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Abstract

Statins may confer renal protection in a variety of glomerular diseases, including diabetic
nephropathy (DN). However, various glomerular lesions have different etiologies and may have
different responses to statins. This study was performed to determine the differential effects of
simvastatin (SMV) on glomerular pathology including mesangial expansion and podocyte injury
in a mouse model of early stage type 2 diabetes mellitus (DM). Type 2 DM was induced in male
C57BL/6 mice by feeding a high fat diet (HF; 45 kcal% fat). After 22 weeks, one group of HF
mice was treated with SMV (HF-SMV; 7 ug/day/g BW) and another group was treated with
vehicle (HF-vehicle) for 4 weeks via osmotic mini-pump. A third group served as age-matched
normal diet vehicle controls (ND-vehicle; 10 kcal% fat). At the end of treatment, glomerular
morphology was evaluated in a blind manner to determine the progression of DN. Body weight,
blood glucose, insulin, HDL-cholesterol and triglycerides, but not LDL-cholesterol, were
increased in HF mice. Over the course of treatment, the 24-hour urinary albumin excretion (UAE)
was unchanged in ND-vehicle. HF mice exhibited elevated UAE, which decreased with SMV, but
was unchanged with vehicle. The absolute mesangial volume and the relative mesangial volume
per glomerular volume increased in HF-vehicle and remained elevated with SMV treatment. The
immuno-staining of nephrin, a protein marker of the integrity of podocyte slit diaphragms, was
decreased in HF-vehicle; however, the nephrin quantity of the HF-SMV group was not different
from ND-vehicle. It is concluded that SMV reverses podocyte damage, but does not affect
mesangial expansion in the kidneys of early stage proteinuria of type 2 DM.
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Introduction

Diabetes mellitus (DM) can lead to a host of pathological alterations characterized by

multiple organ dysfunctions, of which the diabetic nephropathies (DN) are a major cause of
morbidity and mortality. A study from this laboratory 1 and others 2 3 described glomerular
lesions in animal models of type 2 diabetes mellitus. These pathologies invariably included
effacement of podocyte foot processes, mesangial expansion and albuminuria. Recent
studies have shown that statins may reverse the albuminuria 4= in type 2 DM models.
However, the glomerular pathologies associated with the statin-reversal of albuminuria have
not been determined.
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Statins, 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors, are
potent inhibitors of cholesterol synthesis and are used extensively in the treatment of
hypercholesterolemia. Statins may confer renal protection in a variety of glomerular diseases
including diabetic nephropathy 7. It is usually assumed that the beneficial effects of statins
result from the competitive inhibition of cholesterol biosynthesis. However, statins may
exert additional beneficial effects, beyond their cholesterol-lowering properties. Statins
prevent the synthesis of isoprenoid intermediates, such as farnesyl pyrophosphate (FPP) and
geranylgeranyl pyrophosphate (GGPP), which interacts with a range of intracellular
signaling molecules, such as Rho and Ras 8. Thus, the pleiotrophic effects of statins can
have a variety of effects on the glomerular pathology of type 2 DM.

Mesangial cells are smooth muscle-like contractile cells that are interspersed among the
glomerular capillaries. Mesangial expansion by means of proliferation, hypertrophy and
matrix deposition is an early event in the progression of diabetic nephropathy % 19, The high
fat diet mouse model of type 2 DM exhibits mesangial expansion with glomerular
enlargement and hyperfiltration 1 after 13 weeks of diet. After 22 weeks, mesangial
dedifferentiation and glomerular collagen IV deposition 1 are observed in renal sections.

