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Abstract

Diabetic nephropathy (DN) is a major cause of end-stage
renal disease. Yet the pathogenic mechanisms underlying the
development of DN are not fully defined, partially due to lack
of suitable models that mimic the complex pathogenesis of
renal disease in diabetic patients. In this study, we describe
early and late renal manifestations of DN and renal responses
to long-term treatments with rosiglitazone or high-dose
enalapril in ZSF1 rats, a model of metabolic syndrome,
diabetes, and chronic renal disease. At 8 weeks of age, obese
ZSF1 rats developed metabolic syndrome and diabetes
(hyperglycemia, glucosuria, hyperlipidemia, and hyperten-
sion) and early signs of renal disease (proteinuria, glomerular
collagen IV deposition, tubulointerstitial inflammation, and
renal hypertrophy). By 32 weeks of age, animals developed
renal histopathology consistent with DN, including
mesangial expansion, glomerulosclerosis, tubulointerstitial

inflammation and fibrosis, tubular dilation and atrophy, and
arteriolar thickening. Rosiglitazone markedly increased body
weight but reduced food intake, improved glucose control,
and attenuated hyperlipidemia and liver and kidney injury. In
contrast, rosiglitazone markedly increased cardiac hypertro-
phy via a blood pressure-independent mechanism. High-dose
enalapril did not improve glucose homeostasis, but
normalized blood pressure, and nearly prevented diabetic
renal injury. The ZSF1 model thus detects the clinical
observations seen with rosiglitazone and enalapril in terms of
primary and secondary endpoints of cardiac and renal effects.
This and previous reports indicate that the obese ZSF1 rat
meets currently accepted criteria for progressive experimental
diabetic renal disease in rodents, suggesting that this may be
the best available rat model for simulation of human DN.
Journal of Endocrinology (2011) 210, 293-308

Introduction

Diabetic nephropathy (DN) is a major cause of end-stage
renal disease (ESRD) worldwide. The incidence of diabetes in
the USA has increased by more than 50% in the past 10 years
(US Renal Data System 2008) and as such constitutes an
increased risk to renal health. The fact that only one-third of
diabetic patients will eventually develop ESRD suggests that
specific environmental, metabolic, and genetic factors must
contribute to the initiation and progression of diabetic kidney
disease. Despite the recent progress in our understanding of
disease processes, the silent slow progression of DN has
limited our success in identifying specific causative factors or
factors that may predict the development of kidney disease
in diabetic patients. Therefore, the complex pathogenic
mechanisms involved in the development and progression of
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DN continue to be the subject of intense investigation.
One of the barriers to full understanding of the underlying
pathophysiology of DN is the lack of suitable animal models
that mimic human disease (Brosius ef al. 2009).

In the last four decades, the most commonly used model
was streptozotocin (STZ)-induced type 1 diabetes in rats.
Although use of this model allowed several potentially important
pathogenic pathways of DN to be identified, it does not share
primary features of metabolic syndrome: insulin resistance/
hyperinsulinemia, obesity, and hypertension. Furthermore,
STZ rats develop mild hyperlipidemia and are resistant to
development of nephropathy: animals very slowly develop
mild glomerular and tubulointerstitial lesions (Fioretto ef al.
2008). Importantly, in patients with metabolic syndrome and
type 2 diabetes, only one-third develop renal lesions typical
of type 1 diabetes renal pathology, with diffuse and nodular
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mesangial expansion, glomerular basement membrane thicken-
ing, and with an approximately balanced severity of
glomerular, tubulointerstitial, and arteriolar changes (Fioretto
et al. 2008). Significant numbers of type 2 diabetic patients
(~35%) develop an atypical pattern of renal injury with
significant tubulointerstitial changes and global glomerulo-
sclerosis (Fioretto et al. 2008), features not seen in STZ-induced
kidney injury in rodents. Several rat models of obesity, metabolic
syndrome, or type 2 diabetes that have been recently described
develop more severe nephropathy, hyperlipidemia, overt
proteinuria, and significant tubulointerstitial injury, and
glomerulosclerosis (Michaelis et al. 1986, Peterson 2000,
Velliquette et al. 2007, for review, see Tofovic & Jackson (2003)).

The obese, diabetic ZSF1 rat (Charles River, Wilmington,
MA, USA) is a F1 hybrid model of type-2 DN developed
by crossing rat strains with two different leptin receptor
mutations ( faand fa?): the lean female Zucker diabetic fatty rat
(ZDF; +/fa) and the lean male spontaneously hypertensive
heart failure rat (SHHF; +/fa®) derived from the obese
spontaneously hypertensive rat carrying the corpulent fa? gene
(Tofovic & Jackson 2003). Both lean and obese animals inherit
the gene for hypertension from the SHR strain and have
similarly elevated blood pressure, but only obese ZSF1 rats
(fa/fa”) develop dyslipidemia, hyperglycemia, and renal
sclerosis and fibrosis (Tofovic et al. 2000, 2002, Zhang et al.
2007, Rafikova et al. 2008). Recently, Griffin et al. (2007)
demonstrated that the development of kidney disease in the
ZSF1 rat model is largely independent of hypertension and/or
its potential renal transmission. Thus, the ZSF1 rat model
allows for separation of renal pathophysiology strictly due to
obesity, hyperglycemia, and dyslipidemia from changes due
to hypertension.

Although some of the complications common in the
parental strains might compromise studies of renal function
and structure, i.e. hydronephrosis in ZDF rats and overt
congestive heart failure in SHHF rats (McCune et al. 1990,
Vora et al. 1996, Heyen et al. 2002, Marsh et al. 2007, Baynes
& Murray 2009), we previously determined that obese ZSF1
rats do not develop these complications. One of the objectives
of the current study was to further characterize renal disease in
this model and analyze renal changes in the light of recently
established criteria for DN in rodents (Brosius et al. 2009) and
the recently published classification of DN in humans
(Tervaert et al. 2010).

Thiazolidinediones (TZDs), including rosiglitazone, are
high-affinity ligands for peroxisome proliferator-activated
receptor Y (PPARY). Long-term use of PPARY activators
improves glucose homeostasis by increasing insulin sensitivity
and these agents have, until recently, been widely used in anti-
diabetic therapy (Wagstaft & Goa 2002). Although PPAR Yy is
predominantly expressed in adipocytes, it is also present in
vascular and inflammatory cells, as well as renal glomerular
and tubular cells (Guan & Breyer 2001), which are involved in
the pathogenesis of DN. Studies on humans, particularly in
diabetic patients, have suggested that PPARY agonists
significantly, although to a small extent, decrease blood

Journal of Endocrinology (2011) 210, 293-308

pressure and proteinuria (Sarafidis ef al. 2010). Furthermore,
studies on rodent models of diabetic and non-diabetic kidney
disease have shown that the renoprotective effects of TZDs
may lie beyond their effects on blood pressure and glucose
homeostasis (Yoshimoto ef al. 1997, Buckingham ef al. 1998,
Ma et al. 2001, Tanimoto et al. 2004), and it has, therefore,
been suggested that PPARY agonists may show promise as
therapeutic agents for diabetic renal injury.

Hypertension and increased activity of the renin—angio-
tensin system play central roles in the development and
progression of renal damage in DN. A number of studies have
suggested that use of much higher doses of angiotensin
converting enzyme (ACE) inhibitors (or angiotensin II
receptor blockers) than those required to reduce blood
pressure may further reduce proteinuria and provide additional
renal protection (Leoncini ef al. 2010). Therefore, in this study,
we used a high dose of enalapril to determine whether use of
supra-maximal doses of ACE inhibitor may normalize blood
pressure and prevent renal injury in diabetic ZSF1 rats.

Finally, a previous study on obese ZDF rats (a parental
strain of ZSF1 rats) suggested that the PPARY agonist
rosiglitazone may provide greater renal protection than ACE
inhibitors (Baylis et al. 2003). Therefore, in this study, we
compared the relative renoprotective effects of rosiglitazone
and enalapril and addressed the question of the relative
contributions of blood pressure and hyperglycemia to the
etiology of nephropathy in the ZSF1 rat.

Materials and Methods

A total of 40 male obese ZSF1 rats and 20 lean littermates
(Charles River) were used in this study. Animals were housed
at the University of Pittsburgh animal care facility (tempera-
ture 22 °C, light cycle 12 h; relative humidity 55%) and given
free access to food (Purina 5008 rodent diet, Purina Mills,
Land O’Lakes, St Louis, MO, USA) and water. All animal
procedures were approved by the University of Pittsburgh
Institutional Animal Care and Use Committee and performed
in accordance with institutional guidelines.

At 8 weeks of age, animals were assigned to one of the four
experimental groups: lean control animals receiving no drug
treatment and terminally examined for renal function at 8 or
32 weeks of age (Ln-ZSF1 group); obese control animals
receiving no drug treatment and examined at 8 or 32 weeks of
age (Ob-ZSF1 group); obese animals receiving enalapril in
drinking water (60 mg/kg per day) and examined at 32 weeks
of age (Ob-enalapril group); or obese animals receiving
rosiglitazone in drinking water (5 mg/kg per day) and
examined at 32 weeks of age (Ob-rosiglitazone group).

Metabolic cage studies were performed at 8, 14, 20, 26,
and 32 weeks of age (i.e. at 0, 6, 12, 18, and 24 weeks of
treatment) as described previously (Rafikova et al. 2008).
Urine from the measurement period was collected and
stored at —80 °C for measurement of urinary total protein,
albumin, and glucose. Urinary protein and glucose were
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spectrophotometrically measured with a bicinchoninic acid
assay kit (Pierce, Rockford, IL, USA) and glucose hexokinase
assay kit (Sigma—Aldrich) respectively. Plasma triglycerides
and cholesterol (Olympus Diagnostics, Irving, TX, USA) and
non-esterified fatty acids (NEFAs; Wako Chemicals USA,
Inc.,, Richmond, VA, USA) were measured using the
Olympus AU680 Clinical Chemistry Analyzer (Beckman
Coulter, Brea, CA, USA). Plasma insulin was measured using
an ELISA method with an antibody specific to rat insulin
(Mercodia, Winston-Salem, NC, USA). Owing to the range
of the ELISA, samples were diluted in deionized water.
N-acetyl-B-(p)-glucosaminidase (NAG) activity in urine was
measured using a commercial NAG assay kit (Bio-Quant,
San Diego, CA, USA). Urinary albumin concentrations were
measured by Rat Microalbumin Assay (Kamiya Biomedical
Company, Seattle, WA, USA).

