collected by retroorbital
sinus bleeds. Collected samples were separated to serum or
EDTA plasma or kept as whole blood. Glycated hemoglobin
(HbA1c), serum and urine creatinine, blood urea nitrogen
(BUN), serum cholesterol, and triglycerides were measured
using a Cobas 400 plus bioanalyzer (Roche Diagnostics, IN,
USA). Blood was also collected from the tail vein from
unanesthetized, nonfasted animals for the measurement of
blood glucose using a glucometer. Body weight (BW) was
measured weekly. Urine samples were collected for 24 h
using metabolic cages. Urine albumin was measured by
immunoassay Albuwell M (Exocell Inc., Philadelphia, PA,
USA). Immuno-ELISA according to manufacturer’s instruc-
tions was used to measure serum adiponectin and insulin
(ALPCO Diagnostics, Salem, NH, USA), PAI-1 (Molecular
Innovations, Novi, MI, USA), urine nephrin (Exocell Inc.,
Philadelphia, PA, USA), and KIM-1 (Immunology Consul-
tants Laboratory, Inc. Portland, OR, USA).

2.3. Glomerular Filtration Rate. Glomerular filtration rate
(GFR) was performed at 23 weeks of age using a FIT-
GFR Test Kit for Inulin according to the manufacturer’s
instructions (BioPal, Worcester, MA, USA). A 5mg/kg bolus
intraperitoneal injection of inulin was given, followed by
serial saphenous bleeds at 30, 60, and 90 minutes. Serum
was isolated and quantified on inulin ELISA. Inulin serum
clearance was determined by nonlinear regression using a
one-phase exponential decay formula (𝑦 = 𝐵𝑒−𝑏𝑥), and GFR
was calculated (GFR = ((I)/(B/b))/KW, where I is the amount
of inulin delivered by the bolus injection, B is y-intercept, b
is the decay constant, x is time, and KW is kilo weight of the
animal).

2.4. Histological Assessment. Formalin-fixed, paraffin-em-
bedded kidneys were sectioned at 3 microns and stained with
hematoxylin and eosin (H&E), periodic acid-Schiff (PAS),
and Masson’s Trichrome for histological analysis. Slides were
evaluated by a veterinary pathologist. Glomerular and tubu-
lar pathology, interstitial inflammation including presence of
CD68 immunolabeled macrophages, and interstitial fibrosis
were semiquantitatively scored on a scale of 0–4 as follows:
0 = normal; 1 = mild; 2 = moderate; 3 = marked; 4 = severe.
Statistical analysis was performed using the nonparametric
Kruskal-Wallis test followed by Dunn’s multiple comparison
test.

2.5. Immunohistochemistry. Immunohistochemistry was
performed on paraffin-embedded kidney sections. Anti-
CD68 immunohistochemistry staining was performed on a
Leica Bond MAX automated immunostainer (Leica Micro-
systems Inc. Buffalo Grove, IL, USA). Tissue sections were
dewaxed, treated with Proteinase K enzyme, and followed
by blocking with peroxidase and then serum. Slides were
incubated in CD68 Clone Fa-11 (Abcam, Cambridge, MA,
USA) antibody for 30 minutes, followed by rabbit anti-rat
antibody, then a goat anti-rabbit HRP polymer for 15
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minutes. Chromogen visualization was performed using
3,3-diaminobenzidine tetrahydrochloride (DAB) for 3–5
minutes, followed by hematoxylin counterstain (all com-
ponents were from Leica, unless otherwise noted). 0.05%
Tween 20/Tris-buffered saline (DAKO, Carpinteria, CA,
USA) washes were performed between all steps. Podocyte
countingwas assessed using anti-WT1 (WilmsTumor 1) clone
6F-H2 at 1 : 100 dilution (Dako). Immunohistochemistry was
performed on a Leica BondMAX automated immunostainer
(Leica Microsystems Inc. Bannockburn, IL, USA). 0.05%
Tween 20/Tris-buffered saline (DAKO) washes were per-
formed between all steps. Tissue sections were dewaxed and
treated with Proteinase K enzyme then peroxidase. Tissues
were then treatedwith rodent block (BioGenex, Fremont, CA,
USA), anti-WT-1 primary antibodywas detected usingmouse
on mouse HRP polymer. Chromogen visualization was
performed using 3,3-diaminobenzidine tetrahydrochloride
(DAB) for 5 minutes, followed by hematoxylin counterstain
and dehydration through increasing ethanol-water gradient
to xylene and mounted in Permount (Fisher Scientific,
Pittsburg, PA, USA). Whole kidney sections were imaged
using Aperio ScanScope (Aperio Technologies, Vista, CA,
USA). Greater than 50 glomeruli per kidney section were
quantitated for the number of WT-1-positive (brown) and
WT-1-negative cells (blue). Software analysis was done using
custom algorithm on Spectrum Version 11.0.0.725 (Aperio
Technologies).

2.6. Transmission Electron Microscopy. For ultrastructural
analysis, 1mm3 samples of kidney cortexwere fixed in 3%glu-
taraldehyde in 0.2M cacodylate buffer (Electron Microscopy
Sciences, Hatfield, PA, USA) and embedded in epon. Semi-
thin 1 micron sections were stained with Richardson’s stain
(made up of methylene blue CI-52015, azure II, and borax,
(Sigma, St. Louis, MO, USA)) and evaluated via high res-
olution light microscopy. Ultrathin sections were cut at
70 nm and mounted on 200 mesh copper grids. The grids
were stained on a Leica EM AC20 Stainer (Leica Microsys-
tems) with 0.5% aqueous uranyl acetate and 3% lead citrate
solution (Leica). Images were acquired on a JEOL JEM-
1400 transmission electronmicroscope (JEOL; Peabody,MA,
USA) using a Gatan 785 Erlangshan ESW1000 digital camera
(Gatan, Inc.; Pleasanton, CA, USA).

2.7. Transcriptional Analysis. Quantitative transcriptional
analysis of kidney tissue from animals at 26 weeks of age
was performed on TaqMan Custom Array microarrays using
7900HT Fast real-time PCR system. Kidney mRNA purifica-
tion was performed by homogenizing 50–100mg of tissue in
1mL of TRIzol reagent. Samples were left for 5minutes at 15 to
30∘C followed by the addition of 0.2mL chloroform (Sigma).
Samples were mixed vigorously, left at room temperature
for 3 minutes followed by centrifugation at 12,000×g for 15
minutes at 4∘C. The aqueous phase was taken, and RNA was
precipitated with 0.5mL of isopropyl alcohol (Sigma). The
pellet was washed once with 1mL 75% ethanol, air-dried, and
redissolved in RNase-free water. Samples wereDNAse treated
using TurboDNase according to manufacturer’s instructions.

RNA was qualified on an Agilent 2100 Bioanalyzer (Agilent
Technologies, SantaClara, CA,USA).All itemswere obtained
from Life Technologies, Grand Island, NY, USA unless
otherwise noted.

3. Results

3.1. Uninephrectomized KK-A𝑦 Mice Are Obese and Exhibit
Evidence of Metabolic Abnormalities. Diabetes and renal
injury are more severe in male versus female KK-𝐴𝑦 mice
[28] and, as a consequence, preclinical studies typically focus
on males. However, male KK-𝐴𝑦 develop obstructive uropa-
thy and hydronephrosis [29] and exhibit impaired glucose
tolerance [28]. To avoid these urological issues, all studies
described here use female mice. This also allowed us to use
KK-a/a females as nondiabetic, strain-matched controls, as
female KK-a/amicemaintain normal glycemic control, while
male KK-a/a are insulin resistant [30].

While on standard chow, KK-𝐴𝑦 mice were significantly
heavier than control or uninephrectomized (Unx) KK-a/a
animals (Figure 1(a)). After switching to the elevated fat diet,
KK-a/a+Unxmice gainedweight relative toKK-a/a controls,
but were less obese than both KK-A𝑦 groups. Blood pressure,
measured in 11-and 22-week-oldmice, was unchanged in both
the KK-a/a and KK-𝐴𝑦 + Unx groups, and no difference was
observed between the two cohorts. At 11 weeks, KK-a/amean
arterial pressure (MAP)was 85.6±3.7mmHg,while KK-𝐴𝑦 +
Unx MAP was 83.5 ± 2.2mmHg. At 22 weeks, MAP in KK-
a/amice was 84.0 ± 3.3mmHg and KK-𝐴𝑦 + Unx MAP was
86.5 ± 3.5mmHg.

In KK-a/a controls, glycated hemoglobin (HbA1c) was
unaffected by the switch to an elevated fat diet (Figure 1(b)).
Serum HbA1c levels were elevated in all KK-𝐴𝑦 mice on
standard chow, and serum HbA1c further increased after the
switch to the elevated fat diet, with peak levels occurring
between 5 and 10weeks after diet change.While serumHbA1c
levels were higher in uninephrectomized KK-𝐴𝑦 (KK-𝐴𝑦 +
Unx) mice than in KK-a/a, these levels were consistently
lower compared to birenal KK-𝐴𝑦, a likely consequence
of elevated insulin levels in the KK-𝐴𝑦 + Unx animals
(Figure 1(c)). Consistent with theHbA1c levels, blood glucose
in nonfasted, unanesthetized animals was also significantly
elevated in the KK-𝐴𝑦 + Unx group relative to KK-a/a mice
(318.8+/26.3 versus 222.3+/−20.3, 𝑃 < 0.01). However, to
avoid undue stress caused by unanesthetized blood collec-
tion, and because we note short-term variability in glucose
values as mice are moved into the metabolic cages for urine
collection, glycemia was followed in this study using HbA1c.
Serum adiponectin levels were reduced at 16 weeks of age
in both KK-𝐴𝑦 groups, which were further decreased at
26 weeks (Figure 1(d)). Interestingly, uninephrectomy in the
KK-a/a mice was also associated with a sharp decline in
adiponectin levels between 20 and 26 weeks of age.

Consistent with increased body weight, serum lipids
and adiposity-associated cytokines were elevated in KK-𝐴𝑦
mice. Serum leptin was elevated 2-fold relative to KK-a/a
controls in binephric KK-𝐴𝑦 mice and approximately 5-fold
in KK-𝐴𝑦 + Unx animals (Figure 2(a)). Serum leptin was
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Figure 1: Obesity, glucose intolerance, insulin resistance, and hypoadiponectinemia in KK-𝐴𝑦 mice. (a) Prior to diet change of a moderately
high-fat diet at 12 weeks, KK-𝐴𝑦 were significantly heavier than KK-a/a control animals. After 3 weeks on modified diet, KK-a/a control
animals became obese, but never reached the same level as KK-𝐴𝑦 (𝑃 < 0.01). (b) Throughout the study, glycated hemoglobin was elevated
in KK-𝐴𝑦 mice (compared to KK-a/a controls, 𝑃 < 0.01). KK-a/a mice maintain normal long-term glucose homeostasis. Hyperglycemic
uninephrectomized KK-𝐴𝑦 (KK-𝐴𝑦 +Unx) animals had lower HbA1c than birenal KK-𝐴𝑦 (𝑃 < 0.05). (c) All KK-𝐴𝑦 had elevated insulin, but
greater hyperinsulinemia was evident in the KK-𝐴𝑦 + Unx group, where insulin increased progressively throughout the study. (d) Consistent
with obesity, all KK-𝐴𝑦 mice had lower adiponectin levels at 16 weeks of age, which were further decreased by 26 weeks.The observed decline
in adiponectin levels in KK-a/aUnx and high-fat diet between 22–26weeks was not statistically different from the KK-a/a control.TheKK-𝐴𝑦
+ Unx adiponectin levels were significantly lower than KK-𝐴𝑦 binephric mice.

also elevated by Unx in both KK-a/a and KK-𝐴𝑦. Serum
triglyceride levels show a similar profile: both KK-a/a and
KK-𝐴𝑦 uninephrectomized mice were hypertriglyceridemic
compared to binephric animals, and triglycerides were higher
in KK-𝐴𝑦 mice than in comparable KK-a/a. KK-𝐴𝑦 + Unx
triglycerides were elevated 4.5-fold versus binephric KK-a/a
controls (Figure 2(b)). Serum cholesterol levels were also

markedly elevated in KK-𝐴𝑦 + Unx mice (Figure 2(c)) and
further increased by uninephrectomy, an effect consistent
with that observed for serum leptin and triglycerides. In con-
trast, serumPAI-1 levels were not affected by uninephrectomy
(Figure 2(d)), but were significantly elevated in KK-𝐴𝑦 mice
relative to KK-a/a. Taken together, these data are consistent
with the metabolic profile of human T2DN [2, 31, 32].
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Figure 2: Altered serum cytokines and serum lipids in KK-𝐴𝑦 mice. (a) Leptin levels were elevated in KK-𝐴𝑦 (versus KK-a/a control).
Addition of uninephrectomy (Unx) elevated serum leptin, both in KK-a/a and in KK-𝐴𝑦 mice (𝑃 < 0.01). (b) A similar profile was observed
for serum triglycerides, which were elevated in KK-𝐴𝑦 (versus KK-a/a control). As with leptin, Unx further elevated triglycerides both in
KK-a/a and in KK-𝐴𝑦 mice (𝑃 < 0.01). (c) Relative to KK-a/a controls, KK-a/a + Unx, KK-𝐴𝑦, and KK-𝐴𝑦 + Unx mice all showed markedly
elevated serum cholesterol (𝑃 < 0.001). (d) Serum PAI-1 levels were elevated in KK-𝐴𝑦 mice compared to age-matched KK-a/a animals
(𝑃 < 0.01). However, PAI-1 levels in KK-𝐴𝑦 were unaffected by Unx.

3.2. Urine and Serum Biomarkers Indicate Renal Injury in KK-
A𝑦 and KK-A𝑦 + Unx Mice. KK-𝐴𝑦 mice exhibit consistent
and progressive albuminuria, measured as albumin/creat-
inine ratio (ACR) (Figure 3(a)). ACRs were comparable in
both KK-𝐴𝑦 and KK-𝐴𝑦 + Unx, suggesting that uninephrec-
tomy does not affect albuminuria in KK-𝐴𝑦 animals. Urinary
excretion of the podocyte protein nephrin, recently identified
as a biomarker of glomerular injury in both humans and
mice [33, 34], was elevated in both KK-𝐴𝑦 and KK-𝐴𝑦 +
Unx mice at 26 weeks (14 weeks after the switch to elevated
fat diet), with a trend towards nephrinuria first detected
at 22 weeks (Figure 3(b)). As with ACR, we observed no
difference in urinary nephrin/creatinine ratio in intact and
uninephrectomized mice, suggesting glomerular injury in
both KK-𝐴𝑦 groups.

We also examined the concentration of KIM-1, a marker
of ongoing renal tubular injury [35, 36], in urine collected

from 26-week-old mice (Figure 3(c)). Relative to KK-a/a ani-
mals, KIM-1 was elevated in both KK-𝐴𝑦 and KK-𝐴𝑦 + Unx
mice. Interestingly, KIM-1 levels in KK-𝐴𝑦 + Unx animals
were lower than in their binephric counterparts, possibly
as a consequence of the reduced renal mass in uninephrec-
tomized mice.

Elevated ACR and urine nephrin and KIM-1 concentra-
tions suggest renal glomerular and tubular injury in KK-𝐴𝑦
mice. To determine whether renal function was affected, we
examined serum blood urea nitrogen (BUN) levels in these
animals (Figure 4(a)). BUN was of normal range in KK-a/a
mice, but was slightly elevated in KK-a/a + Unx and KK-𝐴𝑦
animals. Mice in the KK-𝐴𝑦 + Unx group, however, showed
substantially greater increases in BUN, reaching an average of
45.3mg/dL at 26 weeks (𝑃 < 0.0001 versus both KK-𝐴𝑦 and
KK-a/a). These BUN values suggest impaired renal function
in KK-𝐴𝑦 + Unx mice, and we therefore directly measured
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Figure 3: Urine markers indicate glomerular injury in KK-𝐴𝑦. (a) KK-𝐴𝑦 mice exhibited consistent and progressive albuminuria, measured
as albumin/creatinine ratio (ACR) (𝑃 < 0.01 at all timepoints versus KK-a/a). No difference was observed in ACR between KK-𝐴𝑦 and
KK-𝐴𝑦 + Unx. (b) Glomerular injury in KK-𝐴𝑦 mice was suggested by progressive elevation of the podocyte-specific protein nephrin in the
urine. Again, urine nephrin levels were comparable in KK-𝐴𝑦 and KK-𝐴𝑦 + Unx mice (𝑃 < 0.01 versus KK-a/a). (c) When compared to
KK-a/a, the renal tubular marker Kim1 was also elevated in KK-𝐴𝑦 mice. Interestingly, Kim1 levels in KK-𝐴𝑦 + Unx animals were lower than
in KK-𝐴𝑦 mice.

glomerular filtration rate (GFR) in this group. We found a
32% reduction in GFR in KK-𝐴𝑦 + Unx mice compared to
KK-a/a littermate controls, a reduction roughly equivalent to
late stage 2 CKD in human patients.Thus, despite the finding
that urine biomarkers revealed little difference in the extent
of renal damage between KK-𝐴𝑦 and KK-𝐴𝑦 + Unx mice,
changes in BUN and GFR, both direct indicators of renal
function, indicated substantial renal impairment only in
KK-𝐴𝑦 + Unx mice.

