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Zhang H, Saha J, Byun J, Schin M, Lorenz M, Kennedy RT,
Kretzler M, Feldman EL, Pennathur S, Brosius FC IIIL. Rosiglitazone
reduces renal and plasma markers of oxidative injury and reverses urinary
metabolite abnormalities in the amelioration of diabetic nephropathy.
Am J Physiol Renal Physiol 295: F1071-F1081, 2008. First published
July 30, 2008; doi:10.1152/ajprenal.90208.2008.—Recent studies sug-
gest that thiazolidinediones ameliorate diabetic nephropathy (DN)
independently of their effect on hyperglycemia. In the current study,
we confirm and extend these findings by showing that rosiglitazone
treatment prevented the development of DN and reversed multiple
markers of oxidative injury in DBA/2J mice made diabetic by low-
dose streptozotocin. These diabetic mice developed a 14.2-fold in-
crease in albuminuria and a 53% expansion of renal glomerular
extracellular matrix after 12 wk of diabetes. These changes were
largely abrogated by administration of rosiglitazone beginning 2 wk
after the completion of streptozotocin injections. Rosiglitazone had no
effect on glycemic control. Rosiglitazone had similar effects on
insulin-treated diabetic mice after 24 wk of diabetes. Podocyte loss
and glomerular fibronectin accumulation, other markers of early DN,
were prevented by rosiglitazone in both 12- and 24-wk diabetic
models. Surprisingly, glomerular GLUT]1 levels did not increase and
nephrin levels did not decrease in the diabetic animals; neither
changed with rosiglitazone. Plasma and kidney markers of protein
oxidation and lipid peroxidation were significantly elevated in the
24-wk diabetic animals despite insulin treatment and were reduced to
near-normal levels by rosiglitazone. Finally, urinary metabolites were
markedly altered by diabetes. Of 1,988 metabolite features identified
by electrospray ionization time of flight mass spectrometry, levels of
56 were altered more than twofold in the urine of diabetic mice. Of
these, 21 were returned to normal by rosiglitazone. Thus rosiglitazone
has direct effects on the renal glomerulus to reduce reactive oxygen
species accumulation to prevent type 1 diabetic mice from develop-
ment of DN.

diabetes; thiazolidinedione; kidney; complications; metabolomics;
mass spectrometry

EARLY CLINICAL DIABETIC NEPHROPATHY (DN) is characterized by
progressive increases in albuminuria which are associated with
the development of characteristic histopathological features
including thickening of the glomerular basement membrane
and mesangial expansion due to accumulation of extracellular
matrix proteins (25). One of the areas of general agreement
about the pathogenesis of DN is that hyperglycemia and altered
hemodynamic properties of diabetic glomeruli lead to multiple
changes. These include enhanced expression of the facilitative

glucose transporter, GLUT1, leading to enhanced glucose up-
take (5, 17), enhanced expression and activation of PKC
isoforms, and activation of transforming growth factor (TGF)-{3,
which in turn induce increased synthesis and decreased degra-
dation of extracellular matrix proteins such as fibronectin and
collagen IV by mesangial cells in the glomerulus (52). Other
signals including activation of pathways involving ERK, ad-
vanced glycation end product receptors, VEGF, and other
growth factors (for reviews, see Refs. 4, 14, 18, 54) have been
implicated in the mesangial and podocyte responses to diabetes
and elevated levels of extracellular glucose. A potential unify-
ing factor in integrating many if not all of these abnormalities
is the increase in both cytoplasmic and mitochondrial oxidative
stress generated by enhanced glucose metabolic flux and acti-
vation of the aforementioned pathways. Multiple studies have
now strongly implicated the increased oxidative stress induced
by diabetes in the development of diabetic complications,
including DN (for a review, see Ref. 49).

