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Abstract
Ischemia-Reperfusion Injury (IRI) is characterized by
temporary cessation followed by restoration of blood
supply and re-oxygenation of a certain organ. In the kidney,
IRI contributes to Acute Kidney Injury (AKI) with rapid
kidney damage and high morbidity and mortality rates. A
surgical or drug-induced blockage of renal sympathetic
nerve prevents, partially, the development of IR-induced
AKI. Modulation of the Cholinergic Anti-Inflammatory
Pathway (CAP) by Vagal Nerve Stimulation (VNS) has also a
delayed but effective impact in renal IRI. However, the
combined effect of renal sympathectomy and VNS had not
been well investigated.

Objectives: This work aimed at investigating the combined
effect of VNS and Renal Denervation (RDN) in preventing
deleterious effects of IRI in rats compared to the effects
obtained by RDN alone and to elucidate the possible
mechanisms.

Methods: 32 adult male albino rats were equally allocated
into four groups, sham group, IRI group, RDN group
subjected to RDN before IRI and a group subjected to RDN
and VNS before IRI.

Results: Compared to the sham group, renal IRI led to the
elevation of BUN, serum creatinine and MDA levels, it also
elevated TNFα and reduced GPX activity and nitrate levels in
the renal tissue. In addition, IRI lowered BCL2 in the
immune-histochemical study and caused renal damage as
observed by the histological light and electron microscopic
examination. On the other hand, RDN demonstrated partial
correction while, a combination of RDN and VNS
demonstrated nearly optimum recovery of renal functions,
oxidant/antioxidant balance, inflammatory markers as well
as marked amelioration of immunohistochemical, structural
and ultra-structural studies.

Conclusion: VNS augmented and accelerated the
renoprotective effects of RDN owing to its antioxidant, anti-
inflammatory as well as anti-apoptotic effects. Additionally,
when VNS was combined to RDN, the protection against
acute renal failure induced by IRI was rapid and effective.

Keywords: Acute kidney injury; Ischemia-reperfusion injury;
Renal denervation; Vagus nerve stimulation

Introduction
Acute Kidney Injury (AKI) is commonly associated with high

mortality and morbidity and may lead to Chronic Kidney Disease
(CKD) and End-Stage Renal Disease (ESRD) [1-3]. AKI is a major
consequence of ischemia-reperfusion injury due to decreased
arterial and venous blood flow which results in cellular death
due to the depletion of energy stores and toxic metabolite
accumulation. However, restoration of blood flow and re-
oxygenation of the ischemic tissue may paradoxically exacerbate
the injury [4,5].

Actually, re-oxygenation to a previously hypoxic tissue is the
basic mechanism for the formation of reactive oxygen species
[6]. Consequently, multiple enzyme systems including proteases,
nitric oxide synthases, phospholipases, and endonuclease are
induced and stimulated causing cytoskeleton disruption,
membrane damage, DNA degradation, and eventually cell death
[7].

AKI is a clinical syndrome characterized by abrupt and
sustained decline in glomerular filtration rate resulting in the
accumulation of urea and other chemicals in the blood. The
neuro-immunological interaction maintains homeostasis and
ameliorates responses to stressful conditions and injury. Fast
nerve conduction can essentially modulate inflammation [8].
One of the nervous reflexes that modulate inflammation is the
Cholinergic Anti-Inflammatory Pathway (CAP). Such pathway
modifies innate and adaptive immunity mainly with the spleen,
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and modulation of this reflex by Vagus Nerve Stimulation (VNS)
is effective in different inflammatory diseases. Therefore,
cholinergic signals derived by VNS provide continuous nervous
regulation of cytokine synthesis, which limits the magnitude of
the inflammatory immune response and mediates protective
effect against AKI induced by IRI [9].

Nevertheless, protection against renal IRI by VNS was found
to be time-limited and at least 24 hours prior to IRI was needed
for VNS to elucidate its protective effect [8]. The limited and/or
delayed response of VNS might be due to stimulation of renal
sympathetic innervations through a vagosympathetic reflex [10].
Over activity of renal sympathetic nerves is common in kidney
injury which may lead to glomerulonephritis and may induce
proteinuria through and beyond its effect on blood pressure
[11].