At baseline and at 32 weeks of age, animals were
instrumented for measurement of renal hemodynamic and
excretory function as described previously (Tofovic ef al. 2002).
Briefly, rats were anesthetized with pentobarbital (45 mg/kg
i.p.) and a PE-240 catheter was inserted in the trachea to
facilitate breathing. A PE-50 catheter connected to a blood
pressure analyzer (Micro-Med, Inc., Louisville, KY, USA) was
inserted in the right carotid artery for measurement of mean
arterial blood pressure (MABP) and heart rate (HR). Two
PE-50 catheters were inserted in the right jugular vein for
administration of saline (50 pl/min) and supplemental anes-
thetic. An abdominal midline incision was made and a flow
probe (Model 1RB; Transonic Systems, Inc., Ithaca, NY, USA)
was placed on the left renal artery for measurement of renal
blood flow (RBF). The left ureter was cannulated with PE-10
tubing to facilitate collection of urine. Lv. infusion of
M C-inulin (0-035 uCi/20 pl per min) was initiated, and a 1 h
stabilization period was permitted before two 30 min clearance
periods were conducted. During each clearance period, urine
excreted from the left kidney was collected; a 200 pl midpoint
blood sample was taken for measurement of hematocrit and
radioactivity; MABP, HR, and RBF were recorded at 1 min
intervals and averaged, and renal vascular resistance (RVR) and
renal plasma flow (RPF) were calculated. Urine volume (UV)
for each period was gravimetrically determined and plasma
and urine 'C radioactivity were measured with a liquid
scintillation analyzer (model 2500TR; Packard Instrument
Company, Downers Grove, IL, USA). Renal clearance of
*C-inulin was calculated as an estimate of glomerular filtration
rate (GFR). At the conclusion of the second clearance period,
a terminal blood sample was taken and the animal was killed
with an anesthetic overdose. The right kidney, heart, liver,
and brain were excised, washed in ice-cold PBS, and weighed.
The right kidney was bisected, and one half was flash
frozen in liquid nitrogen and the other fixed in 10% buffered
formalin for histopathological and immunohistochemical
studies. Samples of heart (longitudinal section of left
ventricle) and liver (left lateral lobe) were fixed in 10%
buffered formalin.
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Histopathology

The right kidney tissue sample stored in 10% formalin was
sectioned and then processed into paraffin blocks and analyzed
by light microscopy and immunohistochemistry. The kidney
was cut into two histological sections (5 pm thick) and stained
with hematoxylin—eosin (H&E) and methenamine silver-
trichrome respectively. Kidney slices were examined by
light microscopy and scored in a blinded fashion by one
of the investigators (S B). A total of at least 350 glomeruli
from each rat were studied and the percentage of glomeruli
showing focal segmental glomerulosclerosis (FSGS part of the
tuft) and focal global glomerulosclerosis (FGGS whole tuft)
was determined.

Renal cortical segments (5 pm) were incubated overnight at
4 °C with rabbit anti-mouse collagen IV antibody (dilution
1/500) obtained from Chemicon International, Inc. (Teme-
cula, CA, USA). A rat ED1 antibody (Serotec, Raleigh, NC,
USA) specific for a monocyte/macrophage cytoplasmic
antigen was used to label glomerular and interstitial macro-
phages. Nonspecific staining was assessed by replacing the
primary antibody with PBS. Sections were washed and further
developed according to the directions of the manufacturer
(Dako Corporation, Carpinteria, CA, USA) using the LSAB2
Kit that contained a second antibody linked to avidin- and
peroxidase-conjugated biotin. Immunohistochemical staining
for collagen IV was assessed quantitatively with a SAMBA 4000
image analyzer (Image Products International, Chantilly, VA,
USA), using specialized software (Immuno-Analysis, version
4.1, Microsoft), a color video camera, and a Compaq
computer. The software designed for immunostaining analysis

Table 1 Baseline metabolic and renal function parameters in
8-week-old lean and obese ZSF1 rats (*P<0-05)

Parameters Lean (n=20) Obese (n=20)
Body weight (g) 269+5 3324+10*
Food intake (g/kg per day) 82-3+2-1 125-64+2-2%
Fluid intake (ml/kg per day) 131-2+6-8 275-24+18-8*
Urine volume (ml/kg per day) 36:0+3-0 164-8+14-5*%
Blood glucose (mg/dl) 114:44+2-8 147-243-9*%
Plasma cholesterol (mg/dl) 50+2 74+ 4*
Plasma triglycerides (mg/dl) 4943 483 +46*
Plasma insulin (nM) 0-32+0-05 3-184+0-68*
Glycosylated hemoglobin (%) 4-740-03 6:0+0-1*
Urine glucose (g/kg per day) 0-22+0-002 7-48+1-28*
Urinary creatinine excretion 40-2+2-3 49-3+1-6*
(mg/kg per day)
Urinary protein excretion (mg/kg  92-6+6-4 307 £23*
per day)
Urine protein/creatinine ratio 2:484+0-09 5-98+0-41*
Urinary albumin excretion 1-2440-19 11-27£1-91%
(mg/kg per day)
Urine albumin/creatinine ratio 0-03+0-001 0-23+0-04*
Urinary NAG excretion (mU/kg ~ 409+30 866+ 61*
per day)
Urine NAG/creatinine ratio 10-24+0-3 17-4+1-0*
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enabled the operator to set density threshold values by

averaging several fields on the negative control tissues in ©0—0 Ln-ZSF1 o—=0 Ob+enalapril
which the primary antibody was replaced with PBS. Back- ®— Ob-ZSF1 W—-@ Ob+rosiglitazone
ground subtraction was then automatically performed on every A Body weight

tissue. Cryostat sections were stained with oil red O to evaluate
the renal accumulation of neutral lipids. The results are
reported as the percentage of the total examined area that
stained positive. Ten high-power fields (400 X) were examined
for staining density or positively marked cells for ED-1. g 7501
Heart and liver samples taken at necropsy and fixed in 10%

formalin were conventionally processed in paraffin wax. 5001
Tissue sections (4—5 pum thick) were stained with H&E and
assessed by light microscopy.
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All data are presented as meanzs.e.M. Statistical analyses 70
were performed using the Number Cruncher Statistical 601
Software program (Kaysville, UT, USA). Group comparisons 501 , ac
for data from metabolic studies (repeated measurements) were 2
performed using a one (1F)- or two (2F)-factor hierarchical
ANOVA as appropriate, followed by a Fisher’ least significant
difference (LSD) test for post hoc comparisons. Comparison
of data from acute experiments and from histological analysis
(single point data) was performed by 1F-ANOVA (four
groups at 32 weeks of age) or by Student’s t-test (baseline
measurements in lean versus obese animals at 8 weeks of
age). Probability value <0-05 was considered statistically
significant. All data from semiquantitative histopatho-
logical analysis were analyzed by the non-parametric
Mann—Whitney U test.

g/day

Weeks of treatment
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Table 2 Renal hemodynamics and excretory function in 8-week-
old lean and obese ZSF1 rats (*P<0-05)

Parameters Lean (n=10) Obese (n=10) 0
Bod ight (g) 287+11 361+15* 0 ® 2 8 2
ody weight (g + +
Kidney weight (g) 1104003 1-4140-13% Weeks of treatment
Kidney/body weight ratio (g/kg) ~ 3-87+£0-12 3-94+0-38 )
Mean blood pressure (mmHg) ~ 140-7+3-1 1417429 D Urine volume
Renal blood flow (ml/min) 7:72+0-9 6:54+0-78 180 -
Renal plasma flow (ml/min) 4:16£0-50 3-70+0-44
Renal vascular resistance 20-6+2-3 243423 1501
(mmHg/ml per min) _ 1204
Urine volume (ul/min) 9-2%1-6 13-84+1-0* & 90l
Glomerular filtration rate 1-75+0-13 1-73+£0-17 T
(ml/min) 60
Filtration fraction 0-480+0-063  0-545+0-080 30
Renal blood flow (ml/min perg 7:06+0-87 5:01+0-72
kidney) o 0 6 12 18 24
Renal plasma flow (ml/min per  3-8140-48 2-82+0-40
g kidney) Weeks of treatment
Renal vascular resistance 22-5+2-39 34-8+5-1 Figure 1 The effects of rosiglitazone and enalapril on body weight
(mmHg/ml per min per g (A), food (B) and fluid (C) intake, and urine volume (D) in obese,
kidney) diabetic ZSF1 rats (2F-ANOVA: (A) Treatment, P<0-001, (B) Time,
Urine volume (ul/min per g 8:79+1-73 10-4+£1-57 P< 0-001, AXB interaction, P<0-001. Fisher’s LSD test: treatment
kidney) effects, P<0-05, *, versus all other groups; **, versus lean and
Glomerular filtration rate 1-61+0-13 1-29£0-15 Ob-rosiglitazone groups; time point treatment effects, P<0-05,
(ml/min per g kidney) a, versus lean; b, versus Ob; ¢, versus Ob-enalapril; and d, versus

Ob-rosiglitazone group respectively).
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Results

Baseline metabolic, cardiovascular, and renal parameters in young
(8-week-old) obese and lean ZSF1 rats

Baseline measurements of metabolic parameters and renal
hemodynamics and excretory function in lean and obese
ZSF1 rats are presented in Tables 1 and 2 and Figs 1, 2, 3 and 4.
At 8 weeks of age, body weights, and food consumption were
already significantly higher in obese ZSF1 rats than in lean
littermates (Table 1) as described previously (Rafikova ef al.
2008). Obese ZSF1 rats were diabetic at this time. Although
obese animals had only moderately increased fasted blood
glucose and glycosylated hemoglobin (HbAlc) levels, they
showed marked polydipsia, polyuria, and glucosuria, were
hyperinsulinemic, and had elevated plasma triglycerides,
cholesterol, and NEFA levels (Figs 3 and 4).

Consistent with our previous studies (Tofovic & Jackson
2003, Rafikova et al. 2008), both lean and obese animals were
hypertensive and had similarly elevated arterial blood pressure
and similar RBE RPE RVR, and GFR (Table 2). Obese
ZSF1 rats already exhibited renal hypertrophy and tended
(P<0-06) to have increased renal vascular resistance when
RVR was corrected for kidney weight (Table 2, lower part).
At 8 weeks of age, both lean and obese animals had normal
renal histopathology except for high (90-100%) incidence of
minimal/mild tubular dilatation and low incidence (10%) of
moderate hydronephrosis. The onset of diabetes was
associated with early renal injury. Obese rats had increased
urinary protein, urinary albumin excretion, and urine NAG
content (Table 1). Furthermore, mild but statistically
significant increase in glomerular expression of collagen IV
(Fig. 6C) and tubulointerstitial inflammation (ED1+ cells;
Fig. 6E) were detected in obese animals.

