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ABSTRACT

Background and Objectives: Diabetic nephropathy (DN) is the leading cause of end stage renal disease. The aim of this
study is to demonstrate the possible mechanism of reno-protective role of Simvastatin (SMV), a lipophilic compound
against streptozotocin induced diabetic nephropathy.

Methods and Results: Thirty-five adult male albino rats were divided into control group, diabetes group and SMV treated
diabetic group 40 mg/Kg/ day for 8 weeks. Animals were sacrificed and the kidneys were dissected out and prepared to be
stained with hematoxylin and eosin, periodic acid sheif (PAS), toluidine blue and immunohistochemical staining against
inducible nitric oxide synthase (iNOS). Ultrathin sections were also prepared. Morphometric measurements and statistical
analysis were done. Diabetic group revealed glomerular and tubular affection in addition to significantly increased
PAS staining and immunostaining of iNOS. Electron microscopy revealed affected glomerular basement membrane,
endothelium and podocyte. Treatment with SMV markedly attenuated these changes with significant decrease in PAS
stain and iNOS immunostain.

Conclusion: Simvastatin could attenuate streptozotocin induced DN through many factors as lipo-protection, anti-
inflammatory and antioxidant effects. This anti-inflammatory and antioxidant effects could be through inhibition of iNOS

enzyme and secondary decreased production of NO.
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INTRODUCTION

One of the major complications of diabetes that causes
millions of deaths worldwide is DN. Hyperglycemia and
advanced glycation end products are risk factors for the
development of DNI!,

Clinically, there is microalbuminuria, which progresses
to macroalbuminuria and decreased renal function!?.
Histologically, there are glomerular basement membrane
thickening, mesangial expansion and tubule-interstitial
fibrosist®!.

Diabetic nephropathy is one of the most common
causes of end-stage renal disease in many countries
leading to an urgent need to find additional effective
therapeutic strategies®™. The risk for nephropathy with
progression to end-stage renal disease is similar for both
types (type I and IT) of DM,
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Streptozotocin induces diabetes type I by beginning
oxidative stress processes that result in the destruction
of the Langerhans islets B cells. It also inhibits many
of the enzymes involved in DNA synthesis and causes
degeneration and destruction of DNA (4) Dyslipidemial,
renal inflammation’ and oxidative stresst” have critical
role in both initiation and progression of DN.

Oxidativestress increases due toseveral factorsincluding
hyperglycemia, glucose auto oxidation and production of
advanced glycation end products that lead to defective
antioxidant defenses®. It increases lipid peroxidation
(LPO) and plays an important role in chronic complications
of diabetes!. Additionally, oxidative stress has been known
to stimulate inflammatory molecules such as cytokines and
inducible Nitric oxide synthase (iNOS)!!,

Inducible Nitric oxide synthase (iNOS) is an enzyme
that synthesizes Nitric oxide from L-arginine and molecular
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oxygen. Overproduction of nitric oxide and iNOS has been
linked to many chronic inflammatory and immune diseases
as a response to bacterial products and pro-inflammatory
cytokinest' 12, It is suggested that glomerular iNOS is
involved in DN,

Statins (3-Hydroxy-3-methylglutaryl CoA reductase
inhibitors) including SMV, block cholesterol biosynthesis
and are commonly used to treat dyslipidemia. They could
reduce vascular disorders in patients with diabetes!'*.
They also could be effective in reducing inflammation
and glomerular filtration dysfunction in patients with
chronic kidney disease!’”. Moreover, statins could have
an antioxidant activity through improving enzymatic
antioxidants; Catalase (CAT), superoxide dismutase
(SOD), and glutathione peroxidase (GSH-Px), and non-
enzymatic antioxidants; glutathione!'l.

AIM OF THE WORK

This study aims to demonstrate the possible mechanism
of reno-protective role of SMV, a lipophilic compound
against streptozotocin induced diabetic nephropathy.

MATERIALS AND METHODS

I- Animals:

Thirty five adult male albino rats (200- 220 g) were
housed in Kasr Al-Ainy animal house, Faculty of Medicine,
Cairo University. The animals were chosen after measuring
the random blood sugar (RBS) level by glucometer and
those rats with RBS less than 200 mg/dl were chosen. The
rats were treated in accordance with guidelines approved
by the Animal Use Committee of Cairo University. The
rats were provided with ordinary rat chow, bred and housed
in wire mesh cages at temperature 24 +1°c, with normal
light-dark cycle. All animals were kept under the same
environmental conditions and had free access to water and
food.