3.3. Uninephrectomy Exacerbates Glomerulopathy and Renal
Fibrosis Markers in KK-A𝑦 Mice. On histologic assessment,
nondiabetic KK-a/a control mice exhibited minimal to mild
glomerulopathy that was unchanged by elevated fat diet and
Unx (Figures 5(a) and 5(b)). In contrast, diabetic KK-𝐴𝑦

mice fed elevated fat diet exhibited a moderate to marked
glomerulopathy (Figure 5(c)), characterized predominantly
by segmental to global expansion of the mesangial matrix by
PAS positive material and hypercellularity of the glomerular
tuft. Semiquantitative scoring (Figure 5(i)) demonstrated a
significant increase in the glomerulopathy in binephric dia-
betic KK-𝐴𝑦mice versus KK-a/a controls (𝑃 < 0.01), and this
was further exacerbated by uninephrectomy in the KK-𝐴𝑦
+ Unx group (𝑃 < 0.001 vs. KK-a/a controls). Tubular
lesions were rare to nonexistent in nondiabetic KK-a/a
groups (Figures 5(e) and 5(f)). However, uninephric and
binephric KK-𝐴𝑦 groups exhibited multifocal tubular atro-
phy with thickened tubular basement membranes (Figures
5(g) and 5(h)), tubular dilation with or without luminal pro-
tein casts, and tubular mineralization at the corticomedullary
junction. Overall, the tubular pathology was significantly
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Figure 4: Decreased renal function in KK-𝐴𝑦 is exacerbated
by uninephrectomy. (a) Compared to KK-a/a mice, blood urea
nitrogen (BUN) is slightly elevated in KK-𝐴𝑦 and KK-a/a + Unx,
though this difference is not statistically significant at later time
points in the KK-a/a +Unx group. Uninephrectomy further elevates
BUN in KK-𝐴𝑦, with BUN increased by twofold, indicating mild
uremia in KK-𝐴𝑦 + Unx animals. (b) Renal function, as measured
by glomerular filtration rate (GFR), is reduced by 32% in KK-𝐴𝑦 +
Unx mice compared to KK-a/a littermate controls (𝑃 < 0.001).

greater in binephric KK-𝐴𝑦 (𝑃 < 0.01) and uninephric
KK-𝐴𝑦 mice (𝑃 < 0.001, Figure 5(j)) relative to the KK-a/a
controls. In the interstitium, KK-𝐴𝑦 diabetic mice in both
groups had multifocal infiltration of mixed inflammatory
cells and mild fibrosis which typically surrounded severely
affected glomeruli and/or tubules (Figures 5(g) and 5(h)).
Inflammatory infiltrates were composed of macrophages,

lymphocytes, and plasma cells admixed with occasional
neutrophils. Although group median scores for interstitial
fibrosis were similar in binephric and uninephric KK-𝐴𝑦
groups, only the uninephric group showed a statistically
significant increase relative to the KK-a/a controls (𝑃 <
0.001, not shown).

To further examine whether uninephrectomy affects
fibrosis in KK-𝐴𝑦 mice, we measured transcription of fibro-
sis-related genes in total kidney mRNA (Figure 5(k)). In
KK-𝐴𝑦 animals, we observed the upregulation of RNA
encoding Col3a1, Fn1, PAI-1, Mmp9, and RNA encoding the
TGF𝛽1-3 ligands relative to KK-a/a controls. In KK-𝐴𝑦 +Unx
mice, we saw an additional statistically significant increase
in Col3a1 andMmp9 expression relative to binephric KK-𝐴𝑦
animals, as well as a trend towards increased expression of the
remaining fibrotic genes assessed. Taken together, these data
indicate renal fibrosis in KK-𝐴𝑦 mice and that uninephrec-
tomy further exacerbates renal damage in this model.

3.4. Podocyte Injury in KK-A𝑦 + UnxMice. At the ultrastruc-
tural level, KK-a/a mice showed normal podocyte foot
processes (Figure 6(a)) and a smooth, trilaminar glomerular
basementmembrane (GBM). BothKK-𝐴𝑦 andKK-𝐴𝑦 +Unx
animals exhibited multifocal podocyte foot process efface-
ment and areas of irregular thickening in the lamina densa
of the GBM (Figures 6(b) and 6(c)). Because podocyte foot
process effacement is reversible [37, 38], we used morpho-
metric analysis of sections immunostained for the podocyte
marker WT-1 to assess podocyte loss in KK-𝐴𝑦 mice. No
change was observed in average cell density per glomerulus
in any of the groups examined (Figure 6(d)). However, we
noted increased glomerular area in KK-𝐴𝑦 and KK-𝐴𝑦 +
Unx mice. Furthermore, we observed a 28% decrease in
the density of WT-1 positive cells per mm2 glomerular area
in uninephrectomized KK-𝐴𝑦 animals compared to KK-a/a
mice (Figure 6(f)).This decrease in podocyte density was not
observed in binephric KK-𝐴𝑦 animals, a distinction consis-
tent with the higher glomerular pathology scores in KK-𝐴𝑦
+ Unx mice (Figure 5(i)) and suggesting that addition of
uninephrectomy exacerbates glomerular injury in the KK-𝐴𝑦
model of diabetic nephropathy.

Examination of podocyte-specific transcripts further
supports the conclusion that podocyte loss is observed only
in KK-𝐴𝑦 + Unx mice. Using quantitative RT-PCR, we mea-
sured expression of the podocyte-specific genes nephrin
(Nphs1), podocin (Nphs2), and WT-1 in total kidney mRNA
(Figure 6(g)). We observed no difference in the expression
of any of these genes between KK-a/a and binephric KK-𝐴𝑦
mice, but note a statistically significant decrease in all three
podocyte markers in KK-𝐴𝑦 + Unx animals. These data are
consistent with the decrease in podocyte density in KK-𝐴𝑦
+ Unx mice and suggest that uninephrectomy is necessary to
induce podocyte loss in this model.

3.5. Increased Macrophage Infiltration and Inflammation
in Uninephrectomized KK-A𝑦 Mice. Macrophage infiltration
and inflammation are increasingly recognized as important
elements in diabetic glomerular disease [39]. To examine



8 Journal of Diabetes Research

KK-𝑎/𝑎

(a)

HF UnxKK-𝑎/𝑎

(b)

HFKK-𝐴𝑦

(c)

HF UnxKK-𝐴𝑦

(d)

(e) (f) (g) (h)

Glomerular pathology

0

1

2

3

4

Sc
or

e

+

KK-𝑎/𝑎
HF Unx
KK-𝑎/𝑎

HF
KK-𝐴𝑦

HF Unx
KK-𝐴𝑦

∗

∗
𝑃 < 0.001 versus KK-𝑎/𝑎

+
𝑃 < 0.01 versus KK-𝑎/𝑎

(i)

Tubular pathology

0

1

2

3

4
Sc

or
e

+ ∗

HF Unx HF HF Unx
KK-𝑎/𝑎 KK-𝑎/𝑎 KK-𝐴𝑦 KK-𝐴𝑦

∗
𝑃 < 0.001 versus KK-𝑎/𝑎

+
𝑃 < 0.01 versus KK-𝑎/𝑎

(j)

Expression of fibrosis-related genes
(total kidney RNA)

12
10

8
6
4
2
0

Col3a1 Fn1 PAI1 MMP9Fo
ld

 ch
an

ge
 (v

er
su

s K
K-

𝑎
/
𝑎

)

TGF𝛽1 TGF𝛽2 TGF𝛽3

∗

∗

∗

∗

∗ ∗

∗

∗

∗
∗

∗ ∗
∗ ∗

+
+

KK-𝑎/𝑎
KK-𝐴𝑦 HF
KK-𝐴𝑦 HF + Unx

∗
𝑃 < 0.05 versus KK-𝑎/𝑎

+
𝑃 < 0.05 versus KK-𝐴𝑦 HF

(k)

Figure 5: Glomerular injury in KK-𝐴𝑦 diabetic mice. PAS staining in KK-a/a (a) and KK-a/a + Unx (b) mice revealed normal glomeruli.
KK-𝐴𝑦 mice (c) exhibited glomerular hypercellularity (white arrow) and mesangial matrix expansion (black arrow). KK-𝐴𝑦 + Unx (d) had
more severe glomerularmesangialmatrix expansion (black arrow). Trichrome staining revealed normal tubules and interstitium inKK-a/a (e)
and KK-a/a +Unx (f), whereas KK-𝐴𝑦 (g) and KK-𝐴𝑦 +Unx (h) hadmultifocal tubular atrophy with thickened basement membranes (white
arrows) and mild interstitial fibrosis (black arrows). Scale bars represent 50 𝜇m. (i) In the semiquantitative pathological scoring, horizontal
bars indicate groupmedian score.Thebinephric KK-𝐴𝑦 diabeticmice had a significantly greater groupmedian score for glomerular pathology
(𝑃 < 0.01 versus KK-a/a controls), with a trend toward exacerbation of pathology by uninephrectomy in the KK-𝐴𝑦 + Unx group (𝑃 < 0.001
versus KK-a/a controls). (j) Both KK-𝐴𝑦 groups had a significant increase in tubular pathology relative to KK-a/a controls (𝑃 < 0.01 KK-𝐴𝑦;
𝑃 < 0.001 KK-𝐴𝑦 + Unx). (k) Whole kidney qRT-PCR indicated increased expression of fibrosis related genes by uninephrectomy in
KK-𝐴𝑦 versus KK-a/a. Expression of mRNA encoding Collagen 3a1 (Col3a1), fibronectin (FN1), serpine-1 (PAI-1),matrixmetallopeptidase 9
(MMP9), and the transforming growth factor beta-proteins (TGF𝛽) 1–3 was significantly elevated in KK-𝐴𝑦 versus KK-a/a. Addition of Unx
to KK-𝐴𝑦significantly elevated expression of Col3a and MMP9 versus KK-𝐴𝑦 (𝑃 < 0.01).
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Figure 6: Podocyte injury in KK-𝐴𝑦 +Unxmice. (a) At the ultrastructural level, KK-a/a controls had normal podocyte foot processes (white
arrows) and a smooth, trilaminar glomerular basementmembrane. In KK-𝐴𝑦 (b) and KK-𝐴𝑦 +Unx (c)mice, there was podocyte foot process
effacement (white arrows) and areas of mild irregular GBM thickening (black arrows). Regions of uneffaced foot processes ((b), inset) were
present in bothKK-𝐴𝑦 cohorts, and uninephrectomy did not induce discernable differences in the severity of glomerular basementmembrane
thickening. Podocyte counting was carried out using WT-1 as a specific podocyte marker. The total number of cells per glomerular area (d)
was unchanged between any of the groups, but glomerular area was significantly increased in all KK-𝐴𝑦 animals (e). In uninephrectomized
KK-𝐴𝑦mice, the number ofWT-1-positive cells per glomerular area was reduced by 28% (𝑃 < 0.05).The number of podocytes per glomerulus
(independent of area) was also decreased in KK-𝐴𝑦 (18% of total cells in KK-a/a, 16% in KK-𝐴𝑦 HF, and 13% in KK-𝐴𝑦 HF Unx (data not
shown)) suggesting that loss of podocytes is not simply due to increased glomerular area. (g) qRT-PCR analysis of podocyte-specific genes
further supports podocyte loss, revealing statistically significant decreases in nephrin, podocin, andWT-1 RNA expression in KK-𝐴𝑦 HFUnx
kidneys.
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whether renal macrophage infiltration is present in the
KK-𝐴𝑦 model, immunohistochemistry for the macrophage
marker CD68 was performed on kidney sections (Figure 7).
In KK-a/a or KK-a/a + Unx mice, there were scattered
CD68+macrophages in the interstitium (Figures 7(a) and
7(b)) and rare CD68 positive cells in glomeruli. In contrast,
binephric KK-𝐴𝑦 mice (Figure 7(c)) exhibited a significant
increase in interstitial CD68+ macrophages (𝑃 < 0.05 versus
KK-a/a controls) and this was enhanced in the KK-𝐴𝑦 +
Unx group (𝑃 < 0001 versus KK-a/a controls, Figure 7(f)).
Both KK-𝐴𝑦 diabetic groups had low numbers of CD68+cells
within glomeruli (Figure 7(e)). These may represent infiltrat-
ing macrophages or, alternatively, mesangial cells transform-
ing to a macrophage phenotype.

Immunohistochemical findings were corroborated by
quantitative RT-PCR from total kidney mRNA which indi-
cated a significant increase in the expression of CD68 and
inflammation-associated markers IL-6, MCP-1, and CD44
in both KK-𝐴𝑦 and KK-𝐴𝑦 + Unx animals (Figure 7(g)).
Expression of each of these markers was further increased in
KK-𝐴𝑦 +Unxmice, pointing to increased renal inflammation
in this group.

4. Discussion

The KK-𝐴𝑦 mouse strain is glucose intolerant, severely
insulin resistant, dyslipidemic, and hypertensive; all are char-
acteristics of the “metabolic syndrome” phenotype of T2D
patients [24–26]. Evidence of kidney injury is also present,
including albuminuria, mesangial matrix accumulation, and
GBM thickening [20]. However, as with many mouse models
of diabetic nephropathy [10, 11], renal damage in KK-𝐴𝑦
mice is mild and does not adequately capture key aspects
of the human disease. To drive disease severity in KK-𝐴𝑦,
we provided a diet containing 24% of calories from fat and
examined the effects of uninephrectomy (Unx) on metabolic
and renal endpoints in this model. We found that while
urinary markers of renal injury (albuminuria, nephrinuria,
and urine Kim-1) were similar in KK-𝐴𝑦 and KK-𝐴𝑦 +
Unx mice, uninephrectomized animals exhibited increased
glomerular pathology, podocyte damage and loss, and renal
inflammation. Furthermore, KK-𝐴𝑦 +Unxmice had elevated
serum BUN and reduced GFR, indicating the impairment of
renal function. Our findings indicate that KK-𝐴𝑦 +Unxmice
have a more severe phenotype than previously reported in
other DN models and, therefore, is a representative model of
progressive glomerular injury and podocyte loss.

Our strategy was to use reduction in renal mass and
dietary manipulation in a strain which is genetically suscep-
tible to renal disease to further exacerbate renal injury. First,
KK-𝐴𝑦 mice were uninephrectomized to induce glomeru-
lar hypertrophy, distortion of capillary architecture, and
increased mechanical stress on the podocyte, factors which
have been shown to exacerbate glomerulosclerosis [40, 41].
KK-𝐴𝑦 mice were then fed a semipurified diet that is more
representative of a normal human diet, with 24% of calories
derived from fat. Excess dietary fat promotes tissue injury

[42], and the very low fat content in normal rodent chowmay
consequently be protective. This elevated fat diet is also low
in phytoestrogens, which are present in high levels in normal
rodent chow [43] and can induce hormonal and antioxidant
effects [44] that may blunt progressive injury.

A significant advantage to using the KK-𝐴𝑦 strain is that
diabetes is polygenic and not due to a defect in leptin
receptor signaling. This is analogous to human disease and
in contrast to other obese diabetic models such as db/db and
ob/ob mice [10, 17]. We found that both binephric and
uninephrectomized KK-𝐴𝑦 animals have elevated HbA1c,
insulin, and leptin levels, suggesting both insulin and leptin
resistance. We also observed a reduction in serum levels
of the anti-inflammatory cytokine adiponectin [31, 45] and
elevation of the proinflammatory cytokine PAI-1 [32, 46]
in both cohorts of KK-𝐴𝑦 mice, suggesting the presence of
a proinflammatory state similar to human diabetic patients
[47]. Inflammation may be exacerbated in KK-𝐴𝑦 + Unx
mice, as serum insulin and leptin levels (and, consequently,
triglycerides) were further elevated in these animals. Taken
together, these data indicate metabolic dysfunction and
inflammation in both KK-𝐴𝑦 and KK-𝐴𝑦 +Unx cohorts, and
suggest that uninephrectomy heightens inflammation in this
model.

Urinalysis of KK-𝐴𝑦 and KK-𝐴𝑦 + Unx mice indi-
cated renal injury in both groups. Albumin/creatinine ratios
(ACRs) were elevated relative to KK-a/a controls, and
increased levels of urine nephrin, a marker of podocyte
injury in preclinical models and in human patients [48, 49],
were also detected. Together, these findings suggest the
impairment of the glomerular filtration barrier in KK-𝐴𝑦
mice. Kim-1, amarker of proximal tubule injury [36], was also
elevated in KK-𝐴𝑦and KK-𝐴𝑦 + Unx. We note, however, that
Kim-1 in urine from KK-𝐴𝑦 + Unx mice was slightly, but sta-
tistically significantly, decreased relative to KK-𝐴𝑦, possibly
reflecting the reduced renal mass in the uninephrectomized
mice.

While urine markers of renal injury were similar in
both KK-𝐴𝑦 cohorts, renal function appeared to be more
significantly impaired in the Unx group. Serum BUN is a
routine laboratory test for diagnosis and routine followup
of patients with CKD [50] and was elevated in KK-𝐴𝑦 +
Unxmice. Furthermore, glomerular filtration rate (GFR) was
decreased by 33% versus nondiabetic KK-a/a. Such loss of
renal function, roughly comparable to late stage CKD stage 2
[51], suggests that KK-𝐴𝑦 + Unx mice exhibit the progressive
renal injury characteristic of human diabetic nephropathy.