Effects of rosiglitazone and enalapril on body weight and
metabolic status

The effects of 24-week treatment with rosiglitazone or
enalapril on metabolic parameters in obese ZSF1 rats are
presented in Figs 1, 2 and 3. At baseline (8 weeks of age) and
at 6 weeks of the experiment, food consumption was similar
in all obese animals, but Ob-rosiglitazone group gained more
weight than Ob-ZSF1 group or Ob-enalapril group (Fig 1A
and B). After 12 weeks of dosing, Ob-rosiglitazone rats had
significantly reduced food intake, and by the end of the study,
food intake in Ob-rosiglitazone group was similar to daily
food intake in lean rats (Ln-ZSF1 group). Notably, the
Ob-rosiglitazone group continued to gain more weight than
obese controls during the study. After 24 weeks of treatment,
mean group body weights were as follows: Ob-ZSF1 group,
657+15g (P<0-001 versus Ln-ZSF1); Ob-rosiglitazone
group, 11224+13 ¢ (P<0-001 versus Ob-ZSF1); Ob-
enalapril group, 604 +16 g (P<0-05 versus Ob-ZSF1); and

>

Ln-ZSF1, 5307 g. At 32 weeks of age, Ob-rosiglitazone

www.endocrinology-journals.org

animals were severely obese and showed 64-7% increase in
body weight compared with the Ob-ZSF1 group.
At 8 weeks of age, Ob-ZSF1 rats exhibited moderately

increased blood glucose levels compared with lean controls

O—O Ln-ZSF1
O—0 Ob+enalapril

®—@® Ob-ZSF1
B-——8 Ob+rosiglitazone

A Blood glucose
500 -
450
400 A
350 -
300 -

mg/dl

%

C Urinary glucose excretion

g/day

Weeks of treatment

Figure 2 The effects of rosiglitazone and enalapril on blood glucose
(A), HbATc (B) and glucosuria (C) in obese, diabetic ZSF1 rats
(2F-ANOVA: (A) Treatment, P<0-001, (B) Time, P<0-001, AXB
interaction, P<0-001. Fisher’s LSD test: treatment effects, P<0-05,
*, versus all other groups; **, versus lean and Ob-rosiglitazone
groups; time point treatment effects, P<0-05, a, versus lean; b,
versus Ob; c, versus Ob-enalapril; and d, versus Ob-rosiglitazone
group respectively).
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Figure 3 The effects of rosiglitazone and enalapril on plasma
cholesterol (A) and triglycerides (B) in obese, diabetic ZSF1 rats
(2F-Anova: (A) Treatment, P<0-001, (B) Time, P<0-001, AXB
interaction, P<0-001. Fisher’s LSD test: treatment effects, P<0-05,
*, versus all other groups; **, versus lean and Ob-rosiglitazone
groups; time point treatment effects, P<0-05, a, versus lean; b,
versus Ob; ¢, versus Ob-enalapril; and d, versus Ob-rosiglitazone
group respectively).

(114£4 vs 147£4 mg/dl; Ln-ZSF1 versus Ob-ZSF1).
Rosiglitazone treatment prevented further worsening of
hyperglycemia, and after 24 weeks, rosiglitazone-treated
animals and lean controls had comparable, although
statistically significantly different, blood glucose levels
(166 £4 vs 137x5mg/dl; Ob-rosiglitazone versus
Ln-ZSF1; P<0-05) and HbAlc levels (6:21+0-2 vs 5-1
+0-1%; Ob-rosiglitazone versus Ln-ZSF1, P<0-05).

Both Ob-ZSF1 and Ob-enalapril groups had markedly
elevated blood glucose and HbAlc levels (blood glucose:
270+17 and 354 %4 mg/dl; HbAlc: 12-24+0-3 and 12-8
+0-1%; Ob-ZSF1 and Ob-enalapril groups respectively).
Enalapril-treated animals had increased blood glucose levels
compared with the Ob-ZSF1 group. Although this may be
somewhat surprising, it has been previously reported that
enalapril may increase blood glucose levels in both the obese
Zucker rat (Oltman et al. 2008a) and the ZSF1’s parental
strain, the obese ZDF rat (Oltman et al. 2008b).

Journal of Endocrinology (2011) 210, 293-308

Improved glucose control in Ob-rosiglitazone rats was
associated with markedly reduced polydipsia and polyuria and
disappearance of glucosuria (Fig. 2C), whereas enalapril had
no effect on these parameters of glucose control.

The elevated plasma lipids in 8-week-old obese rats
continued to increase over the next 24 weeks and, at
32 weeks of age, the obese rats showed a sixfold increase in
plasma cholesterol and triglyceride levels compared with levels
at 8 weeks of age. Remarkably, treatment with rosiglitazone
corrected hyperlipidemia, i.e. prevented time-related
increases in lipid levels: Ob-rosiglitazone and Ln-ZSF1 groups
had similar plasma total cholesterol, triglycerides, and NEFA
levels (Figs 3A and B and 4B respectively). Old obese rats
were much less hyperinsulinemic than young obese animals
(3-18 £ 0-68 vs 0-99 £ 0-12 nM, 8-week-old versus 32-week-
old obese rats), suggesting incipient B-cell insufficiency.
Treatment with enalapril had delayed effects on plasma lipids,
namely, reduced total plasma cholesterol and triglyceride levels
after 12 and 24 weeks of treatment (Fig 3A and B), and had no
effect on NEFA plasma level (Fig. 4B).

Effects of rosiglitazone and enalapril on blood pressure and renal
function

Before initiating treatments, at 8 weeks of age, both obese and
lean control animals were hypertensive (Table 1). During the
next 24 weeks, blood pressure increased slightly, and at
32 weeks of age, MABP was 157 +2 and 154+ 3 mmHg in
lean and obese rats respectively (Table 3). Obese rats treated
with rosiglitazone for 24 weeks had significantly lower mean
blood pressure (1366 mmHg) compared with lean and
obese controls. Notably, high-dose enalapril reduced MABP
by ~50 mmHg to normotensive levels (Ob-enalapril group,
MABP =108 £2 mmHg).

Obese animals developed progressive renal disease and,
by 32 weeks of age, Ob-ZSF1 rats had elevated
albuminuria (25-fold) and urinary NAG activity (three-
fold), a marker of tubular damage, compared to lean
littermates (Fig. 5). High-dose enalapril nearly eliminated

CJLn-ZSF1 WA Ob-ZSF1 Ob-ENP R Ob-RGTZ

A Insulin B NEEFA

1.751
1-50
1.5

= 1.001
075 |
050 |
025 |

[

Week 24

Week 24

Figure 4 The effects of rosiglitazone and enalapril on plasma
insulin (A) and non-esterified fatty acid (NEFA) lipids (B) in obese,
diabetic ZSF1 rats. TFF-ANOVA: P<0-001. *, versus Ln-ZSF1;
**, versus Ln- & Ob-ZSF1; ***, versus all other groups.
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Table 3 Renal hemodynamics and excretory function in 32-week-old lean (Ln-ZSF1) and obese (Ob-ZSF1) ZSF1 rats and in obese animals
treated with enalapril or rosiglitazone for 24 weeks (Ob-ENP, Ob-RGTZ; Fisher post hoc LSD test: a, versus all other groups; b, versus Ln-ZSF1
and Ob-ZSF1; ¢, versus Ln-ZSF1; d, versus Ln-ZSF1 and Ob-ENP; e, versus Ob-ZSF1; f, versus Ln-ZSF1 and Ob-RGTZ)

Parameters Ln-ZSF1 (n=10) Ob-ZSF1 (n=10) Ob-ENP (n=10) Ob-RGTZ (n=10) 1F-ANOVA (P<)
Body weight (g) 54248 677+21° 618+17° 1141415 0-001
Kidney (g) 1-73+0-43 3-:06+0-15% 2-13+0-06" 247 +£0-09% 0-001
MABP (mmHg) 157-4+£2-3 154-0£3-0 108-2+1-7° 136:0£5-9° 0-001
RBF (ml/min) 7-70+0-33 9-06+0-51 10-8+0-46" 10-8+0-50° 0-001
RPF (ml/min) 4-04£0-16 5-334+0-33° 6-4040-34° 6-424035" 0-001
RVR (mmHg/ml per min) 20-9+1-0 17-7%£1:2 10-240-4° 12:940-9° 0-001
UV (ul/min) 8-:2+1-5 21-7+4-72 36:1+6-3% 6:6+0-8 0-001
GFR (ml/min) 2:24+0-15 2:61£0-15 2:69£0-15 2:24+0-22 0-184
Filtration fraction 0-57+0-05 0-49+0-04 0-4140-03¢ 0-36+0-04° 0-011
RBF (ml/g kidney per min) 4-47 £0-21 3-03+0-22° 5-42+0-35% 4-46+0-29 0-001
RPF (ml/g kidney per min) 2:35%0-11 1-7840-14" 3-10+0-18" 2:64+0-17° 0-001
RVR (mmHg/ml per g kidney per min) ~ 35-841-52 54-3+4-73% 21-0£1-15° 32:0+2-70 0-001
UV (ul/g kidney per min) 4-87+0-93 6-77+1-20 19-4+3-67¢ 2:70+0-38 0-001
GFR (ml/g kidney per min) 1-31+0-10 0-87+0-07¢ 1:28+0-08 0-93£0-11¢ 0-004
RBF (ml/g brain per min) 3-73+£0-17¢ 4-62+0-27¢ 5-85+0-23° 5-74+0-27° 0-001
RPF (ml/g brain per min) 1-96£0-08° 2:7240-18% 3-47+0-18° 3-4040-16 0-001
RVR (mmHg/ml per g brain per min)  42-941-77° 347 +2-44° 18-8+0-79" 24-3+1-70° 0-001
UV (ul/g brain per min) 4-01+0-74 11-34+2-52 19-843-56 3-514+0-45 0-001
GFR (ml/g brain per min) 1-0940-08 1-34+0-08° 1-474£0-09° 1-1940-13 0-001

albuminuria and reduced NAG activity, whereas rosiglita-
zone reduced albuminuria by 90% and had no effect on
NAG activity. Both Ob-rosiglitazone and Ob-enalapril rats
showed increased RBF and decreased RVR compared with
obese controls (Table 3). The effects of enalapril were
profound: normalization of blood pressure in obese animals
was associated with ~20% increase in RBF and ~45%
reduction in RVR compared with obese rats. The effects
of enalapril were even more remarkable when parameters
were normalized by kidney weight, and normalization of
blood pressure by enalapril was associated with increased
RBF by +79% and +47-5% compared with Ob-ZSF1
and Ln-ZSF1 groups respectively. Similarly, in the
Ob-enalapril group, RVR was reduced by 61-3 and 41-7%
compared with Ob-ZSF1 and Ln-ZSF1 groups respectively.
The Ln-ZSF1 and Ob-rosiglitazone groups had similar GFR,
whereas Ob-ZSF1 and Ob-enalapril groups tended to have
higher GFR.