Podocytes serve as a filtration barrier to albumin. The foot processes of podocytes
interdigitate with a modified tight junction called a slit diaphragm, which is comprised of
many signaling proteins including nephrin and podocin 1. In diabetic nephropathy, the
effacement of podocyte foot processes and loss of slit diaphragm proteins result in leakage
of albumin 11,

Microalbuminuria is often the first clinical sign of renal dysfunction in patients with diabetes
mellitus. With increasing rates of albumin excretion, there is a progressive increase in renal
and cardiovascular risk 12. Although albuminuria may partially result from defective
proximal tubule reabsorption of proteins 13, the majority of albuminuria in subjects with
diabetes mellitus is associated with mesangial expansion ° 14 and effacement of podocyte
foot proceses 4 14,

Most patients with type 2 DM undergo a long quiescent period of insulin-resistance and
mild hyperglycemia before overt diabetic symptoms. Statins alleviate some of the
glomerular pathologies of DN. However, it is not understood whether reversal of podocyte
injury or mesangial expansion is associated with the reversal of albuminuria. Because
growth factors and other mediators of inflammation differentially affect mesangial
expansion and podocyte damage, SMV may affect these cellular pathologies differentially.
We therefore investigated whether mesangial expansion and/or podocyte injury exhibited in
type 2 DM mice, were differentially affected by SMV treatment.

Methods and Materials

Animal care and sampling

Male C57BL/6 mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA)
and maintained in the specific pathogen-free facility of the University of Nebraska Medical
Center. All experiments were performed under the guidelines of the Institutional Animal
Care and Use Committee of the University of Nebraska Medical Center.

Four-week old weanling mice were placed on a normal or high fat diet (45 kcal% fat,
Research Diets, NJ) and water ad libitum with a 12-h day/night rhythm. The high fat diet
comprised fat, protein and carbohydrate as 45%, 20%, and 35% of the total calories,
respectively. The normal diet comprised fat, protein and carbohydrate as 10%, 20% and
70% of the total calories, respectively. At the time of initiating the diets and two days before
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sacrifice, weight and blood samples were obtained the morning after overnight fasting (clean
cages and bedding, no food, water ad libitum). Blood samples were withdrawn retro-
orbitally under isofluorane inhalation anesthesia. Blood insulin levels were measured using
an ELISA method according to the manufacturer’s instruction (CRYSTAL CHEM, IL).
Blood glucose was measured with an Accu-Chek glucometer (Roche Diagnostic
Corporation, IN). Blood triglyceride, total cholesterol, and HDL cholesterol were measured
by an enzymatic/colorimetric method according to manufacturer’s instructions (Pointe
Scientific, MI).

Implantation of osmotic pump and surgery

After placing the mice on either a normal or high fat diet for a period of 22 weeks, the mice
were treated via subcutaneous implantation of an osmotic pump (DURECT Corporation,
CA) with SMV (7 g/day/g body weight, gift from Merck & Co, Inc., NJ) or vehicle for 4
weeks. The dosage was based a human dosage of 20 mg for a 60 kg person per day, but
increased by 10-fold because mice have a much higher GFR (10 times) and liver metabolism
rate than humans. SMV was dissolved in 60% ethanol, and the latter was used as the vehicle
control. After 4 weeks treatment, the GFR was determined under anesthesia and the mice
were sacrificed. GFR was measured by FITC-labeled inulin method as previously described
by this laboratory 15 and others 8. In brief, mice were anesthetized with Inactin (0.14 mg/g
BW) and a tracheal tube inserted. Catheters were inserted in the bladder, jugular vein and
carotid artery. The catheters were covered with foil to shield the FITC-inulin (Sigma-
Aldrich, MO) from light. The mean arterial blood pressure (MAP) was monitored with a
pressure transducer. Mice with a MAP less than 80 mm Hg were not utilized for further
experimentation because GFR fails to autoregulate below this value. Mice were infused with
a physiological saline solution containing (in mmol): 145 NaCl, 5 KCI, 10 HEPES, 1%
FITC-inulin (pH 7.4), at a rate of 16ul/g BW/hr. Urine was collected for one hour
subsequent to a one hour equilibration period. At the end of the collecting period, blood was
withdrawn from the carotid artery. The urine and plasma concentrations of FITC-inulin were
measured by the emitted fluorescence using a microplate reader. GFR was calculated as the
urinary flow rate times the concentration of inulin in the urine divided by the concentration
of inulin in the plasma.