Consistent with previous reports [20, 21], nonnephrec-
tomized KK-𝐴𝑦 mice displayed significant glomerulopathy
and mild to moderate tubulointerstitial pathology. KK-𝐴𝑦 +
Unx animals had higher median glomerular pathology
scores, indicating that addition of Unx exacerbates the sever-
ity of glomerulopathy in this model. While tubulointerstitial
pathology is not quantifiably different in the two KK-𝐴𝑦
groups, expression of the fibrotic markers Col3a1 andMmp9
is statistically significantly elevated, and we note a trend
towards increased expression of a number of additional
fibrotic genes.
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Figure 7: Increased inflammation in KK-𝐴𝑦 mice.Macrophage infiltration was evaluated by CD68 immunohistochemistry. KK-a/a (a) and
KK-a/a +Unx (b) mice had scattered CD68+macrophages in the interstitium (white arrows) and rare CD68+cells in the glomeruli. KK-𝐴𝑦 (c)
and KK-𝐴𝑦 +Unx (d) mice showed increased CD68+macrophage infiltration in the interstitium (white arrows) and occasional CD68+cells in
glomeruli (inset, black arrows). Scale bars represent 50 𝜇m. Semiquantitative scoring of CD68+ cells revealed a modest increase in positively
stained cells within glomeruli of KK-𝐴𝑦 relative to the KK-a/a controls (e), additionally a statistically significant increase in interstitial
CD68+ macrophages in both groups, with a slight enhancement in the KK-𝐴𝑦 + Unx group (f). Horizontal bars indicate group median
score and asterisk represents P value <0.001. (g) Gene expression was assayed by qRT-PCR using total kidney RNA from 26 week old mice
KK-𝐴𝑦, uninephrectomized KK-𝐴𝑦, and control KK-a/a animals. qRT-PCR revealed increased expression of IL-6, MCP-1, CD68, and CD44
were significantly upregulated in KK-𝐴𝑦 versus KK-a/a (𝑃 < 0.01). Uninephrectomy further exacerbated IL-6, MCP-1, and CD68 mRNA
upregulation versus KK-𝐴𝑦 (𝑃 < 0.05).
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Both KK-𝐴𝑦 and KK-𝐴𝑦 + Unx animals exhibited multi-
focal podocyte foot process effacement and areas of irregular
GBM thickening, but we observed a 28% decrease in the
density of WT-1+ cells only in the KK-𝐴𝑦 + Unx group,
indicating podocyte loss in thesemice. Reduced RNA expres-
sion of WT-1 and of the podocyte-specific markers nephrin
(nphs1) and podocin (nphs2) in KK-𝐴𝑦 + Unx further
support this conclusion. We note, however, that despite
the evidence of podocyte loss in KK-𝐴𝑦 + Unx mice, the
concentration of urine nephrin was similar in both KK-𝐴𝑦
cohorts, suggesting that, while elevated urine nephrin indi-
cated ongoing glomerular injury, the absolute level of
nephrinuria may not distinguish relative degrees of podocyte
injury. Alternatively, because reduction of renal mass in
KK-𝐴𝑦 + Unx animals halves the total number of podocytes,
potentially contributing to urinary nephrin, equivalent levels
of nephrinuria may actually reflect a much higher rate of
podocyte loss in KK-𝐴𝑦 + Unx mice. Nevertheless, taken
together, these data attest measurable podocyte loss only in
the KK-𝐴𝑦 + Unx group, suggesting that uninephrectomy is
necessary to induce podocyte loss in the KK-𝐴𝑦 model.

Our data also indicate that uninephrectomy heightened
renal inflammation in this model. Immunostaining for the
macrophage marker CD68 revealed a statistically signifi-
cant increase in CD68+macrophages in the interstitium of
diabetic mice, with a trend for greater infiltration in the
uninephric versus the binephric KK-𝐴𝑦 group. Furthermore,
RNA expression of CD68, as well as of the inflammation-
associated markers IL-6 andMCP-1, was significantly greater
in the KK-𝐴𝑦 + Unx group. These data all point to increased
renal inflammation in Unx-KK-𝐴𝑦 mice as a contributory
factor in the enhanced renal phenotype in this model.

The results of this study support a strategy for DN model
development, complementary to the AMDCC’s recommen-
dation, in which multiple “hits” were layered together to
exacerbate renal pathology in mouse models genetically pre-
disposed to diabetes. Such an approach may more realisti-
cally capture the interaction between genetics and environ-
ment contributing to the complex pathogenesis of diabetic
nephropathy.
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Construction nearby animal houses has sporadically been reported to affect various aspects of animal health. Most of the reports
have focussed on the impact on stress hormone levels and the hypersensitivity of animals relative to humans.There has also been an
anecdotal report on the impact of construction on autoimmune diabetes in NODmice. Here, we describe that nearby construction
significantly impedes the progression to overt diabetes in female NOD mice offspring. We demonstrate that this was not due to a
genetic drift or to particularities associated with our specificmouse colony. Interestingly, although the glycemia levels remained low
in mice born from mothers subject to construction stress during gestation, we detected an active autoimmune reaction towards
pancreatic islet cells, as measured by both the degree of insulitis and the presence of insulin autoantibody levels in the serum.
These results suggest that the external stress imposed during embryonic development does not prevent but significantly delays
the autoimmune process. Together, our findings emphasize the impact of surrounding factors during in vivo studies and are in
agreement with the hypothesis that both environmental and genetic cues contribute to autoimmune diabetes development.

1. Introduction

TheNODmouse was developed in the 1970s in Japan and has
since become the animal model of choice to investigate the
genetic, cellular, and molecular mechanisms involved in the
development of autoimmune diabetes [1]. This inbred strain
spontaneously develops an autoimmune reaction towards
pancreatic islet antigens, destroying the insulin-producing
pancreatic beta cells. The spontaneous disease process in
the NOD mouse parallels that observed in humans and,
consequently, the NODmouse model provides an important
tool to dissect and better understand the complex pathophys-
iological process leading to disease onset [2, 3].

Two main factors are known to contribute to disease
susceptibility of this complex trait, namely, genetic and envi-
ronmental factors. First, autoimmune diabetes is a complex
genetic trait, with over 50 genetic loci contributing to disease
susceptibility [4, 5]. Interestingly, a direct parallel can be

made between most of the diabetes susceptibility genetic risk
factors currently identified in humans and mice [6]. How-
ever, a notable difference is that although the prevalence of
autoimmune diabetes in humans is not influenced by gender,
the incidence in female NOD mice is consistently higher
than that of male mice [1]. Nevertheless, the NOD strain
constitutes a valid model to investigate the pathophysiology
and the genetic susceptibility towards the spontaneous occur-
rence of autoimmune diabetes. Second, the contribution of
environmental factors to diabetes susceptibility in humans is
less well understood and include, but are not limited to, viral
infections, diet and epigenetic modifications [7, 8].

Interestingly, environmental factors are not only at
play in defining susceptibility to autoimmune diabetes in
humans but also exhibit a major impact on susceptibility
to disease in the inbred NOD strain. Indeed, the incidence
of diabetes is known to vary depending on the barrier
status of the animal house, where the incidence of disease
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Table 1: Description of the mothers and litters from the NOD/LtJ-HMR mouse colony used in this study.

Breeding
pair (#)

Date of birth
of the mother

Became
diabetic

Number of litters
produced

In gestation
during

construction

Age of mothers
at postpartum,

first litter
Litters included in the study

142 June 16, 2010 Unknown 2 litters Yes 15 weeks 1st litter
born October 1, 2010

143 June 16, 2010 Yes 6 litters No 8 weeks N/A, not included

144 July 25, 2010 Yes 5 litters Yes 10 weeks
1st litter

born October 5, 2010
After construction born Dec 9 2010

is the highest in specific pathogen-free facilities relative
to conventional facilities [9–11]. The type of diet provided
to NOD mice or the ambient temperature in which the
mouse colonies are kept can both impact the incidence
of disease [12–15]. Finally, the Jackson Laboratory has
reported modest changes in the incidence of disease in
their large NOD mouse cohorts due to alterations in light
cycles or to nearby construction and earthquake tremors
(http://type1diabetes.jax.org/images/fine-mapping/1976%20
cumulative%20inc.jpg).

We currently hold a NOD mouse colony in our specific
pathogen-free facility, for which we routinely monitor the
incidence of diabetes in female mice. These data serve as
a control for ongoing experiments, wherein we administer
different products to female NOD mice to determine the
impact of these products on the pathophysiology of the
disease as well as the incidence of diabetes [16]. In our
small animal cohort, we show that nearby construction
significantly delayed diabetes onset in NODmice and almost
completely impeded the progression to overt diabetes. We
also demonstrate that this is not a consequence of a genetic
drift in our NOD mouse colony. The results emphasize the
importance of considering the surrounding environment
when performing experiments in animal models.

2. Methods

2.1. Ethics Statement. All experiments were performed in
line with the rules and regulations of the Canadian Council
for Animal Protection, and the experimental procedure was
approved by the Maisonneuve-Rosemont Hospital Animal
Care Committee.

2.2. Mice. NOD mice from the NOD/LtJ colony were pur-
chased from Jackson Labs in 2006 and were maintained
by intercrossing nondiabetic 6-week-old male and female
mice at the Hôpital Maisonneuve-Rosemont (HMR) spe-
cific pathogen-free facility. Routine microbiological moni-
toring of dirty bedding exposed sentinel animals was per-
formed for the following murine pathogens: mouse hepatitis
virus, Sendai virus, pneumonia virus of mice, reovirus-
3, Theiler’s murine encephalomyelitis virus, Mycoplasma
pulmonis, mouse parvovirus, mice minute virus, mouse
rotavirus, murine norovirus, Helicobacter genus, Helicobac-
ter bilis, Helicobacter hepaticus, Bordetella bronchiseptica,
Corynebacterium kutscheri, Klebsiella oxytoca, Klebsiella

pneumoniae, Pasteurella multocida, Pasteurella pneumotrop-
ica (Heyl and Jawetz), Pseudomonas aeruginosa, Staphylococ-
cus aureus, Streptococcus pneumonia, Beta Strep spp., Beta
Strep. sp.-Group B, Beta Strep. sp.-Group G, Salmonella,
Citrobacter rodentium, Clostridium piliforme. The colony
was also free of the following endo- and ectoparasites: lice,
mites, Aspicularis tetraptera, Syphacia murisSyphacia obve-
lata, Chilomastix sp. Entamoeba sp., Giardia, Hexamastix sp.,
Monocercomonoides sp., Retortamonas sp., Spironucleus sp.,
and Trichomonads.The colony remained free of these specific
pathogens for the period of interest, aside from one report of
Entamoeba sp. in July 2011. Animals were kept under a pho-
toperiod of 14 hours of light/10 hours of darkness and ambient
temperatures set at a range of 21∘C to 24∘C. Animals had
unlimited access to distilled and acidified water and standard
rodent diet (2018 Teklad Global 18% Protein Rodent Diet,
or 2019 Teklad Global 19% Protein Extruded Rodent Diet,
Harlan Laboratories Inc., Indianapolis, IN, USA). Mice were
maintained in polycarbonate individually ventilated cages
with hardwood bedding (7090A Teklad Aspen SaniChips,
Harlan Laboratories Indianapolis Inc., IN, USA).

The breeding couples have been renewed, on average,
every 14 weeks in an attempt to minimize potential genetic
drifts [17].The incidence of diabetes was monitored when the
colony was at the HMR F11 to F13 generations. This mouse
colony is hereafter referred to as NOD/LtJ-HMR. NODmice
were also purchased from the NOD/ShiLtJ colony at Jackson
Labs in January 2011 and were maintained at the HMR under
the same conditions as the NOD/LtJ-HMR colony. All our
NODmouse coloniesweremaintained by on-site breeding, in
the same barrier status from 2006 to 2012, with no change in
the housing conditions, husbandry practices, feed, or water.
No embryo transfer or cross-fostering was undertaken in
these colonies.

2.3. Construction. Asphalt and part of the sidewalk were
repaired from September 15 to 18, 2010. The animal house
where all the NOD mice are kept is located in the basement
immediately adjacent to this construction site. At that time,
we held three breeder pairs, for which the details are provided
in Table 1.

2.4. Monitoring Diabetes Incidence. Diabetes incidence was
monitored daily for overt signs of diabetes (wet cage, hunched
posture) and every two weeks for urine glucose levels using
Diastix (Bayer) starting at between 8 to 10 weeks of age. Mice
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Figure 1: Nearby construction during the gestation period impacts
diabetes onset and cumulative incidence in offspring. Depicted
is a typical cumulative incidence of diabetes for eighteen female
NOD/LtJ-HMR mice (open squares). Two NOD/LtJ-HMR female
mice were in gestation while asphalt and sidewalk repairs were
being carried out immediately outside the facility. The incidence of
diabetes was closely monitored in the seven female offspring from
these mothers (closed circles), where the onset is observed at 22
weeks of age and the cumulative incidence reaches approximately
30% at 32 weeks of age. Log-rank test, P value < 0.05.

were called diabetic upon two consecutive positive urine
glucose readings. Blood glucose measurements >12mMwere
used to confirm diabetes. Mice presenting with >12mM of
blood glucose were sacrificedwithin oneweek. All othermice
were sacrificed at 32 weeks of age. At sacrifice, the pancreas
was collected and frozen in Optimal Cutting Temperature
Compound (OCT, Fisher) and the serum was collected and
stored at −80∘C.

2.5. Insulitis. Frozen pancreases were cut to 7𝜇m sections,
pressed against slides, fixed in acetone, and stored overnight
at 4∘C prior to hematoxylin and eosin staining. Three to
six nonconsecutive sections of pancreas were analysed per
mouse. The number of islets as well as the degree of insulitis
was quantified according to the following scale (see Figure 4):
0, no infiltration; 1, lymphocytes surrounding the islets; 2,
lymphocytes surrounding the islets and break of barrier (less
than 50% infiltration); 3, lymphocytes within the islets (over
50% infiltration); 4 extensive lymphocytic infiltrate with few
or no detectable pancreatic islet cells.

2.6. Insulin Autoantibodies (IAA). The serum levels of IAA
were measured by ELISA in a protocol adapted from previ-
ous work [18–20]. Insulin (Insulin B (9–23), Anaspec) was
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Figure 2:The lower incidence of diabetes is not due to a genetic drift
in our colony. The onset of diabetes was monitored in six female
NOD mice from the NOD/LtJ-HMR mouse colony born more
than two months after the construction had been completed (open
circles) as well as from twenty femaleNOD/ShiLtJmice bought from
Jackson Labs and maintained at the HMR facility (closed triangles).
The cumulative diabetes incidence shows no difference between
these two colonies. Log-rank test, P value = 0.4142.

immobilized onto microwells in 96 well plates. As a negative
control, half of each serum sample was previously incubated
with insulin for 7 days. All serum samples (preincubated
with insulin or not) were diluted 1/10 and were added to the
insulin-coated microwells. Horseradish peroxidase-labeled
polyclonal goat anti-mouse IgG (Biolegend) followed byTMB
substrate solution (Biolegend) was used to quantify insulin-
specific IgG antibodies. The optical density (OD) is directly
proportional to the concentration of IAA in the sample. All
samples were run in duplicate.The level of IAA in the sample
= (average of sample OD) − (average of background control
OD).

2.7. Statistics. Log rank Mantel-Cox tests were performed
using GraphPad Prism 5 to determine the statistical signifi-
cance of the difference in the incidence of diabetes.

3. Results and Discussion

Jackson Labs had previously reported that nearby construc-
tion partially affected the diabetes incidence in theirNOD/LtJ
colony in 2006 (http://type1diabetes.jax.org/images/fine-
mapping/1976%20cumulative%20inc.jpg). Therefore, as we
were aware of nearby construction upon undertaking a
new diabetes incidence study in September 2010, we closely
monitored the diabetes onset and incidence in the female
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Figure 3:Nearby construction affects diabetes onset and cumulative
incidence in NOD mice born from the same breeder pair. The
cumulative incidence of diabetes is compared for female NOD
mice born from the same breeder pair at different times, namely,
those who nearby construction occurred during their embryonic
development (closed circles, n = 4) and those born over twomonths
after the construction event (open circles, n = 6). Log-rank test, P
value < 0.05.

NOD mouse experimental control group. Notably, at the
HMR-specific pathogen-free animal house facility, diabetes
onset in female NOD mice from the NOD/LtJ-HMR colony
is typically between 12 to 14 weeks of age, and the incidence
of diabetes reaches approximately 70%–80% at 32 weeks of
age (Figure 1).

Two of the three female NODmice, that had been placed
in breeding pairs, were in gestation during the construction
period—September 15 to 18, 2010 (Table 1). We monitored
the incidence of diabetes in the seven female offspring
born in October 2010 from these mothers. We observed a
delay in diabetes onset, which now initiated at 22 weeks
of age for female NOD mice born from mothers subject
to construction stress during gestation (Figure 1). Moreover,
we found a significantly reduced cumulative incidence of
diabetes, where only two of the seven female NOD mice
developed diabetes within 32 weeks in the NOD/LtJ-HMR
mouse colony (Figure 1).

Notably, the incidence of diabetes in Figure 1 was moni-
tored in female NOD mice inbred for 11 to 13 generations in
a relatively small animal house cohort, generally comprised
of 3 to 5 breeder pairs. Although breeder replacement is
performed on average every 14 weeks to prevent potential
genetic selection for diabetes resistance, we could not entirely
exclude the possibility of a genetic drift in theNOD/LtJ-HMR
mouse colony [17, 21–23]. Indeed, as diabetes onset normally
occurs between 12 to 14 weeks of age in female NOD mice of

the NOD/LtJ-HMR mouse colony, and since we maintained
a few breeder pairs beyond that time point, there is a risk that
we selectedmice carrying a genetic polymorphism conferring
resistance to diabetes.