Both rosiglitazone and enalapril reduced urinary protein
excretion and almost prevented albuminuria. Enalapril, but
not rosiglitazone, reduced NAG activity in urine (Fig. 5).

The effects of rosiglitazone and enalapril on renal histopathology

Data analyses for renal morphology, histochemistry, and
immunohistochemistry in 32-week-old Ln-ZSF1 and
Ob-ZSF1 rats are presented in Fig. 6 and Tables 4, 5 and 6.
Normal histology in Ln-ZSF1 rats, major pathological
features of severe nephropathy in Ob-ZSF1 rats, and the
effects of rosiglitazone and enalapril on renal structure in
diabetic kidneys are given (Figs 7 and 8).

At 32 weeks of age, lean animals had normal renal
histology, with the exception of mild cortical tubular
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dilatation that was also seen in young lean and obese animals.
In contrast, the majority (9/10) of adult Ob-ZSF1 controls
showed substantial cortical tubular dilatation with intratubular
protein casts. Hydronephrosis was not detected in lean
animals, and severe hydronephrosis was present in only one
ODb-ZSF1 rat. Renal histological assessment of 32-week-old
animals revealed a significant degree of chronic renal disease
in obese, hypertensive, and diabetic rats compared to their
age-matched lean, hypertensive, and non-diabetic littermates.
The tubulointerstitial changes in Ob-ZSF1 rats involved
moderate interstitial fibrosis and inflammation and markedly
dilated tubules containing eosinophilic proteinaceous casts,
which also exhibited either flattened or atrophic tubular
epithelium and, in some cases, protein resorption droplets in
proximal tubular epithelial cells (Fig. 8G). In obese diabetic
rats, glomeruli often showed evidence of segmental or global
glomerulosclerosis (Figs 6D and 8E); the incidence of
glomerulosclerosis was 6:5% in the Ob-ZSF1 group.

The quantitative analysis of kidney sections stained with oil
red O revealed significant deposition of neutral lipids in
glomeruli and tubulointerstitium of Ob-ZSF1 rats, compared
to the minimal presence of neutral lipids in glomeruli
and tubulointerstitium of lean littermates (Fig. 6A and B
and 7 bottom photomicrographs). Consistent with increased
glomerulosclerosis, obese rats showed increased glomerular
expression of collagen IV, whereas lean rats had mildly
increased glomerular collagen IV content (Fig. 6C and 7 top
photomicrographs). Finally, significant inflammation, i.e.
influx of macrophages, was detected in glomeruli and
tubulointerstitium in kidneys from obese rats (Figs 6E and
F and 7).

In all Ob-enalapril animals, nephropathy was present but at
lesser severity than in the Ob-ZSF1 controls, as illustrated by
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Figure 5 The effects of rosiglitazone and enalapril on urinary protein
(A) and albumin (B) excretion and N-acetyl-B-p-glucosaminidase
(NAQ) activity (C) in obese diabetic ZSF1 rats (2F-ANOVA:

(A) Treatment, P<0-001, (B) Time, P< 0-001, AXB interaction,
P<0-001. Fisher’s LSD test: treatment effects, P<0-05, *, versus

all other groups; **, versus lean and Ob-rosiglitazone groups;

*** versus Ob-ZSF1; #, versus Ln-ZSF1 and Ob-enalapril groups;
time point treatment effects, P<0-05, a, versus lean; b, versus Ob;
¢, versus Ob-enalapril; and d, versus Ob-rosiglitazone group
respectively).

the less severe cortical dilatation present. Hydronephrosis of
minimal severity and pyelonephritis graded from minimal to
moderate were seen in 1 and 3 animals of a total of 9
respectively (Table 6). The Ob-enalapril group alone showed
cortical arterial medial hypertrophy/sclerosis of generally
mild severity (Fig. 8I).

Journal of Endocrinology (2011) 210, 293-308

In the Ob-rosiglitazone group, nephropathy was seen in all
animals at lesser severity than the Ob-ZSF1 controls with no
cortical arterial medial hypertrophy/sclerosis observed.
Hydronephrosis at mild severity was seen in a minority of
Ob-rosiglitazone animals (2/10) and moderately severe
pyelonephritis was seen in one Ob-rosiglitazone animal.

Rosiglitazone prevented, and enalapril significantly
reduced, renal lipid accumulation (Figs 6A and B and 7,
lower photomicrographs). Both treatments inhibited glomer-
ular expression of collagen IV (Figs 6C and 7 upper
photomicrographs) and markedly reduced the incidence of
glomerulosclerosis (Figs 6D and 8E and I). Finally,
rosiglitazone and enalapril almost eliminated glomerular and
tubulointerstitial inflammation, i.e. the influx of ED14 cells
(Figs 6E and F and 7 center photomicrographs).
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Figure 6 Renal deposition of neutral lipids (A, B) and fibrotic (C, D)
and inflammatory changes (E, F) in 32-week-old lean and obese ZSF1
rats and obese animals treated with rosiglitazone or enalapril for

24 weeks. TF-ANOVA: P<0-001. *, versus Ob; **, versus all

other groups; *, versus Ob & Ln; S, versus Ob Wk-0; 1, versus Ob &
RGTZ; ¥, versus Ob & ENP.
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Arteriolar
sclerosis
(0-3+)

Arterial
sclerosis
(0-3+)

Interstitial
fibrosis
(0-3+)

inflammation

Interstitial
(0-3+)

atrophy
(0-3+)

Tubular

Protein
casts
(0-3+)

Total (%)

Global (%)

Glomerulosclerosis

glomeruli Segmental (%)

Number of
examined

Table 4 Glomerular and tubulointerstitial injury in 32-week-old lean (Ln-ZSF1) and obese (Ob-ZSF1) ZSF1 rats and in obese animals treated with enalapril or rosiglitazone for 24

weeks (Ob-enalapril, Ob-rosiglitazone)
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Heart and liver histopathology

Heart and liver morphology and histopathology data are
presented in Tables 5 and 6 and Fig. 9. At 32 weeks of age,
ODb-ZSF1 rats had only moderately increased heart weight
compared to lean littermates, with significant heart weight inc-
rease only when heart weight was normalized by brain weight.

Myocardial microvesicular steatosis was present at mini-
mal/mild severity in ~50% of Ob-ZSF1 and Ob-enalapril
rats. In lean animals, this feature was absent and observed at
minimal severity in one Ob-rosiglitazone animal only
(Fig. 9E-H). Myocarditis was present in the majority of
Ob-ZSF1 rats and Ob-enalapril animals at minimal/mild
severity, but also, in a minority and at minimal severity in
Ln-ZSF1 controls. Myocarditis was present in all Ob-rosigli-
tazone animals and at mild severity in the majority (9/10).

All Ob-ZSF1 and Ob-enalapril animals at 32 weeks of age
were characterized by mild to severe diffuse hepatocyte fat
vacuolation (i.e. in all hepatocytes from periportal to
centrilobular regions within the tissue section; Fig. 9A)
with associated glycogen vacuolation. Ln-ZSF1 rats exhibited
neither hepatocyte fat nor glycogen vacuolation (Fig. 9B). By
contrast, the majority (7/10) of Ob-rosiglitazone animals
showed minimal diffuse hepatocyte vacuolation with the
remaining exhibiting mild diffuse hepatocyte fat vacuolation
in centrilobular hepatocytes only (Fig. 9D). A majority of
Ob-rosiglitazone animals (7/10) exhibited an absence
of hepatocyte glycogen vacuolation. In a minority (3/10) of
Ob-rosiglitazone animals, hepatocyte ecosinophilic hyaline
droplets were observed. Foci of hepatocellular necrosis with
inflammatory cell infiltrates at minimal/mild severity were
seen in a minority of these animals.

Discussion

One important finding of this study is that obese ZSF1 rats
develop metabolic syndrome and diabetes (hyperglycemia,
glucosuria, hyperlipidemia, and hypertension) as early as 8
weeks of age and that metabolic changes are associated with
early signs of renal disease: proteinuria, glomerular deposition
of collagen IV, tubulointerstitial inflammation, and renal
hypertrophy. Consistent with our previous findings (Tofovic
& Jackson 2003, Rafikova et al. 2008), both obese and lean
animals developed hypertension by 8 weeks of age and had
severe hypertension by 32 weeks of age. The presence of
hypertension in both lean and obese animals is not surprising,
as both strains inherit genes for spontaneous hypertension
from a parental strain, the SHHF/Mcc-fa¥ (McCune et al.
1994, Tofovic & Jackson 1999). Another important obser-
vation is that, in contrast to obese ZDF rats (the other parental
strain), both lean and obese ZSF1 rats in this study had a very
low incidence (10%) of hydronephrosis. Also, regardless of
phenotype, all animals in this study showed minimal to
moderate cortical tubular dilatation. Because these renal
changes occurred at an early age and were present in both lean

Journal of Endocrinology (2011) 210, 293-308
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Heart/Brain
(mg/g)
0-7440-01°
0-86+0-01¢
0-7940-05¢
1-21+40-05°

Heart/BW
(mg/g)
2-83+0-07°
2:52+0-06
2:354+0-13
2:00+0-07°

Kidney (g)

1-73+0-04°
3-06+0-13°
2:13+40-06°
2:47 £0-08°

13-74+0-44°
40-76+1-42°
32-87+2-24°
28:194+1-03*

Liver (g)

Heart (g)
1-5340-04¢
1-6940-03
1-46+0-10°
2:29+40-10°

10
10
9

10

Ob-rosiglitazone). Fisher’s LSD test: P<0-05; a, versus all other groups; b, versus Ob-ZSF1 and Ob-rosiglitazone; ¢, versus Ob-rosiglitazone; d, versus Ln-ZSF1 and Ob-rosiglitazone;