II- Chemicals used:

Streptozotocin (STZ), an antibiotic purchased from
Sigma Company (St. Louis, MO, USA). It was dissolved in
sodium citrate buffer (0.1 mM, PH 4.4) immediately before
its use.

Simvastatin (ZOCOR) was supplied by Global Napi
Pharmaceutical — Egypt under license from: Merk and
Co.Inc., Whitehouse Station, N.J., USA in the form of 10
mg tablets. It was dissolved in distilled water immediately
before its use.

1I1- Experimental design:

Rats were divided into 3 groups: Group I (Control
group. n=15): They were subdivided into three subgroups.

Subgroup IA: Five rats received no treatment. Subgroup
IB: 5 rats received single intraperitoneal injection of 1 ml of
sodium citrate buffer (0.1 mM, PH 4.4) after being starved
for 12 hours. Subgroup IC: 5 animals were prepared as in
Subgroup IB then 3 days later they received 2 ml distilled
water once daily by gastric gavage for 8 weeks. Group II
(diabetic group. n=10): Rats were injected intraperitoneally
with 50 mg/Kg of STZ after being starved for 12 hours
to induce diabetes type Il'"). Streptozotocin was dissolved
in sodium citrate buffer (0.1 mM, PH 4.4) immediately
before its use. After 3 days RBS was measured. Rats with
RBS 200 mg/dl or more were considered diabetic!'®]. Then
the animals were subdivided into: Subgroup IIA (5 rats):
received nothing following STZ. Subgroup IIB (5 rats):
received 2 ml distilled water once daily by gastric gavage
for 8 weeks. Group III (treated group. n=10): Rats were
prepared as in group II then received SMV 40 mg/Kg
dissolved into 10 ml distilled water (2 ml for each rat) once
daily by gastric gavage for 8 weeks!'.

1V- Experimental procedure:

At the end of the study, RBS, lipid profile, blood
Urea and Creatinine were measured in Biochemistry
Department, Faculty of Medicine, Cairo University.
Blood urea and creatinine were measured using the
conventional colorimetric method using Quanti Chrome
TM assay kits based on improved Jung and Jaffee
methods, respectively (DIur-500 and DICT-500). The
animals were sacrificed with intravenous Phenobarbital
(100 mg/kg) and the kidneys were immediately dissected
out.

Light microscopic study:

Specimens from right kidney were fixed in 10% buffered
formalin solution and processed for paraffin sections of 5
micrometers thickness in Histology Department, Faculty
of Medicine, Cairo University. Sections mounted on
Canada balsam coated slides in case of ordinary and special
staining and poly-lysine coated and charged slides in case
of immunostaining. Sections of all groups were stained by:

. H&EP,

. Periodic Acid Schiff (PAS) stain",

*  Immunohistochemistry for iNOS antibody!2.
Primary antibody

It is a rabbit polyclonal antibody (Lab Vision
Corporation Laboratories, catalogue number PA121054-).

Detection System for the primary antibody: Ultravision
detection system (Lab Vision Corporation Laboratories,
catalogue number TP - 015- HD). Reagents Supplied in
this kit were; Hydrogen Peroxide Block, Ultra V Block,
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Biotinylated Goat Anti-Polyvalent secondary antibody,
Streptavidin Peroxidase, DAB Plus Substrate and DAB
Plus Chromogen.

Steps of Immunohistochemical staining:

Sections were incubated in hydrogen peroxide block
for 15 minutes then rinsed in PBS (2 times, 2 minutes
each). Immunostaining required pretreatment for antigen
retrieval, this was done by boiling for 10 minutes in 10Mm
citrate buffer (Lab Vision Corporation Laboratories, cat
no AP 9003) pH 6 and leaving the sections to cool in
room temperature for 20 minutes then rinsed 4 times, 2
minutes each in Phosphate buffered saline (PBS) (Sigma
Chemical CO.P.3813 USA). Sections were incubated
immediately with 2 drops of Ultra V Block for 5 minutes
at room temperature to eliminate non-specific background.
Each section was incubated for 60 minutes with 2 drops
(=100 pl) of the primary antibody (this step was omitted
in negative control sections). Slides were incubated for 10
minutes with 2 drops of Biotinylated Goat Anti-Polyvalent
secondary antibody at room temperature then rinsed
well with PBS (4 times, 2 min. each). Each section was
incubated with 2 drops (100 pl) streptavidin peroxidase
for 10 minutes at room temperature then washed in
PBS (4 times, 2 min. each). One drop (40 ul) DAB Plus
Chromogen was mixed with 2 ml of DAB Plus Substrate
then applied to section and incubated for 10 minutes at
room temperature then rinsed well with distilled water.
Slides were counterstained with Mayer's hematoxylin (Lab
Vision Corporation Laboratories, cat no TA- 060- MH),
dehydrated and mounted. iNOS immunopositive reaction
appears as brown cytoplasmic deposits. A photomicrograph
of positive control section in lung tissue immunostained
with iNOS polyclonal antibody (catalogue number PA1-
21054) was obtained from Lab Vision Corporation
Laboratories.