Renal Denervation (RDN) simultaneous to injury improves
histology and decreases proinflammatory, profibrotic, and
apoptotic changes in the kidney [12]. Therefore, we suppose
that RDN may confer added and fast protective effect to VNS
against renal IRI. Thereby, in this study, we hypothesize that RDN
would protect the kidney and might potentiate or accelerate the
renoprotective effects of VNS in a rodent model of AKI induced
by IRI in a trial to elucidate such protective impacts and to
investigate their possible mechanisms.

Material and Methods
This work was performed on adult male Wistar rats; initially

weighing 150 g to 220g, Rats were obtained from the laboratory
animal colony, Ministry of Health and Population, Helwan, Cairo,
Egypt and maintained in the animal house of the Medical Ain
Shams Research Institute (MASRI) under standard conditions of
boarding. Rats were kept at room temperature (25°C ± 5°C)
under a 12 hour light/dark cycle. The rats were provided with a
regular diet consisting of bread, vegetables, and milk. Tap water
was provided ad libitum.

Experimental Design
After acclimatizing for 7 days, the animals were divided into

four groups (with 8 rats each)

Group I, Sham control group: underwent the same procedure
of other groups without clamping of the arteries, renal
denervation or vagal nerve stimulation

Group II, Ischemia-Reperfusion (IR) group: subjected to
bilateral clamping of renal pedicles for 40 min followed by
reperfusion for 24 hours.

Group III, Renal Denervation (RDN) group: subjected to
bilateral renal denervation prior to bilateral renal IR by the same
protocol of the IR group.

Group IV, Vagal Nerve Stimulation (RDN-VNS) group:
underwent RDN followed by VNS 10 min before bilateral renal IR
as in group II.

Experimental Procedure

Renal denervation (RDN)
Rats of the RDN group and RDN-VNS groups were

anesthetized with an (i.p.) injection of ketamine (120 mg/kg)
and xylazine (12 mg/kg). An abdominal approach to the kidneys
was used, with a midline incision then displacing abdominal
content to gain access to each kidney one by time. Both kidneys
underwent removal of the covering capsule to grant the removal
of suprarenal glands and better denervation. Then nerves
running along with the renal artery through renal pedicle were
surgically removed [12]. 10 min later, bilateral renal artery
clamping was performed for 40 min and ischemia was ensured
visually by pale-colored kidneys as well as by loss of arterial
pulsation.

Vagal nerve stimulation (VNS)
Rats of RDN-VNS group were subjected to RDN followed by

VNS by the following technique: A midline cervical incision was
made to expose the left vagus nerve which then placed on a
bipolar silver wire electrode for stimulation. Electrical
stimulation (50 μA intensity; frequency, 5 Hz; duration, 1 ms)
was applied for 1 minute using an isolated square wave
stimulator [8,13]. The left vagus nerve was selected because it is
commonly used for experimental stimulation in animals and
humans [14-16]. 10 min later, bilateral renal artery clamping was
performed for 40 min and ischemia was ensured visually by
pale-colored kidneys as well as by loss of arterial pulsation. In
sham-operated animals, the same technique of vagus nerve
exposure was made but was not stimulated and the kidneys
were exposed also but not underwent IR technique.

Renal Ischemia/reperfusion injury
The skin of the anterior abdominal wall was sterilized by

tincture iodine, a midline incision was performed, and the
abdominal wall was retracted. Both renal pedicles were clamped
off by atraumatic clamps for 45 min with a continuous intra-
peritoneal dropping of saline to inhibit dryness of the kidneys.
Pale kidneys by inspection indicated successful clamping,
followed by 24 h of reperfusion [17]. After clamp removal, the
kidneys were inspected for a change in color from pallor to
flushing within 3 min to ensure reperfusion. The abdominal wall
was closed with 3-0 silk after homeostasis and the local
application of broad-spectrum antibiotic.