We thus went on to test the hypothesis that the diabetes
onset was delayed and that the incidence was reduced in
the NOD/LtJ-HMR mouse colony as a consequence of a
genetic drift.Weundertook a seconddiabetes incidence study
with six female NOD mice of the NOD/LtJ-HMR colony
born in December 2010, more than two months after the
construction had been completed. In addition, we purchased
twenty 7-week-old female NOD mice from the Jackson Labs
NOD/ShiLtJ mouse colony andmaintained them in the same
conditions as the mice from the NOD/LtJ-HMR colony.
The onset of diabetes for female NOD mice from both
the NOD/LtJ-HMR and NOD/ShiLtJ mouse colonies was
between 12–15 weeks of age and the cumulative incidence of
diabetes also reached 70–100% in both mouse colonies by
32 weeks of age (Figure 2). Together, our data demonstrate
that the decrease in disease onset and cumulative incidence
observed in the female NOD mice born in October 2010 was
not due to a genetic drift in our mouse colony and is likely
attributable to the effect of nearby construction.

Of interest, all of the six female NOD mice of the
NOD/LtJ-HMR colony from Figure 2 were born from one
of the two original breeders, wherein the mothers had
been subject to construction stress during the gestation
two months before. We thus opted to directly compare the
diabetes incidence from the four female NOD mice born
in early October 2010 (i.e., subject to construction stress
during their embryonic development) to the six female
NOD mice born in December 2010, where all 10 offspring
are of the same breeder pair. We again find a statistical
difference in the incidence of diabetes as well as a delay in
disease onset (Figure 3). These results demonstrate that the
biological effects causing alterations in diabetes susceptibility
due to construction stress are rapidly dissipated overtime
and are unlikely to cause permanent modifications to the
phenotype.

As mentioned previously, of the seven NOD female
offspring born from mothers subject to construction stress
during gestation, only two mice progressed to overt diabetes.
Therefore, the environmental stress imposed by the construc-
tion during embryonic development appears to delay, but
not necessarily impede, the autoimmune reaction towards
pancreatic islet antigens. As such,we evaluated the subclinical
progression of autoimmunity by quantifying the degree of
insulitis and islet cell destruction. As expected, all diabetic
NOD mice presented with few pancreatic islets and heavy
lymphocyte infiltrates, suggesting an active autoimmune
process (Figure 4). In contrast, the 32-week-old nondia-
betic NOD/ShiLtJ mice presented with a greater number
of pancreatic islets and with fewer lymphocytic infiltrates
than the diabetic NOD mice (Figure 4). Surprisingly, few
pancreatic islets were found in the nondiabetic NOD/LtJ-
HMR mice which were subject to construction stress dur-
ing embryonic development (Figure 4). Moreover, the few
remaining pancreatic islets were heavily infiltrated with
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lymphocytes (Figure 4). These results suggest that the stress
imposed by the construction did not prevent the onset of
the autoimmune response and that the mice were slowly
progressing towards overt diabetes.

To further define whether an active autoimmune
response was ongoing in the five nondiabetic NOD/LtJ-
HMR mice which were subject to construction stress during
embryonic development, we determined the serum insulin
autoantibody (IAA) levels. Serum IAA levels correlate with
autoimmune diabetes onset in both humans and NOD
mice and the serum IAA levels eventually decline with
disease progression [18, 24, 25]. Expectedly, the 32-week-old
nondiabetic NOD/ShiLtJ mice did not show detectable
levels of serum IAA levels, while the diabetic NOD mice
exhibited a variable range of serum IAA (Figure 5). In
agreement with the histological observations suggestive of an
active autoimmune response in the nondiabetic NOD/LtJ-
HMR mice, IAA were present in the serum of these mice

(Figure 5). Taken together, these results suggest that the
nondiabetic NOD/LtJ-HMR mice were likely progressing
towards overt diabetes. The stress imposed by the nearby
construction during the embryonic development, therefore,
does not preclude the onset of an autoimmune response
towards pancreatic islets, although it significantly delays the
progression to overt diabetes.

Limits of this current study include the low number of
mice analyzed in our cohorts and the difficulty in repro-
ducing similar events. However, similar variations in diabetes
incidence have previously been documented by the Jackson
Laboratory in much larger NOD animal cohorts. Indeed,
the Jackson Laboratory has previously reported a modest
effect of nearby construction on the incidence of diabetes in
their NOD/ShiLtJ mouse colony (http://type1diabetes.jax
.org/images/fine-mapping/1976%20cumulative%20inc.jpg).
In contrast, we report a striking and significant delay in
disease onset as well as in the cumulative incidence of



6 Journal of Diabetes Research

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18
IA

A
 O

.D
.

N
O

D
/S

hi
Lt

J

N
O

D
/L

tJ-
H

M
R

du
rin

g 
co

ns
tr

uc
tio

n

N
O

D
/S

hi
Lt

J

N
O

D
/L

tJ-
H

M
R

du
rin

g 
co

ns
tr

uc
tio

n

N
O

D
/L

tJ-
H

M
R

aft
er

 co
ns

tr
uc

tio
n

Nondiabetic Diabetic

Figure 5: Serum IAA levels as an indication of an ongoing
autoimmune response towards pancreatic islets. The serum IAA
levels are shown for every mouse group and segregated according to
the health status (i.e., diabetic versus nondiabetic). Note that there
are no nondiabetic mice from the NOD/LtJ-HMR mice born after
construction. Each dot represents one mouse.

disease. The main difference between these two studies
lies in the stratification of data. Whereas we stratified the
mice according to whether the mothers were subject to
construction stress during gestation or not, the data reported
by the Jackson Laboratory presents a cumulative incidence
study of a larger cohort over an entire year and they did
not stratify their data relative to construction events. It is
thus likely that the reason we observe a more striking effect
of nearby construction on both the onset and incidence
of diabetes is due to a stricter stratification of affected
mice. To that effect, in our hands, the nearby construction
only affected mice that were born from mothers subject
to construction stress during gestation and not from mice
born from the same parents at a later date. The effect is thus
not permanent and unlikely to cause permanent changes
in a mouse colony. Together with the results of the larger
NOD mouse cohort study from the Jackson Laboratory, the
current study performed on a limited number of NOD mice
supports the view that nearby construction can significantly
affect the incidence of diabetes.

Another factor which could have influenced the inci-
dence of diabetes in our study includes variations in the
microbiome of themouse colony over time.The animal house
barrier status is known to influence the incidence of diabetes
in NOD mice [1]. More recently, the microbiome was shown
to influence diabetes incidence by causing variations in
testosterone hormone levels and other metabolomic changes

[11]. We have not directly characterized the microbiome
or the hormone levels of our NOD mouse colony before
and after construction. However, the routine sentinel health
report status did not vary overtime, nor did the feeding,water,
bedding, or procedures for the animal handling (as described
in the Methods section). In addition, the fertility of NOD
mice was not apparently affected by the construction stress
(Table 1), suggesting that the potential changes in hormone
levels were insufficient to affect the fertility. Admittedly, these
represent very crude and indirect measures of the micro-
biome and hormone levels, and thus we cannot fully exclude
the possibility that the variations in diabetes incidence in
our study were due to modifications in these parameters. Of
interest, changes in the microbiome have been reported to
significantly alter testosterone levels without affecting NOD
mouse fertility [11].

In addition to the microbiome and hormone levels,
elevated serum IAA levels from the mothers have also been
shown to significantly impact diabetes incidence [26, 27]. At
postpartum, the NOD mothers were 10 and 15 weeks of age
for the first litters subject to construction stress (Table 1).The
serum IAA levels typically peak at 8 weeks of age and slowly
wane off overtime [18], suggesting that the mothers were
likely to present detectable serum IAA levels. Notably, first
litters of NOD mothers in our animal house facility typically
presentwith a normal incidence of diabetes (not shown). Still,
the fact that we did not monitor the serum IAA levels from
the mothers presents a limitation of our study.

In summary, many parameters can influence diabetes
incidence in NOD mice and there are possible alternative
explanations as to why the mouse cohorts subject to con-
struction stress during gestation showed a reduced incidence
of diabetes. Nevertheless, the fact that litters born from the
same mother, where one litter was subject to construction
stress and the other was not, exhibited a significant differ-
ence in diabetes incidence suggests that construction stress
during gestation modulates biological responses. Our results
thus add to the observations from the Jackson Laboratory
documenting a potential influence of nearby construction on
the incidence of diabetes in NODmice.

4. Conclusions

Altogether, these results emphasize the importance of sur-
rounding factors which should be taken into considera-
tion when performing long-term in vivo studies and are
in agreement with the hypothesis that both environmen-
tal and genetic cues contribute to autoimmune diabetes
development. Our data lend further support to the view
that environmental stress caused by nearby construction
severely impacts biological processes. Of interest, NODmice
suffer from significant hearing loss [28, 29] suggesting that
vibrations, rather than noise, emitted as a consequence of
the nearby construction provoke physiological changes in
rodents. We would thus caution investigators that, prior to
undertaking long-term in vivo studies, alterations in the
surrounding environment must be carefully considered and
appropriately controlled.
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More than 65 loci, encoding up to 500 different genes, have been implicated by genome-wide association studies (GWAS)
as conferring an increased risk of developing type 2 diabetes (T2D). Whilst mouse models have in the past been central to
understanding the mechanisms through which more penetrant risk genes for T2D, for example, those responsible for neonatal
or maturity-onset diabetes of the young, only a few of those identified by GWAS, notably TCF7L2 and ZnT8/SLC30A8, have to date
been examined in mouse models. We discuss here the animal models available for the latter genes and provide perspectives for
future, higher throughput approaches towards efficiently mining the information provided by human genetics.

1. Introduction

The estimated global prevalence for diabetes in 2011 was 366
million, and the disease is expected to affect 552 million
people by 2030 (Diabetes U.K. figures; [1] accessed 09/01/13).
Type 2 diabetes (T2D) is a complex and multifactorial
disease characterised by impaired insulin secretion and
insulin resistance. Disease risk/progression is determined
by a combination of genetic and environmental factors.
It has been consistently demonstrated that lifestyle factors
are associated with risk of T2D across populations [2–8],
with increased adiposity being the greatest modifiable risk
factor for the disease [9, 10]. Inactivity [3, 11], “bad” diet
[2, 6, 8, 12–14], smoking, and other vices [8, 15, 16] and the
nutritional environment during pre- and postnatal life [17]
also contribute to the risk for developing diabetes.

It has been estimated that 30–70%of T2D riskmay be due
to genetics [18]. Whilst pedigree-based linkage analysis and
the candidate gene approach led to the discovery of highly
penetrant genetic defects which account for the development
of diabetes [19–24], it is the advent of large scale genome-
wide association studies (GWAS) which have led to the
accelerated discovery of risk-variants associated with T2D
[25–34]. Currently, over 60 common risk variants have been

identified [30–34], with a combined disease risk of 5–10%
[34, 35], suggesting the existence of many more as yet
undiscovered loci [34, 36, 37]. Most of the GWAS-identified
associations for T2D have high linkage disequilibrium with
a causal variant with a small effect size; the largest common
variant-signal identified to date is that for TCF7L2,which has
a per allelle odds ratio of 1.35 [27–29].

Most of the common variant signals identified by GWAS
are associated with defective pancreatic islet function, indi-
cating that this is the primary driver for the development of
T2D [34, 38]. However, most of the GWAS signals map to
noncoding regions of the genome,making it difficult to estab-
lish functional links to specific transcripts. As a result, deter-
mination both of (a) the identity of the likely transcript(s)
involved and (b) the mechanisms of actions on disease risk,
require the use of genetically tractable organisms where the
expression of candidate genes can be manipulated at will in
a cell type-specific manner. Of the available models (which
include lower organisms such as C. elegans, D. melanogaster,
etc.), mice arguably represent the best compromise between
ease of genetic manipulation and similarity to man, in terms
of both genome structure and physiology. In this review, we
discuss the use of mouse models to study the contribution of
genetic variations, identified by GWAS, in the TCF7L2 and
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SLC30A8 genes to the development of T2D via their effects
on pancreatic islet function.

2. TCF7L2

2.1. Background. The gene-encoding Transcription 7 Like-2
(TCF7L2, previously called TCF4) is themost important T2D
susceptibility gene identified to date, with genetic variants
strongly associated with diabetes in all major racial groups
[27–29, 39–59]. Signals in this locus are the most consistently
identified across various GWAS and are associated with the
highest elevation of risk of developing adult-onset T2D. Each
copy of the risk T-allele at rs7903146 has an increased odds
ratio for T2D of 1.4-1.5 [60]. Inheritance of the risk allele is
also a useful predictor for the likelihood of conversion from
a state of prediabetes to T2D [61, 62]. Additionally, results
from a small number of studies also indicate that TCF7L2
variation may play an important role in cases of early onset
T2D [63, 64].

TCF7L2 is a member of the TCF family of transcription
factors involved in the control of cell growth and signalling
downstream of wingless-type MMTV integration site family
(Wnt) receptors [65]. Activation of the Wnt pathway leads
to release of 𝛽-catenin from an inhibitory complex and its
translocation to the nucleus, where it bindsTCF7L2 and other
related TCF factors [66]. The function of this transcriptional
complex is context dependent; that is it may act as either a
transcriptional activator or repressor [66].

In recent years, the product of the TCF7L2 gene has
been associated with dysregulated pancreatic 𝛽 cell function
and T2D [25, 27, 28]. Enhanced Wnt signalling has been
shown to lead to proliferation of islets [67] and the pancreatic
epithelium [68]. Whilst loss of 𝛽-catenin signalling has been
shown to lead to pancreatic hypoplasia [69], stabilisation of
𝛽-catenin has been shown to result in the formation of large
pancreatic tumours [70].

Individuals carrying the risk alleles of rs7903146 in the
TCF7L2 gene display lowered insulin secretion [61, 71, 72],
impaired insulin processing [71], and decreased sensitivity
to the incretin glucagon-like peptide 1 (GLP-1) [72, 73]
compared to controls. TCF7L2 message levels were elevated
in T2D patients [72, 74], whilst TCF7L2 protein content was
depressed [75]. The decrease in protein content was asso-
ciated with downregulation of GLP-1 and gastric inhibitory
peptide (GIP) receptor expression and impaired pancreatic 𝛽
cell function [74, 76, 77]. Studies have shown that silencing
of Tcf7l2 gene expression in clonal mouse 𝛽 cell lines [76]
and primary islets [75] leads to increased apoptosis [75] and
impaired 𝛽 cell function [19, 20]. Gene expression analysis
following Tcf7l2 silencing revealed changes in the expression
of a number of genes in mouse pancreatic islets [76], one
of which was Glp1r [73, 78]. TCF7L2 may mediate GLP-1-
induced 𝛽 cell proliferation through activation of the Wnt
signalling pathway [79]. Since GLP-1 is implicated in 𝛽 cell
survival, the increased incidence of apoptosis in TCF7L2-
silenced islets [74, 75] and in individuals carrying the variants
of TCF7L2 [73] is consistent with lowered GLP-1 signalling
[73, 78]. Correspondingly, the diminished insulinotropic
effect of GLP-1 in Tcf7l2-silenced islets may be due,

at least in part, to the lack of cognate receptors on the cell
surface [74].

2.2. Mouse Models for TCF7L2

2.2.1. Whole Body Knockout Model. Prior to its association
with T2D, TCF7L2 was previously best known for its associ-
ation with cancer development [80–82]. Homozygous Tcf7l2
knockout (Tcf7l2 −/−) mice die shortly after birth, with a lack
of stem cells in their intestinal crypts [83]. Newborn Tcf7l2
−/− mice have reduced body weight with significantly lower
blood glucose 3 h postpartum than control littermates, which
is not caused by excessive insulin release but by impaired
carbohydrate and lipidmetabolism in the newborn liver [84].

Heterozygote Tcf7l2 +/− mice display >20% decrease
in body weight compared to wild-type littermates, with
decreased glucose, insulin, fatty acid, triglyceride, and choles-
terol in adult mice [84]. Tcf7l2 +/− mice displayed increased
insulin sensitivity, improved glucose tolerance, and reduced
hepatic glucose output [84, 85]. Improved glucose tolerance
was also observed in heterozygote null mice generated using
zinc finger nucleases [85] and insertion of a loxP site and
FRT-flanked neomycin selection cassette within intron 4
and a loxP site within intron 5 [86], with data from the
latter study also pointing to reduced lipogenesis and hepatic
triglyceride levels and decreased peripheral fat deposition
following exposure to a high fat diet in heterozygote mice
compared to control littermates.

Pancreatic development is grossly normal in Tcf7l2 −/−
mice [83, 84]. This observation and a report suggesting
that TCF7L2 was not expressed in the pancreas [87] led to
the proposal that the principle defect underlying decreased
insulin production in TC- or TT-bearing individuals may
be inadequate production of GLP-1, from gut L-cells [88].
However, evidence for differences in GLP-1 level in indi-
viduals with the common versus the at-risk TCF7L2 allele
is currently absent [89], and patient studies have indicated
that the primary defect lies in pancreatic 𝛽 cells [71, 72,
75]. For this reason, mouse models which allow Tcf7l2 gene
expression to be selectively ablated in the islet were required.