Electron microscopic study?

Small pieces of the left kidney were fixed in 2.5%
glutaraldehyde and postfixed in osmium tetraoxide 1.0%,
dehydrated in ascending grades of alcohol, cleared in
propylene oxide and embedded in epon. Semithin sections
were prepared and stained with toluidine blue. Ultrathin
sections were prepared and stained with uranyl acetate and
lead citrate and examined by JEOLJEM 1400 transmission
electron microscope at electron microscopic unit, Faculty
of Agriculture, Cairo University.

Morphometric Study:
. Optical density of PAS in PAS stained sections

. Area percent of iNOS immunopositive cell

. Basement membrane thickening in EM sections

All measurements were done in 10 non overlapping
fields for each animal of each subgroup. Image analysis
for light microscopic sections was done using Leica
Qwin 500 LTD software image analysis computer
system (Cambridge, England) in Histology department,
Faculty of Medicine, Cairo University. Image analysis
for electron microscopic sections was done using AMTV
600 ADVANTAGE software computer system (Advanced
Microscopy Techniques corp. Woburn, United States) at
electron microscopic unit, Faculty of Agriculture, Cairo
University.

V- Statistical analysis:

Mean, standard deviation, student's t-test and analysis
of variance (ANOVA) were calculated using EXCEL and
SPSS 16 software. Results were considered significant

when P value was < 0.05P4,

RESULTS

General Observation:

No deaths or abnormal behavior were observed in
all rats except the presence of excessive urination in the
diabetic group. The biochemical, histological and immune-
histochemical findings of all control subgroups (group I)
were similar. The diabetic subgroups showed also similar
biochemical, histological and immune-histochemical
findings.

The mean values of random blood sugar level of
diabetic rats (group II) were significantly increased when
compared to control rats (group I). The mean values of RBS
level of the treated rats (group III) revealed nonsignificant
decrease eight weeks after SMV intake when compared
with diabetic rats (group II) and significant increase when
compared with the control rats (group I).

Serum lipid profile levels (Table 2):

The mean values of low density lipoprotein (LDL),
total triglycerides (TG) and total cholesterol (TC) level
of diabetic rats (group II) were significantly increased
when compared to control rats (group 1) while the mean
value of high density lipoprotein (HDL) was significantly
decreased when compared to control rats. The mean values
of LDL, TG and TC level of the treated rats (group III)
revealed significant decrease eight weeks after SMV
intake when compared with diabetic rats (group II) while
the mean value of HDL was significantly increased when
compared to diabetic rats. The mean values of LDL, TG,
TC and HDL level of the treated rats (group III) revealed
nonsignificant change when compared with control rats.
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Urea level (Table 3):

The mean values of Urea level of diabetic rats (group
II) were significantly increased when compared to control
rats (group I). The mean values of Urea level of the treated
rats (group III) revealed significant decrease eight weeks
after SMV intake when compared with diabetic rats (group
I1). However, the Urea level in group I1I showed significant
increase when compared with the control rats (group I).

Creatinine level (Table 4):

The mean values of Creatinine level of diabetic rats
(group II) were significantly increased when compared
to control rats (group I). The mean values of Creatinine
level of the treated rats (group III) revealed significant
decrease eight weeks after SMV intake when compared
with diabetic rats (group II). However, the Creatinine level
in group III showed significant increase when compared
with the control rats (group I).

