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Abstract

This study compared temporal changes in renal hemodynamics, proteinuria and the development of renal disease in
Goto-Kakizaki (GK) type Il diabetic rats that are resistant to the development of diabetic nephropathy and a genetically
modified GK substrain (T2DN) carrying the mitochondrial genome and other alleles from Fawn hooded-hypertensive
(FHH) rats is more susceptible to the development of renal injury. Both GK and T2DN rats were diabetic (>250 mg/dL)
and blood glucose levels were not significantly different at 3, 6 and 18 months of age. Blood pressure was also similar in
both strains at all 3 ages. Renal blood flow (RBF) was 45% higher in 3 month old T2DN rats than GK rats but glomerular
filtration rate (GFR) was similar. T2DN rats exhibited a progressive increase in proteinuria from 41 + 2 to 524 + 50 mg/
day and 57% fall in GFR as they aged from 3 to 18 months of age. In contrast, proteinuria only increased to 162 + 31 mg/
day in GK and GFR remained unaltered. The kidneys from 18 month old T2DN rats exhibited severe glomerulosclerosis,
interstitial fibrosis and tubular necrosis while kidneys from GK rats did not. Plasma creatinine levels were 2.4 fold higher
in 18 month old T2DN than in GK rats. These data demonstrate that T2DN rats develop most of the features of diabetic
nephropathy including progressive proteinuria and chronic kidney disease whereas the closely related GK strain does

not, even though blood pressure and the level of hyperglycemia are similar.
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hemodynamics; Renal disease

Introduction

Type 2 diabetes mellitus (T2DM) is a chronic progressive
metabolic disease that results from impaired insulin secretion and
insulin resistance leading to a dysfunction in glucose homeostasis
and metabolism. Patients with T2DM experience major long-term
complications related to various cardiovascular diseases such as
nephropathy. Diabetic nephropathy is the leading cause of End-Stage
renal disease (ESRD) in the United States [1]. Despite the introduction
of several new classes of drugs for the control of diabetes, little progress
has been made in developing therapies for the prevention of diabetic
nephropathy. This is due in part to the lack of reliable animal models
that recapitulate all the hemodynamic and histologic changes that
occur in patients with diabetic nephropathy. Recently, the Animal
Models of Diabetic Complications Consortium (AMDCC) defined the
criteria for validating animal models of diabetic nephropathy [2]. The
criteria states that the model must exhibit a >50% decline in glomerular
filtration rate (GFR) over the lifetime of the animals, a >10-fold increase
in albuminuria and renal histologic changes including mesangial
matrix expansion, nodular glomerular lesions, arteriolar hyalinosis,
thickening of glomerular basement membranes, and renal interstitial
fibrosis [2]. Although a large number of mouse models of diabetes have
been studied by the AMDCC, the overall conclusion is that none of
the existing mouse models recapitulate most of the features of human
diabetic nephropathy.

The Goto-Kakizaki (GK) rat is a nonobese, normotensive model
of type II diabetes [3-11].The GK strain was developed from a colony
of Wistar rats by selective breeding for those rats with elevated blood
glucose levels during a glucose tolerance test over many generations
[12]. Diabetes in the GK rat develops between 3-4 weeks of age by
impaired development of islet cells to secrete insulin in response to
glucose, insulin resistance, hyperinsulinemia and abnormal glucose
metabolism [13-15]. While this strain does develop some complications
from diabetes, previous studies have demonstrated that GK rats are

relatively resistant to the development diabetic nephropathy and do not
develop progressive proteinuria, glomerulosclerosis or chronic kidney
disease unless hypertension is superimposed [3,7,8,16]. Recently,
Nobrega et al. reported on a genetically modified substrain of GK
rats (T2DN) that was developed from a cross between GK and Fawn
Hooded-Hypertensive (FHH) rats. These animals develop diabetes
and progressive proteinuria [5].They also exhibit renal histological
changes associated with diabetic nephropathy including thickening of
glomerular and tubular basement membranes, glomerular hypertrophy,
mesangial matrix expansion, and nodular glomerular lesions [5,17].
However, no studies to date have directly compared the time course of
changes renal hemodynamics and renal injury in GK and T2DN rats or
to document that T2DN rats do in fact develop chronic kidney disease
(CKD). Therefore, the present study compared the temporal changes in
proteinuria, renal hemodynamics and GFR in disease-resistant GK rats
and the more susceptible T2DN substrain.