2.2.2. Pancreas KnockoutModel. Weused the Pdx1 promoter-
driven Cre recombinase (PDX1.Cre) deleter strain [90] to
effect deletion in all cells of pancreatic lineage in transgenic
mice with a floxed Tcf7l2 exon 1 to address the question
whether selective deletion of Tcf7l2 in pancreas impairs or
improves glucose homeostasis and insulin secretion [77].
This approach allowed us to detect the potential effects of
Tcf7l2 deletion early in pancreatic development, as TCF7L2
has previously been shown to regulate cell proliferation
during development: the Tcf7l2 −/− mouse exhibited defects
in the accumulation of stem cells in the intestinal crypt
[83]. This approach also offered an advantage over the use
of the commonly deployed rat insulin 2-promoter-driven
Cre recombinase (RIP2.Cre) deleter strain since the latter
also leads to deletion in the central nervous system [91–
93]. Pancreas-specific Tcf7l2 −/− (pTcf7l2) mice showed age-
dependent glucose intolerance by 20 weeks of age when



Journal of Diabetes Research 3

challenged with an intraperitoneal glucose bolus [77]. Glu-
cose intolerance was detected from 12 weeks of age when
glucose was administered by the oral route, indicating that
the incretin response was impaired [77]. Tolerance to glucose
introduced by both the oral and intraperitoneal route was
exacerbated in pTcf7l2 mice that were exposed to a high fat
diet, with a concomitant decrease in 𝛽 cell mass [77]. The
latter observation is consistent with observations by Shu and
colleagues in high-fat-fed rats [94], where the authors found
a correlation of Tcf7l2 expression and 𝛽 cell regeneration
from pancreatic ductal cells and may reflect the inability of 𝛽
cells to proliferate or regenerate from progenitor cells in the
absence of functional Tcf7l2. The decreased expression of the
cyclin D1 gene [77] from islets of Langerhans extracted from
20-week-old pTcf7l2 mice may contribute towards the lack of
cell proliferation.

pTcf7l2 −/− islets displayed impaired glucose and GLP-1-
stimulated insulin secretion and decreased expression of the
gene encoding for the GLP-1 receptor [77], consistent with in
vitro human and mouse islet and cell line siRNA-mediated-
silencing experiments [74–76]. Whilst the PDX1.Cre strain
is likely to result in deletion in other (non-𝛽) cell types
[95], we observed no difference in plasma glucagon and
GLP-1 levels and in insulin sensitivity in pTcf7l2 mice [77].
Our preliminary data obtained using a more 𝛽 cell selective
deleter strain (Ins1.Cre; J. Ferrer, B. Thorens, unpublished)
also indicate deficiencies in insulin secretion and glucose
tolerance, suggesting that TCF7L2 plays a critical and cell
autonomous role in the 𝛽 cell compartment.

2.2.3. 𝛽 Cell Knockout Model. Recently, Boj and colleagues
generated a 𝛽 cell Tcf7l2 knockout (𝛽TCF4KO) mouse using
the tamoxifen inducible RIP2.Cre-ERT2 deleter strain [96]
bred against a conditional mouse-bearing Tcf7l2 alleles with
a floxed exon 10 [84]. Although the use of the RIP2.Cre-
ERT2 may affect metabolic phenotype through the expression
of Cre recombinase in islet cells as well as in hypothalamic
neurons [95], it is unclear whether Tcf7l2 expression was
affected in the hypothalamus of 𝛽TCF4KO mice.
𝛽TCF4KO mice on normal or high fat diet displayed

normal glucose tolerance when glucose was introduced by
the intraperitoneal route [84]. There was no difference in
plasma insulin and insulin release from isolated islets of
𝛽TCF4KO mice, versus control littermates, in response to
glucose challenge [84]. Importantly, however, mice were not
examined beyond 12 weeks of age, and oral glucose tolerances
were not reported in this later study.

2.2.4. TransgenicModels. In the three previousmousemodels
described in this section, Tcf7l2 gene expression was ablated
either constitutively [83] or specifically in islet cells [77, 84].
Savic and colleagues took a different approach whereby they
engineered mice that expressed LacZ under the control of
human bacterial artificial chromosomes (BACs) containing
the genomic interval encompassing the diabetes associated
SNPs (which are intronic) for TCF7L2 [85]. Using this tech-
nique, they demonstrated the presence of enhancer function
in the SNPs-containing region which drives expression in,

for example, intestine and pancreas, but not in adult islets
[85]. Transgenic mice with Tcf7l2 overexpression driven by
the humanBAC sequence exhibited glucose intolerancewhen
placed on a high fat diet [85]. These data are consistent with
that presented byGaulton and colleagues [103] indicating that
the chromatin of the TCF7L2 intronic variant is in an islet-
specific “open” conformation, and reporter assays demon-
strated increased enhancer activity of the at-risk T-allelle
compared with the C-allelle in 𝛽 cell lines.

The discrepancy in data between the various mouse
models could be partly due to the involvement of TCF7L2 in
glucose homeostasis in more than one tissue, and at different
times during development. The Tcf7l2 gene was manipulated
in different ways in the various experimental models and
this may alter the tissue-specific splicing of the gene [104–
107].The expression of different variantsmay lead to different
outcomes in different tissue types [104–107]. Analysis of
glucose homeostasis at different time points during the life
time of the animals and exposure to differing amounts of time
to diets with different fat composition could all contribute to
the differences in observations.

3. ZnT8 (SLC30A8)

3.1. Background. ZnT8 (encoding by the SLC30A8 gene) is a
member of the zinc transporter family (ZnTs) important for
extruding zinc from the cytosol into either the extracellular
space or intracellular organelles [108]. In particular, the
expression of ZnT8 is largely (but not exclusively) restricted
to 𝛼 and 𝛽 cells of the islets of Langerhans, where the
mature protein resides chiefly on the limiting membrane of
dense core secretory granule [97, 109, 110]. Its function thus,
appears to be chiefly to transport Zn2+ from the cytosol
into the granules where, in beta cells, this is required for
insulin crystallisation [111]. By contrast, the role of Zn2+ in
glucagon storage in the pancreatic alpha cell granule is not
fully understood.

From the discovery that a single nucleotide polymor-
phism in the SLC30A8 gene leads to an increased risk of
developing T2D [27, 29], much work has been done to
elucidate the function of the encoded protein and the role
that ZnT8 plays in the pathogenesis of the disease. In con-
trast with the majority of GWAS-identified polymorphisms,
rs13266634 in the SLC30A8 gene encodes the replacement
of Trp for Arg at position 325 (R325W) at the C-terminus
of the protein and is associated with a ∼20% increased
risk of developing T2D per allele [28]. Given the highly
restricted expression pattern of the transporter, hopes have
been raised that ZnT8 may provide an exciting new drug
target to enhance insulin release in diabetic patients.

3.2. Mouse Models Exploring ZnT8/SLC30A8 Function. A
number of mouse models have been generated in order to
elucidate the function of this molecule and its role in the
pathogenesis of diabetes. These include whole body [97, 99–
101] and cell type-specific (𝛼 or 𝛽 cell) [102] ZnT8 knockout
animals. Systemic ZnT8 knockout models have up to now
been investigated by three different groups [97, 99–101].
These studies have revealed gross abnormalities (albeit age



4 Journal of Diabetes Research

Table 1: Summary of the major phenotype of the different colonies of ZnT8 KO mice. ZnT8-𝛼KO and ZnT8-𝛽KO for 𝛼 and 𝛽-cell-specific
knockout mice, respectively; GSIS for glucose-stimulated insulin secretion.

Phenotype/model
ZnT8KO-
London
[97]

ZnT8KO-
Toronto [98]

ZnT8KO-
Leuven [99]

ZnT8KO-
Vanderbilt [100]

(129SvEvBrd × C57BL/6J)

ZnT8KO-
Vanderbilt

[101]
(C57BL/6J)

ZnT8-𝛼KO ZnT8-𝛽KO
[102]

Glucose tolerance

≤6 weeks D intolerant D intolerant
C intolerant Normal D intolerant Normal Intolerant

12 weeks D intolerant
C normal

D normal
C intolerant Normal

≥18 weeks Normal Normal Normal
Insulin sensitivity Normal Normal Normal Normal Normal

Plasma glucose

D: Elevated
(fasting) at
6wks,
normal

afterwards.
C: Normal

Normal Normal Normal
(fasting)

Plasma insulin Decreased Normal Decreased Normal
(fasting)

Normal.
(Plasma
glucagon
normal.)

Normal

Islet insulin content

Normal
(glucagon
content was
normal.)

Normal Normal

Insulin secretion
In vivo Reduced

In vitro

Basal
secretion
enhanced

GSIS normal

GSIS
enhanced GSIS normal GSIS reduced GSIS normal Reduced first

phase

Glucagon secretion Unaffected
Insulin processing Normal Normal
Granule
morphology Abnormal Abnormal Abnormal Normal Normal Abnormal

and gender dependent) in insulin crystallisation and stor-
age [97, 99] (Figure 1(a)), confirming the importance of
ZnT8 in granular zinc accumulation. Nonetheless, significant
differences were apparent both in terms of the regulation
of insulin secretion and whole body glucose homeostasis.
These differences are likely the result of subtle differences in
genetic background, gender, and the age of the animals. Local
environmental factors including diet and gut microbiome
may also play a role [112]. Thus, glucose tolerance was found
to be impaired at an early age (4–6 weeks of age) in three of
these studies but not at an older age (>18 weeks) [97, 99, 100],
suggesting that the penetrance of the phenotype decreases
with age. While insulin sensitivity was unaltered in all of the
studies, defects in insulin secretion were reported in two of
the studies [97, 100]. None of these changes was associated
with altered beta cell mass (Figures 1(b) and 1(c)) These
data support the view that decreased ZnT8 activity is likely
to influence glucose homeostasis in man and may underlie

the defects which increase the risk of developing T2D.
Differences in the phenotype are summarised in Table 1.

Of note, the two recent studies of Pound et al. stress the
importance of the genetic background. In the first [100], the
genetically modified animals were maintained on a mixed
background, while in the second [101], the mice were back-
crossed onto a pure C57BL/6 background. Strikingly, whereas
glucose-stimulated insulin secretion was unaltered in islets
from ZnT8 knockout mice on a pure C57BL/6 background,
islets from mice on the mixed background showed clear
abnormalities in this parameter. Again, plasma insulin was
decreased in the mixed background animals, while it was
foundnormal inmice on a pure background. Since thesemice
were generated and kept in the same animal facility, it seems
reasonable to exclude environmental differences as playing a
role. Instead, these data support the view that background is
a critical determinant of the penetrance of null ZnT8 alleles.
Whether this impacts the preservation of functional 𝛽 cell
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Figure 1: Electron Micrographs and Optical Projection Tomography (OPT) in ZnT8+/+ and ZnT8−/− mice. (a) Transmission electron
microscopy images of isolated islets from ZnT8+/+ and ZnT8−/− male mice at high magnification (scale bar 1mm) reveals the appearance
of rod-shaped core granules in ZnT8−/− cells, indicated by red arrows (𝑛 = 3 mice). Sections were cut and images were acquired by Dr.
Raffaella Carzaniga and Ms. Katrin Kronenberger. (b) Representative three-dimensional OPT projections of whole fixed and permeabilised
pancreas from ZnT8−/− and ZnT8+/+ mice. In red are the insulin positive structures (𝛽 cells). The overall shape of the whole pancreas was
visualized as autofluorescence and is apparent as white/grey shading. Scale bar = 1 cm. (c) Relative (right panel) and absolute (left panel)𝛽-cell
volume (𝑛 = 2 pancreata per genotype).
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mass in the face of differing insulin sensitivities between
the strains, altered intracellular Zn2+ handling, or defective
auto/paracrine Zn2+ signalling between islets cells remains to
be elucidated.

As mentioned above, ZnT8 is present in both 𝛼 and
𝛽 cells such that the systemic knockout model reflects the
impact of deletion from both cell types (and perhaps others
where ZnT8 is expressed at low but detectable levels). The
generation of cell-specific knockout models has therefore
helped in understanding the contribution of each cell type to
the overall phenotype observed. Wijesekara et al. described
both the animal models in a recent paper [102]. Deletion of
ZnT8 selectively from 𝛽 cells (𝛽ZnT8 null mice; using the
RIP2 promoter) led to similar effects on glucose homeostasis
as those observed in the systemic knockout developed by
the same group and by ourselves [97], confirming that
the transporter is required for proper insulin processing,
crystallization, and packaging. However, 𝛽ZnT8 null mice
displayed additional abnormalities in the expression of key
genes required for normal glucose sensing in 𝛽 cells. Whilst
the underlying reasons for this greater penetrance are unclear,
it is possible that changes in intracellular free Zn2+ levels are
more marked in the 𝛽 cell selective model since the 𝛼 cell
complement remains as an efficient sink for Zn2+ release,
thus, more efficiently depleting 𝛽 cell Zn2+. Nonetheless, the
broad similarities between ZnT8 whole body knockout and
the 𝛽-cell-specific mouse model suggest that the phenotype
of the former is primarily a consequence of ZnT8 deletion in
𝛽 and not 𝛼 cells; 𝛼 cell-selective ZnT8 null mouse displayed
unaltered glucose tolerance. However, glucagon secretion
was not measured in these animals under conditions where
the latter is likely to be physiologically important that is
hypoglycaemia. It therefore remains possible that ZnT8 plays
a significant role in the 𝛼 cell, a possibility which awaits
more detailed examination of 𝛼 cell-selective null mice in the
future.

Because T2D is a polygenic disease that is also influenced
by environmental factors, it is important to mention new
studies where ZnT8 knockout animals were maintained on
a high fat content diet (HFD) [98, 99]. In both of these
studies, ZnT8 null mice displayed an increase in body weight
as well as fasting blood glucose and insulin levels compared
to wild type controls. In particular, in one of these studies,
50% of the ZnT8 knockout animals became hyperglycemic
after exposure to HFD, while none of the controls did so
[99]. Each of these studies was performed using animals on
a mixed (sv129/C57BL6) background. On the other hand,
a further recent study using animals backcrossed onto a
C57BL6 background [101] revealed that ZnT8 null animals
were protected against the effects of high fat, again stressing
the likely importance of modifier genes in determining the
final penetrance of the effect. Although it is difficult to pro-
vide a straightforward rationalisation for these differences,
it is noteworthy that sv129 mice are more insulin sensitive
than C57BL6 animals [113], with the latter producing more
insulin in hyperglycemic clamps. It is possible, therefore, that
C57BL6 mice are better equipped to tolerate perturbations in
insulin storage and secretion following ZnT8 deletion.

These data reinforce the idea that mice, at least, are able
to adapt metabolically to the loss of ZnT8 alleles under many
circumstances. However, under metabolic stress, such as in
the case of a diet rich in fat, the impact of defective insulin
storage and or secretion are more apparent at least for mice
on a mixed genetic background.

Whilst complete inactivation of ZnT8 in the mouse has
been useful as a means of understanding the function of
this protein, it is clear that more work needs to be done in
order to elucidate the significance of the diabetes-associated
polymorphism in vivo. At present, knock-inmodels for either
the protective (W325) or risk (R325) forms of ZnT8 are
missing and may be revealing, provided that the impact on
transporter activity is sufficiently large [97]. Of note, such
models would more closely mimic the situation in humans
and help us to better understand themetabolic, signaling, and
other pathways that are altered in tissues which express the
transporter.

4. Perspectives

4.1. Better Mouse Models. A key point to bear in mind in
assessing the usefulness of mouse models is the relative
plasticity displayed by rodents faced with gene deletions.
Thus, differences between the penetrance of mutations in
human genes linked to monogenic forms of diabetes, includ-
ing maturity onset diabetes of the young (MODY), between
humans and mice, are usually observed [114] with the mouse
equivalents showing far less marked disturbances in glycemia
or changes which are seen only after deletion of both alleles.
This clearly reflects the limitations of the use of mice (weight
∼25 g, life expectancy ∼3 years) for comparisons with human
subjects. Nonetheless, and although the phenotypes of the
above murine models are thus often more subtle than the
human counterparts, they remain useful models for the study
of diabetes, allowing single-targeted gene deletions which are
impossible inman. For example, humanpopulationswith dif-
ferent genetic backgrounds have different susceptibility to the
R235W ZnT8 polymorphism. We should not, therefore, find
surprising the results that different genetic backgrounds and
different diet reveal different phenotypes in ZnT8 knockout
models.

The study of knockout mouse models is most useful if
the likely target gene is clearly defined, as is the case when
a SNP lies in an exon and encodes a nonsense or missense
mutation (as for SLC30A8). One of the difficulties in studying
the contribution of the SNPs identified for increased risk
of T2D is that many of the SNPs identified to date mainly
reside in intronic regions. This may be due to the technical
limitations of identifying the disease-causing gene using
current methods for GWAS, or that the disease-inducing
variation may indeed reside in the intronic region of the
gene, whichmay have regulatory function, as may be the case
for TCF7L2 [85]. Frequently, the sequences within the SNP
regions are poorly conserved between mouse and man, for
example, the sequences spanning SNP rs7903146 for TCF7L2
lies within a repetitive element that is absent in mice. One
possibility is to conduct physiological studies in “humanized”
mice [85], but it is difficult to fully replicate the human
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genetic environment in mouse models. Additionally, it is
technically difficult to introduce targeted changes at high
efficiency at precise locations. The emergence of genome
modification technologies such as transcription activator-like
effector nucleases (TALENs) [115–117] can substantially speed
up the making of a tailored mutant animal model for whole
system approaches to study the contribution of risk variants
identified by GWAS to disease progression andmay be useful
in those instances where the region containing the variation
is sufficiently similar to that found in humans. Importantly,
such gene-editing approaches may also facilitate the use of
alternative species (such as the rat or even the pig) whose
physiology more closely resembles that of man.