1I- Histological results:

Hematoxylin and Eosin stained kidney sections:

Control group revealed normal structure of the
malpighian renal corpuscles, proximal and distal
convoluted tubules of the kidney cortex (Fig. 1-a). The
diabetic group revealed segmented glomeruli with dilated
congested capillaries and markedly dilated Bowman’s
space. Many tubular and glomerular cells had small darkly
stained condensed nuclei. Most proximal convoluted
tubules have lost their brush border while other renal
tubules showed casts within the lumen. Blood vessels were
congested (Fig. 1-b).Sections of treated group III showed
a structure nearly similar to that of the control group
except for dilated capillaries, mildly dilated Bowman’s
space and some cells with small darkly stained condensed
nuclei. There were partially regained brush border of most
proximal convoluted tubules (Fig. 1-c).

Periodic acid Schiff stained kidney sections:

Control group revealed normal staining of glomerular,
capsular, tubular basement membranes, mesangial matrix
and brush border (Fig. 2-a).The diabetic group revealed
dense staining of the same structures and proximal tubules
were seen with many areas of lost brush border (Fig. 2-b).
The treated group revealed nearly normal staining of the
same structures with few interrupted areas of brush border
(Fig. 2-c).

Anti-iNOS stained renal sections:
Control group revealed negative immunoreactivity in

all tubules and glomeruli (Fig. 3-a). The diabetic group
revealed strong cytoplasmic and nuclear immunoreactivity

in cells of all tubules and glomeruli (Fig. 3-b). Treated group
revealed mild cytoplasmic and nuclear immunoreactivity in
cells of some tubules and few cells inside some glomeruli
(Fig. 3-¢).

Semithin renal sections examination:

Section in the renal cortex of a control rat kidney
showed normal glomerular capillaries. PCT cells had
vesicular nuclei with distinct brush border and crowded
mitochondria (Fig. 4-a). The diabetic group revealed
marked dilated congested glomerular capillaries, loss
of the brush border of PCT with areas of decreased
mitochondria and detached cytoplasm (Fig. 4-b). In treated
rats, there was almost restoration of glomerular and tubular
architecture except for some dilated congested glomerular
capillaries (Fig. 4-c).

Transmission Electron Microscopy of renal sections:

Control group revealed normal structure of glomerular
basement membrane with a central electro-dense layer and
bilateral electro-lucent layers. The glomerular basement
membrane was surrounded with normal podocyte feet
processes on one side and fenestrated endothelium on
the other side. Normal mitochondria were seen in both
podocyte and endothelial cells (Fig. 5). The diabetic
group revealed thick glomerular basement membrane
with indistinct layers. Most podocyte feet processes were
effaced and fused with each other. The endothelial layer
was detached from glomerular basement membrane.
Mitochondria were swollen with loss of cristae in
both podocyte and endothelial cells (Fig. 6). Sections
of treated group showed a structure nearly similar to
that of the control group except for small areas with
effaced and fused podocyte feet processes (Fig. 7).

III-Morphometric results:

Optical density PAS  stained

sections (Table 5):

of PAS in

Optical density of PAS showed significant increase
in diabetic group (group II) when compared with control
group. Eight weeks after SMV intake, it showed significant
decrease in treated rats (group III) when compared with
diabetic rats (group II) and nonsignificant increase when
compared with control group.
Area  percent of INOS
cells (Table 6):

immunopositive

The immunoreactivity was not detected in control
rats. It was markedly detected in diabetic rats (group
II) and showed significant decrease eight weeks
after SMV intake in treated rats (group III).
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Basement Membrane Thickening (BMT) in EM
sections (Table 7):

The mean values of BMT of diabetic rats (group II)

were significantly increased when compared to control rats rats (group I).

Table 1: The mean values (=SD) of random blood sugar level expressed as mg/dl of control and experimental subgroups at the end of the

(group I). The mean values of BMT, eight weeks after SMV
intake in the treated rats (group III) revealed significant
decrease when compared with diabetic rats (group II) and
nonsignificant difference when compared with the control

experiment.