Over the past few years, a number of studies have found that
thiazolidinediones (TZDs) have substantial ameliorative ef-
fects on DN (for a review, see Ref. 44) and that these effects
appear to be due to direct effects on renal glomerular cells.
While most of these studies are in patients or models of type 2
diabetes, a number of provocative studies in animal models
have indicated that TZDs have similar efficacy in models of
type 1 diabetes (11, 14, 34, 55, 56). While the mechanisms of
action of TZDs are manifold and the specific pathways by
which TZDs interrupt DN changes have not been elucidated,
these agents clearly have effects on many of the pathways
identified to play significant roles in the pathogenesis of DN.
For example, TZDs have been shown to ameliorate PKC
activation (14), enhanced TGF-§ signaling (19, 34, 51), ERK
activation (7), oxidative stress (22), and increased VEGF (36)
in both in vitro and in vivo DN models. Which TZD actions are
most important for their ameliorative effects in DN is not yet
clear.

In the current study, we have tested the effects of the TZD
rosiglitazone on a recently described, robust murine model of
type 1 DN and have found that it dramatically normalized
albuminuria, mesangial expansion, fibronectin expression, and
podocyte number after 12 wk of diabetes. Plasma and kidney
oxidant marker levels of 13-hydroxyoctadecadienoic acid
(HODE) and dityrosine were significantly elevated in the
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24-wk diabetic animals despite insulin treatment, and their rise
was largely prevented by rosiglitazone. Finally, a survey of
urinary metabolites in the mice found that 21 altered metabo-
lites were returned to normal by rosiglitazone treatment, de-
spite little or no effect on systemic metabolic parameters,
suggesting that a subset of these metabolites could serve as
biomarkers to help identify the most important factors involved
in TZD renoprotection.

MATERIALS AND METHODS

Mouse model. Male 10-wk-old DBA/2J mice (Jackson Laboratory,
Bar Harbor, ME) were used. Mice were allowed to acclimate to their
environment for at least 3 days before injection. Mice were fasted for
4 h and then given intraperitoneal injections of 40 mg/kg streptozo-
tocin (STZ) or the vehicle (control mice) daily for 5 consecutive days
as previously reported (3, 48). Beginning 2 wk after completion of
STZ injections, rosiglitazone (3 mg/kg po) was given orally in a very
small amount of Nutri-Cal (EVSCO Pharmaceuticals, Buena, NJ)
daily to one-half of the STZ and control animals. The remainder were
given Nutri-Cal only. For each study, we began with different num-
bers in each of the four groups (see Table 1) because of anticipated
losses in the diabetic groups (41). Animals injected with STZ that did
not develop fasting blood glucose >300 mg/dl (a total of 5 mice) were
excluded from the study. In addition, as expected (41), several animals
died over the duration of the study, especially in the diabetic groups,

Table 1. Physiological data

and a greater number appeared to have infections. These animals were
excluded from further analysis. There was no increased death rate
seen with rosiglitazone. Liver transaminases were measured and were
not different in mice treated with rosiglitazone and those receiving
vehicle alone, diabetic or not (data not shown). Beginning and final
numbers in each group are indicated in Table 1.

In the first study, animals were euthanized 12 wk after completion
of STZ injections. In the second study, mice were subcutaneously
implanted with pellets impregnated with bovine insulin (LinBit tab-
lets, LinShin Canada, Toronto, Ontario, Canada) at 10, 15, and 20 wk
post-STZ to prevent ketosis, protein catabolism, and significant
weight loss. The administered dose of insulin was ~0.1 U/day (8).
Blood glucose levels were measured from tail-vein blood (Accu-Chek
Advantage, Roche Diagnostics, Indianapolis, IN). Values for blood
lipids and glycosylated hemoglobin were determined using terminal
blood samples by the Michigan Diabetes Research and Training
Center Chemistry Laboratory. Blood liver enzyme values were deter-
mined by the University of Michigan University for Laboratory
Animal Medicine Animal Diagnostic Lab. Urine samples were col-
lected in murine metabolic cages (Hatteras Instruments, Cary, NC) or
in plastic spot urine containers. Spot urinary albumin and creatinine
levels were collected with the Albuwell M and Companion Creatinine
systems (Exocell, Philadelphia, PA) (3).