An additional complication is that disease-causing SNPs
do not exist in isolation. The genetic landscape of each
individualmay play a part in an individual’s risk of developing
a certain disease. For example, the risk of T2D is additive:
the larger the number of risk SNPs present in an individual’s
genome, the higher the risk for the development of T2D
[37, 118–121]. Thus, future animal models may require careful
mapping of the genetic variations present in themodel animal
and the introduction of more than one genetic variation to
model the diabetic phenotype conferred by these combined
genetic variations.

4.2. Gene-Environment Interactions. An individual’s risk of
developing T2D is the product of interaction between the
individual’s genetic constitution and the environment inhab-
ited by the individual. Whilst the contribution of genetic
factors to disease risk is relatively easy to quantify, the impact
of environmental exposure is less easilymeasured in a clinical
setting. Nevertheless, efforts have been made to study the
interactions between some of the known susceptibility loci
for T2D and the environment, and these findings may be
useful for the development of predictionmodels and tailoring
clinical treatment for T2D [122, 123]. For example, for
carriers of the risk allele for TCF7L2, diets of low glycaemic
load [124, 125] and a more intensive lifestyle modification
regime (versus that recommended for nonrisk carriers) [61,
62, 126, 127] have been shown to reduce the risk of T2D.
Meaningful studies for gene-environment interactions will
require samples of sufficient size to increase statistical power
[128] and accurate methods for measuring environmental
exposure, for example, the use of metabolomics to identify
and assess metabolic characteristics, changes, and pheno-
types in response to the environment, diet, lifestyle, and
pathophysiological states. This information will allow the
generation of better risk prediction models and personalisa-
tion/stratification of treatment, the holy grail of GWAS.

4.3. Cancer versus Diabetes (Opposing Mechanisms Hypothe-
sis). One other observation fromGWAS that should bemen-
tioned, as it may have implications on treatment, is the link
between cancer and T2D. There is epidemiological evidence
that links T2D and cancer [129]. A large number of T2D
genes found via GWAS are involved in cell cycle regulation
[34], for example, the T2D association SNP mapping to
chromosome 9p21 in the vicinity of the tumour suppressor
genes CDKN2A and CDKN2B [130–132] and the CDKN2B

regulator ANRIL [133–135]. Recent genetic data suggest that
common genetic variants influence cancer and diabetes in
opposite directions [136, 137].

4.4. Which Genes Do We Study? A fundamental challenge
facing those wishing to determine which of the genes in a
particular locus is responsible for affecting disease risk, and
dissect how this/these act, is the very scale of the problem
(currently more than 500 genes in total to interrogate, with
others emerging) [35] (and McCarthy M, personal commu-
nication). Clearly, new strategies will be required both to pri-
oritise genes and thus developmodels for those most likely to
be involved: assessment of the impact of a particular variant
(odds ratio) as well as expression profile (notably expression
in 𝛽 cells for those genes affecting insulin secretion), and
finally, the likely biological impact of variations in a particular
gene based on published knowledge are all essential to this
process. Further, “experimental filtration” through higher
throughput approaches (e.g., siRNA in 𝛽 cell lines, including
novel human lines [138]) are likely to be needed. Finally, more
high throughput means to inactivate or overexpress genes in
specific tissues in livingmicewithout the need to engineer the
latter via conventional recombination-based engineering of
embryonic stem cells (e.g., through virus-mediated delivery)
[139] and are likely to be increasingly important. A further
challenge is that of understanding how the identified genes
affect disease risk work via different tissues; systems and
computational biology are likely to be highly important here.
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This review compares two novel polygenic mouse models of type 2 diabetes (T2D), TALLYHO/JngJ and NONcNZO10/LtJ, and
contrasts bothwith thewell-knownC57BLKS/J-Lepr 𝑑𝑏 (db/db)monogenic diabesitymodel.Weposit that the newpolygenicmodels
are more representative of the “garden variety” obesity underlying human T2D in terms of their polygenetic rather thanmonogenic
etiology. Moreover, the clinical phenotypes in these new models are less extreme, for example, more moderated development of
obesity coupled with less extreme endocrine disturbances. The more progressive development of obesity produces a maturity-
onset development of hyperglycemia in contrast to the juvenile-onset diabetes observed in the morbidly obese db/db model.
Unlike the leptin receptor-deficient db/db models with central leptin resistance, the new models develop a progressive peripheral
leptin resistance and are able to maintain reproductive function. Although the T2D pathophysiology in both TALLYHO/JngJ
and NONcNZO10/LtJ is remarkably similar, their genetic etiologies are clearly different, underscoring the genetic heterogeneity
underlying T2D in humans.

1. Introduction

The purpose of this review is to introduce two new polygenic
mouse models of type 2 diabetes (T2D) and to contrast
them with the most commonly studied monogenic model,
the leptin receptor-deficient C57BLKS/J-𝐿𝑒𝑝𝑟𝑑𝑏/𝐿𝑒𝑝𝑟𝑑𝑏
(hereafter abbreviated as db/db) mouse. On the basis of
their polygenic etiologies, the absence of juvenile-onset
morbid obesity, their more protracted maturity-onset
development of hyperglycemia, and the absence of severe
endocrine/neuroendocrine disturbances, the two polygenic
models more closely reflect the phenotypes associated with
the “garden variety” obesity and obesity-induced diabetes
(diabesity) in humans.The genetic origins of each model will
be described separately, and then their diabesity phenotypes
will be compared.

2. The C57BLKS/J-db/db Mouse
(JAX Stock 642)

Great interest accompanied the publication of the “diabetes”
mouse in 1966 [1]. A recessive mutation occurring sponta-
neously in the C57BLKS/J (BKS) strain produces early onset
diabesity with initial moderate hyperinsulinemia followed
by insulinopenia as the pancreatic islets undergo atropy due
to beta-cell degeneration [1]. The mutation was identified
in 1996 [2, 3] as the receptor for leptin, the adipokine
hormonemissing in the ob/ob (now designated 𝐿𝑒𝑝𝑜𝑏) mouse
[4]. Leptin sensing in hypothalamic nuclei is essential for
normal regulation of satiety as well as multiple metabolic and
neuroendocrine/reproduction pathways. Hence, the extreme
leptin resistance produced by the absence of an intracellular
signaling domain in leptin receptor of the db/db mouse
produces hyperphagia and morbid obesity, reproductive
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failure, and severe insulin resistance. The juvenile-onset of
hyperglycemia (within a week of weaning onto carbohydrate-
containing chow), coupled with the massive beta-cell loss
and early mortality as hyperglycemia progressed, suggested
an amalgam between type 2 and type 1 diabetes. Although
the origin of the diabesity is clearly monogenic, the devel-
opment of severe diabetes is dependent upon multiple other
background genes. The same mutation transferred onto the
related C57BL/6J (B6) background produces an even more
severe insulin resistance obesity syndrome, but not chronic,
severe diabetes. The BKS strain is a black-pigmented strain
representing an admixture of B6 and, apparently, DBA/2
genomes [5]. In the latter strain, db mutation homozygosity
produces severe diabetes with high mortality, like BKS [6].
The identification of these genetic background modifiers has
yet to be established. The db/db model has been widely used
in the evaluation of antiobesity and antidiabetic compounds
and therapies because the penetrance of the mutation is
almost 100% (e.g., all mutants become reproducibly obese
and diabetic at an early age). Further, mutants of both
sexes develop diabesity and either the lean littermates from
heterozygous matings (designated +/+ or +/db) or standard
BKS mice can be used as controls. The mutant mice are not
particularly stress sensitive such that pharmaceuticals can be
administered by gavage when necessary. Hence, this mouse
model has remained a mainstay for pharmaceutical efficacy
testing. An extensive bibliographic listing of phenotypic
and husbandry information, as well as a photograph of the
obese mutant mouse and a lean control, may be found at
http://jaxmice.jax.org/strain/000642.html.

3. The NONcNZO10/LtJ Male Mouse
(JAX Stock 4456)

The nomenclature descriptor denotes a recombinant con-
genic strain comprising approximately 88% genome con-
tribution from the NON/LtJ strain (JAX Stock 2423) and
12% from the New Zealand obese (NZO/HlJ, JAX Stock
2105) strain. NZO/HlJ mice of both sexes develop polygenic,
morbid obesity with marked insulin resistance. However,
the leptin-leptin receptor axis appears intact, such that
leptin resistance is peripheral, not central [7]. As in BKS-
db/db mice, NZO/HlJ males show postpubertal develop-
ment of hyperleptinemia, hyperinsulinemia, thermoregula-
tory defects, hypertension, and impaired glucose tolerance
[8, 9]. Unlike the monogenic obesity of BKS-db/db mice,
NZO obesity is under complex polygenic control. Moreover,
diabesity development is male sex limited, maturity onset,
and represents a threshold phenomenon predicated on early
rate of weight gain [9]. Although NZO/HlJ mice outbreed
well, breeding within strain is poor.

The polygenic NONcNZO10/LtJ model (hereafter abbre-
viated as NcZ10) was specifically developed at The Jackson
Laboratory over the past decade to circumvent the extreme
NZO phenotypes shared with BKS-db/db mice and that
distinguished both from human “garden variety” obesity
while at the same time increasing the frequency of male
hyperglycemia development and improving within-strain

reproduction. The NON/LtJ strain was used as a “genetic
scaffold” on which to build the new model. This strain was
selected in Japan for high nonfasting blood glucose [10] and
unpublished studies at The Jackson Laboratory showed that
NON/LtJ males were markedly more sensitive to high fat
diet induced obesity than B6 males. The strategy used was
to outcross agouti NZO and albino NON mice and identify
by genetic segregation analysis in the F2 and first backcross
generations the quantitative trait loci (QTL) contributing
both to obesity and diabesity. At least 10 codominant or
additive polygenes capable of complex epistatic interactions
and derived from both parental genomes were identified
[11]. This genetic information was used to transfer as many
diabesity QTL as possible onto the NON genetic background
at a second backcross, followed by inbreeding to fix theseQTL
to homozygosity [11]. The result, as will be seen below, was
creation of an albino strain that reproduced well, exhibited
a more moderate obesity than NZO, and exhibited a male
diabesity frequency of 90–100%. A genetic control strain,
NONcNZO5/LtJ (JAX Stock 4455), was developed to contain
the reciprocal (diabesity resistance) QTL of those in NcZ10
[12]; unfortunately, this obese but diabetes-free strain exhibits
the poor reproduction characteristic of NZO/HlJ. Thus,
the NON/LtJ or other related Swiss-derived albino inbred
strains (SWR/J, SJL/J, FVB/NJ, and ICR/HaJ) are suggested
as nonobese controls for physiologic comparisons. When
NON/LtJ is used, it must be kept on a low fat diet to avoid diet
induced obesity. As will be demonstrated below, NcZ10/LtJ
males must be placed on an elevated fat diet for diabesity to
develop.

Hyperinsulinemic-euglycemic clamping demonstrated
insulin resistance in liver and skeletal muscle in prediabetic
8-week-old males prior to later increases in hepatic lipid
content. The muscle resistance was associated with reduced
GLUT4 protein, but not IRS-1 [13]. Livers of chronically
hyperglycemic males show moderate to severe hepatosteato-
sis on a chow diet containing 6% fat [12]. Islet histopathology
in NcZ10 males shows an early islet hypertrophy followed
by beta-cell degranulation and beta-cell atrophy as hyper-
glycemia becomes chronic [11, 12]. After transfer of the
colony from a research colony at The Jackson Laboratory
to a high barrier production facility on campus, a 6%
fat containing chow diet was found to no longer support
attainment of the early body weight gain thresholds required
for diabesity development. Raising the fat content of the
chow to 10-11% restored diabesity development to expected
frequencies.The reason for the higher dietary fat requirement
for diabesity is assumed to be a more refined enteric flora
in the high barrier colony. Additional phenotypic infor-
mation, husbandry details, bibliographic information, and
a photograph of the mouse may be found on the web at
http://jaxmice.jax.org/strain/004456.html.

4. TALLYHO/JngJ Male Mice (JAX Stock 5314)

TALLYHO/Jng (hereafter abbreviated TH) males represent
another recently developed polygenic T2D model at The
Jackson Laboratory that also expresses less extreme diabesity
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phenotypes more consistent with the common forms of
human T2D. This albino strain derives from the progeny
of two diabetic males discovered in an outbred colony of
Theiler’s original mice in the United Kingdom and imported
to The Jackson Laboratory in 1992 [14]. Inbreeding with
selection of progeny of diabetic males has produced a
polygenic diabesity model that is very similar to NcZ10
in many respects. However, the combination of polygenes
interacting to produce diabesity in TH, for the most part,
appears distinct from in NcZ10, attesting to the genetic
heterogeneity that clearly must also underlie a very common
disease in a very genetically heterogeneous human T2D
population. Outcross of TH to B6 identified multiple obesity
and diabesity QTL, with a major hyperglycemia QTL on
chromosome 19 and a hyperlipemia QTL on chromosome 1
(reviewed in [14]). Pancreatic islet histopathology of diabetic
TH males also shows early islet hypertrophy/hyperplasia fol-
lowed by beta-cell degranulation and some beta-cell loss [15].
Hyperinsulinemic-euglycemic clamping indicated peripheral
insulin resistance at 10 weeks of age in prehyperglycemic
males, with hepatic insulin resistance developing with hyper-
glycemia at 16 weeks of age [16]. Insulin resistance in
white adipose tissue was associated with reduced GLUT-
4 cycling and increased IRS-1 degradation [17]. Significant
heart diastolic dysfunction (Sartoretto et al., 2010) [18] and
cerebral vascular anomalies [19] were documented in diabetic
TH males. This strain is characterized by age-associated
bilateral hydronephrosis in both sexes (Dr. J. K. Naggert and
Y. Wang, personal communication). Additional phenotypic
information, husbandry details, bibliographic information,
and a photograph of the mouse may be found on the web at
http://jaxmice.jax.org/strain/005314.html.

5. Comparison of New Polygenic Models to
the Monogenic BKS-db/db Model

Bodyweight gain data in Figure 1 contrasts the rapid juvenile-
onset weight gain and eventual morbid obesity in BKS-db/db
males versus the more moderate and maturity-onset weight
gains in TH and NcZ10 males. Data in Figures 1 and 2 also
demonstrate the unusual sensitivity of the NcZ10 strain to
the diabetogenic action of dietary fat. As seen in Figure 2,
the significantly slower and lower weight gains experienced
by NcZ10 males fed the 4% fat-containing chow diet failed
to allow them to achieve the degree of obesity necessary
to trigger development of hyperglycemia (defined here as
a nonfasting blood glucose of >250 mg/dL). Although the
TH males fed a 6% fat-containing chow diet showed an
initial high weight gain within a week of weaning, this rate
moderated after puberty andwas comparable toNcZ10males,
but much lower than BKS-db/db males. The cohort of TH
males aged atThe Jackson Laboratory on a 6% fat-containing
chow diet showed an earlier onset of hyperglycemia than
reported in the literature (10–12 weeks), with glucose values
over time similar to the progressive rise seen in BKS-
db/db males. In the NcZ10 male cohort fed the 11% fat-
containing chow, chronic hyperglycemia was only established
at 12 weeks. Notably, hyperglycemia did not develop in the
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Figure 1: Comparative weight gains of groups of 20 BKS-db/db
and TH males fed standard 6% fat-containing chow, and the same
number of NcZ10 males fed either 4% or 11% fat-containing chow.
Data are means ± SD.
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Figure 2: Development of hyperglycemia (defined as nonfasting
serum glucose ≥250mg/dL) in the same cohorts shown in Figure 1.
Data are means ± SEM.

4% fat-containing chow-fed males (Figure 2) that failed to
attain the requisite body weight thresholds for diabesity
development. Oral glucose tolerance data in Figure 3 show
that TH and NcZ10 males develop glucose intolerance at
different rates. TH males already exhibited impaired glucose
tolerance at 8 weeks compared to age-matched NcZ10 males
fed either 4% or 11% fat-containing chow (Figure 3(a)). At 24
weeks of age, chronically diabetic TH and NcZ10 males fed
the 11% fat chow exhibited comparable, severe impairment
in oral glucose tolerance (Figure 3(b)). In nondiabetic 24-
week-old NcZ10 males maintained on the 4% fat-containing
chow (Figure 3(b)), glucose tolerance had deteriorated, but
impairment was still significantly less severe than for either
group of diabetic males.

Comparative clinical chemistries of the two polygenic
models also distinguish them from the BKS-db/db model
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Figure 3: Oral glucose tolerance tests (2 g glucose/kg) of TH and NcZ10 males (a) at 8 weeks of age and (b) at 24weeks of age (𝑛 = 10/group).

Table 1: Comparison of selected serum analytes in the male cohorts shown in the figures. Data showmean ± SEM for 8–10 males at 20 weeks
of age. Lean age-matched BKS males are shown for comparison. Groups were maintained on 6% fat chow except for NcZ10 males that were
fed 11% fat chow. Hemoglobin A1c (HbA1c) values are shown to document chronic hyperglycemia in the 3 diabetic stocks.