Urine albumin excretion assay

A murine microalbuminuria ELISA kit (Exocell Inc. PA) was used to assay mouse 24-hour
urine albumin excretion. Forty-eight hour urine samples were collected in metabolic cages.
To complete the assay, 10 ul urine was diluted by 120 ul diluent. Diluted sample and rabbit
anti-murine albumin antibody were added to albumin-coated wells. The antibody interacted
and bound with the albumin immaobilized to the stationary phase. A subsequent reaction with
anti-rabbit -HRP conjugate labeled the probe with enzyme. After washing, the HRP bound
albumin was detected using a chromogenic reaction. Color intensity was determined by a
spectrometer (SpectraMAX 190, from Molecular Devices, CA) and was inversely
proportional to the logarithm of albumin in the fluid phase.

Immunohistochemistry

For histological analyses, the mice were sacrificed; the complete kidneys were rapidly
removed, and immediately immersed in 10% neutral buffered formalin and embedded in
paraffin. Sections 5 uM thick were mounted on glass slides and previously described
procedures were used for immunohistochemical analysis 1. Briefly, sections were
deparaffinized, rehydrated and boiled in 10 mM citrate buffer (pH 6.0) in a pressure cooker
for 2 min after steaming for antigen retrieval. Endogenous fluorescence was quenched in
0.1% osmium tetroxide for 2 minutes and then rinsed by tap water and set overnight.
Sections were incubated with 10% horse serum to prevent nonspecific binding. The sections
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were then incubated with goat anti-nephrin (Santa Cruz, CA) overnight at 4°C. After three
rinses with PBS for 15 minutes, the sections were incubated with Alexa Fluor® 488 Donkey
anti-goat antibody (from Molecular Probe, CA) for 1 hour at room temperature. Sections
were rinsed again with PBS and then evaluated under fluorescence microscopy. The images
were processed using Adobe Photoshop software. Positive and negative controls with their
respective to primary antibodies were applied for each staining. After each staining, nephrin-
stained capillaries in each glomerulus were counted. In each slide, a set of 20 consecutive
glomeruli were selected for counting.

Electron microscopy

Statistics

Results

Measurements of relative mesangial per glomerular volume (Vv(mes/glom) was performed
using the point grid system and Image Pro Plus image analysis software as described
previously 1719, In brief, ultra-thin renal sections (70 — 80 nm) were obtained and examined
with a Philips 410LS Transmission Electron Microscope in the Dept. of Genetics, Cell
Biology and Anatomy at UNMC. The sections were stained with 2% Uranyl Acetate and
Reynold’s Lead Citrate. Glomeruli were photographed and printed at 1,600X magnification
to produce photomontages of the entire glomerulus, defined as the circumscribed, minimal
convex polygon surrounding the glomerular tuft. Using the montages, Vv(mes/glom) was
calculated by superimposing a double lattice square grid with equally spaced coarse points
60 mm apart and equally spaced fine points 30 mm apart. Therefore each coarse point was
equal to four fine points. The Vv(mes/glom) was estimated by counting the number of fine
points (FP) falling on the mesangium in relation to the number of coarse points (CP) falling
on the glomerular tuft according to the equation: Vv (mes/glom) = FPm/(CPgX4). The
mesangium included the mesangial cell and extracellular matrix. Three mice from each
group and 2-3 glomeruli from each animal were analyzed for a total of 8-9 values in each
group (ND-veh, HF-veh, and HF-SMV). The morphology was analyzed by an electron
microscopy technician who was completely unaware of the treatment groups corresponding
to the numbered renal samples that were being analyzed.

All data are presented as means + SE. SigmaStat (version 3.00) was used for statistical
analysis. Differences between means were determined by a paired t-test or ANOVA plus
Student-Newman-Kuells, as appropriate.