Anesthesia
After 24 hours of reperfusion, overnight fasted rats were

weighed and injected intraperitoneally with 5000 IU/Kg B.W
heparin sodium (Nile Company, Egypt). Fifteen minutes later, the
rats were anesthetized with I.P. injection of thiopental sodium
(Sandoz, Austria), in a dose of 40 mg/kg B.W.
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Blood and Tissue Sampling
Blood samples were collected from retro-orbital plexus with

the help of capillary tube into serum gel tubes which were
centrifuged (6000 rpm for 15 min) to separate serum. The serum
was then pipetted into clean storage tubes and stored at -20°C
for later determination of serum urea, creatinine, and MDA.
Whereas, left kidneys were stored at -80°C for later
determination of renal tissue GPX and renal tissue nitrate and
renal tissue TNFα as well. On the other hand, right kidneys were
divided into 2 halves; one of them was stored in 10% formalin
for later light microscopic examination while the other half was
stored in glutaraldehyde for E/M examination.

Biochemical Analysis
Serum urea, creatinine and Malon-Di-Aldehyde (MDA) were

estimated according to the methods described by Patton and
Crouch [18], Bartels et al. [19] and Draper and Hadley [20]
respectively, using kits supplied by Biodiagnostic, Egypt. The
BUN is calculated as 28/60 or 0.446 of the blood urea.

Biochemical Analysis in Renal Tissue
Left kidney homogenate (10%, w/v) was prepared with 0.1 M

PBS and centrifuged at 12,000 g for 10 min. The supernatant was
used to determine GPX levels by the colorimetric method
according to Paglia and Valentine [21], using kits supplied by
Bio-diagnostic, Egypt. Tissue tumour necrosis factor-α (TNFα)
was performed with ‘ sandwich ’  enzyme-linked
immunoadsorbent assay (ELISA) using a commercially available
Mouse TNF-α DuoSet kit (Genzyme Diagnostics, Cambridge, MA)
[22] while nitrate, the metabolic end product of nitric oxide (NO)
was assayed according to Bories and Bories [23].

Histological and Immunohistochemical
Studies

One half from right kidney was processed for histological
examination by light microscope, the kidney specimens were
fixed in 10% neutral buffered formalin and paraffin blocks were
prepared. Serial 4-6 μm-thick sections were cut and stained by
Hematoxylin and Eosin (H & E), Masson trichrome (MT) stain and
BCL2 immune reaction. Another half from right kidney was
divided into 2 parts, one (1/4 kidney) processed for transmission
electron microscopic examination, small kidney specimens (1
mm3) were fixed in a 4% glutaraldehyde solution. Ultrathin
sections were cut and examined using a 1200 EX Jeol, Japan,
transmission electron microscope at the Electron Microscopic
Unit-Faculty of Science, Ain Shams University. The second part
(1/4 kidney) was placed on the ice quickly and homogenized
with lysis buffer. Aliquots were stored in a -70°C refrigerator
with sodium orthovanadate (2 mM), phenylmethylsulfonyl
fluoride (0.2 mM), leupeptin (2 μg/mL), and aprotinin (2 μg/mL)
on ice for 30 min, then were centrifuged at 13,000 g for 15 min
at 4°C. Proteins from homogenization (50 μg protein) were
electrophoretically separated by 8% or 12% SDS-PAGE and then
transferred onto the nitrocellulose membrane. After blockade of

non-specific sites with 5% none fat milk for 1 h at room
temperature, membranes were incubated with a rabbit
polyclonal anti-CTGF, AKT/PKB.

Immunohistochemical BCL2 Study
BCl2 immunohistochemical (anti-apoptotic protein)

evaluation was carried out as previously described by Bancroft
et al. [24]. Five mm tissue sections were deparaffinized and
rehydrated in gradient alcohols and processed using the
streptavidin immunoperoxidase method. In brief, sections were
submitted to antigen retrieval by microwave oven treatment for
10 min in 0.01 mol/L citrate buffer (pH 6.0). Slides were then
incubated in10% normal serum for 30 min, followed by
overnight incubation at 4 with the appropriately diluted primary
Bcl2 antibody (Beyo time Inc., China) were used at 1:100
dilution. Next, samples were incubated with biotinylated anti-
rabbit immunoglobulins for 15 min at 37°C. Then, they were
incubated with streptavidin-peroxidase complexes for 15 min at
37. After rinsing in PBS, the reaction products were observed by
immersing the section into the chromogen diaminobenzidine.
Finally, counterstaining of the sections with Mayer’s hematoxylin
was done followed by dehydrating and mounting. The negative
control was processed in the same way, but omitting the step of
1ry Ab. The positive cells showed brown nuclei reaction.