The procedures used in this study were in accordance with the
guidelines of the University of Michigan Committee on the Use and
Care of Animals. Veterinary care was provided by the University of

12-wk Study 24-wk Study
0 Wk 12 Wk 0 Wk 24 Wk
BW, g
Control 23.0%£0.70 (13) 27.6%0.88 (13) 24.7%0.57 (16) 29.8%£1.01 (16)
Diabetic 24.4+0.48 (17) 21.9+0.52 (17)* 25.4%0.39 (27) 23.94+0.48 (13)*
Control+Rosi 22.6%0.74 (12) 26.8£0.70 (12) 25.3%0.54 (15) 29.2*0.87 (14)
Diabetic+Rosi 24.2+0.52 (16) 21.8+0.48 (16)* 26.3+0.38 (22) 23.5*£0.35 (11)*
FBG, mg/dl
Control 142.7£1.90 (13) 140.3£5.62 (13) 24.7+0.57 (16) 112.6£5.62 (16)
Diabetic 139.5£2.80 (17) 561.6+23.50 (17)* 25.4%0.39 (27) 489.6+£20.06 (13)*F
Control +Rosi 136.3£2.08 (12) 126.6£2.71 (12) 25.3+0.54 (15) 123.4£4.59 (14)
Diabetic+Rosi 141.4£2.70 (16) 507.7+27.43 (16)* 26.3*0.38 (22) 331.2+41.18 (11)*
GHb, %
Control 5.62%0.08 (13) 5.83£0.24 (15)
Diabetic 14.9+0.43 (16)* 14.6+0.428 (13)*
Control +Rosi 5.71%0.15 (12) 6.06%£0.19 (14)
Diabetic +Rosi 14.8+0.31 (16)* 13.8+0.54 (11)*
Left KW, g
Control 0.32+0.015 (13) 0.37£0.02 (16)
Diabetic 0.360.014 (17) 0.3620.00 (13)
Control +Rosi 0.29+0.012 (12) 0.36£0.01 (14)
Diabetic+Rosi 0.32%£0.33 (16) 0.33%+0.00 (11)
L KW/BW, g KW/g BW
Control 0.011x0.0004 (13) 0.012+0.001 (16)
Diabetic 0.017£0.001 (17)F 0.015£0.001 (13)*
Control +Rosi 0.011x0.0003 (12) 0.012+0.001 (14)
Diabetic+Rosi 0.015%+0.0003 (16)* 0.014%+0.001 (11)
HDL, mg/dl
Control 44.62+1.60 (13) 46.0£1.38 (16)
Diabetic 55.3*£1.37 (16)* 49.0%+2.70 (13)
Control +Rosi 45.6%£1.37(12) 44.8+2.65 (14)
Diabetic+Rosi 55.1£1.79 (16)* 47.2+1.96 (11)

Total CHOL, mg/dl
Control
Diabetic
Control +Rosi
Diabetic+Rosi

67.3£2.59 (13)
92.6+2.887 (16)*
65.5*1.70 (12)
84.0£2.83 (16)*

64.1£2.56 (16)
71.8+£4.19 (13)
60.1+£3.77 (14)
66.8+£2.62 (11)

Values are means *= SE with total number of animals in parentheses. Rosi, rosiglitazone; BW, body wt; FBG, fasting blood glucose; GHb, glycated
hemoglobin; KW, kidney wt; L KW/BW, left kidney wt/body wt; CHOL, cholesterol. P < 0.05: *vs. control(s), Tvs. rosiglitazone-treated diabetic animals.
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Michigan Unit for Laboratory Animal Medicine. The University of
Michigan is accredited by the American Association of Laboratory
Animal Care. The animal care and use program conformed to the
standards in Guide for the Care and Use of Laboratory Animals
[Department of Health, Education, and Welfare Publication No. (NIH)
86-23].