Development of diabetic mice

The effects of high fat diet and SMV treatment on animal weight, blood glucose and blood
insulin levels are reported in figure 1. As in a previous study, male C57BL/6 mice were fed
a high-fat diet to induce obesity and an early stage of type 2 DM 1. After 22 weeks on the
high fat diet, the diabetic mice were treated with SMV or vehicle for 4 weeks. Age-matched
controls were fed a normal diet and treated with vehicle during the same time span. Four-
week treatment with SMV did not affect the weight gain of diabetic mice when compared to
vehicle-treated diabetic mice (Fig. 1A). Hyperglycemia was sustained during the course of
vehicle treatment. After 4 weeks of SMV treatment, the blood glucose level was not
significantly different from the level before SMV treatment or the blood glucose level of the
diabetic mice at the end of vehicle treatment (Fig. 1B). As previously reported, blood insulin
levels increased as mice developed obesity. The blood insulin levels decreased slightly, but
not significantly, in the SMV-treated diabetic mice compared to HF-vehicle mice (Fig. 1C).
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Lipid profiles

Table 1 shows the results of the high fat diet and SMV treatment on lipid profiles. In
comparison to the mice on a normal diet, diabetic mice (HF-vehicle) developed
hypercholesterolemia. Blood cholesterol levels decreased after 4 weeks of SMV treatment,
but were maintained at a constant level in HF-vehicle mice. As previously reported by our
group and others 1. 20, HDL, instead of LDL, is the main composition of the blood
cholesterol in mice. In contrast to human studies, SMV treatment lowered HDL in diabetic
mice. Blood triglyceride (TG) levels were elevated in both vehicle and SMV treated mice
and were not affected by 4 weeks of SMV treatment.

Renal function and morphology

Simvastatin treatment did not significantly (ANOVA) alter glomerular filtration rate (GFR).
After 26 weeks of diet, the GFR (ul/min) in ND-vehicle, HF-vehicle, and HF-SMV were
245 29 (n=9), 219 + 37 (n=6), and 227 £ 35 (n=11), respectively.

The urinary albumin excretion (UAE) was measured in all groups and the values
summarized in figure 2. As shown, the UAE values were consistently low in the ND-vehicle
group, with values of 17.3 and 15.8 pg/day, before and after, respectively, the four week
(vehicle) treatment regimen. Mice placed on the high fat diet (HF-veh) exhibited
significantly elevated UAE of 81.6 + 24.4 ug/day, which was unchanged with vehicle
treatment (81.8 £ 24.7). The mice placed in the HF-SMV group exhibited an initial UAE of
98.1 + 24.8 ng/day, which was significantly decreased to 41.4 + 8.6 pg/day on treatment
with SMV. At termination, the kidneys of the ND-vehicle, HF-vehicle and HF-SMV mice
were extracted and the glomerular pathology was compared.

Electron microscopy was used to determine the effects of HF diet on mesangial expansion,
expressed as the absolute volume and as a percentage of mesangial volume per glomerular
volume [Vv(mes/glom)]. As shown by the representative micrograph in figure 3A, there was
an apparent increase in Vv(mes/glom) in the HF-vehicle group compared with the ND-
vehicle group. The bar plots of figure 3B show that the absolute mesangial volume was
increased from 2.92 x 104 um3 in the ND-vehicle group to 6.04 x 104 um3 in the HF-vehicle
group; however, the value for mesangial volume (5.59 x 104 um3) in the HF-SMV group
was not significantly different from that of HF-vehicle. Figure 3C summarizes the relative
glomerular volume, VVv(mes/glom). in all groups. There was a significant increase in
Vv(mes/glom) from 13.2% in the ND-vehicle group to 21.5% in the HF-vehicle group.
However, there was no significant difference when the VVv(mes/glom) value (22.3%) for the
HF-SMV group was compared with HF-vehicle. Therefore, a four-week administration of
SMV does not appear to affect the relative mesangial expansion in the type 2 DM mice
induced by the HF diet.

