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Kanetsuna, Yukiko, Keita Hirano, Michio Nagata, Maureen A.
Gannon, Keiko Takahashi, Raymond C. Harris, Matthew D.
Breyer, and Takamune Takahashi. Characterization of diabetic
nephropathy in a transgenic model of hypoinsulinemic diabetes. Am J
Physiol Renal Physiol 291: F1315–F1322, 2006. First published May
16, 2006; doi:10.1152/ajprenal.00379.2005.—Genetic mouse models
provide a unique opportunity to investigate gene function in the
natural course of the disease. Although diabetic nephropathy (DN) in
models of type II diabetes has been well characterized, diabetic renal
disease in hypoinsulinemic diabetic mice is still incompletely under-
stood. Here, we characterized renal changes in the pdx1PB-HNF6
transgenic mouse that exhibits �-cell dysfunction and nonobese hy-
poinsulinemic diabetes. Male transgenic mice developed hyperglyce-
mia by the age of 7 wk and survived for over 1 yr without insulin
treatment. Diabetes ensued earlier and progressed more severely in the
HNF6 males than the females. The HNF6 males exhibited albumin-
uria as early as 10 wk of age, and the urinary albumin excretion
increased with age, exceeding 150 �g/24 h at 11 mo of age. Diabetic
males developed renal hypertrophy after 7 wk of age, whereas
glomerular hyperfiltration was not observed in the mice. Hypertension
and hyperlipidemia were not observed in the diabetic mice. Histolog-
ical analysis of the HNF6 kidneys displayed diabetic glomerular
changes, including glomerular enlargement, diffuse mesangial prolif-
eration and matrix expansion, thickened glomerular basement mem-
brane, and arteriolar hyalinosis. Mesangial matrix accumulation in-
creased with age, resulting in nodular lesions by 44 wk of age.
Immunohistochemistry showed accumulation of type IV collagen and
TGF-�1 in the mesangial area. No significant immune complex
deposition was observed in the HNF6 glomeruli. Thus the HNF6
mouse exhibits diabetic renal changes that parallel the early phase of
human DN. The model should facilitate studies of genetic and envi-
ronmental factors that may affect DN in hypoinsulinemic diabetes.

animal model; diabetic renal disease; hepatocyte nuclear factor-6;
transgenic mice

DIABETIC NEPHROPATHY (DN) is the leading cause of end-stage
renal disease in many countries and the largest contributor to
the total cost of diabetes care (2, 18). In past decades, the study
of experimental DN using rodent models has provided numer-
ous new insights into the pathogenesis of DN and has led to
many changes in the treatment protocol of human DN (1). Thus
development of an animal model that more closely parallels the
natural course of human DN should facilitate a better under-
standing of this disease and the development of new diagnostic
and therapeutic interventions.

With the development of unique genetic resources and the
availability of technology to generate knockout and transgenic
animals, the mouse has become a desirable species in medical
research. In particular, a genetic mouse model of diabetes
provides a unique opportunity to investigate gene function in
the natural course of the disease. To date, DN has been
characterized in several genetic models of murine diabetes (4,
5). These include the NOD mouse (a model of type I diabetes)
and db/db and KKAy mice (models of type 2 diabetes). The
well-studied db/db and KKAy mice exhibit albuminuria and
substantial glomerular pathology, including mesangial matrix
expansion and thickening of the glomerular capillary basement
membrane. These two models of type 2 diabetes are widely
used in DN research (6, 27). In contrast, very little work has
been done to study diabetic complications in NOD mice due to
the late age of onset of diabetes, requirement of insulin treat-
ment, and the complex genetics (4). Thus diabetic renal disease
in genetic mouse models of hypoinsulinemic diabetes is poorly
characterized.

The pdx1PB-HNF6 mouse is a transgenic model of nonobese
hypoinsulinemic diabetes (11). In this model, persistent expres-
sion of hepatocyte nuclear factor-6 (HNF6) specifically in
pancreatic islets causes disassembly of islet cells and �-cell
dysfunction. The mouse shows diabetic symptoms soon after
weaning due to impaired glucose-stimulated insulin secretion,
resulting, in part, from downregulation of the glucose trans-
porter GLUT2. There is no peripheral insulin resistance in the
diabetic mouse. The diabetic phenotype most closely resem-
bles maturity-onset diabetes of the young in humans, and the
model provides a system for studying diabetic complications of
prolonged and untreated hypoinsulinemic diabetes.

In the present study, we characterized functional and struc-
tural renal changes in diabetic pdx1PB-HNF6 mice. Our results
demonstrate that pdx1PB-HNF6 male mice exhibit modest
albuminuria and glomerular pathology that parallel the early
phase of human DN, including glomerular hypertrophy, mes-
angial cell proliferation and matrix expansion, and thickening
of the glomerular basement membrane (GBM). These mice
represent a useful model for the study of genetic and environ-
mental factors that may affect DN in hypoinsulinemic diabetes.