Kidney preparation. Under general anesthesia, a blood sample was
drawn and then both kidneys were flushed under constant 100-mmHg
pressure with PBS containing 50 U/ml sodium heparin through a
cannula placed in the abdominal aorta. Once flushed of blood, the left
kidney from each mouse was ligated, and the right kidney was
perfused with a ferric oxide slurry in PBS via the abdominal aorta.
The left kidney was removed, weighed, and fixed overnight in a
solution 2% paraformaldehyde in PBS. The right kidney with the
iron-containing glomeruli was then isolated with a technique modified
from that of Meezan et al. (26). Isolated glomeruli were lysed and
used for immunoblotting. Some kidney cortical regions were dissected
before fixation and placed into lysis buffer for immunoblotting or
flash frozen for oxidant marker analysis. Sections (3 and 9 pm) were
cut from the fixed kidneys and used for periodic acid-Schiff (PAS)
staining (3 pwm only) or were used for immunohistochemistry for
podocyte counting (3 and 9 pm).

Podocyte counting. Methods were performed as previously pub-
lished (48) following the methods of Sanden et al. (43). Thin and thick
sections were cut from the 2% paraformaldehyde-fixed, paraffin-
embedded kidney samples. These sections were deparaffinized and
rehydrated through ethanols (70, 95, 100%). All sections were incu-
bated in Retrieve One buffer (Signet Laboratories, Dedham, MA) at
90°C for 2 h to enhance antigen retrieval. Using an ABC Staining Kit
(Vector Laboratory, Dedham, MA), podocyte nuclei were detected
with a rabbit polyclonal anti-WT1 antibody (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) at a concentration of 20 pwg/ml. Images of all
glomeruli from both thick (9 wm) and thin (3 wm) kidney cortical
cross sections were collected using the MetaMorph Image System
(version 6.1, Molecular Devices, Downingtown, PA) by a blinded
observer (J. Saha). Glomerular volume/podocyte (GV/P) was also
calculated as previously reported (48). GV/P is a variable that incor-
porates the relationship between both podocyte number and glomer-
ular basement membrane surface area, is the reciprocal of podocyte
density, and is a useful measure of the degree of podocyte reserve (43).

Mesangial extracellular matrix determination. For quantification
of mesangial extracellular matrix, 3-pwm sections from paraformalde-
hyde-fixed, paraffin-embedded kidney slices were stained using PAS
reagent. The mesangial area was expressed quantitatively by calcu-
lating the percentage of the total glomerular area that was PAS
positive. Fifteen glomerular tufts per animal were chosen randomly
for analysis. Quantification of glomerular and PAS-positive areas was
performed with MetaMorph Imaging Software (version 6.1, Molecu-
lar Devices) calibrated for the microscope and a digital camera used
to capture the images.

Immunoblotting. Glomerular or cortical samples were sonicated
and/or mechanically disrupted in lysis buffer [0.1% SDS, 150 mM
NaCl, 1% Triton X-100, 1 mM NazVO,, 50 mM NaF, 1 mM
phenylmethylsulfonyl fluoride, and complete protease inhibitor cock-
tail (Roche Applied Science) in 10 mM Tris-HCI, pH 7.4] and used
for SDS-PAGE as previously reported (47). Lysates were run on 7.5
or 10% SDS-PAGE and immunoblotted with antibodies for fibronec-
tin and B-tubulin (mab1926 and 05-661, respectively, Millipore,
Temecula, CA), GLUT1 (a gift from Dr. Carter-Su, Univ. of Michi-
gan), and nephrin or Nephl (12) (gifts from Dr. L. Holzman, Univ. of
Michigan). Blots were exposed to film after incubation in Roche
LumiLight Western Blotting Substrate. All exposures were within the
linear range of the film and normalized to 3-tubulin content whenever
feasible.