Table 5 Organ weight in 32-week-old lean (Ln-ZSF1) and obese (Ob-ZSF1) ZSF1 rats and in obese animals treated with enalapril or rosiglitazone for 24 weeks (Ob-enalapril,
BW, body weight

Group
Ln-ZSF1
Ob-ZSF1
Ob-enalapril
Ob-rosiglita-
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zone
T1F-ANOVA

0-001

0-001

0-001

0-001

0-001

0-001

0-001

0-001

0-001

P<

and obese animals, they could not be related to metabolic
syndrome and are most likely inherited from the maternal
ZDF strain. In this regard, high incidence (40-50%) of
moderate to severe hydronephrosis has been reported in both
lean and obese ZDF rats (Vora et al. 1996, Marsh et al. 2007).
Detection of minimal (but statistically significant) expression
of collagen IV in glomeruli and ED1+ cells in the
tubulointerstitium in young obese ZSF1 rats suggests
incipient renal injury due to metabolic syndrome, and this
phenotype of obese ZSF1 rats, present at 8 weeks of age, is
consistent with the metabolic syndrome and DN. Conse-
quently, in this study, because of early metabolic and renal
changes, treatment of young obese ZSF1 rats with
rosiglitazone or enalapril should be considered early
therapeutic rather than preventive treatments. The early
development of diabetes indicates a very short pre-diabetic
stage in obese ZSF1 rats, and because the earliest age at which
lean and obese animals can be phenotypically separated is
5 weeks, genotyping in the first 2-3 weeks of life may be
required before pre-diabetic studies and preventive treatments
are initiated.

Early development of diabetes, hyperlipidemia, and
hypertension led to progressive renal disease including severe
proteinuria (25-fold increase in albuminuria compared with
lean littermates) and development of glomerulosclerosis by 32
weeks of age. Surprisingly, by that age, there was no reduction
in renal excretory function in Ob-ZSF1 rats and compared
with lean littermates (Ln-ZSF1 group), Ob-ZSF1 rats even
tended to have increased GFR (inulin clearance). It seems that
at this stage of renal disease (32 weeks of age), GFR is
influenced more by hyperglycemia than by the degree of renal
injury, including mild glomerulosclerosis, severe proteinuria,
and glomerular and tubulointerstitial inflammation. In this
regard, when phenotype and treatment effects on GFR were
analyzed in relation to hyperglycemia (presence or absence of
glucosuria and high or low HbAlc levels, a significant
influence of hyperglycemia on GFR in Ob-ZFS1 and
Ob-enalapril groups versus Ln-ZSF1 and Ob-rosiglitazone
groups was observed, suggesting hyperglycemia-induced
hyperfiltration. The effect of hyperglycemia on GFR was
more obvious when the latter was normalized by brain
weight; on comparison to Ln-ZSF1 rats, the Ob-ZSF1,
Ob-enalapril and Ob-rosiglitazone groups showed increased
GFR by 229, 34-8, and 9-2% respectively (Table 2).
Persistent increase in GFR has been reported in the majority
of rat strains with experimental diabetes (O’Donnell et al.
1988, Palm et al. 2001), and it is plausible that in Ob-ZSF1
rats, hyperglycemia-induced hyperfiltration may offset the
decline in GFR due to incipient renal injury. Another factor
that may play a role in development and maintenance of
glomerular hyperfiltration in diabetic rats is protein intake;
increased protein intake is associated with elevated RBF
and GFR in both experimental animals and humans (Brenner
et al. 1982, Woods 1993), and it is, therefore, possible that
hyperphagia-induced increase in protein intake might
contribute to persistent elevation of GFR in obese ZSF1
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Table 6 Kidney, heart, and liver histopathology in 32-week-old lean
(Ln-ZSF1) and obese (Ob-ZSF1) ZSF1 rats and in obese animals treated
with enalapril or rosiglitazone for 24 weeks (Ob-ENP, Ob-RGTZ)

Ln-ZSF1 Ob-ZSF1 Ob-ENP Ob-RGTZ

n 10 10 9 10
Kidney

Nephropathy
Absent 10 1
Minimal - -
Mild -

Moderate -
Severe -

Cortical tubular dilatation
Absent - - -
Minimal - -
Mild 10
Moderate  —
Severe -

Hydronephrosis
Absent 10
Minimal -
Mild -
Moderate  —
Severe -

Pyelonephritis
Absent 10 10
Minimal - -
Mild - -
Moderate - -

Cortical arterial medial hypertrophy/sclerosis
Absent 10 -
Minimal - - ¥k -
Mild - - 6** -
Moderate - - 1% -

Heart

Microvesicular steatosis
Absent 10
Minimal -

Mild -

Myocarditis
Absent
Minimal
Mild -

Liver

Diffuse centrilobular hepatocyte fat vacuolation
Absent 10 0
Minimal - - -
Mild - — -

Diffuse hepatocyte fat vacuolation
Absent 10 -

Mild - 3
Moderate — 6
Severe - 1

Diffuse hepatocyte glycogen vacuolation
Absent - 10
Present 10 -

Hepatocyte hyaline droplets
Absent 0
Minimal - -

Mild - - -
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Minimal, present at ~1-25% of tissue section area; mild, present at
~26-50% of tissue section area; moderate, present at ~51-75% of tissue
section area; severe, present at ~76-100% of tissue section area (*P<0-05
versus Ln-ZSF1; **P<0-002 versus all other groups).

rats, as in our Ob-ZSF1 group. This notion is further
supported by the fact that treatment with rosiglitazone (which
was associated with near normalization of food intake and
glucose control and dramatic reductions in proteinuria,
glomerulosclerosis, and tubulointerstitial inflammation) did
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not have a significant influence on GFR, and the
Ob-rosiglitazone group even tended to have lower GFR
than non-treated Ob-ZSF1 controls.

The above discussion raises questions concerning the
similarity of renal changes in ZSF1 rats to those observed in
human DN. Recently, validation criteria for murine models
of progressive DN that replicate various features of human
disease have been proposed by the NIH-created Animal
Models of Diabetic Complications Consortium (Brosius et al.
2009). The criteria include 1) >50% decline in GFR over the
lifetime of the animal; i) > 10-fold increase in albuminuria
compared to controls; iii) advanced mesangial expansion with
or without nodular sclerosis and mesangiolysis; iv) any degree
of arteriolar hyalinosis; v) glomerular basement membrane
thickening by >50% over baseline; and vi) tubulointerstitial
fibrosis. Although in this study Ob-ZSF1 rats at 32 weeks of
age had similar GFR to that of lean littermates, we previously
reported GFR in 44-week-old obese ZSF1 rats to be 1-15
+0-21, or 0-334+0-06 ml/min per g kidney; this amounts
to an age-related reduction of GFR of more than 50%.
Similarly, we demonstrated 10- to 25-fold increase in
proteinuria with significant mesangial expansion and tubu-
lointerstitial fibrosis in animals older than 40 weeks (Tofovic
et al. 2000, 2002, Zhang et al. 2007) and doubling of
glomerular basement membrane thickness by 20 weeks of age
in obese ZSF1 rats has been reported (Prabhakar ef al. 2007).
Recently, a combined classification for human type-1 and
type-2 DN was developed that includes four hierarchical
categories of glomerular lesions with separate evaluation for
degrees of interstitial and vascular involvement (Tervaert ef al.
2010); according to these criteria, 20- to 44-week-old obese
ZSF1 rats develop class II glomerular lesions characterized by
basement membrane thickening and mesangial expansion
with mild to moderate (5-30%) glomerulosclerosis (Tofovic
et al. 2000, 2002, Griftin et al. 2007, Prabhakar et al. 2007,
Zhang et al. 2007, Rafikova et al. 2008, Joshi et al. 2009).
Importantly, our previous studies indicate that by 50 weeks of
age, male obese ZSF1 rats had >50% glomerulosclerosis
(Tofovic et al. 2000, 2007). Similarly, obese animals develop
interstitial and wvascular lesions typical of human DN
(Prabhakar et al. 2007) including interstitial fibrosis and
tubular dilatation and atrophy, interstitial inflammation, and
arteriolar thickening. This study and previous reports by us
and others (Tofovic et al. 2000, 2002, 2007, Griffin et al. 2007,
Prabhakar et al. 2007, Zhang et al. 2007, Rafikova et al. 2008,
Joshi et al. 2009) thus indicate that the ZSF1 rat meets the
criteria for progressive experimental diabetic renal disease and
suggest that the obese ZSF1 rat may be the best available rat
model for close simulation of human DN.

Early, long-term treatment with the PPARY agonist
rosiglitazone had remarkable metabolic effects: rosiglitazone
nearly normalized blood glucose and HbAlc levels, reduced
plasma lipids and food consumption to control values of lean
littermates, and eliminated polyuria and polydipsia. The
beneficial metabolic effects of rosiglitazone were associated
with massive (+70%) increase in body weight;
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Figure 7 Immunohistochemistry of the obese ZSF1 rat kidney showing increased presence of collagen IV in a 32-week-old untreated obese
ZSF1 rat compared with lean control and enalapril- and rosiglitazone-treated obese rats (top photomicrographs); macrophage (ED1+ cell)
infiltration in glomeruli and tubulointerstitium in an obese ZSF1 rat, and absence of inflammatory cells in glomeruli of lean and

rosiglitazone-treated obese rats (middle photomicrographs); significant neutral lipid accumulation in glomeruli and tubulointerstitium in
Ob-ZSF1 rats, but minimal glomerular and tubulointerstitial lipid accumulation in lean control and rosiglitazone-treated obese rat (bottom

photomicrographs).