Statistical Analysis
The data collected, tabulated and statistically analyzed, using

statistical package for social science (SPSS) 22.0 for windows
(SPSS Inc., Chicago, IL, USA). A p-value <0.05 was considered
significant. Continuous variables were expressed as mean,
standard deviation (SD) and median, checked for normality by
using Shapiro-Wilk test. One way (ANOVA) F test used for
comparison between more than two groups, with Holm Sidiac
methods for multiple comparisons, Kraskall Wallis test was used
to compare between more than two groups of non-normally
distributed data, with Turkey methods for multiple comparisons.
Pearson’s correlation was calculated to assess the correlations
between various study parameters. (+) sign indicate positive
correlation and (-) sign indicate negative correlation.

Results
In our study, there was a significant elevation in the renal

function tests of the IR group compared to the sham control
group (BUN p<0.001, serum creatinine p<0.05). A significant
decrease of BUN level was observed in the RDN group compared
to the IR group (p<0.001) while non-significant difference was
found between both groups regarding serum creatinine level
(p=0.09). Though, the BUN levels remained significantly higher
in the RDN group compared to sham controls (p<0.001) but
serum creatinine was nearly normalized and showed no
significant difference between both groups.

A significant reduction was found concerning the renal
function tests of the RDN-VNS group compared to that of the IR
group (BUN p<0.001, serum creatinine p<0.05) becoming
comparable to the sham control group.
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Moreover, a significant reduction of renal tissue nitrate levels
and significant increase of renal tissue TNFα were noticed in the
IR group as compared to the sham control group (p<0.001 for
both parameters). On the other hand, Renal tissue nitrate levels
in RDN group demonstrated a significant elevation in
comparison to the IR group (p<0.001) and remained significantly
decreased when compared to the sham control group (p<0.001).
Whereas, no significance was found regarding renal tissue TNFα
levels in the RDN group compared to the IR group, while
significantly elevated compared to the sham control group
(p<0.001). As regards the RDN-VNS group, a significant increase
was found in the levels of renal tissue nitrate compared to the IR
group (p<0.001), but became normalized when the RDN-VNS
group was compared to the sham control group. Similarly, a
significant decline of renal tissue TNFα levels in RDN-VNS was
observed compared to the IR group (p<0.001), becoming none-
significant when compared to the sham control group.

Regarding oxidative/antioxidant biomarkers, a significant rise
of serum MDA and decline of renal tissue GPX enzyme activity
levels were found in the IR group compared to to the sham
control group (p<0.001), while a significant decline of GPx

enzyme activity was demonstrated in the renal tissue GPx levels
of IR group compared to sham group (p<0.001 for both). Serum
MDA levels in the RDN group were significantly lower than that
of the IR group (p=0.005) but remained significantly elevated
compared to the sham control group (p<0.001). On the other
hand, renal tissue GPx levels of the RDN group were comparable
compared to IR and sham groups.

A significant decrease of serum MDA levels of the RDN-VNS
group compared to that of the IR group (p<0.001) and became
comparable to the sham control level. Likewise, a significant
increase was found regarding renal tissue GPx levels of the RDN-
VNS group compared to that of the IR group (p<0.001) but none
significant compared to the sham control group (Table 1).

Regarding correlation studies among studied groups, S.MDA
and renal tissue TNFα showed significant positive correlation
with (BUN and S. creatine) and significant negative correlation
with renal tissue nitrate. On the other hand, renal tissue GPx
enzyme activity showed significant negative correlation with
(BUN and S. creatine) and significant positive relationship with
renal tissue nitrate level (Table 2).

Table 1: Mean ± Standard deviation (SD) of BUN, Serum creatinine, Renal tissue nitrate, Serum MDA, and Renal tissue GPx in the
different studied groups.