HODE and dityrosine levels. Kidneys were harvested immediately,
and the kidney cortex was quickly dissected. To prevent ex vivo
oxidation, cortex and plasma samples were submerged in ice-cold
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antioxidant buffer A [100 uM diethylene tetramino pentaacetic acid
(DTPA; metal chelator), 50 uM butylated hydroxyl toluene (BHT;
lipid soluble antioxidant), 1% (vol/vol) ethanol,10 mM 3-amino-
1,2,4-triazole (peroxidase inhibitor), 50 mM sodium phosphate buffer,
pH 7.4], rapidly frozen by immersion in liquid nitrogen, and stored at
—80°C until analysis. Before acid hydrolysis, kidney cortex samples
were homogenized at 4°C in buffer A, frozen, and then thawed.
Protein was precipitated from kidney cortex homogenates or plasma
with ice-cold trichloroacetic acid (10% vol/vol), collected by centrif-
ugation, washed with 10% trichloroacetic acid, and delipidated twice
with water/methanol/water-washed diethyl ether (1:3:7 vol/vol).

Lipid extracts were saved for HODE analysis. HODEs were quan-
tified by reverse-phase C;s HPLC analysis of triphenylphosphine-
reduced lipid extracts after base hydrolysis, as described previously
(39). Briefly, analyses for HODE were performed on a Jasco HPLC
system equipped with a reverse-phase column (Ultrasphere; 250 X 4.6
mm, particle size 5 wm, Beckman). Oxidized lipids were detected by
monitoring absorbance at 234 nm. Authentic 13-HODE was prepared
from linoleic acid with soybean lipoxygenase (6, 46) and reduced with
triphenylphosphine before analysis. The identity of the compound was
confirmed by identical retention time (6.1 min) with authentic 13-
HODE. Quantitation was performed by comparison with standard
curves generated using authentic 13-HODE (6, 46). The protein
content of tissue pellets was determined by a modified Lowry protein
assay using bovine serum albumin as a standard, and the HODEs were
normalized to protein content (24).

Protein pellets were hydrolyzed in 4 N methane sulfonic acid at
110°C for 24 h under argon, and amino acids were isolated from the
acid hydrolysate using a solid-phase C;s column (Supelclean SPE,
Supelco, Bellefonte, PA) as described previously (38). Isolated amino
acids were derivatized with dabsyl chloride as described previously
(23). Analysis of the dabsylated derivatives of tyrosine and 0,0'-
dityrosine were performed by reverse-phase HPLC (Jasco HPLC
Column, Beckman ODS Ultrasphere C;g column, 250 X 4.6 mm;
particle size 5 wm) as described previously (23). The identity of the
compounds was confirmed by identical retention time with authentic
0,0'-dityrosine and tyrosine (12.5 and 16.8 min, respectively) by
monitoring absorbance at 460 nm. Quantitation was performed by
comparison with standard curves generated using authentic 0,0’'-
dityrosine and tyrosine.