Materials and Methods
General

Experiments were performed on male GK and T2DN rats ranging
from 3 and 18 months old. Renal function was also determined in
young, nondiabetic 3 month old male Sprague Dawley (SD) rats to
provide nondiabetic baseline control data. The GK and T2DN rats
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were obtained from inbred colonies maintained at the University of
Mississippi Medical Center. The diabetes in GK rats is the result of
phase-1 deficiency in insulin secretion followed by a progressive decline
in B-cell function that appears to be immune mediated [10,11,18,19].
The SD rats were purchased from Charles River Laboratories
International, Inc. (Wilmington, MA). The rats were maintained on
a standard rodent diet (Harlan Teklad 8640) and had free access to
food and water throughout the study. All protocols were approved by
the Animal Care Committee of the University of Mississippi Medical
Center.

Protocol 1: Time course of blood glucose levels and the
development of proteinuria in GK and T2DN rats

Experiments were performed on 3, 6 and 18 month old GK and
T2DN rats and 3 month old SD rats that served as a nondiabetic
control. The rats were placed in metabolic cages to measure protein
excretion using the Bradford method (Bio-Rad Laboratories, Hercules,
CA). Non-fasting blood glucose levels were measured using glucometer
(Bayer HealthCare, Mishawaka, IN). At the end of the experiment, a
final blood sample was drawn for measurement of plasma creatinine
concentration using the Jaffe method (Wako Chemicals USA,
Richmond, VA). The kidneys from GK and T2DN rats were collected,
weighed and fixed in a 10% buffered formalin solution. Paraffin sections
(3 um) were prepared and stained with Masson’s Trichrome to assess
the degree of glomerular injury, renal fibrosis and tubular necrosis
(protein casts). Thirty glomeruli per section were scored in a blinded
fashion on a 0-4* scale with 0 representing a normal glomerulus,
1" representing a 1-25% of loss, 2* representing a 26-50% loss, 3*
representing a 51-75% loss, and 4* representing >75% loss of capillaries
in the tuft. Additional analysis was performed to determine the degree
of renal fibrosis and tubular necrosis. Images were captured using a
Nikon Eclipse 55i microscope equipped with a Nikon DS-Fil color
camera (Nikon Inc., Melville, NY) and analyzed for the percentage of
the image stained blue for renal fibrosis and stained red for protein
casts using the NIS-Elements D 3.0 software. Ten representative fields
were analyzed per section.

Protocol 2: Time course of the changes in renal hemodynamics
in GK and T2DN rats

Renal blood flow (RBF) and GFR were measured in separate groups
of 3,6 and 18 month-old GK and T2DN rats. The rats were anesthetized
with Ketamine (30 mg/kg, i.m., Phoenix Pharmaceutical Co., St. Joseph,
MO) and Inactin (50 mg/kg, i.p., Sigma, St. Louis, MO) and placed on
a warming table to maintain body temperature at 37°C. The trachea
was cannulated with PE-240 tubing to facilitate breathing and catheters
were placed in the right femoral artery and vein for the measurement
of mean arterial pressure (MAP) and intravenous infusions. The rats
received an intravenous infusion of 0.9% NaCl solution containing
2% bovine serum albumin and 2 mg/mL FITC-labeled inulin at a rate
of 6 mL/hr throughout the experiment for measurement of GFR. An
ultrasound flow probe (Transonic System, Ithaca, NY) was placed
on the renal artery to measure RBF. After surgery and a 30-minute
equilibration period, urine and plasma samples were collected during
a 30-minute collection period. Plasma and urine inulin concentrations
were measured using a fluorescent microplate reader (BioTek
Instruments, Winooski, VT) to determine GFR. We also performed
renal hemodynamic experiments on 3 month-old SD rats to be able to
determine whether there are early differences in renal hemodynamics
in the GK and T2DN strains compared to a non-diabetic strain.