 BUN (mg/dL) Serum creatinine
(md/dl) [8]

Renal tissue
Nitrate (pmol/g)
[8]

Renal tissue TNFα
(pg/ml) [8]

Serum MDA
(µmol/L) [8]

Renal tissue GPx
(U/mg) [8]

Sham (8) Mean ± SD 18.762 ± 1.871 0.9357 ± 0.2389 95.25 ± 6.18 17.041 ± 2.699 1.638± 0.478 3.15 ± 0.428

IR (8)
Mean ± SD 44.15 ± 5.78 3.319 ± 0.687 46.25 ± 9.35 30.31 ± 3.38 4.85 ± 0.51 1.775 ± 0.495

P¹ <0.001* <0.0* <0.001* <0.001* <0.001* <0.001*

RDN (8)

Mean ± SD 34.32 ± 4.99 2.006 ± 0.606 72 ± 10.03 27.31 ± 4.78 4.025 ± 0.456 2.5 ± 0.428

P¹ <0.001* <0.1* <0.001* <0.001* <0.001* 0.026*

P² <0.001* 0.09 <0.001* 0.1 0.005* 0.015*

RDN –
VNS (8)

Mean ± SD 19.622 ± 2.767 2.006 ± 0.606 91.63 ± 9.44 20.32 ± 2.87 1.85± 0.55 2.888 ± 0.488

P¹ 0.683 <0.3 0.421 0.141 0.402 0.264

P² <0.00* <0.05* <0.001* <0.001* <0.001* <0.001*

P³ <0.00* <0.2 <0.001* 0.001* <0.001* 0.197

SD: Standard deviation

In parenthesis is the number of observation.

IR: Ischemia-reperfusion Injury group

RDN: Renal denervation-ischemia-reperfusion injury group

RDN-VNS: Renal denervation+vagal nerve stimulation group

P¹: significance from sham group

P²: significance from the IR group

P³: significance from RDN group
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P: values are obtained using (t-test type)

Table 2: Correlation between kidney function tests (BUN, Serum creatinine), renal tissue nitrate levels and serum MDA, renal tissue
GPX and serum TNFα in different studied groups.

 S MDA (µmol/L) Renal tissue GPx (U/mg) S TNFα (pg/ml)

BUN (mg/dL)

r 0.91 -0.62 0.83

P# <0.001 <0.001 <0.001

S. creatine (mg/dL)

r 0.82 -0.74 0.72

P# <0.001 <0.001 <0.001

Renal tissue nitrate (pmol/g)

r -0.83 0.71 -0.7

P# <0.001 <0.001 <0.001

#: Pearson correlation, the sign before (r) represent the
direction of correlation, while P represents the significant of
correlation, P considered significant if < 0.05.

Histological Results

H and E-stain: Control (sham) group: (Figure 1A-1D)
Examination of H and E-stained sections obtained from the

kidney of the control (sham) rats revealed average cortical
thickness, average medullary thickness and intact renal capsule
(Figure 1A). A normal histological structure of the renal cortex
showed average Malpighian renal corpuscles which were
composed of the glomerulus (a tuft of blood capillaries)
surrounded by Bowman ’ s capsule with capsular space in
between. The parietal layer of the capsule had a single layer of
simple squamous cells, whereas the visceral layer was lined by
podocytes with oval nuclei, surrounded by average proximal
tubule were lined by three to five pyramidal cells characterized
by acidophilic cytoplasm, apical brush border of microvilli, and
rounded, vesicular, basally located, basophilic nuclei with free
lumens and distal tubules were lined by six to eight cubical
epithelial cells with a wider lumen. The cells of the DCT have
pale acidophilic cytoplasm and rounded, centrally situated,
vesicular, basophilic nuclei with free lumens and collecting
tubule and interstitium contain average blood vessels and intact
renal capsule (Figure 1B and 1C). Also, average renal medulla
showing average collecting tubules, lined by cuboidal cells had
very pale acidophilic cytoplasm with free lumens, and average
intervening stroma containing normal blood vessels were
observed (Figure 1D).