The increase in UAE in the HF mice may be elicited by podocyte damage. In order to
investigate the status of the podocyte integrity in diabetic mice we studied expression of
nephrin, a protein localized on slit diaphragms of the foot processes. Shown by the
representative stainings of figure 4A, nephrin was clearly expressed in almost every
capillary loop in renal glomeruli of the ND mice. However, nephrin staining was noted only
in a few capillary loops in the glomeruli of the HF-vehicle (diabetic) mice. As shown, SMV
treatment rescued nephrin expression in the HF-SMV group. To compare statistically the
nephrin expression in the three groups, the positive stained capillary loops were counted in
random glomeruli, the results summarized and presented in figure 4B. Nephrin staining was
significantly reduced in the HF-vehicle group when compared with the ND-vehicle. The HF-
SMV group returned toward the values of the ND-vehicle group and was significantly

Ren Fail. Author manuscript; available in PMC 2011 July 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wei et al. Page 6

greater than the HF-vehicle group. Therefore, SMV treatment reversed the loss of nephrin in
the HF mice, indicating that SMV restores the integrity of the podocytes.

Discussion

A previous study in this laboratory demonstrated that C57/BI6 mice exhibited significantly
high plasma insulin and glucose levels after only 8 weeks on a high fat diet 1. Other studies
have shown that a high fat diet induces type 2 DM in some strains of mice 12123, The
purpose of the present study was to determine the differential effects of SMV on renal
lesions noted in mice inflicted with an early stage of type 2 DM after 22—26 weeks on a high
fat diet. Renal pathology included excessive albumin excretion, mesangial expansion, and
diminished nephrin expression in podocytes. SMV treatment for four weeks reversed the
albumin excretion and nephrin loss. Mesangial area, increased in HF mice, was unaffected
by short-term treatment with SMV.

Effects of diet and SMV treatment on lipid profile

The results of the present study showed that the total cholesterol levels were significantly
increased in the HF mice. However, the blood concentration of HDL, the primary
component of cholesterol in mice, was increased with the high fat diet and reduced by SMV.
Other studies have reported that HDL is the major component of cholesterol in mice and is
reduced by SMV 1. 20,

The LDL of the mice was relatively unaffected by SMV. Thus, a reduction of LDL could
not be a factor in the reversal of the renal lesions. Other studies have found that the
beneficial renal effects of statins are independent of their LDL lowering effects 24 25, In
patients with type 2 DM, SMV therapy reduced albuminuria in both normotensives and
hypertensives, independent of the LDL lowering effects 24. However, one study has shown
that plasma cholesterol dose-dependently increased proteinuria in rats 25,

Effects of SMV on albuminuria

The finding that SMV reversed albuminuria is consistent with some recent studies showing
that statins alleviate the proteinuria of diabetic nephropathy. One-year treatment of non-
diabetic patients with atorvastatin decelerated the progression of kidney disease, indicated
by the amelioration of proteinuria and reduction of GFR loss 27. Pitavastatin decreased
albuminuria of the db/db model of type 2 diabetic mice ® and simvastatin reduced
albuminuria in an STZ-induced type 1 DM rat model 28,

Statins also reduce albuminuria in non-diabetic models of nephropathy. Cerivastatin reduced
proteinuria and renal injury independently of blood pressure and cholesterol levels in stroke-
prone spontaneously hypertensive rats 2°. Lovastatin reduced glomerular macrophage
infiltration in glomeruli and attenuated the albuminuria of rats with puromycin
aminonucleoside nephrosis 30.

Although statins may reduce or prevent albuminuria in early stages of type 2 diabetes
mellitus, they may not be useful for treating patients in later stages of diabetes with chronic
renal disease. Fluvastatin effectively lowered LDL-cholesterol in patients with diabetic
nephropathy or chronic glomerulonephritis but did not improve albuminuria or creatinine
clearance 31, Importantly, treating type 2 DM patients on dialysis with atorvastatin did not
reverse or slow the progression of disease 32. Therefore, it is possible that statins correct
albuminuria in early stages of reversible glomerular injury but not in later stages when the
cells of the filtration barrier are irreversibly damaged.
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Effects of SMV on mesangial expansion