Statistics

Mean values + S.E. are presented. The significance difference in
mean values between groups was determined using either an one-way
or two-way analysis of variance (ANOVA) followed by a Holm-Sidak
test for preplanned comparisons using the Sigma Plot 11 software
(Systat Software, San Jose, CA).

Results

Time course changes in blood glucose levels and protein
excretion in GK and T2DN rats

The results of these experiments are presented in Figure 1. Baseline
non-fasting glucose levels averaged approximately 100 mg/dL in 3
month old SD rats. GK and T2DN rats were diabetic by 3 months of age
and non-fasting blood glucose levels were elevated to the same extent
(>250 mg/dL) in both strains (Figure 1A). Protein excretion rose from
41 £ 2 to 524 + 50 mg/day in T2DN rats as they increased in age from 3
to 18 months of age (Figure 1B). In contrast, proteinuria only increased
to 162 + 31 mg/day in GK rats over this same time period.

Time course changes in renal hemodynamics in GK and
T2DN rats

Temporal changes in renal hemodynamics are presented in Figure
2. MAP (measured under Inactin anesthesia) was similar and relatively
stable in GK and T2DN rats as they aged from 3 to 18 months (Figure
2A). Baseline GFR, RBF and left kidney weight averaged 1.00 + 0.07,
5.71 = 0.33 mL/min and 1.20 + 0.05 g, respectively, in 3 month-old
nondiabetic SD rats (data not shown). RBF was markedly elevated by
45% and 146% in 3 month old T2DN rats relative to the corresponding
values measured in age-matched GK and SD rats, respectively (Figure
2B). RBF decreased in T2DN rats and returned to values similar to that
measured in GK rats at 6 and 18 months of age. GFR was elevated by
50% in 3 month old GK and T2DN rats relative to the level seen in
young SD rats. GFR decreased significantly from 1.64 + 0.14 to 0.72
+ 0.06 mL/min in T2DN rats as they increased in age from 3 to 18
months (Figure 2C). In contrast, GFR did not decrease over the same
time period in GK rats. Plasma creatinine concentration was similar
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Figure 1: Time course measurements of blood glucose levels (Panel A) and
urinary protein excretion (Panel B) in Goto-Kakizaki (GK) rats and the modified
GK substrain susceptible to diabetic nephropathy (T2DN) rats during 3 to 18
months of age. Numbers in parentheses indicate the number of rats studied
per group per time period. Values are means + S.E.
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in 6 month old GK and T2DN rats and averaged approximately 0.5
mg/dL. Consistent with the measured changes in GFR, we found that
plasma creatinine concentration rose 4-fold to 2.0 mg/dL over the
course of the study in T2DN rats but remained relative unaltered in
age matched GK rats (Figure 2D).The kidneys of 3 month old GK and
T2DN rats were hypertrophied and weighed about 50% more than that
seen in nondiabetic age match SD rats (SD-1.20 + 0.05 g, versus GK-
1.43 £ 0.07 and T2DN-1.71 + 0.08 g, respectively). Over the course of
study, kidney weight rose to 2.50 + 0.10 g in T2DN rats while it only
increased to 1.71 + 0.11 g in GK rats.