Renal ischemia-reperfusion (IR) group: (Figure
2A-2D)

The H and E stained sections of the rat kidney in this group
revealed that, thin cortical thickness in relation to medulla
together with medullary rarefaction at focal areas and partially
detached renal capsule (Figure 2A). The cortical area by the high
power of magnification showed renal corpuscle with shrunken,
markedly distorted and congested small glomeruli have a

widened bowman's space and the abnormal configuration of
renal tubules were observed. In some proximal and distal
tubules showed the cytoplasm of some lining cells rarefied
exhibiting cytoplasmic vacuoles, epithelial exfoliation at focal
areas of some tubules. Flattening of the epithelial lining of some
tubules with apparent tubular dilatation and few were
destructed and degenerated but few of them were average.
Also, homogenous materials, Cellular debris is dislodged within
their lumina and congested in more than 60%. Dilated congested
blood vessels were also observed (Figure 2B).

All stained sections showed necrotic changes in the majority
of the cortical tubular epithelial cells in the form of pyknotic and
karyolitic nuclei, in addition to vacuolation. Interstitial
Inflammatory mononuclear cellular infiltrations were noticed
(Figure 2C).

Also, medullary area showed mononuclear cellular infiltration
between disorganized degenerated tubules in addition to
peritubular congestion (Figure 2D).

RDN group: (Figure 3A and 3B)
The H and E stained renal sections showed renal cortex with

some of the renal corpuscles, glomeruli and Bowman’s spaces
looked average in size and shape but others showed slightly
congested glomeruli and little widening of Bowman’s space.
Also, some tubules seemed free from exfoliation in their
luminae but others contained exfoliation in their luminae and
intracellular cytoplasmic vacuoles. In addition, some of the
blood vessels were dilated and moderately congested and few of
the mononuclear cells infiltrated in the interstitium (Figure 3A).
The medullary area showed mononuclear cellular infiltrations in
the interstitium of average tubules but some of them showed
exfoliated cell debris and homogenous materials in their lumina
and some pyknotic nuclei in their lining epithelium. Slightly
dilated congested blood vessel was also observed (Figure 3B).

RDN-VNS group: (Figure 4A-4D)
The H and E stained renal sections showed an average

diameter of cortex and medulla with average glomeruli and
tubules covered by an intact capsule (Figure 4A). Higher
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magnification showed that most of the renal corpuscles were
intact as the glomeruli were normal and Bowman’s capsules
were patent. Proximal, distal and collecting tubules were also
normal. The rest showed slightly wide Bowman’s space and
some of the tubules contained few pyknotic nuclei and
cytoplasmic vacuoles. Few mononuclear cellular infiltrations in
the interstitium were also observed (Figure 4B).

Renal medulla showed that most of the tubules were normal
but some of them were dilated, with average epithelial lining.
Most of the nuclei were rounded and vesicular, but few of them
were flat and pyknotic. A very little number of mononuclear
cellular infiltration in the interstitium was noticed (Figure 4C).
Renal medulla was with average tubules. Some of the dilated
collecting tubules showed the average epithelial lining. Most of
their nuclei were rounded vesicular, but few of them were flat
and pyknotic. A scanty mononuclear cellular infiltration in the
interstitium could be observed (Figure 4D).

Masson’s Trichrome Stain

Sham group
The renal cortex showed very thin blue collagen around

Bowman’s capsules and renal tubules (Figure 5A).

IR group
The renal cortex showed a marked increase of the collagen

fibers around the Bowman’s capsules and the capillary loops of
glomeruli, mononuclear cellular infiltrations and the tubules
(Figure 5B and 5C). Renal medulla showed a marked increase of
the collagen fibers around mononuclear cellular infiltrations,
tubules; septa between tubules (Figure 5D).

RDN group
The renal cortex showed few collagen fibers around the renal

capsules, the glomeruli, and the tubules. Also, septa between
tubules were intact in comparison to IR group (Figure 5E).

RDN-VNS group
The renal cortex and medulla showed minimal collagen fibers

around the Bowman’s capsules and the tubules (Figure 5E and
5F).