Previous studies have suggested that mesangial expansion leads to long term renal disease
by extracellular matrix occlusion and restriction of capillary filtration surface area 33 34, A
variety of factors may be responsible for diabetes-associated mesangial expansion. Glucose
entry into mesangial cells is not controlled by insulin. Consequently, the high plasma
glucose concentration of diabetes mellitus generates in mesangial cells an abundance of
diacyl glycerol (DAG), which stimulates protein kinase C 3° and increases mesangial
proliferation 36. However, in comparison to glucose levels of 400 to 600 mg% in type 1 DM,
glucose was only mildly elevated to 170 mg% in the present high fat model of type 2 DM.
Another factor is the elevated plasma insulin levels, which could stimulate mesangial growth
via insulin-like growth factor (IGF) receptors 37, which are abundantly expressed in
mesangial cells. Indeed, the expression of IGF receptors is enhanced in mesangial cells
isolated from the db/db type 2 DM mouse model 38.

In seeming contrast to the results of the present study, some studies have found that statins
prevent mesangial proliferation in vitro 3% 40, Additionally, statins can cause apoptosis or
reverse serum-stimulated mesangial proliferation 1. However, most in vivo models of
diabetic nephropathy indicate that mesangial proliferation is an early event 142 and early
treatment may be necessary to prevent mesangial proliferation. In support of this notion,
only early treatment with statins prevented mesangial proliferation in an in vivo model of
proliferative nephritis 43. Administration of pitavastatin orally for 12 weeks to 12 week-old
db/db mice reduced mesangial proliferation determined by PAS staining and imaging
software °. Therefore, by the time of SMV intervention in the high fat fed mouse model (22
to 26 weeks on HF diet), the mesangial cells may have already irreversibly proliferated and
dedifferentiated.

Statin reversal of podocyte-associated nephrin loss and albuminuria

It is generally accepted that the numerous foot processes of podocytes interdigitate with
neighboring foot processes to form a filtration slits linked by slit diaphragms, which serves
as barriers to the passage of proteins 11 44, Thus, albuminuria, one of the first signs of
impending nephropathy in the early stages of type 2 diabetes, is evidence for loss of slit
diaphragm integrity. The mechanism for the early loss of podocyte structure in early type 2
diabetes is unknown. However, even in nondiabetics, the central obesity, which is a
component of metabolic syndrome and is modeled in the high fat fed mice of this study, is
an independent risk factor for albuminuria 4°.

The present study showed that SMV restores the nephrin expression that is reduced in an
early stage of type 2 DM nephropathy. Nephrin is an adhesion molecule 46 localized
specifically on slit diaphragms of podocytes 47 48, Like other adhesion molecules, nephrin is
phosphorylated and involved in the organization of the slit diaphragm 4°, possibly by
stimulating AKT-dependent signaling and remodeling of the actin cytoskeleton 0. Indeed,
several cytoskeletal stimulators can induce nephrin shedding from the podocyte foot
processes 1. Our results are consistent with a recent study showing that fluvastatin restored
nephrin and podocyn expression in renal sections from puromycin aminonucleoside (PAN)-
induced nephrosis in rats 8. Sung et al 52 also found a decrease in glomerular nephrin in a
type 2 DM model (db/db) as determined by immunohistochemistry. In that study, it was
interesting that Western blot showed enhanced nephrin expression in whole kidneys.
However, It is possible that nephrin was shed from podocytes and remained in the kidney.

Potential mechanism for differential effects of statins on podocytes and mesangial cells

This is the first study to show that statins reversed albuminuria and podocyte injury without
affecting the mesangial expansion of diabetic nephropathy. That mesangial expansion is not
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reversed by statins suggests a disassociation between mesangial expansion and albuminuria.
The reduction of RhoA by statins may be one factor in the noted LDL-independent reversal
of albuminuria by statins. The inhibition of isoprenylation by statins prevents RhoA from
translocating to the plasma membrane where it is activated. RhoA signaling is over-active in
PAN nephrosis and a reduction in RhoA activity, either by statins or the specific Rho-kinase
inhibitor, fasudil, reversed the podocyte impairment 6. Therefore, it is possible that statins
restore podocyte integrity by their action to reduce the activation of RhoA.