Assessment of renal injury in GK and T2DN rats

A comparison of the typical histology of the kidneys of 18 month
old GK and T2DN rats is presented in Figures 3 and 4. The kidneys from
T2DN rats displayed more prominent glomerular basement membrane
thickening (Figure 3E), severe focal glomerulosclerosis (Figure
3E), renal interstitial fibrosis (blue staining), tubular necrosis (red
staining) (Figure 3D) and arteriolar hyalinosis (Figure 3F). In contrast,
kidneys of 18 month old GK rats exhibited only a minor expansion
of the mesangial matrix in the glomerulus (Figure 3B) and little if
any interstitial fibrosis, tubular necrosis (Figure 3A) or hyalinosis of
the small arteries in the kidney (Figure 3C). Glomerular injury scores
were significantly elevated in 18 month old T2DN rats relative to the
corresponding value in age matched GK rats (Figure 4A). The overall
glomerular injury score averaged nearly 3 in T2DN rats, indicating
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Figure 2: Temporal changes in mean arterial pressure (Panel A), renal blood
flow (Panel B), glomerular filtration rate (Panel C) and plasma creatinine
concentration (Panel D) in Goto-Kakizaki (GK) rats and the modified GK
substrain susceptible to diabetic nephropathy (T2DN) rats during 3 to 18
months of age. Numbers in parentheses indicate the number of rats studied
per group. Values are means + S.E.
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Figure 3: Representative renal histological images of therenal cortex (Panel A
and D), glomeruli (Panel B and E) and renal vessels (Panel C and F) stained
with Masson'’s trichrome staining in 18 month-old Goto-Kakizaki (GK) rats and
the modified GK substrain susceptible to diabetic nephropathy (T2DN) rats.

that 75% of the filtration area was lost in most of the glomeruli in the
kidney. Renal fibrosis (% of blue staining) was significantly higher in
T2DN rats than in GK rats (Figure 4B). Similarly, the formation of
protein casts was 10-fold higher in the 18 month old T2DN rats than
in GK rats (Figure 4C).

Discussion

The GK rat is a well-accepted model of type 2 diabetes that has
been widely used to study various diabetic therapies and for the study
of diabetic complications [7,20]. However, previous studies have
indicated that GK rats are relatively resistant to the development of
diabetic nephropathy or renal end organ damage unless hypertension
is superimposed [3,16]. Recently, the GK rat was genetically modified
by crossing the GK rat with a FHH rat, a rodent model that develops
chronic kidney disease [5]. The resulting T2DN strain was reported
to develop diabetes by 3 months of age and develop proteinuria and
histological changes in the kidney that resemble the lesions seen in
patients with diabetic nephropathy including nodule formation later
in life [5]. However, the time course of changes in renal hemodynamics
and GFR were not measured in T2DN rats to determine to whether
they develop initial hyperfiltration followed by a decline in GFR and
the development of CKD. Thus, the present study compared renal
hemodynamics in GK and T2DN rats as they increased in age from 3
to 18 months of age. We found that GK and T2DN rats both developed
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Figure 4: Comparison of the renal histopathology in Goto-Kakizaki (GK) rats
and the modified GK substrain susceptible to diabetic nephropathy (T2DN)
at 18 months of age: glomerular injury scores (Panel A), renal fibrosis (Panel
B) and the formation of protein casts as an indicator of tubular necrosis (C)
Numbers in parentheses indicate the number of rats and glomeruli studied per
group. Values are means + S.E.

diabetes by 3 months of age and the degree of hyperglycemia was similar
in both strains throughout the study. We observed that both strains
exhibited hyperfiltration with increased RBF and GFR at 3 months of
age relative to nondiabetic SD rats. However, RBF and kidney weight
were higher in the T2DN strain compared to GK rats at this early time
period. Nonetheless, proteinuria was similar in 3 month old GK and
T2DN rats.

The T2DN rats developed severe proteinuria, renal injury and
CKD over the course of the study. By 18 months of age, GFR decreased
by 57% in the T2DN rats whereas it remained unaltered in GK rats.
Plasma creatinine concentration increased to 2.0 mg/dL in T2DN rats
but remained below 1 mg/dL in GK rats. The kidneys from T2DN
rats exhibited severe glomerulosclerosis, renal interstitial fibrosis and
tubular necrosis, whereas the kidneys of 18 month old GK rats exhibited
only minor histological changes, including thickening of renal tubular
and glomerular basement membranes, an increase in glomerular size
and some expansion of the mesangial matrix.