Urine metabolite screening. The urine samples were stored at
—80°C with 1 mM NaNj3 before analysis. An Agilent Technologies
(New Castle, DE) 6410 Triple Quadrapole mass spectrometer (MS)
system, equipped with an Agilent 1200 series HPLC system and an
electrospray (ESI) source, was used to determine the concentration of
creatinine in the urine samples. Positive LC/ESI/tandem MS (MS?)
was performed using the following parameters: spray voltage 4,000 V,
drying gas flow 11 I/min, drying gas temperature 325°C, and nebulizer
pressure 40 psi. Flow injection analysis (FIA) was used to optimize
the fragmentor voltage and collision energy. An MS? scan was
performed to optimize the fragmentor voltage. The product ion scans
were used to optimize collision energy in the FIA and injection on the
column. The urine samples were injected on a Phenomenex LUNA
hydrophilic interaction chromatography (HILIC) column (3 pm,
2.1 X 150 mm) using premixed H»>O/acetonitrile (15/85) in 20 mM
ammonium acetate, pH = 6.8, with an isocratic gradient. To deter-
mine the level of creatinine, a known amount of [?Hz]creatinine was
spiked into each sample. A full-scan mass spectrum revealed molec-
ular ions of m/z 114 and 117 for authentic creatinine and
[2Hs]creatinine, respectively. The transitions of the m/z 114 to 44 and
m/z 117 to 47 were monitored in multiple-reaction monitoring mode
for authentic and [*Hs]creatinine, respectively. The creatinine con-
centration in the urine sample was determined by comparing the peak
areas for authentic and [?Hs]creatinine for the above transitions.

To allow for normalization of the data, each urine sample was
diluted to have an identical creatinine concentration (500 fmol/ul).
Five microliters of the diluted urine samples were then subjected to
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reverse-phase HPLC on an Agilent 1200 series HPLC system using an
Agilent Zobax SB-Aq 1.8-pm, 2.1 X 100-mm column. The HPLC
conditions are as follows: flow rate: 0.4 wl/min; solvent A: 0.2% acetic
acid in water; solvent B: 0.2% acetic acid in methanol; and gradient:
solvent B 2-98% over 16 min. The samples were then analyzed by ESI
in both positive- and negative-ion modes using an Agilent 6410 Time
of Flight (TOF) MS. Mass spectral data were acquired with an
acquisition rate of 1.35 spectra/s, averaging 10,000 transients. The
source parameters were adjusted as follows: drying gas temperature
250°C, drying gas flow rate 12 1/min, nebulizer pressure 45 psi, and
fragmentor voltage 150 V. Differential expression analysis by posi-
tive- and negative-ion mode ESI of urine demonstrated unique signa-
tures specific for each group. 2D visualization tools in the MassHunter
Profiler differential analysis software (Agilent Technologies, Santa
Clara, CA) enabled the features to be rapidly sorted into multiple
categories. Only metabolites that were present in at least five of seven
samples were considered for analysis. Automated data-analysis algo-
rithms have recently been used for the data mining of electrospray
liquid chromatography/mass spectrometry (LC/MS) data (50). Herein,
the Agilent Molecular Feature Extractor algorithm was utilized to
identify discrete molecular entities defined by the combination of
retention time (in seconds), mass (m/z to 4 decimal places), and peak
intensity. Mouse urine samples were extracted using a signal-to-noise
threshold of two, and the resulting molecular feature list was sorted by
peak areas. Each molecular feature was a discrete molecular entity
defined by a combination of retention time, mass, and response in an
LC/MS analysis. Groups were then compared using the MassHunter
program to generate lists of chemically qualified molecular features:
persistent chemical background was removed by subtracting solvent-
generated features; coeluting interferences were resolved; isotopic
cluster was recognized and grouped; charge-state assignments and
molecular adducts were recognized; and 2D data were visualized. The
common metabolites found in urine samples were searched in an exact
mass database of >14,000 metabolites using the MassHunter METLIN
Metabolite Database software (http://metlin.scripps.edu) and the
2,180 endogenous human metabolites in the Metabolome tool box
(53) (http://hmdb.ca/index.html). The endogenous metabolites with
mass error of <200 ppm were chosen as potential identifications.