Ob-rosiglitazone rats were morbidly obese, the body weights
of some exceeding 1-2 kg. This finding is consistent with the
well-defined effects of PPARY agonist on adipocytes and
abdominal adipose tissue redistribution (Chawla et al. 1994,
Kelly et al. 1999). Similar to this study, in ZDF rats, short-
term treatments with rosiglitazone (5-11 weeks) increase
body weight by 40-50% while reducing food intake (Banz
et al. 2007, Shoghi et al. 2009). The weight gain is largely due
to increased body fat (Banz et al. 2007) and is associated with
increased expression of genes encoding GLUTH4, fatty acid
synthase, and lipoprotein lipase, and also with improved
glucose uptake and utilization and decreased fatty acid
utilization and oxidation (Shoghi ef al. 2009). These changes
are consistent with reduced blood glucose levels, elimination
of glucosuria, and augmented fat tissue formation.
Surprisingly, despite producing severe obesity, rosiglitazone
markedly reduced renal deposition of neutral lipid and
hepatocyte fat vacuolation. One recent report suggests that
rosiglitazone may have tissue-specific effects on fat distri-
bution by regulating the expression of both lipid storage and
energy expenditure genes (Kang ef al. 2010); this may explain
the inhibitory effects of rosiglitazone on lipid accumulation in
kidney and liver. Rosiglitazone attenuated elevated blood
pressure and markedly reduced albuminuria, glomerular
collagen IV expression, glomerular and interstitial
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inflammation, and glomerulosclerosis. Several mutually
non-exclusive actions of rosiglitazone may contribute to
this remarkable renal protection. The improved glycemic
control undoubtedly plays a significant role, as hyperglycemia
exerts multiple adverse effects on the kidney (Larkins &
Dunlop 1992). The obese ZSF1 rat exhibits severe elevated
cholesterol and triglycerides, and hyperlipidemia is
considered a critical triggering factor for podocyte damage
and subsequent glomerulosclerosis in obese Zucker rats
(Coimbra et al. 2000). Therefore, the lipid-lowering effects
of rosiglitazone may contribute to reduced renal injury. In
addition, in recent years, it has become evident that
rosiglitazone has direct renal protective effects independent
of its effects on insulin resistance and glycemic control (Guan
& Breyer 2001). In this regard, rosiglitazone reduces
proteinuria and glomerulosclerosis in non-diabetic rat and
mouse models of kidney disease (Bae et al. 2010, Liu et al.
2010); furthermore, in uninephrectomized type-2 diabetic
db/db mice, a model of accelerated DN, the renoprotective
effects of rosiglitazone seem to be independent of its effects on
hyperglycemia. Both rosiglitazone and metformin exert
similar levels of glucose control, but rosiglitazone-treated
mice have lower serum creatinine and albuminuria, less severe
glomerulosclerosis and tubulointerstitial injury, and fewer
infiltrating macrophages compared with mice treated with
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Figure 8 Photomicrographs of kidneys (methenamine silver-trichrome stain) in 32-week-old lean and obese ZSF1 rats and in 32-week-old
obese animals treated with rosiglitazone or enalapril for 24 weeks; (A) lean control renal cortex with no histological abnormality (40 X). (B)
Renal medulla in Ob-ZSF1 rats showing distended collecting tubules by proteinaceous casts and no parenchymal chronic change (40 X).
(C) Ob-rosiglitazone rat renal cortex showing a small number of tubules distended by proteinaceous casts and no parenchymal chronic
change (40X). (D) Normal glomeruli and adjacent tubules in lean control (400 X). (E) Ob-ZSF1 rat glomerulus with multisegmental
glomerulosclerosis with focal hyalinosis and an adhesion to Bowman'’s capsule (400X). (F) Normal glomerulus in Ob-rosiglitazone rat
(400 X). (G) Two glomeruli in Ob-ZSF1 rat with proximal tubular epithelium lining the lower portions of Bowman’s capsule (tubularization
of parietal epithelium versus take-off of proximal tubules) and one glomerulus with proteinaceous fluid distending Bowman’s space. The
glomerular tufts are normal and many of the adjacent cortical tubular profiles are distended by proteinaceous casts (200X). (H) Renal
cortical proximal tubules in Ob-ZSF1 rats. The tubule in the center is injured with flattened epithelial cells, one with a mitotic figure (arrow)
and variably degenerated cells in the lumen (400 X). (1) Renal cortex with normal glomeruli and tubules in Ob-enalapril rat. The arterioles

show marked concentric mural thickening and luminal narrowing. There is no evidence of ischemic injury (200X).

metformin (Tang et al. 2010). In rats with STZ-induced
diabetes, rosiglitazone has no effects on hyperglycemia,
glomerulosclerosis, or basement membrane thickening, but
reduces albuminuria and renal macrophage infiltration (Setti
et al. 2010). Thus, the anti-inflammatory effects of rosiglita-
zone may contribute to the marked renal protection in the
current study. Finally, PPARY is constitutively expressed in
glomeruli, particularly in mesangial cells (Nicholas ef al.
2001), and PPARY agonists reduce mesangial cell collagen
production (Routh et al. 2002). Likewise, in this study,
rosiglitazone reduced intraglomerular collagen IV expression
and glomerular and tubulointerstitial fibrosis.

The overall beneficial action of PPAR Y agonists on insulin
sensitization and their favorable metabolic and renal effects are
confounded by unwanted weight gain (due to fat tissue
accumulation and by potential adverse cardiac effects). Recent
analysis of clinical studies suggests increased risk for develop-
ment of heart failure in diabetic patients treated with
rosiglitazone (Komajda et al. 2010, Sarafidis et al. 2010). In this
study, untreated Ob-ZSF1 rats had minimal to mild myocarditis,
and rosiglitazone only worsened cardiomyopathy in obese
animals; significant differences in cardiac histopathology were
found only between Ln-ZSF1 and Ob-rosiglitazone groups, but
not between Ob-ZSF1 and Ob-rosiglitazone groups. It is not
clear whether the remarkably beneficial metabolic effects of
rosiglitazone may offset some of its adverse cardiac effects in
obese ZSF1 rats, a model of diabetes with a genetic
predisposition for heart failure. As with a study on spontaneously
hypertensive rats (Wu et al. 2004), rosiglitazone was observed to
reduce blood pressure in this study, and also to induce marked
cardiac hypertrophy (35% increase in heart weight). Notably,
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direct hypertrophic effects of rosiglitazone through interaction
with growth-promoting signaling pathways have been
suggested (Bell & McDermott 2005, Festuccia ef al. 2009).
Long-term treatment with high-dose enalapril normalized
blood pressure, prevented albuminuria, and eliminated
interstitial fibrosis and glomerulosclerosis. The only histo-
logical alteration in the Ob-enalapril group was mild to
moderate tubular dilatation that was also seen in both lean and
obese 8-week-old controls; therefore, this alteration cannot
be attributed to enalapril treatment. Renal histopathology in
enalapril-treated animals was nearly normal, except for
somewhat surprising significant arteriolar medial hypertro-
phy. However, in our most recent study on obese ZSF1 rats
(Tofovic, unpublished data), we detected similar renal vascular
changes after 12 weeks of treatment with a high 60 mg/kg
dose of enalapril, but not with doses of 3 or 10 mg/kg. It is
noteworthy that similar vascular changes, including hyper-
trophy, hyperplasia, increased granularity (renin) of the
juxtaglomerular apparatus, or exaggerated renin immunohis-
tochemical staining have been previously described under
experimental conditions where there is stimulation of the
renin—angiotensin system or increased demand for renin, such
as high-dose toxicity studies with a wide range of ACE
inhibitors and angiotensin receptor blockers in rats, mice,
dogs, and primates (Greaves 2000). Therefore, the observed
arteriolar medial hypertrophy/vasoconstriction with high-
dose enalapril is most likely an adaptive response to excessive
doses of ACE inhibitor. The use of a supra-maximal dose of
enalapril raises questions about the clinical relevance of the
detected renal effects (near elimination of albuminuria and
prevention of glomerulosclerosis). Although beneficial renal
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Figure 9 Photomicrographs of liver (A-D) and heart (E-H) of
32-week-old ZSF1 rats; (A) Ob-ZSF1 rat showing moderate diffuse
hepatocellular steatosis focused primarily in the centrilobular (CL)
areas and less so in periportal areas (PP); (B) absence of
hepatocellular steatosis in Ln-ZSF1 rats. (C and D) Ob-enalapril and
Ob-rosiglitazone rats showing moderate and mild hepatocellular
steatosis respectively. Rosiglitazone treatment substantially reduced
liver fat indicating a tendency toward a lean ZSF1 phenotype;

(E) Ob-ZSF1 rat showing minimal diffuse myocellular vacuolation
characteristic of lipid, (F) Ln-ZSF1 control with no vacuolation
present; (G) Ob-enalapril rat showing mild myocellular vacuo-
lation; (H) Ob-rosiglitazone rat with no myocellular vacuolation
present. (Hematoxylin and eosin stain (A-D), 20X objective lens
magnification; (E-H), 40X objective lens magnification).

effects of the observed magnitude should likely not be
expected in humans, numerous studies on patients with both
diabetic and non-diabetic chronic kidney disease suggest that
supra-maximal doses of renin—angiotensin system inhibitors
may provide additional renal protection over the doses used to
reduce blood pressure (Leoncini et al. 2010).

In summary, this study indicates that, despite some
limitations of the ZSF1 rat model, it is still the most
appropriate rat model of DN, manifesting all of the features
of human disease recommended by the Animal Models of
Diabetic Complications Consortium (Fioretto et al. 2008).
One of the limitations of this model is its persistently stable
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GFR, which does not parallel the progression of kidney injury
in adult animals up to 32 weeks of age. This is most likely the
result of persistent hyperglycemia and/or high protein intake.
Therefore, longer studies that include animals aged 44-52
weeks may be required to evaluate the role of any intervention
on renal excretory function. Rosiglitazone demonstrated a
profound effect in this model, which may have resulted from
reduced hyperglycemia, reduced protein intake, reduced lipid
load, reduced blood pressure, or any combination of these
factors. The model also demonstrated some of the cardiac side
effects observed clinically with rosiglitazone. High-dose
enalapril demonstrated blood pressure normalizing effects
and nearly prevented diabetic kidney injury. We conclude that
ZSF1 model is able to detect the clinical observations seen
with rosiglitazone and enalapril in terms of primary endpoints
and the secondary endpoints of renal and cardiac effects.

Declaration of interest

HBJ,R MM, and S M P are employed by AstraZeneca Pharmaceuticals. B Z
is employed by Bristol-Myers Squibb R&D, Princeton, NJ, USA.

Funding

This study was supported by a grant from AstraZeneca Pharmaceuticals.