BCL2

sham-operated group
The renal cortex showed positive immunoreactions of the

nuclei in renal corpuscle and nuclei among the tubular lining
cells (Figure 6A).

IR group
The renal cortex showed weak immunoreactions of the nuclei

in glomeruli, Bowman’s capsule and among the tubular lining
cells (Figure 6B).

RDN group
The renal cortex showed moderately positive

immunoreactions of the nuclei in glomeruli, Bowman ’ s
membrane and among the lining tubular epithelial cells
compared to IR group (Figure 6C).

RDN-VNS group
The renal cortex showed markedly positive immunoreactions

of the nuclei in glomeruli, Bowman’s membrane and among the
lining tubular epithelial cells compared to the IR group (Figure
6D).

EM

Sham group: (Figure 7A-7C)
Examination of ultrathin sections showed that podocytes had

primary long processes which branched giving secondary
processes which produced feet processes or pedicles with
narrow slits (bridged by a slit membrane) in between. The
podocytes and glomerular capillaries shared a uniform thickness
of a basement membrane which exhibited a trilaminate
composed of a central electron-dense layer (lamina densa) and
two electron-lucent layers (lamina rarae) on either side. The
podocytes contained a large irregular euchromatic indented
nucleus with peripheral dense chromatin. The fenestrated
endothelial lining of the glomerular blood capillaries was noticed
(Figure 7A). The proximal tubules demonstrated high cubical
cells and showed apical condensed microvilli and basal
numerous enfolding enclosing elongated mitochondria with
normal cristae. The cytoplasm contained some small pinocytic
vesicles and few lysosomes. The large euchromatic nuclei with
peripheral chromatin condensations were noticed (Figure 7B).

The distal convoluted tubules were lined by cubical cells
which appeared smaller than those of the proximal ones, with
few short microvilli and large rounded euchromatic nuclei near
to their luminal surface with peripheral chromatin
condensations. The cells of the tubule were separated from the
delicate capillary by the basement membrane. The cytoplasm
contained a few and small pinocytic vesicles and few lysosomes.
The large numbers of elongated mitochondria with normal
cristae were located basally in the cells between basal enfolding
(Figure 7C).

IR Group (Figure 8A-8D)
The podocytes showed the 1ry process with elongated

irregular nuclei. The other cells had shrunken, heterochromatic
and pyknotic nuclei. Also, they showed disorganization,
distortion, and fusion in the feet processes. Irregular thickening
of glomerular basement membranes was clearly seen. Dilated
glomerular capillaries with lack of fenestrations and mesangial
cells and their surrounding thick amorphous mesangial matrix
were observed. Marked irregular thickening of Bowman ’ s
membrane surrounded by a thick layer of collagen fibers was
also an observation (Figure 8A).

European Journal of Experimental Biology

ISSN 2248-9215
Vol.9 No.2:7

2019

6

Vol.9 No.3:7



The proximal tubular cells showed variable ultrastructural
changes. Some cells had disoriented basal mitochondria, with
few and dilated basal enfolding as well the presence of multiple
vacuoles. Many cells showed dilated perinuclear space. Multiple
secondary lysosomes, disconfigured mitochondria, and electron-
dense bodies could be observed in the cellular cytoplasm (Figure
8B). The proximal tubular cells contained also areas of rarified
cytoplasm, swollen mitochondria with ill-defined cristae. Many
dense irregular bodies mostly lysosomes were found.
Heterogenous, pleomorphic, autophagic vacuoles containing
whorls of membranous material were also observed. There were
shrunken, condensed pyknotic nuclei, while the microvilli were
mostly dilated and irregular together with irregular thickened
basal laminae were detected (Figure 8C).

The cells of the distal convoluted tubule demonstrated that
the majority of the cells with few basal enfolding and a palisade
form of the mitochondria but their cytoplasm showed some
rarefaction. On the other hand, some atrophied tubules with
irregular thickening of the basement membranes surrounded by
hemorrhagic areas and thick collagen fibers in between the
tubules. The cells revealed shrunken condensed and/or pyknotic
nuclei, but others had completely atrophied nuclei. Large areas
of rarified cytoplasm with disorganized and dilated basal
enfolding were shown. The mitochondria were swollen and
directed towards the lumen with loss of their parallel
arrangement in addition to the observation of indistinct cristae
and obliteration of tubular lumen (Figure 8D).