Cultured mesangial cell reactive oxygen species detection. The rat
mesangial cell line (MC LacZ) was cultured as previously reported
(16, 17) in RPMI 1640 with 20% NuSerum IV (BD Biosciences,
Bedford, MA) on coverslips, and cells were exposed to 8 or 20 mM
glucose * rosiglitazone (10 wM) or vehicle (DMSO) together for
indicated periods. The cells were loaded with carboxymethyl-H»-
dichlorofluorescein diacetate (CM-H,-DCFDA; Molecular Probes,
Eugene, OR) for 30 min before incubation in 8 mM or 20 mM glucose
concentrations. DCF fluorescence was detected by an Olympus
FluoView 500 Laser-Scanning Confocal Microscope set for an
excitation of 480 nm and an emission of 530 nm. Fluorescence
density was analyzed by Image J (National Institutes of Health,
Bethesda, MD).

Real-time quantitative PCR. RNA was isolated from cultured rat
mesangial cells. Total RNA (1 wg) was reversed transcribed by
Superscript. Real-time PCR was performed with TGF- primers
(TagMan Gene Expression Assay, catalog no. Rn00572010, Applied
Biosystems, Foster City, CA) on a TagMan ABI 7900 Sequence
Detection System (Applied Biosystems) and normalized to 18S
rRNA.

Data analysis. Data are presented as means = SE. For metabolite
analysis, the MassHunter Profiler software and Genespring MS sta-
tistical analysis software packages (Agilent Technologies) were used
to compare LC/MS data between groups. When two groups were
compared, a Student’s z-test was used. For multiple comparisons, a
one-way ANOVA followed by Tukey-Kramer post hoc analysis was
performed. P values =0.05 were considered statistically significant.
For metabolite analysis, the MassHunter Profiler software (Agilent
Technologies) was used to compare LC/MS data between groups.

ROSIGLITAZONE PREVENTS CHANGES OF DIABETIC NEPHROPATHY

RESULTS

DBA/2J mice became rapidly and consistently diabetic after
STZ treatment. In the 12-wk study, administration of rosigli-
tazone from 2—12 wk after completion of STZ injections had
no effect on body weight, kidney weight, fasting blood sugar,
or glycosylated hemoglobin in either the control or diabetic
groups (Table 1). In the 24-wk study, in which animals re-
ceived low-dose insulin, administration of rosiglitazone from 2
to 24 wk resulted in a modest reduction in fasting blood sugar
by the end of the study but had no statistically significant effect
on glycosylated hemoglobin levels or on other baseline char-
acteristics (Table 1). The relative lowering of blood glucose in
the 24-wk study corresponded to a gradual worsening of the
general health of the mice, which did not occur until the final
4 wk of life. Liver enzymes (ALT and AST) were monitored.
These enzymes levels were somewhat higher in diabetic ani-
mals, but rosiglitazone had no effect on these levels in either
control or diabetic animals (not shown).

In the 12-wk study, diabetic DBA/2J mice developed pro-
found albuminuria, which was ~14-fold greater than in control
mice (Fig. 1). Rosiglitazone treatment reduced albuminuria
almost fivefold in the diabetic animals, but had no effect on
albuminuria in the control animals (Fig. 1). In the 24-wk study,
insulin treatment prevented much of the albuminuria seen in
the 12-wk study as albuminuria in the diabetic mice after 12 wk
of diabetes was only about one-eighth the levels in the 12-wk
mice who received no insulin (data not shown). This reduction
in albuminuria was maintained at 24 wk (Fig. 1). Despite this
insulin protection, rosiglitazone further reduced albuminuria
virtually back to control levels (Fig. 1). Similarly, rosiglitazone
reduced the expansion in mesangial matrix seen in both 12- and
24-wk diabetic mice (Fig. 2A). Quantified as the mesangial
index (percent PAS-positive material in the mesangial tuft), 12
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Fig. 1. Effect of rosiglitazone on urinary albumin creatinine ratios (ACR) at 12
and 24 wk after streptozotocin (STZ) injection. C, control; D, diabetic; C+R,
rosiglitazone-treated control; D+R, rosiglitazone-treated diabetic. Values are
means = SE with total number of animals in parentheses. P < 0.05: *vs.
controls; Tvs. rosiglitazone-treated controls; fvs. diabetics.
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