The differential effects of SMV on podocyte injury and mesangial expansion may be due to
the property of SMV to inhibit vascular endothelial growth factor (VEGF) but not TGF-f.
Inhibition of RhoA by statins reverses the effects of VEGF 33, which is associated with
podocyte injury but it may not reverse the effects of TGF-B, which is more associated with
mesangial expansion and collagen deposition ®4 %, Indeed, anti-TGF-B; therapy in db/db
mice ameliorated matrix expansion without affecting albuminuria 56 and administration of
anti-VEGF reversed albuminuria without affecting mesangial expansion 2 57, A recent
study by Whiteside and coworkers showed that high glucose leads to an increase in VEGF
via PKC stimulation in mesangial cells 58. Moreover, VEGF is elevated in glomeruli from
type 2 DM kidneys 3759, where it can cause an increase in stress fiber formation in
glomerular endothelial cells as well as podocyte injury and albuminuria 52. The beneficial
consequences of inhibiting RhoA activity may involve inhibiting VEGF.

Finally, evidence now indicates that podocyte injury 69, as well as mesangial expansion 5 is
the result of an inflammatory response and the generation of NAD(P)H oxidase NOX4,
which is a major source of oxidative stress leading to glomerular hypertrophy in the

kidney 1. A recent study showed that pitavastatin ameliorated albuminuria and mesangial
expansion by preventing the generation of NOX4 5. Interestingly, antioxidants also
ameliorate the expression of VEGF in podocytes 0. Thus, SMV may reverse the podocyte
injury in our diabetic model by preventing the NOX4 stimulation of VEGF.

Regardless of the mechanism of action of SMV, our results show that SMV applied
relatively late in the progression of DN in the early stage of type 2 DM, reverses
albuminuria and podocyte injury without affecting mesangial expansion. Thus, even though
early treatment of statins can prevent mesangial expansion, the prevention of podocyte
injury, is probably more related to the reduction of albuminuria.
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Figure 1.

Effects of SMV on body weight (A), plasma glucose (B) and plasma insulin (C). A. Body
weight increased in normal mice during the course of treatment from 28 to 31.5 gms. The
body weight of HF-vehicle and HF-SMV did not change during the four-week treatment
regimen. B. Plasma glucose concentration, significantly elevated in the HF-vehicle and HF-
SMV groups compared with controls, was reduced slightly but significantly by SMV
treatment. C. SMV did not affect insulin levels over the four-week treatment regimen.
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Figure 2.

Summary of UAE values determined before (B) and after (A) treatment in normal diet
vehicle (ND-veh; n=11), high fat diet vehicle (HF-veh; n=5) and high fat diet simvastatin
(HF-SMV; n=6) groups of mice. *Denotes statistical significance (p<0.05) when comparing
HF-SMV after treatment to HF-SMV before treatment.
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Figure 3.

Representative electron micrographs of renal sections (A) and summary bar plots for
mesangial volumes (B), and mesangial volume per glomerular volumes (C) for ND-vehicle,
HF-vehicle and HF-SMV. *Denotes statistical significance (p<0.05) when comparing HF-
SMV and HF-vehicle with ND-vehicle using ANOVA plus SNK. Stains were 2% Uranyl
Acetate and Reynold’s Lead Citrate.
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Figure 4.

A. Immunohistochemical analysis of renal sections from ND-vehicle, HF-vehicle and HF-
SMV. Kidneys stained with goat polyclonal anti-nephrin antibody (from Santa Cruz).
Magnification x 400. B. Bar graph summarizes number of nephrin stained glomerular
capillary loops in ND-vehicle (n=10), HF-vehicle (16) and HF-SMV (n=16). *Denotes
statistical significance (p<0.05) when comparing HF-vehicle with HF-SMV and ND-vehicle
using ANOVA plus SNK.
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