Strain Glucose
mg/dL

HbA1c
% NGSP units

Triglyceride
mg/dL

Total cholesterol
mg/dL

HDL cholesterol
mg/dL

Nonesterified fatty acids
mEq/L

ALTf

(IU/L)
NcZ10 475 ± 30 10.4 ± 0.2 255 ± 12e 128 ± 4e 97 ± 3 1.90 ± 0.08e 44.2 ± 1.1
TH 520 ± 36 9.0 ± 0.5 491 ± 57 151 ± 3 106 ± 3 2.47 ± 0.09 44.6 ± 4.1
BKS-db/db 444 ± 48 12.8 ± 0.8d 141 ± 12b 163 ± 6 127 ± 5d 2.82 ± 0.17 125.1 ± 9.8f

BKS-m+/m+a
167 ± 14

c 5.7 ± 0.2c 131 ± 7b 98 ± 6c 71 ± 2c 1.92 ± 0.08 39.2 ± 5.3
am+/m+ from the cross with the db gene in repulsion with the misty (m) gene.
bdb/db and lean control significantly lower (𝑃 ≤ 0.05) than TH and NcZ10.
cLean control significantly lower (𝑃 ≤ 0.05) than all 3 diabetic stocks.
ddb/db significantly higher (𝑃 ≤ 0.05) than TH and NcZ10.
eNcZ10 significantly lower (𝑃 ≤ 0.05) than TH and db/db.
fAlanine aminotransferase; db/db significantly higher (𝑃 ≤ 0.05) than control, TH, and NcZ10.

(Table 1). Circulating concentrations of insulin and leptin
for all three models are available from the literature. Plasma
insulin content in the BKS-db/db model shows temporal
changes. Marked hyperinsulinemia (mean ∼ 55 ng/mL at
6 weeks) develops in the early phase of the syndrome
as the islet mass undergoes initial hyperplasia and beta
cells hypersecrete insulin [20]. However, after 8 weeks of
age, plasma insulin drops sharply to normal or subnormal
concentrations (≤1 ng/mL) as beta-cell loss and islet atro-
phy occur [20]. In contrast, the combination of permanent
adiposity coupled with deficient leptin receptor signaling in
BKS-db/db produces a permanent, severe hyperleptinemia,
with concentrations reaching >200 ng/mL [21]. Published
plasma insulin and leptin concentrations for both NcZ10
and TH contrast sharply with BKS-db/db while being very
comparable to each other. Published plasma insulin for
hyperglycemic 24-week-old NcZ10 males was 6 ng/mL, only

slightly higher than the 4 ng/mL in normoglycemic NON/Lt
control males. Similarly, leptin concentration (17.5 ng/mL)
was only 2-fold higher than the NON/Lt parental control and
at least 3-fold lower than the 60 ng/mL reported in morbidly
obese NZO parental males at the same age [12]. Published
values for plasma insulin in diabetic 16-week-old TH males
closely reflect those reported for NcZ10 males, with insulin
reaching peak values of 12 ng/mL at 12 weeks and remaining
elevated at 16 weeks [15]. Plasma leptin values in TH males
are reported to be variable, but modestly elevated compared
to normal B6 males [14]. Thus, both polygenic models differ
from both the monogenic obesity in BKS-db/db males and
the polygenic obesity in NZO males with only moderate
elevations in these two endocrines.

Dyslipidemia characterized by marked hypertriglyc-
eridemia on a standard chow diet has been reported in
diabetic males in all three models. However, despite the
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finding of significantly elevated total cholesterol and non-
esterified free fatty acids (NEFA) in the 20-week-old BKS-
db/dbmale cohort fromThe Jackson Laboratory’s production
colony, we were unable to replicate a significant elevation
in serum triglycerides compared to lean BKS-m+/m+ male
controls (Table 1). Given a previous study reporting a plasma
triglyceride value of 400 ± 19mg/dL for diabetic BKS-
db/db males at this age [22], we cannot explain the differ-
ence. In contrast, data in Table 1 do confirm the literature
reporting marked hypertriglyceridemia in both polygenic
models, with TH mean concentration significantly higher
than in NcZ10 males. High hemoglobin A1c concentrations
are present at 20 weeks of age in blood of BKS-db/db, TH,
and NcZ10 males (the latter fed the 11% fat chow). NcZ10
males fed the 4% fat-containing diet, although not overtly
hyperglycemic at 24 weeks, exhibited plasma triglycerides
as high as hyperglycemic males fed the 11% fat chow (data
not shown). Thus, in the NcZ10 model, the dyslipidemia
develops independently of chronic hyperglycemia. Hepatic
steatosis has been described in both diabetic BKS-db/db
[21] and NcZ10 males [12] and is also present in diabetic
TH males (Dr. J. K. Naggert, personal communication). The
significantly higher alanine aminotransferase concentrations
in serum of BKS-db/dbmales may reflect not only increased
liver pathology, but also ongoing endocrine pancreatic tissue
destruction.

6. Discussion
The phenotypes of the diabesity syndromes developing in the
two new polygenic models, NcZ10 and TH, are very similar
to each other despite the distinct polygenetic etiologies.
Although the dyslipidemias in each are very comparable to
those of the BKS-db/dbmouse, the new polygenic models are
clearly differentiated from the latter by the absence of uncon-
trolled hyperphagia. Further, less severe disturbances in the
hypothalamic-pituitary-adrenal axis in the polygenic models
are evidenced by their retention of normal reproductive
function. Finally, thematurity-onset nature of hyperglycemia
coupled with the less extreme plasma concentrations of
insulin and leptin makes the polygenic models much more
reflective of the most common forms of human T2D.

An obvious advantage of a monogenic diabesity model is
the availability of a wild-type genetic control not available in
a polygenic model. In both TH and NcZ10 strains, females
do not develop hyperglycemia and thus can be used for
comparison to the effects of hyperglycemia in males. As
shown in this review for the NcZ10 model, manipulation of
either the total amount of dietary fat or its composition [23]
can be used to provide normoglycemic controls. Likewise,
normoglycemic NONcNZO5LtJ males are matched with
NcZ10 for obesity, but have a less diabetogenic adiposity
[24]. Initially, these two stocks were phenotyped on a 6%
fat-containing chow diet that was sufficient for diabesity
development in NcZ10 in a low barrier research colony
at The Jackson Laboratory. However, this diet failed to
support requisite weight gains for diabesity development after
rederivation of NcZ10 into a high barrier production colony.
The need to increase total dietary fat to reconstitute diabesity

is assumed to reflect a more refined enteric flora of mice in
the production colony phenotyped for this review. The use
of dietary manipulation to generate normoglycemic controls
for THmales has not yet been reported; possibly high fat and
carbohydrate-free diet demonstrated to block diabesity in the
NZO diabesity model [25] may generate such controls.

Given the phenotypic similarities of the diabesity syn-
dromes in TH and NcZ10 males, it is perhaps not surprising
that both more closely replicate the defects in wound healing
that characterizes diabetic human patients than does the
BKS-db/db model [26, 27]. Differences do distinguish the
two polygenic models in their responses to antidiabetic
drugs administered by gavage.The Jackson Laboratory tested
the responses of diabetic males from all 3 models to the
gavage-administered thiazolidinedione, rosiglitazone. This
compound fed in the chow diet had previously been shown
to exert potent antihyperglycemic action in diabetic NcZ10
males [28]. However, when treatment entailed multiple
gavages, NcZ10 males unlike both the BKS-db/db and TH
diabetic models in which antihyperglycemic responses were
limited to drug-treated recipients showed a strong placebo
response to the vehicle. Shipment-associated weight loss and
consequent failure to achieve requisite thresholds for dia-
besity development [11] have characterized some shipments
of prediabetic NcZ10 males, but not TH males from the
production facility of The Jackson Laboratory. The basis for
this enhanced stress sensitivity affecting penetrance of the
diabesity phenotype of the NcZ10 compared to the THmodel
remains to be elucidated.

7. Summary and Conclusions

The newer TH and NcZ10 models are important additions
to mouse models of T2D. The major features distinguishing
these two polygenic obesity/diabesitymodels from the better-
known BKS-db/dbmodel are summarized in Table 2.

TH and NcZ10 males more accurately model the human
condition in terms of the polygenic basis for their obesity
syndromes, coupled with their maturity onset development
of hyperglycemia without the extreme disruptions in neu-
roendocrine pathways associatedwithmutations in either the
leptin or leptin receptor genes. Because they have become
available only quite recently, the TH and NcZ10 polygenic
diabesity models are not that well known to the diabetes
research community. Clearly, much more research on both
models is warranted. Although the T2D pathophysiology
in both TH and NcZ10 is remarkably similar, their genetic
etiologies are clearly different [12, 29]. This certainly mod-
els the situation in human T2D, wherein genetic analysis
of patients with common disease pathophysiology reveals
complex interactions between a large and variable number
of genes and the environment. The newer models should
certainly not be considered as replacements of themonogenic
models such as BKS-db/db which has become a reference
strain for drug testing. Given the genetic heterogeneity
underlying T2D in humans [30, 31], the newer models
discussed in this review should not supplant the “tried and
true” older models, but rather extend them. A new drug that
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Table 2: Summary comparison of the 3 models.

BKS-db/db NONcNZO10/LtJ TALLYHO/JngJ
Obesity Monogenic, morbid Polygenic, moderate Polygenic, moderate
Diabetes Juvenile onset Maturity onset Maturity onset
Leptin resistance Central, total Peripheral, moderate Peripheral, moderate
Insulin resistance Severe Moderate Moderate
Sex bias None Males Males
Littermate controls Yes No No
Fertile No Yes Yes

shows efficacy without toxicity in one model may or may
not prove widely therapeutic in a genetically heterogeneous
human T2D patient population. However, if the same drug
shows equal efficacy in multiple available models, each with
a distinct genetic underpinning, confidence that the drug
would safely and effectively treat a broader spectrum of
human patients surely is increased.
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Major problem for diabetic patients represents damage of blood vessels and the oxidative stress of the brain cells due to increased
concentration of free radicals and poor nutrition of brain cells. Gliclazide has antioxidative properties and poor blood brain barrier
(BBB) penetration. Bile acids are known for their hypoglycemic effect and as promoters of drug penetration across biological
membranes. Accordingly, the aim of this study is to investigate whether the bile acid (deoxycholic acid) can change the permeation
of gliclazide, through the blood brain barrier of a ratmodel type-1 diabetes. Twenty-fourmaleWistar ratswere randomly allocated to
four groups, of which, two were given alloxan intraperitoneally (100mg/kg) to induce diabetes. One diabetic group and one healthy
group were given a bolus gliclazide intra-arterially (20mg/kg), while the other two groups apart from gliclazide got deoxycholic
acid (4mg/kg) subcutaneously. Blood samples were collected 30, 60, 150, and 240 seconds after dose, brain tissues were immediately
excised and blood glucose and gliclazide concentrations were measured. Penetration of gliclazide in groups without deoxycholic
acid pretreatment was increased in diabetic animals compared to healthy animals. Also in both, the healthy and diabetic animals,
deoxycholic acid increased the permeation of gliclazide through that in BBB.

1. Introduction

Blood brain barrier (BBB) is selective barrier that eclipsed the
brain and isolates it from the circulating blood. It is com-
posed of the capillary basement membrane (BM), astrocyte
end feet ensheathing the vessels, and pericytes embedded
within the BM [1]. It represents a major barrier for drug
permeation especially those which are highly hydrophilic
and have molecular mass bigger than 400Da. In addition,
efflux protein transporters at the luminal membrane of
the endothelial cells limit the penetration of hydrophobic
molecules. Diabetes mellitus (DM) can lead to disruption in
BBB. A small opening in BBB can have significant impact
on BBB function and structure [2]. Some changes in BBB
occur very fast after animal being in hyperglycemic state.

Previous investigations have shown 30% decrease in brain
glucose uptake in only two days after induction of DM
[3]. Thus it is viable that changes occur also on some
other transport systems but those connected with glucose
transport. Damages of central nervous system (CNS) in DM
occur due to increased concentration of the free radicals and
poor nutrition of the brain cells. Thus, in recent years CNS
becomes a target in the treatment of DM [4, 5].

Gliclazide is a second-generation sulfonylurea, and it
is used in type 2 DM to stimulate insulin production [6].
Sulphonylurea compounds bind to sulphonylurea subunit
(SUR) of ATP sensitive K+ channel (KATP) in pancreas,
which leads to their closure and release of insulin. Gli-
clazide has selective affinity for binding to SUR1 receptors
located mostly in pancreas. Gliclazide is antidiabetic drug



2 Journal of Diabetes Research

with antioxidative properties that are independent of any
effect on glucose level [7–9]. Also gliclazide has favorable
hemobiological properties and other extrapancreatic effects
which make gliclazide potentially useful in type 1 DM as
well [10–12]. Because of its scavenging effect and low affinity
for binding to SUR receptors in brain gliclazide is a good
candidate for the investigation as a protector of brain cells in
diabetes. Gliclazide is hydrophobic weak acid that shows low
transfer into the brain tissue [13, 14].

Bile acids are amphiphilic steroids which have been
extensively studied as permeability enhancers of various bio-
logical membranes. Bile salts induce reversible BBB opening
[15]. Part of the effect is hypothesized to be mediated by tight
junction (TJ) modulation [16], cell lysis [17, 18] or incorpora-
tion of bile salts into the lipid bilayer [17]. Detergent activity
and hydrophobicity are properties of bile salts relevant to the
ability to enhance permeability. Deoxycholic acid is natural
bile acid that has good permeator capabilities, and it is widely
investigated in the field of nanotechnology.

The aim of this study was to investigate the efficacy of
sodium salt of deoxycholic acid (DA) as a BBB permeator of
lipophilic molecule gliclazide in healthy and diabetic rats by
in vivo study of gliclazide uptake into the brain tissue after
intra-arterial application of gliclazide by retrograde bolus
injection into the right a. axillaris.

2. Material and Methods

2.1. Animal Treatment

2.1.1. Animals. Male Wistar rats (aged 2-3 months, weight
200–300 g) were housed under 12 h : 12 h light-dark condi-
tions in an experimental animal facility and have food and
water ad libitum. All experiments conducted on animals were
approved by the Animal Ethic Committee of theUniversity of
Novi Sad.

2.1.2. Induction of Diabetes. Diabetes was induced in rats
by the intraperitoneal injection of alloxane (100mg/kg body
weight once a day), for two days, as previously described
[19, 20]. If hyperglycemia in animals persisted for four days
after the second dose of alloxan, animals were included in the
experiment. Blood glucose levels were determined from the
tail vein blood using a glucometer-strip system (Accucheck
Active, Roche). Ratswere considered diabetic if blood glucose
concentrations were >20mmol/L [21].

2.1.3. Experimental Protocol. All groups received microsus-
pension (particle size < 0.5 𝜇m) of gliclazide (20mg/kg)
to the right a. axillaris. DA solution (4mg/kg) was given
subcutaneously 30 minutes before gliclazide dose. Before
preparing blood vessels, the animals were anesthetized with
urethane (1 g/kg) intraperitoneally. Animals were divided
into 4 groups: (1) healthy animals given gliclazide (control),
(2) healthy animals given gliclazide and DA, (3) diabetic
animals given gliclazide, and (4) diabetic animals given
gliclazide and DA (6 rats in each group).

2.2. Sample Preparation and Analyses

2.2.1. Serum Samples Preparation. Blood samples were taken
from the left v. jugularis 30, 60, 150, and 240 seconds after
intra-arterial injection of gliclazide and theywere centrifuged
for 5 minutes (10000 rpm/min). Serums were stored at −20∘C
until analysed. Acetonitrile was added to serum (in a 2 : 1
ratio) vortexed (30 seconds), and centrifuged for 5 minutes
(10000 rpm/min), and then the supernatant (10 𝜇L) was
injected into the HPLC system.

2.2.2. Brain Samples Preparation. The animals were decapi-
tated 240 seconds after gliclazide injection.The cranial bones
were resected and the brain tissue was divided into: the
left and the right cerebral hemisphere (LCH and RCH),
brain stem (BS), and cerebellum (C). After being weighed
brain parts were stored at −20∘C until analysed. Brain parts
were homogenized in a 4-fold volume of distilled water.
Chloroform was added to brain samples in a 4 : 1 ratio and
after vortexing for 30 seconds and centrifuging for 10minutes
on 3500 rpm/min, 1.4mL of the lower layer was transferred
into tubes, evaporated at 70∘C, and before injection onHPLC
system reconstituted with 100 𝜇L of methanol.

2.2.3. HPLC Determination of Gliclazide. Gliclazide concen-
trations in serum and brain samples weremeasured byHPLC
system using the modified method of Mikov et al. [21].
HPLC system (Dionex) consisted of Agilent column (5 𝜇m,
100mm × 2.1mm, 120A∘) with guard column (Agilent; 5𝜇m,
20mm × 2.1mm). The mobile phase consisted of acetonitrile
49% and water 51%, pH 2.7 at flow rate 0.4mL/min. The
retention time for gliclazide was 2.8 minutes. UV detection
was set at 229 nm. Analyses were done at room temperature
(25∘C). The limit of detection (LOD) for brain samples
was 0.02𝜇g/mL and limit of quantification (LOQ) was
0.22𝜇g/mL with recovery of 87.64 ± 3.63 and for serum
samples LOD was 0.2𝜇g/mL and LOQ was 0.5 𝜇g/mL with
recovery of 86.13 ± 3.16%.