References

Bae EH, Kim IJ, Ma SK & Kim SW 2010 Rosiglitazone prevents the
progression of renal injury in DOCA-salt hypertensive rats. Hypertension
Research 33 255-262. (doi:10.1038/hr.2009.217)

Banz WJ, Igbal MJ, Bollaert M, Chickris N, James B, Higginbotham DA,
Peterson R & Murphy L 2007 Ginseng modifies the diabetic phenotype
and gens associated with diabetes in the male ZDF rat. Phytomedicine 14
681-689. (doi:10.1016/j.phymed.2007.06.003)

Baylis C, Atzpodien EA, Freshour G & Engels K 2003 Peroxisome
proliferator-activated receptor (gamma) agonist provides superior renal
protection versus angiotensin-converting enzyme inhibition in a rat model
of type 2 diabetes with obesity. Journal of Pharmacology and Experimental
Therapeutics 307 854—860. (doi:10.1124/jpet.103.055616)

Baynes ] & Murray DB 2009 Cardiac and renal function are progressively
impaired with aging in Zucker diabetic fatty type II diabetic rats.
Oxidative Medicine and Cellular Longevity 2 328-334. (doi:10.4161/0xim.2.
5.9831)

Bell D & McDermott BJ 2005 Effects of rosiglitazone and interactions with
growth-regulating factors in ventricular cell hypertrophy. European Journal of
Pharmacology 508 69-76. (doi:10.1016/j.ejphar.2004.12.027)

Brenner BM, Meyer TW & Hostetter TH 1982 Dietary protein intake and the
progressive nature of kidney disease: the role of hemodynamically mediated
glomerular injury in the pathogenesis of progressive glomerular sclerosis in
aging, renal ablation, and intrinsic renal disease. New England Journal of
Medicine 307 652—659. (doi:10.1056/NEJM198207223070403)

Brosius FC III, Alpers CE, Bottinger EP, Breyer MD, Coffman TM, Gurley
SB, Harris RC, Kakoki M, Kretzler M, Leiter EH et al. 2009 Mouse models
of diabetic nephropathy. Journal of the American Society of Nephrology 20
2503-2512. (doi:10.1681/ASN.2009070721)

Buckingham RE, Al-Barazanji KA, Toseland CD, Slaughter M, Connor SC,
West A, Bond B, Turner NC & Clapham JC 1998 Peroxisome proliferator-

www.endocrinology-journals.org


http://dx.doi.org/10.1038/hr.2009.217
http://dx.doi.org/10.1016/j.phymed.2007.06.003
http://dx.doi.org/10.1124/jpet.103.055616
http://dx.doi.org/10.4161/oxim.2.5.9831
http://dx.doi.org/10.4161/oxim.2.5.9831
http://dx.doi.org/10.1016/j.ejphar.2004.12.027
http://dx.doi.org/10.1056/NEJM198207223070403
http://dx.doi.org/10.1681/ASN.2009070721

Diabetic nephropathy in obese ZSF1 rats

v P BILAN and others

activated receptor-gamma agonist, rosiglitazone, protects against nephro-
pathy and pancreatic islet abnormalities in Zucker fatty rats. Diabetes 47
1326-1334. (doi:10.2337/diabetes.47.8.1326)

Chawla A, Schwarz EJ, Dimaculangan DD & Lazar MA 1994 Peroxisome
proliferator-activated receptor (PPAR) gamma: adipose-predominant
expression and induction early in adipocyte differentiation. Endocrinology
135 798-800. (doi:10.1210/en.135.2.798)

Coimbra TM, Janssen U, Grone HJ, Ostendorf T, Kunter U, Schmidt H,
Brabant G & Floege ] 2000 Early events leading to renal injury in obese
Zucker (fatty) rats with type II diabetes. Kidney International 57 167-182.
(doi:10.1046/5.1523-1755.2000.00836.x)

Festuccia WT, Laplante M, Brule S, Houde VP, Achouba A, Lachance D,
Pedrosa ML, Silva ME, Guerra-Sa R, Couet J ef al. 2009 Rosiglitazone-
induced heart remodelling is associated with enhanced turnover of
myofibrillar protein and mTOR activation. Journal of Molecular and Cellular
Cardiology 47 85-95. (doi:10.1016/j.yjmcc.2009.04.011)

Fioretto P, Caramori ML & Mauer M 2008 The kidney in diabetes: dynamic
pathways of injury and repair. The Camillo Golgi Lecture 2007. Diabetologia
51 1347-1355. (doi:10.1007/500125-008-1051-7)

Greaves P 2000 Histopathology of Preclinical Toxicity Studies: Interpretation and
Relevance in Drug Safety Evaluation, 2nd edn, pp 584-586. Amsterdam:
Elsevier Science.

Griffin KA, Abu-Naser M, Abu-Amarah I, Picken M, Williamson GA &
Bidani AK 2007 Dynamic blood pressure load and nephropathy in the
ZSF1 (fa/fa cp) model of type 2 diabetes. American Journal of Physiology.
Renal Physiology 293 F1605-F1613. (doi:10.1152/ajprenal.00511.2006)

Guan Y & Breyer MD 2001 Peroxisome proliferator-activated receptors
(PPARS): novel therapeutic targets in renal disease. Kidney International 60
14-30. (doi:10.1046/j.1523-1755.2001.00766.x)

Heyen JR, Blasi ER, Nikula K, Rocha R, Daust HA, Frierdich G, Van Vleet
JE De Ciechi P, McMahon EG & Rudolph AE 2002 Structural,
functional, and molecular characterization of the SHHF model of heart
failure. American Journal of Physiology. Heart and Circulatory Physiology 283
H1775-H1784. (doi:10.1152/ajpheart.00305.2002)

Joshi D, Gupta R, Dubey A, Shiwalkar A, Pathak P, Gupta RC, Chauthaiwale
V & Dutt C 2009 TRC4186, a novel AGE-breaker, improves diabetic
cardiomyopathy and nephropathy in Ob-ZSF1 model of type 2 diabetes.
Journal of Cardiovascular Pharmacology 54 72—81. (doi:10.1097/FJC.
0b013e3181ac3a34)

Kang JG, Park CY, Thm SH, Yoo HJ, Park H, Rhee EJ, Won JC, Lee WY, Oh
KW, Park SW et al. 2010 Mechanisms of adipose tissue redistribution with
rosiglitazone treatment in various adipose depots. Metabolism 59 46-53.
(d0i:10.1016/j.metabol.2009.07.004)

Kelly IE, Han TS, Walsh K & Lean ME 1999 Effects of a thiazolidinedione
compound on body fat and fat distribution of patients with type 2 diabetes.
Diabetes Care 22 288-293. (doi:10.2337/diacare.22.2.288)

Komajda M, McMurray JJ, Beck-Nielsen H, Gomis R, Hanefeld M, Pocock
SJ, Curtis PS, Jones NP & Home PD 2010 Heart failure events with
rosiglitazone in type 2 diabetes: data from the RECORD clinical trial.
European Heart Journal 31 824-831. (doi:10.1093/eurheartj/ehp604)

Larkins RG & Dunlop ME 1992 The link between hyperglycaemia and
diabetic nephropathy. Diabetologia 35 499-504. (doi:10.1007/BF00400475)

Leoncini G, Viazzi F & Pontremoli R 2010 Chronic kidney disease
and albuminuria in arterial hypertension. Current Hypertension Reports 12
335-341. (doi:10.1007/511906-010-0141-3)

Liu HE Guo LQ, Huang YY, Chen K, Tao JL, Li SM & Chen XW 2010
Thiazolidinedione attenuate proteinuria and glomerulosclerosis in adria-
mycin-induced nephropathy rats via slit diaphragm protection. Nephrology
15 75-83. (doi:10.1111/j.1440-1797.2009.01146.x)

Ma L], Marcantoni C, Linton ME, Fazio S & Fogo AB 2001 Peroxisome
proliferator-activated receptor-gamma agonist troglitazone protects against
nondiabetic glomerulosclerosis in rats. Kidney International 59 1899-1910.
(doi:10.1046/7.1523-1755.2001.0590051899.x)

Marsh SA, Powell PC, Agarwal A, Dell’Italia L] & Chatham JC 2007
Cardiovascular dysfunction in Zucker obese and Zucker diabetic fatty rats:
role of hydronephrosis. American Journal of Physiology. Heart and Circulatory
Physiology 293 H292-H298. (doi:10.1152/ajpheart.01362.2006)

www.endocrinology-journals.org

McCune SA, Jenkins JE, Stills HE Park S, Radin MJ, Jurin RR & Hamlin RE
1990 Renal and heart function in the SHFF/Mcc-cp rat. In Frontiers in
Diabetes Research Lessons from Animal Diabetes ITI, pp 397-401. Ed. E Shafrir.
London: Smith-Gordon.

McCune SA, Radin MJ, Jenkins JE, Chu YY, Park S & Peterson RG 1994
SHFF/Mcc-facp rat model: effects of gender and genotype on age of
expression of metabolic complications and congestive heart failure an on
response to drug therapy. In Frontiers in Diabetes Research Lessons from Animal
Diabetes V, pp 255-270. Ed. E Shafrir. London: Smith—Gordon.

Michaelis OEt, Patrick DH, Hansen CT, Canary JJ, Werner RM & Carswell
N 1986 Insulin-independent diabetes mellitus (type II). Spontaneous
hypertensive/NIH-corpulent rat. American Journal of Pathology 123
398-400.

Nicholas SB, Kawano Y, Wakino S, Collins AR & Hsueh WA 2001
Expression and function of peroxisome proliferator-activated receptor-
gamma in mesangial cells. Hypertension 37 722=727. (doi:10.1161/01.HYP.
37.2.722)

O’Donnell MP, Kasiske BL & Keane WF 1988 Glomerular hemodynamic and
structural alterations in experimental diabetes mellitus. FASEB Journal 2
2339-2347.

Oltman CL, Davidson EP, Coppey LJ, Kleinschmidt TL, Lund DD & Yorek
MA 2008a Attenuation of vascular/neural dysfunction in Zucker rats
treated with enalapril or rosuvastatin. Obesity 16 82—89. (doi:10.1038/oby.
2007.19)

Oltman CL, Davidson EP, Coppey LJ, Kleinschmidt TL, Lund DD, Adebara
ET & Yoerk MA 2008b Vascular and neuronal dysfunction in Zucker
diabetic fatty rats: a difficult condition to reverse. Diabetes, Obesity &
Metabolism 10 64-74. (doi:10.1111/j.1463-1326.2007.00814.x)

Palm E Liss P, Fasching A, Hansell P & Carlsson PO 2001 Transient glomerular
hyperfiltration in the streptozotocin-diabetic Wistar Furth rat. Upsala
Journal of Medical Sciences 106 175-182. (doi:10.3109/2000-1967-147)

Peterson RG 2000 The Zucker diabetic fatty rat. In Animal Models of Diabetes:
a Primer, pp 109-127. Eds AFS Anders & E Shafrir. Amsterdam,

The Netherlands: Harwood Academic.