MATERIALS AND METHODS

Animals. pdx1PB-HNF6 transgenic mice on a B6D2F1 background
(C57BL6 � DBA2 F1 hybrid) and their nontransgenic littermates
were used (11). Mice were housed in microisolator cages in a
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pathogen-free barrier facility and fed standard chow (laboratory diet
no. 5015, PMI Nutrition International, Richmond, IN) and given water
ad libitum. All animal experiments were conducted in accordance
with the guidelines of Vanderbilt University Institutional Animal Care
and Use Committee.

Blood parameter measurements. Blood samples were obtained by
saphenous vein puncture under anesthesia or via cardiac puncture at
death. The blood glucose level was measured using Accu-Chek test
strips (Roche Applied Science, Indianapolis, IN). Blood urea nitrogen
(BUN) was determined using the i-stat system (HESKA, Fort Collins,
CO). Plasma creatinine level was determined by an HPLC-based
method as previously described (8). For assessment of serum lipid
levels, the mice were fasted for 6 h, and total cholesterol and
triglycerides were measured by standard enzymatic assays using
reagents from Raichem (San Diego, CA).

Urine albumin and creatinine measurement. Urine (24-h period)
was collected from individually caged mice using polycarbonate
metabolic cages (Tecniplast, Buguggiate, Italy). Spot urine was col-
lected in the morning, and the albumin-to-creatinine ratio (ACR) was
determined. Urinary albumin excretion was determined using an
Albuwell M Murine Microalbuminuria ELISA kit (Exocell, Philadel-
phia, PA). Urine creatinine was measured using a Creatinine Com-
panion kit (Exocell).

Blood pressure measurement. Systolic blood pressure was mea-
sured in conscious, trained mice at room temperature using a tail-cuff
monitor (model 65–12, Manual Scanner; IITC life Science).

Measurement of glomerular filtration rate. Glomerular filtration
rate (GFR) was measured by the single-bolus FITC-inulin injection
method as previously described (25). Briefly, 5% FITC-inulin (Sigma,
St. Louis, MO) was dialyzed and injected (3.74 �l/g body wt)
retroorbitally to mice under light anesthesia. Approximately 20 �l of
blood were collected via the saphenous vein at 3, 7, 10, 15, 35, 55, and
75 min after injection, and the plasma concentrations of FITC-inulin
was determined using a Fluoroscan Ascent FL (FIN-0081, Lab-
systems, Helsinki, Finland) at 485-nm excitation and 538-nm emis-

sion. GFR was calculated using the equation GFR � I/(A/� � B/�),
where I is the amount of injected FITC-inulin, A and B are y-intercept
values of the two decay rates, and � and � are decay constants for the
distribution and elimination phases (25).

Histological analysis. Renal histology was assessed in the pdx1PB-
HNF6 males and nontransgenic littermates at 3, 5, 7, 10, 15, 20, and
44 wk of age. The mice were anesthetized, and the kidneys were
perfused with PBS via the left ventricle of the heart, followed by
incision of the renal vein. The perfused kidneys were removed,
weighed, and fixed overnight in 4% paraformaldehyde at 4°C. The
kidney tissues were embedded in paraffin using standard techniques,
and 4-�m-thick sections were stained with periodic acid-Schiff
(PAS). The sections were examined by light microscopy (Carl Zeiss,
Axioskop) for renal histology. The glomerular cross-sectional area
was measured using image-analysis software (Bioquant, Nashville,
TN). A total of 50 glomeruli from the outer cortex/mouse were
analyzed, and an average was calculated for each animal. Glomerular
volume was calculated with the formula GV � �/�(GA)3/2, where
� � 1.38, the shape coefficient for a sphere, and � � 1.1, the size
distribution coefficient, and GA is glomerular cross-sectional area (19,
24). The mesangial area in the glomerular tuft was defined as the area
that stained positively for PAS, and the mesangial fraction in the
glomerulus was calculated by point-counting as previously described
(26). At least 4 mice/group were analyzed, and 30 glomeruli were
measured for each animal.

For electron microscopy, kidneys were removed, cut into small
tissue blocks (1 mm3), and fixed in 2.5% glutaraldehyde fixative with
0.1 mol/l cacodylate buffer (pH 7.4) overnight at 4°C. After postfix-
ation with 1% osmium tetroxide, tissues were dehydrated in a series
of graded ethanol preparations and embedded in epoxy resin (Poly/
Bed 812 Embedding Media, Polysciences, Warrington, PA). Ultrathin
sections were stained with uranyl acetate and lead citrate. Sections
were observed by transmission electron microscopy (TEM; H-7000,
Hitachi, Tokyo, Japan) at 75 kV.

Fig. 1. Development of diabetes in pdx1PB-
HNF6 mice. A and B: fed blood glucose levels
(A) and body weight (B) were plotted against
the number of weeks after birth. F, pdx1PB-
HNF6 males; E, nontransgenic males; Œ,
pdx1PB-HNF6 females; ‚, nontransgenic fe-
males. Values are means � SE of at least 8
mice. Statistical analyses were performed by
unpaired t-tests. *P 	 0.05, **P 	 0.01 vs.
nontransgenic counterparts.
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