Group Mean (mg/dl)=SD

I A 89.9+9.4
B 86.3+10.2
C 91.7+£7.6

I A 309. £ 11.9%*
B 307.9 £ 13.1%*

1 289.8+ 10.5%*

**Significant increase (P < 0.05) as compared to group I

Table 2: The mean values (=SD) of LDL, HDL, TG and TC level expressed as mmol/dl of control and experimental groups at the end of the

experiment.
LDL HDL TG TC
Group (mmol/L) (mmol/L) (mmol/L) mmol/L)
1 0.56 = 0.05 0.67 +0.05 0.29 +0.01 1.90 +0.07
1I 1.04 £ 0.07** 0.44 +0.02* 0.54 £0.01** 3.10£0.17**
1T 0.60 + 0.080 0.66 £ 0.0500 0.30+0.01o 1.87+£0.130

**Significant increase (P < 0.05) as compared to group I
*Significant decrease (P < 0.05) as compared to group I
ooSignificant increase (P< 0.05) as compared to group II
oSignificant decrease (P< 0.05) as compared to group II
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Table 3: The mean values (+SD) of urea level expressed as mg/dl
of control and experimental groups at the end of the experiment.

Group Mean (mg/dl) £SD
I 28.5+ 5.1

I 87.9 £ 4.5%*

11 52.7£ 5.6%*0

**Significant increase (P < 0.05) as compared to group I
oSignificant decrease (P< 0.05) as compared to group II

Table 4: The mean values (+SD) of Creatinine level expressed
as mg/dl of control and experimental groups at the end of the
experiment

Group Mean (mg/dl) £SD
I 0.62+ 0.1

1 1.91 + 0.087+*
111 1.2+ 0.081**0

**Significant increase (P < 0.05) as compared to group |
oSignificant decrease (P< 0.05) as compared to group II

Table 5: The mean values (= SD) of Optical density of PAS in
PAS stained sections of control and experimental groups at the
end of the experiment.

Group Mean +SD
I 0.90+0.3

I 5.9+£0.7 **
11 1.10+0.40

**Significant increase (P < 0.05) as compared to group I
oSignificant decrease (P< 0.05) as compared to group II

Table 6: The mean values (+ SD) of area percent of iNOS
immunopositive cells in the experimental groups at the end of
the experiment.

Group Mean Area Percent £SD
1T 50.9+7.6
111 17.4 £4.80

oSignificant decrease (P< 0.05) as compared to group II

Table 7: The mean values (£SD) of basement membrane
thickening level expressed as nanometer (nm) of control and
experimental groups at the end of the experiment.

Group Mean (nm) £SD
I 275.8+34.9
I 916.7 & 44.3%*
I 301.1 +31.50

**Significant increase (P < 0.05) as compared to group |
oSignificant decrease (P< 0.05) as compared to group II

Fig. 1: Photomicrograph of a section in the renal cortex from:
(a) a control rat shows two Malpighian renal corpuscles
containing glomeruli (G) with many capillaries (C) surrounded
with Bowman's space (S), Proximal convoluted tubules (PCT)
and Distal convoluted tubules (DCT). (b) a diabetic rat shows
segmented glomerulus (G) with dilated congested capillaries
(C) and markedly dilated Bowman’s space (S). Many tubular
and glomerular cells have small darkly stained condensed nuclei
(arrows). Proximal tubule is seen with almost lost brush border
(PCT). Some renal tubules show casts within the lumen (asterisks).
Blood vessels (BV) are seen congested. (c) a treated diabetic rat
shows one Malpighian renal corpuscle containing a glomerulus
(G) with dilated capillaries (C), mildly dilated Bowman's space
(S). Most proximal convoluted tubules (PCT) have partial brush
border. Some tubular and glomerular cells have small darkly
stained condensed nuclei (arrows). (H&E X400)
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Fig. 2: Photomicrograph of a section in the renal cortex from:
(a) a control rat shows normal staining of mesangial matrix
(asterisks), glomerular basement membrane (arrow), capsular
basement membrane (wavy arrow), tubular basement membrane
(arrow head) and brush border (curved arrows). (b) a diabetic
rat shows dense staining of mesangial matrix (asterisks),
glomerular basement membrane (arrow), capsular basement
membrane (wavy arrow), tubular basement membrane (arrow
head). Proximal tubules are seen with areas of lost brush border
(curved arrows). (c) a treated rat shows almost normal staining of
a mesangial matrix (asterisks), glomerular basement membrane
(arrow), capsular basement membrane (wavy arrow), tubular
basement membrane (arrow head). Brush border shows few
interrupted areas (curved arrows). (PAS X400)