The genetic factors responsible for the increased susceptibility
of the T2DN strain to develop diabetic nephropathy remains to be
determined. An evaluation of the previous work by Norbrega et al.
indicates that the T2DN strain was created by crossing a male FHH
rat with a female GK rat and then repeatedly backcrossing the male
progeny in each generation with female GK rats for 6 generations while
selecting for animals retaining the least number of FHH alleles using
a marker assisted selection [5]. Thereafter, the resulting T2DN strain
was maintained by brother sister mating for more than 20 generations.
A total genome scan of 543 markers across the genome revealed that

only 4 markers were heterozygous in the T2DN strain for FHH rats
indicating that <1% of the FHH genome is retained on the autosomal
chromosomes [5]. However, because of the breeding strategy employed
the mitochondrial genome of FHH rats was introgressed into the
T2DN strain [5].

Previous studies have indicated that FHH rats develop proteinuria
and renal disease as they age and that this is associated with
impairment in RBF autoregulation and elevations in glomerular
capillary pressure [21-25]. Thus, we hypothesized that perhaps the
increased susceptibility of T2DN rats to develop diabetic nephropathy
might be due to introgression of a portion of the FHH genome that
would alter renal hemodynamics in face of diabetes. Indeed, previous
studies have shown that renal vasodilation and/or hyperfiltration
precedes the development of proteinuria and diabetic nephropathy,
whereas in later stages, diabetic patients develop chronic kidney disease
and hypertension [26]. In the current study, we found that RBF was
significantly higher in the T2DN rats than relative to GK rats. This
finding is consistent with the view that glomerular capillary pressure
may be elevated in T2DN rats than GK rats early and this might trigger
the development of renal disease. However, GFR and the degree of
hyperfiltration were similar in T2DN and GK rats, suggesting that
differences in renal hemodynamics do not contribute to the increased
susceptibility of T2DN rats to develop diabetic nephropathy. The more
likely conclusion probably lies in the differences in the mitochondrial
genome between T2DN and GK rats that may dictate differences in
renal metabolic function and the generation of reactive oxygen species
between the strains in response to the diabetic state.

The AMDCC recently defined the criteria for validating rodent
models of human diabetic nephropathy [2]. The AMDCC defined
diabetic nephropathy as a 50% decline in GFR over the lifetime of the
animals, a 10-fold increase in albuminuria compared with controls
for that strain at the same age, and the kidneys must exhibit renal
histopathological lesions similar to patients with diabetic nephropathy
[2]. The current study demonstrated that the T2DN strain exhibits all
the criteria established by the AMDCC for a rodent model of diabetic
nephropathy (Table 1). In this regard, we confirmed that GFR decreases
by = 50% in T2DN rats over a 15 month period and they develop CKD
as evidenced by a 4-fold elevation in plasma creatinine concentration.
Similar to previous work by Nobrega et al. [5], we found that proteinuria
increased > 10-fold in the present study in T2DN rats as they increased
in age from 3 to 18 months of age. Moreover, the kidneys of T2DN rats
display all of the histologic features of diabetic nephropathy including
thickening of the basement membrane, mesangial matrix expansion,
severe glomerulosclerosis, renal vascular hyalinosis, renal interstitial
fibrosis and tubular necrosis. Moreover, Nobrega et al. reported that

Table 1: Criteria for diabetic nephropathy in GK and T2DN rats.

Criteria GK T2DN
Early increase in GFR (hyperfiltration) ++ ++

>10-fold increase in albuminuria + +++
Mesangial matrix expansion + +++
Thickening of glomerular basement membrane + +++
Renal interstitial fibrosis + +++
Arteriolar hyalinosis NO YES
Nodular glomerular lesions NO YES
50% decline in renal function NO YES

These criteria were set forth by the AMDCC for a rodent model of diabetic
nephropathy

*indicates the severity within the individual criteria as compared to nondiabetic rat
strains
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they also exhibit nodular glomerular lesions that are characteristic of
human diabetic nephropathy [5,17]. Taken together, these data support
the view that the T2DN rat is a genetic rodent model of type II diabetes
that is well suited for testing the effectiveness of new therapeutic
approaches to slow the progression of diabetic nephropathy.
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