2.2.4. Statistical Analysis. All data were reported as mean ±
standard deviation (SD). Date were analysed by General
Linear Model (Multivariate ANOVA) via SPSS 17.0 (Systat
Software Inc., San Jose, CA, USA). Differences were consid-
ered significant if 𝑃 ≤ 0.05. Pharmacokinetic analyses were
done using WinNonLin (version 4.1; SCI software, Pharsight
Corp., Gary NC, USA).

3. Results

Gliclazide concentrations (𝜇g/g) in the brain tissue are shown
in Table 1.

Table 1 shows that gliclazide concentrations vary in
different parts of the brain and between healthy and diabetic
animals suggesting different extent of penetration. There is
statistically significant difference of gliclazide concentrations
in BS between healthy and diabetic animals without pre-
treatment with DA.Mean gliclazide concentrations are 7-fold
higher in diabetic than those in healthy animals. Also in this
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Table 1: Gliclazide concentrations (𝜇g/g) 240 seconds after gliclazide injection (20mg/kg) in the brain parts and total brain.

Groups
Group 1: healthy

Gliclazide
𝑛 = 6

Group 2: healthy
Gliclazide + DA
𝑛 = 6

Group 3: diabetic
Gliclazide
𝑛 = 6

Group 4: diabetic
Gliclazide + DA
𝑛 = 6

Gliclazide
concentration
(𝜇g/g)—mean ±
SD

BS 1.57 ± 0.77 15.49 ± 9.53
∗

11.51 ± 5.48
#

33.72 ± 19.58
××,×

C 2.22 ± 1.13 23.69 ± 11.45
∗

19.17 ± 8.18
#

76.92 ± 34.82
××,##

LCH 1.41 ± 0.75 1.87 ± 0.94 0.70 ± 0.38 6.93 ± 4.09
××,×

RCH 2.46 ± 1.56 6.33 ± 4.03
∗

2.88 ± 1.30 10.02 ± 6.43
××,×

B 1.71 ± 1.03 9.15 ± 5.53
∗

7.27 ± 3.41
#

22.00 ± 14.15
××,×

LCH: left cerebral hemisphere; RCH: right cerebral hemisphere; BS: brain stem; C: cerebellum, B: total brain.
∗Group 2 versus Group 1, 𝑃 ≤ 0.05; #Group 3 versus Group 1, 𝑃 ≤ 0.05; ×Group 4 versus Group 3, 𝑃 ≤ 0.05; ##Group 4 versus Group 2, 𝑃 ≤ 0.05; ××Group 4
versus Group 1, 𝑃 ≤ 0.05.

Table 2: Penetration coefficient of gliclazide in the brain tissue after intra-arterial application of gliclazide (𝐾
𝑏/𝑝

).

Groups
Group 1: healthy

Gliclazide
𝑛 = 6

Group 2: healthy
Gliclazide + DA
𝑛 = 6

Group 3: diabetic
Gliclazide
𝑛 = 6

Group 4: diabetic
Gliclazide + DA
𝑛 = 6

𝐾
𝑏/𝑝

—mean
± SD

BS 0.09 ± 0.06 1.35 ± 0.92
∗

2.13 ± 1.41
#

6.15 ± 4.74
××,×

C 0.13 ± 0.06 6.23 ± 3.95
∗

4.40 ± 2.93
#

14.05 ± 8.53
××

LCH 0.09 ± 0.04 0.11 ± 0.07 0.09 ± 0.04 1.10 ± 0.8
××,×

RCH 0.15 ± 0.06 0.46 ± 0.38
∗

0.32 ± 0.23 1.23 ± 0.98
××,×

B 0.12 ± 0.06 1.33 ± 1.01
∗

1.66 ± 0.93
#

4.09 ± 2.87
××,×

LCH: left cerebral hemisphere; RCH: right cerebral hemisphere; BS: brain stem; C: cerebellum, B: total brain.
∗Group 2 versus Group 1, 𝑃 ≤ 0.05; #Group 3 versus Group 1, 𝑃 ≤ 0.05; ×Group 4 versus Group 3, 𝑃 ≤ 0.05; ##Group 4 versus Group 2, 𝑃 ≤ 0.05; ××Group 4
versus Group 1, 𝑃 ≤ 0.05.

part of brain pretreatment with DA leads to the elevation of
concentrations of gliclazide in healthy (10-fold) and diabetic
rats (3-fold) (differences are statistically significant).

Gliclazide concentrations in C are 9-fold higher in dia-
betic than those in healthy animals without DA pretreatment
and are statistically different. Pretreatment with DA resulted
in higher gliclazide concentration in healthy (10-fold) and
diabetic (4-fold) rats, but this differences are not statistically
significant.

In the groups treated with gliclazide only, the concentra-
tions of gliclazide in LCH and RCH are lower than those in
BS and C. It is noticeable that gliclazide concentrations in
RCH are, overall, slightly higher among all treatment group,
than its concentrations in the LCH part of the brain. When
DA was coadministered with gliclazide, the concentrations
of gliclazide in RCH were 3-fold higher in healthy and 4-
fold higher in diabetic animals; differences are statistically
significant. Gliclazide concentrations in LCH were 4-fold
higher in diabetic animals pretreated with DA, while in
healthy animals coadministration of DA had no effect on
gliclazide concentrations comparing to group that received
only gliclazide.

In total brain mass gliclazide concentrations are elevated
in diabetic animals (4-fold, statistically significant) (Table 1).
In groups pretreated with DA gliclazide concentrations are 5-
fold higher in healthy and 3-fold higher in diabetic animals
(differences are statistically significant).

Pretreatment with DA leads to increased variation of
concentrations in all groups and brain parts.

Penetration into the CNS was calculated trough formula
(1):

𝐾
𝑏/𝑝
=

𝐶
𝑏

𝐶
𝑝

, (1)

where 𝐾
𝑏/𝑝

is coefficient of the penetration of gliclazide, 𝐶
𝑏

concentration of gliclazide in brain tissue (𝜇g/g), and𝐶
𝑝
total

gliclazide concentration in serum 240 seconds (𝜇g/mL).
Total drug penetration is 24-fold higher in BS in diabetic

animals than that in healthy animals given gliclazide alone
(Table 2). DA increased penetration of gliclazide in BS 15-fold
in healthy and 3-fold in diabetic animals; both differences are
statistically significant. Effect of diabetes on penetration in C
is more pronounced since drug penetration is 34-fold higher
in diabetic than that in healthy animals. In C DA facilitates
penetration 48-fold in healthy and 3-fold in diabetic animals
(differences are statistically significant). The effect of illness
and bile salt on gliclazide penetration through BBB is lower
in cerebral hemispheres.

Relative brainmass in group of healthy animals pretreated
withDA is 1.2-fold lower than that in group of healthy animals
treated only with gliclazide and is statistically different (rela-
tive brainmass: 0.69±0.05%Group 1 and 0.56±0.03Group 2).
In diabetic animals pretreated with DA relative brain mass is
unchanged in comparison to that of diabetic animals treated
only with gliclazide (relative brainmass: 0.60±0.09%Group 3
and 0.62±0.11%Group4).There are no significant differences
in relative brain masses between other groups.
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Table 3: Gliclazide serum concentrations (𝜇g/mL) 30, 60, 150, and 240 seconds after intra-arterial injection.

Groups Time (s)
Group 1: healthy

Gliclazide
𝑛 = 6

Group 2: healthy
Gliclazide + DA
𝑛 = 6

Group 3: diabetic
Gliclazide
𝑛 = 6

Group 4: diabetic
Gliclazide + DA
𝑛 = 6

Gliclazide serum
concentrations
(𝜇g/mL): mean ± SD

30 15.13 ± 4.79 22.77 ± 7.50 12.85 ± 5 9.44 ± 5.72

60 23.28 ± 4.75 15.37 ± 5.20 10.65 ± 3.61 8.29 ± 4.92

150 13.94 ± 3.44 10.98 ± 3.75 9.16 ± 4.77 7.22 ± 2.94

240 15.99 ± 4.26 9.79 ± 3.14
∗

11.12 ± 4.56
#

7.43 ± 3.92
××

∗Group 2 versus Group 1, 𝑃 ≤ 0.05; ××Group 4 versus Group 1, 𝑃 ≤ 0.05; #Group 3 versus Group 1, 𝑃 ≤ 0.05.

Table 4: Areas under the curve of gliclazide serum concentrations (AUC), apparent volume of distribution (Vd), and blood glucose level
(mmol/L) 240 seconds after and before intra-arterial gliclazide injection.

Groups
Mean ± SD

AUC (𝜇g∗ s∗mL−1) Vd (mL) Glucose level (mmol/L)
Before gliclazide After gliclazide (240 s)

Group 1 healthy animals:
gliclazide
𝑛 = 6

4020.43 ± 456.42 219.73 ± 13.47 7.01 ± 0.3 9.55 ± 0.34
∗∗

Group 2 healthy animals:
gliclazide + DA
𝑛 = 6

3931.02 ± 1790.13 1077.19 ± 83.43
∗

8.11 ± 0.60 9.53 ± 0.46
∗∗

Group 3 diabetic animals:
gliclazide
𝑛 = 6

2150.16 ± 1472.50 970.15 ± 79.97
#

29.04 ± 4.20 30.95 ± 3.86

Group 4 diabetic animals:
gliclazide + DA
𝑛 = 6

1678.7 ± 415.21
××

648.42 ± 203.65
××

32.50 ± 5.75 34.3 ± 7.44

Healthy animals / / 7.7 ± 0.3 8.7 ± 0.35

Diabetic animals / / 28.83 ± 2.23 29.33 ± 2.19

Healthy animals with DA
pretreatment / / 6.93 ± 0.6 7.45 ± 1.02

Diabetic animals with DA
pretreatment / / 33.58 ± 4.02 29.7 ± 4.30

∗Group 2 versus Group 1, 𝑃 ≤ 0.05; ××Group 4 versus Group 1, 𝑃 ≤ 0.05; #Group 3 versus Group 1, 𝑃 ≤ 0.05; ∗∗glucose level before versus after gliclazide,
𝑃 ≤ 0.05.

Gliclazide serum concentrations are shown in Table 3.
There are different changes in gliclazide serum concentra-
tions during observed period in examined groups. Gliclazide
serum concentrations 240 seconds are higher in healthy
than those in diabetic animals (statistically significant dif-
ference). Also, DA pretreated groups have lower gliclazide
serum concentration 240 seconds than groups without DA
pretreatment.

Blood glucose levels (mmol/L) and areas under the curve
of gliclazide serum concentrations (AUC) as well as apparent
volume of distribution (Vd) are shown in Table 4. Correlation
between differences of blood glucose levels 240 seconds after
and before application of gliclazide and AUC values is shown
on Figure 1.

Correlation between differences of blood glucose levels
and AUCs is shown in Figure 1 and it is second-order polyno-
mial in all groups. When AUC values of gliclazide are higher
the differences of blood glucose levels 240 seconds after
and before application are smaller. However, after reaching

maximumAUC values the differences of blood glucose levels
are getting higher again.

From Table 4 it can seen that DA alone did not change
the level of glucose neither in healthy nor in diabetic animals.
Treatment with gliclazide in groups of healthy and diabetic
animals with and without pretreatment with DA led to an
increase of blood glucose levels. Such glucose level changes
were not detected in groups of healthy and diabetic animals
treated with only saline solution.

Apparent volumes of distribution in the group of healthy
animals treated with gliclazide alone are lower than those
calculated in other three groups. Healthy animals pretreated
withDAhad 4.8 fold higher Vd than those in group of healthy
animals treated only with gliclazide. Diabetic animals had 1.5
fold lower Vd in group pretreated with bile salt.

4. Discussion

This study showed differences in gliclazide penetration in
various parts of the brain under influence of diabetes mellitus
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Figure 1: Scatter plots of Δ blood glucose level (mmol/L) 240 seconds after and before intra-arterial injection of gliclazide versus calculated
AUC values of gliclazide.

and pretreatment with DA.There were higher concentrations
of gliclazide in diabetic animals in comparison to healthy
animals and they are the result of BBB disruption [22].
Also, DA had a direct permeation-enhancing effect on the
antidiabetic drug gliclazide as other bile acids had in previous
studies [23–31]. In group of healthy animals pretreated with
DA distribution of gliclazide in all brain parts was similar
to the one in group of diabetic animals treated only with
gliclazide, which indicates that DA aswell as diabetesmellitus
had direct effect on gliclazide permeability across BBB.

In healthy animals without DA pretreatment concen-
trations of gliclazide were similar in all brain parts, which
implies a one-compartment model of distribution. In other
groups of animals data indicates existence of two compart-
ments where one compartment is cerebellum and brain stem
and the other is hemispheres of the brain. However differ-
ences in gliclazide brain concentrations could be explained in
terms of the distribution of blood vessels and used method of
drug application [32]. Higher concentrations of gliclazide in
brain stem and cerebellum than those in hemispheres could
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be due to the fact that gliclazide was given in right a. axillaris
which directly through a. vertebralis takes larger amount of
drug to cerebellum and brain stem because they are closer
to the place of application, so these regions get the most of
the given dose [33, 34]. Also, through the right a. carotis
drug is taken to the brain hemispheres where it comes first to
right cerebral hemisphere. Thus concentrations of gliclazide
are higher in right cerebral hemisphere than left cerebral
hemisphere. In group of diabetic animals these differences
in gliclazide concentrations could be additionally explained
with different susceptibility of BBB. It is known that BBB in
brain regions with higher blood vessel density and flow, like it
is in hemispheres, stays longer intact in hyperglycemic state.

Apparent volume of distribution of gliclazide is higher in
diabetic animals than in healthy animals treated only with
gliclazide. Also, apparent volume of distribution of gliclazide
is higher in those animals pretreated with DA than that in
healthy animals treated only with gliclazide. Apparent vol-
umeof distribution is in correlationwith observed concentra-
tions of gliclazide in brain tissuewhere volume of distribution
was higher in groups of diabetic animals and those pretreated
with DA than that in group of healthy animals treated only
with gliclazide. Increased distribution in these groups could
be explained in various ways. It is known that gliclazide is
highly lipophilic small molecule (log𝑃octanol/water = 2.6)
and weak acid with protein binding of 94% [35]. In diabetes
mellitus there is more acidic environment, and thus free
fraction of gliclazide is expected to bemore in its neutral form
which can more easily penetrate BBB [36]. This partly could
explain better penetration of gliclazide in group of diabetic
animals than in healthy animals.However, the problemof this
theory is low solubility of gliclazide which makes it difficult
for gliclazide to diffuse through blood to BBB. It ismore likely
that rapid protein to membrane transfer occurred which was
examined earlier for some hydrophobic drugs [37]. If rat
brain blood flow is 1.25mL/min/g and brain blood volume is
3% of brain weight [38] then transit time of blood through
brain is approximately 1.5 s. In period of 240 seconds 160
transit times occur thus gliclazide could penetrate through
BBB by rapid protein to membrane transfer.

Diabetic animals have better penetration of gliclazide
through BBB than healthy animals. Groups of healthy and
diabetic animals pretreated with DA have lower AUCs and
higher CNS concentrations.

There is second-order polynomial correlation of AUCs
with differences of blood glucose levels in all groups, where
when AUCs are higher the differences of blood glucose levels
are smaller till a breaking point when continued increase
of AUCs leads to higher blood glucose level differences.
This data suggests that too high gliclazide serum levels
(AUCs) lead to inefficient blood glucose level control. Also
DA changed pattern of the blood glucose level increase and
changed polynomial function.

It is shown that DA enhances permeability through BBB
in diabetic and healthy animals. Cell lysis is one of the
possible mechanism of the BBB opening, which is unlikely
to be the case in this investigation since concentration of
bile salt at the site was lower than 1.5mM [17, 36]. Probable
mechanism of BBB opening is modification of tight junction

or incorporation of bile salt in membrane bilayer. Also,
previously it was found that the infusion of bile salts led to
opening of the BBB and edemas of the rat brain [39]. In this
study brain edemas were not observed since relative brain
mass was not higher in groups of animals pretreatedwithDA.

5. Conclusions

Deoxycholic acid promotes gliclazide penetration across BBB
in diabetic and in healthy animals. In addition, deoxycholic
acid alters some pharmacokinetic properties of gliclazide in
both healthy anddiabetic rats. Deoxycholic acid pretreatment
also changed the pattern of blood glucose level increase after
gliclazide application in diabetic as well as in healthy animals.
Thus deoxycholic acid should be more investigated in the
treatment of diabetes mellitus and as permeation promoter of
lipophilic molecules through BBB as well as other biological
membranes.

Abbreviations

AUC: Areas under the curve of gliclazide
serum concentrations (𝜇g ∗ s ∗mL−1)

BBB: Blood brain barrier
B: Total brain
BS: Brain stem
DM: Diabetes mellitus
𝐶
𝑏
: Concentration of gliclazide in brain

tissue (𝜇g/g)
C: Cerebellum
CNS: Central nervous system
𝐶
𝑝
: Total gliclazide concentration in serum

in 240th second (𝜇g/mL)
DA: Sodium salt of deoxycholic acid
DCH: Right cerebral hemisphere
LCH: Left cerebral hemisphere
TJ: Tight junction
Vd: Apparent volume of distribution (mL).
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