Fig. 3: Photomicrograph of a section in the renal cortex from: (a)
a control rat shows negative immunoreactivity in all tubules (T)
and glomerulus (G). (b) a diabetic rat shows strong cytoplasmic
and nuclear immunoreactivity in cells of all tubules (T) and
glomerulus (G). (c) a treated rat shows mild cytoplasmic and
nuclear immunoreactivity in cells of some tubules (T) and few
cells (arrows) inside glomerulus (G). (iNOS X400)

Fig. 4: A photomicrograph of a semithin section in the renal
cortex of: (a) a control rat showing normal glomerular capillaries
(arrow head). The PCT show vesicular nuclei (N), crowded
mitochondria (m) and distinct brush border (arrow). (b) a diabetic
rat showing congested dilated glomerular capillaries (arrow head)
and small condensed dark nucleus within the glomerulus (arrow
with bifid end). The nearside tubules show dark nucleus (N), loss
of brush border (arrow) and decreased mitochondria (m). Note
the detached cytoplasmic area of a tubular cell (wavy arrow). (c)
a treated rat showing congested dilated glomerular capillaries
(arrow head). The PCT show vesicular nuclei (N), crowded
mitochondria (m) and distinct brush border (arrow). (Toluidine
bluex1000)

500 nm

Print Mag: 41400x @ 211 mm
TEM Mode: Imaging HV=80.0kV

Direct Mag: 20000x

Fig. 5: Photomicrograph of a section in the renal cortex from a
control rat shows glomerular basement membrane (G) surrounded
with podocyte feet processes (wavy arrows) on one side and
fenestrated endothelium (arrows) on the other side. Normal
mitochondria (M) are seen in both podocyte and endothelial cells.
Note the distinct 3 layers of glomerular basement membrane (G)
(central electro-dense layer with bilateral electro-lucent layers).
(TEM X20000)
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Fig. 6: Photomicrograph of a section in the renal cortex from
a diabetic rat shows thick glomerular basement membrane (G)
with indistinct layers. Most podocyte feet processes (asterisks)
are effaced and fused with each other. The endothelial layer
(arrowhead) is seen detached from glomerular basement
membrane (G). Mitochondria (M) are swollen with loss of cristae

in both podocyte and endothelial cells.(TEM X20000)
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Fig. 7: Photomicrograph of a section in the renal cortex from
a treated rat shows glomerular basement membrane (G)
surrounded with podocyte feet processes (wavy arrows) on
one side and fenestrated endothelium (arrows) on the other
side. Normal mitochondria (M) are seen in both podocyte and
endothelial cells. A small area with effaced and fused podocyte
feet processes (asterisks) is seen. Note the distinct 3 layers of
glomerular basement membrane (G) (central electro-dense layer
with bilateral electro-lucent layers). (TEM X20000)

DISCUSSION

In the present study, Three days after STZ
administration, diabetes was induced as confirmed by
elevated blood sugar level of the rats to > 200 mg/dIt'®.
Eight weeks later, DN was confirmed by Serological,
histological and ultra-structural measures. Serum urea
and creatinine levels were significantly increased in
diabetic rats when compared to control rats, indicating
renal impairment. This is in agreement with previous
studies!'® 2! that confirmed the development of DN by
increased creatinine and urea, starting 4 weeks after STZ
induction of DM in rats. Serum LDL, TG, TC levels were
significantly increased in diabetic rats when compared to
control rats while serum HDL was significantly decreased
when compared to control rats. This is in accordance with
a previous study®®! which stated that diabetic dyslipidemia
is characterized by high LDL, TC, TG and low HDL and is
considered as an independent risk factor for the progression
of diabetic nephropathy.

The histological findings in the current study went
parallel with and explained the serological results as they
revealed marked kidney injury. The diabetic group in H&E
and semithin sections showed segmented glomeruli, dilated
congested glomerular capillaries, dilated Bowman’s space
and congested blood vessels. Many tubular and glomerular
cells had small darkly stained condensed nuclei denoting
apoptosis. Most proximal convoluted tubules have lost
their brush border while other renal tubules showed casts
within the lumen. These findings are concomitant with a
previous study®®”! which found that examination of renal
sections of diabetic rats revealed glomerular atrophy
and shrinkage, widening of Bowman’s space, atrophy of
tubular cells with finally significant loss of renal function.
Another study® reported that apoptosis was detected in
both tubular and glomerular compartments of diabetic
kidney and it was obviously shown in podocytes.