Prabhakar S, Starnes J, Shi S, Lonis B & Tran R 2007 Diabetic nephropathy is
associated with oxidative stress and decreased renal nitric oxide production.
Journal of the American Society of Nephrology 18 2945-2952. (doi:10.1681/
ASN.2006080895)

Rafikova O, Salah EM & Tofovic SP 2008 Renal and metabolic effects of
tempol in obese ZSF1 rats — distinct role for superoxide and hydrogen
peroxide in diabetic renal injury. Metabolism 57 1434-1444. (doi:10.1016/].
metabol.2008.05.014)

Routh RE, Johnson JH & McCarthy KJ 2002 Troglitazone suppresses the
secretion of type I collagen by mesangial cells in vitro. Kidney International 61
1365-1376. (doi:10.1046/j.1523-1755.2002.00277..x)

Sarafidis PA, Georgianos PI & Lasaridis AN 2010 Review: PPAR -gamma
agonism for cardiovascular and renal protection. Cardiovascular Therapeutics
(In Press). (doi:10.1111/§.1755-5922.2010.00222.x)

Setti G, Hayward A, Dessapt C, Barone E Buckingham R, White K, Bilous R,
Hiroshi K, Gruden G, Viberti G ef al. 2010 Peroxisome proliferator-
activated receptor-gamma agonist rosiglitazone prevents albuminuria but
not glomerulosclerosis in experimental diabetes. American_Journal of
Nephrology 32 393—402. (doi:10.1159/000320129)

Shoghi KI, Finck BN, Schechtman KB, Sharp T, Herrero P, Gropler RJ &
Weich MJ 2009 In vivo metabolic phenotyping of myocardial substarte
metabolism in rodents: differential efficacy of metformin and rosiglitazone
monotherapy. Circulation: Cardiovascular Imaging 2 373-381. (doi:10.1161/
CIRCIMAGING.108.843227)

Tang SC, Leung JC, Chan LY, Cheng AS, Lan HY & Lai KN 2010
Renoprotection by rosiglitazone in accelerated type 2 diabetic nephro-
pathy: role of STAT1 inhibition and nephrin restoration. American_journal of
Nephrology 32 145-155. (doi:10.1159/000316056)

Tanimoto M, Fan Q, Gohda T, Shike T, Makita Y & Tomino Y 2004
Effect of pioglitazone on the early stage of type 2 diabetic nephropathy
in KK/Ta mice. Metabolism 53 1473—1479. (doi:10.1016/j.metabol.2004.
06.016)

Journal of Endocrinology (2011) 210, 293-308

307


http://dx.doi.org/10.2337/diabetes.47.8.1326
http://dx.doi.org/10.1210/en.135.2.798
http://dx.doi.org/10.1046/j.1523-1755.2000.00836.x
http://dx.doi.org/10.1016/j.yjmcc.2009.04.011
http://dx.doi.org/10.1007/s00125-008-1051-7
http://dx.doi.org/10.1152/ajprenal.00511.2006
http://dx.doi.org/10.1046/j.1523-1755.2001.00766.x
http://dx.doi.org/10.1152/ajpheart.00305.2002
http://dx.doi.org/10.1097/FJC.0b013e3181ac3a34
http://dx.doi.org/10.1097/FJC.0b013e3181ac3a34
http://dx.doi.org/10.1016/j.metabol.2009.07.004
http://dx.doi.org/10.2337/diacare.22.2.288
http://dx.doi.org/10.1093/eurheartj/ehp604
http://dx.doi.org/10.1007/BF00400475
http://dx.doi.org/10.1007/s11906-010-0141-3
http://dx.doi.org/10.1111/j.1440-1797.2009.01146.x
http://dx.doi.org/10.1046/j.1523-1755.2001.0590051899.x
http://dx.doi.org/10.1152/ajpheart.01362.2006
http://dx.doi.org/10.1161/01.HYP.37.2.722
http://dx.doi.org/10.1161/01.HYP.37.2.722
http://dx.doi.org/10.1038/oby.2007.19
http://dx.doi.org/10.1038/oby.2007.19
http://dx.doi.org/10.1111/j.1463-1326.2007.00814.x
http://dx.doi.org/10.3109/2000-1967-147
http://dx.doi.org/10.1681/ASN.2006080895
http://dx.doi.org/10.1681/ASN.2006080895
http://dx.doi.org/10.1016/j.metabol.2008.05.014
http://dx.doi.org/10.1016/j.metabol.2008.05.014
http://dx.doi.org/10.1046/j.1523-1755.2002.00277.x
http://dx.doi.org/10.1111/j.1755-5922.2010.00222.x
http://dx.doi.org/10.1159/000320129
http://dx.doi.org/10.1161/CIRCIMAGING.108.843227
http://dx.doi.org/10.1161/CIRCIMAGING.108.843227
http://dx.doi.org/10.1159/000316056
http://dx.doi.org/10.1016/j.metabol.2004.06.016
http://dx.doi.org/10.1016/j.metabol.2004.06.016

308 v pBiLAN and others

Diabetic nephropathy in obese ZSF1 rats

Tervaert TW, Mooyaart AL, Amann K, Cohen AH, Cook HT,
Drachenberg CB, Ferrario F, Fogo AB, Haas M, de Heer E et al. 2010
Pathologic classification of diabetic nephropathy. Journal of the American
Society of Nephrology 21 556—563. (doi:10.1681/ASN.2010010010)

Tofovic SP & Jackson EK 1999 Eftects of long-term caffeine consumption on
renal function in spontaneously hypertensive heart failure prone rats.
Journal of Cardiovascular Pharmacology 33 360-366. (doi:10.1097/00005344-
199903000-00003)

Tofovic SP & Jackson EK 2003 Rat models of the metabolic syndrome.
Methods in Molecular Medicine 86 29—46. (doi:10.1385/1-59259-392-5:29)

Tofovic SP, Kusaka H, Kost CK Jr & Bastacky S 2000 Renal function and
structure in diabetic, hypertensive, obese ZDF X SHHF-hybrid rats. Renal
Failure 22 387-406. (doi:10.1081/JDI-100100882)

Tofovic SP, Kost CK ]Jr, Jackson EK & Bastacky SI 2002 Long-term caffeine
consumption exacerbates renal failure in obese, diabetic, ZSF1 (fa-fa(cp))
rats. Kidney International 61 1433—1444. (doi:10.1046/j.1523-1755.2002.
00278.%)

Tofovic SP, Bastacky SI & Jackson EK 2007 Gender-dependent metabolic and
renal effects of 2-hydroxyestradiol in obese diabetic ZSF1 rats. Physiologist
50 10-16.

US Renal Data System 2008 USRDS Annual Data Report: Atlas of Chronic
Kidney Disease and End-Stage Renal Disease in the United States. National
Institutes of Health, National Institute of Diabetes and Digestive and Kidney
Diseases, Bethesda.

Velliquette RA, Ernsberger P & Koletsky RJ 2007 The SHROB (Koletsky)
rat as a model for metabolic syndrome. In Animal Models of Diabetes, edn 2 ,
pp 185-207. Ed. E Shafrir. Boca Raton, FL, USA: CRC Press.

Journal of Endocrinology (2011) 210, 293-308

Vora JP, Zimsen SM, Houghton DC & Anderson S 1996 Evolution of
metabolic and renal changes in the ZDF/Drt-fa rat model of type II
diabetes. Journal of the American Society of Nephrology 7 113-117.

Wagstaff A] & Goa KL 2002 Rosiglitazone: a review of its use in the
management of type 2 diabetes mellitus. Drugs 62 1805-1837. (doi:10.
2165/00003495-200262120-00007)

Woods LL 1993 Mechanisms of renal hemodynamic regulation in response
to protein feeding. Kidney International 44 659—675. (doi:10.1038/ki.
1993.299)

Wu L, Wang R, De Champlain J] & Wilson TW 2004 Beneficial and
deleterious effects of rosiglitazone on hypertension development
in spontaneously hypertensive rats. American Journal of Hypertension 17
749-756. (doi:10.1016/j.amjhyper.2004.04.010)

Yoshimoto T, Naruse M, Nishikawa M, Naruse K, Tanabe A, Seki T, Imaki T,
Demura R, Aikawa E & Demura H 1997 Antihypertensive and vasculo-
and renoprotective effects of pioglitazone in genetically obese diabetic rats.
American _Journal of Physiology 272 E989-E996.

Zhang X, Jia Y, Jackson EK & Tofovic SP 2007 2-Methoxyestradiol and
2-ethoxyestradiol retard the progression of renal disease in aged, obese,
diabetic ZSF1 rats. Journal of Cardiovascular Pharmacology 49 56—63. (doi:10.
1097/FJC.0b013e31802cb88e)

Received in final form 27 May 2011

Accepted 16 June 2011

Made available online as an Accepted Preprint
16 June 2011

www.endocrinology-journals.org


http://dx.doi.org/10.1681/ASN.2010010010
http://dx.doi.org/10.1097/00005344-199903000-00003
http://dx.doi.org/10.1097/00005344-199903000-00003
http://dx.doi.org/10.1385/1-59259-392-5:29
http://dx.doi.org/10.1081/JDI-100100882
http://dx.doi.org/10.1046/j.1523-1755.2002.00278.x
http://dx.doi.org/10.1046/j.1523-1755.2002.00278.x
http://dx.doi.org/10.2165/00003495-200262120-00007
http://dx.doi.org/10.2165/00003495-200262120-00007
http://dx.doi.org/10.1038/ki.1993.299
http://dx.doi.org/10.1038/ki.1993.299
http://dx.doi.org/10.1016/j.amjhyper.2004.04.010
http://dx.doi.org/10.1097/FJC.0b013e31802cb88e
http://dx.doi.org/10.1097/FJC.0b013e31802cb88e

	Outline placeholder
	Introduction
	Materials and Methods
	Histopathology
	Statistical analysis

	Results
	Baseline metabolic, cardiovascular, and renal parameters in young (8-week-old) obese and lean ZSF1 rats
	Effects of rosiglitazone and enalapril on body weight and metabolic status
	Effects of rosiglitazone and enalapril on blood pressure and renal function
	The effects of rosiglitazone and enalapril on renal histopathology
	Heart and liver histopathology

	Discussion
	Declaration of interest
	Funding
	References