These findings could be explained by hyperglycemia
that could induce oxidative stress with subsequent tissue
injury and inflammation. A previous study®”! reported that
hyperglycemia produces reactive oxygen species (ROS)
leading to peroxidation of cell membrane lipids, oxidation
of proteins and finally renal damage. Moreover, another
$tudyB? stated that oxidative stress is a key process in
diabetic complications although the exact mechanisms are
partly known.

PAS stained sections from the diabetic group showed
dense staining of the glomerular, capsular and tubular
basement membranes and mesangial matrix which was
confirmed by statistically significant increase in optical
density of PAS stained sections of diabetic group when
compared with control group. Moreover, the electron
microscopic examination revealed thick GBM with
indistinct layers. The thickness of GBM was significantly
increased in diabetic group when compared with control
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group. These findings could be attributed to increased
deposition of basement membrane components and
extracellular matrix proteins. These findings are similar
to what was detected in a previous study?®! where the
GBM thickening was the first change detected after the
onset of DM with closely parallel thickening of tubular
and capsular basement membranes. Another study?
stated that prolonged exposure to hyperglycemia caused
oxidative stress with further inflammation and production
of inflammatory cytokines and growth factors resulting in
excessive accumulation of extracellular matrix proteins
and renal failure.

Furthermore, the ultrastructral microscopic examination
of diabetic group revealed affection of both podocyte and
endothelial cells. The podocyte feet processes showed
effacement and fusion with each other while endothelial
layer was detached from glomerular basement membrane.
Mitochondria were swollen with loss of cristae in both cells.
These findings are in agreement with a previous study*
which reported that during development and/or progression
of diabetic nephropathy, Podocyte injury is a typical
characteristic, togetherwith glomerularbasementmembrane
thickening. Moreover, another study® reported that injury
of both podocyte and endothelial cells together with
GBM injury were associated with DN. This study also
reported that endothelial cell injury was associated with
reduced endothelial glycocalyx secondary to the decrease
in glycocalyx proteins including the highly negatively
charged versican and decorin. The reduced glycocalyx
was associated with decreased fenestrated endothelium
area resulting in affection of glomerular filtration barrier
together with reduced number of podocyte and flattening
of their foot processes.

In the current study, eight weeks after receiving SMV
by gastric gavage, treated rats showed partial improvement
on the serological, histological and ultra-structural levels.
RBS level showed nonsignificant decrease when compared
with diabetic group while the mean values of LDL, TG, TC
levels of the treated rats revealed significant decrease and
the mean value of HDL was significantly increased when
compared with diabetic rats.. This is in accordance with
a previous study®®! which showed that STZ-induced DN
could be attenuated by SMV without having noticeable
influence on glycemic control and SMV treatment rescued
the dyslipidemia in diabetic rats. Serum urea and creatinine
levels showed a significant decrease when compared with
diabetic rats, indicating improved renal function. However,
their levels showed significant increase when compared
with the control rats and couldn’t reach the normal level.
These findings are in accordance with studiesP® and!'®
which stated that administration of SMV tended to
significantly reduce serum urea and creatinine and improve
kidney function.

H&E and semithin sections of treated rats showed
almost restoration of glomerular and tubular architecture

except for dilated capillaries, mildly dilated Bowman,s
space and some cells with small darkly stained condensed
nuclei. Most proximal convoluted tubules have partially
regained their brush borders. PAS staining revealed nearly
normal staining of mesangial matrix, glomerular, capsular
and tubular basement membranes which was confirmed
by significantly decreased optical density of PAS stained
sections of treated group when compared with diabetic
group. On the ultrastructural level there was a structure
nearly similar to that of the control group except for small
areas with effaced and fused podocyte feet processes. This
was confirmed by measuring the GBM thickness which
revealed significant decrease when compared with diabetic
rats and nonsignificant difference when compared with the
control rats.

These findings are similar to what was detected in a
$tudyB! that revealed partial improvement of histological
and ultrastructrul findings in diabetic rats after 13 weeks
of SMV intake. They reported improvement of glomerular
and tubular injury in H&E sections together with normal
filtration barrier and clearly seen foot processes of
podocytes at the ultrastructural level. They reported
that, part of the GBM showed increased thickness and
considered these pathological changes were slight as
compared to diabetic group. Moreover, our results went
a line with another study®” which stated that SMV can
reverse podocyte injury in early stage diabetes mellitus
through inhibition of vascular endothelial growth factor
(VEGF) which is associated with podocyte injury.

These protective effects of SMV on diabetic renal
tissues in current study could be explained by the
antioxidant activity of SMV which is supported by the
Study" which stated that SMV has a protective effect
against STZ-induced oxidative damage by protection
against free radicals generation and regulating the
enzymatic and non-enzymatic antioxidant systems. Our
results may be also explained by the lipophilic protective
activity of SMV. Regarding this assumption a previous
$tudyB® reported that statins could reduce renal injury
through affecting LDL, high levels of glucose and many
other factors mediating the progression of kidney disease.

On the other hand, another study®” stated that SMV
improved VEGF-mediated DN and suggested that the
role of statins in DN was independent of their lipid-
lowering effects. Our findings may be also explained
by the anti-inflammatory effect of SMV as a previous
study!”! reported that SMV could alleviate diabetes
nephropathy by suppressing certain inflammatory signaling
molecules as RhoA (Ras homolog gene family, member
A) / ROCKI1 (rho-associated, coiled-coil-containing
protein kinase 1). Inhibition of RhoA/ROCKI1 signaling
significantly reduced endothelial damage and vascular
leakage that was caused by hyperglycemia*’l.

92



Mechanism of Simvastatin Effect on Diabetic Nephropathy. Aboulkhair et al.

In the current study, immunohistochemical staining
of inflammatory mediator iNOS in renal tissue revealed
negative immunoreactivity in all tubules and glomeruli
of control group. There was strong and mild cytoplasmic
and nuclear immunoreactivity in cells of all tubules and
glomeruli of diabetic and treated group respectively. The
nuclear location of iNOS and other NOS isoforms including
neuronal NOS (nNOS) and endothelial NOS (eNOS) have
been observed under pathophysiological conditions. Other
factors which are important for NO synthesis such as
calmodulin and Guanylyl cyclase have also been observed
in the nucleus which suggests that nitric oxide could be
synthesized in the nucleus and then activate its targets*!l.

Other $tudies'*?!  suggested that, the nuclear
translocation of NOS isoforms occurs secondary to various
stimuli, and could lead to changes in the regulation of gene
transcription, modulation of signal transduction pathways
and enzymatic activity with subsequent affection of cells.

The iNOS immunoreactivity was markedly detected in
diabetic group. This is in accordance with a study™**! which
reported that the protein expression of iNOS was markedly
detected in renal tissues after 8 weeks of induction of
DN by streptozotocin in rats. This could be explained by
oxidative stress which is considered as one of the factors
involved in the development of diabetic complications!*¥
and it has been recognized as a stimulus for inflammatory
mediators, such as cytokines and iNOS (10). Once iNOS is
expressed, it produces large amounts of nitric oxide (NO)
for prolonged time which acts as an effector molecule in
innate immunity and various inflammatory conditions as
sustained increased levels of nitric oxide would act as pro
apoptotic and stimulator of lipid peroxidation in diabetes!**.

Eight weeks after SMV intake, the area percentage of
iNOS was significantly decreased in treated group when
compared with diabetic group indicating decreased NO
production, inflammation and oxidative stress. This finding
is similar to what was detected in a previous study?
which stated that statins have a range of pleiotropic
effects which are independent of its effect on cholesterol
metabolism, such as anti-inflammatory and anti-oxidative
stress effects. So it is suggested in the current study that the
anti-inflammatory and antioxidant effects of SMV in DN
may be through inhibition of iNOS enzyme and secondary
decreasing production of NO that seems to be a beneficial
target to prevent progression of DN.

Contrary to our results, iNOS beneficial effects have
been claimed. A previous study®” mentioned that iNOS
may act as anti-fibrotic agent in the vascular system.
Another study®! stated that depletion of tetra- hydrobio-
pterin, a key co-factor of iNOS activity, appears to be
involved in the development of DN in rats. Moreover, a
third study™” suggested that the protective role of statins

could be due to the higher availability of NO. So the
benefit/damage balance of the observed decrease of iNOS
expression by SMV remains to be determined.

CONCLUSION

Simvastatin could decrease the progression of DN
in diabetic rats through its anti-dyslipidemia, anti-
inflammatory and antioxidant effects as confirmed by
improved lipid profile, renal function, histopathology and
ultrastructure of renal tissue. Moreover, this study suggests
that the anti-inflammatory and antioxidant effects of SMV
could be through inhibition of iNOS enzyme and secondary
decreased production of NO.
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