RDN Group (Figure 9A-9C)
The podocytes showed disorganized pedicles and electron-

dense substances in the glomerular capillaries. The mesangial
cells were surrounded by mesangial matrix. Thick regular
Bowman’s capsule with a thin layer of collagen was visible on
the outer aspect of the basal lamina. The blood capillaries and
red blood corpuscles were noticed (Figure 9A).

Lumens of the proximal tubules were filled with secretions.
The lining cells of the tubules showed microvilli, small
cytoplasmic vacuoles, and small dense lysosomes but some of
their mitochondria were swollen (Figure 9B).

The cells of the distal tubules revealed small lysosomes and
some elongated mitochondria with mostly intact cristae. Areas
of cytoplasmic rarefaction could be observed. Some nuclei were
irregular in shape and shrunken, but others were nearly average
in appearance. The brush borders couldn’t be detected but basal
enfolding and thickening could be observed at some of the basal
laminae (Figure 9C).

RDN-VNS Group :(Figure 10A-10C)
The podocytes showed euchromatic indented nuclei and

mitochondria and few small vacuoles were seen in their
cytoplasm. They appeared with normal arranged secondary feet
processes. The space between the pedicles (filtration slits) could
be seen and laid on a regular glomerular basement membrane.
Glomerular capillaries lacking fenestrae were seen. Though,
some of the podocytes showed distorted and fused feet

processes with the appearance of a few mesangial matrixes
around mesangial cells (Figure 10A).

The cells of the proximal tubules revealed long, dense apical
microvilli and basal enfolding in addition to the presence of
small pinocytic vesicles near to the lysosomes. Many elongated
mitochondria with distinct cristae and large nuclei with
peripheral condensed chromatin could be observed (Figure
10B).

The cells of the distal tubules revealed elongated
mitochondria with mostly intact cristae. Small areas of
cytoplasmic rarefaction could be observed. Most of the nuclei
were normal in appearance, but scanty of them revealed
pyknotic. The brush borders couldn’ t be detected but basal
enfolding could be observed in some areas. Little thickening of
the basement membrane and very small vacuoles were noticed
(Figure 10C).

Figure 1: Photomicrograph of a section in the rat Kidney of
control (sham) group stained with H & E showing: A: renal
tissue with average thickness of the cortex and medulla with
intact renal capsule (blue arrow) (x40); B: Renal cortex
containing Malpighian renal corpuscles with average
glomeruli (green arrow), average Bowman, s space (yellow
arrow) and intact Bowman, s capsule (blue arrow). Also,
proximal tubules (P), distal tubules (D), collecting tubules (CL)
are average and interstitium contains blood vessels (BV) in
between them. Part of the intact renal capsule could be
detected (blue arrow) (x200); C: Renal cortex with normal
Malpighian renal corpuscle containing average of the
glomerular capillary tufts (G), with average cellularity
surrounded by Bowman’s space (BS), and patent Bowman,s
capsule with flat epithelium Lining (black arrow) surrounded
by normal shaped proximal tubule (P) lined by pyramidal cells
having apical brush border, rounded basal vesicular nuclei and
free lumens and distal tubules (D) are lined by cubical cells
having rounded central vesicular nuclei with free wide lumens
and collecting tubule (CL). Part of the patent renal capsule
(blue arrow) can be observed. Note acidophilia of proximal
and distal convoluted tubular cells (x400); D: Normal renal
medulla showing average collecting tubules (CT) with free
lumens, and average intervening stroma containing normal
blood vessels (blue arrows) (x400).
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Figure 2: Photomicrograph of a section in the rat Kidney of
renal ischemia-reperfusion (IR) group stained with H and E
showing: A: Thin cortical thickness in relation to the medulla.
Focal areas of medullary rarefaction and partially detached
renal capsule (blue arrow) and dilated congested blood
vessels (BV) can be observed (x40); B: Cortical area showing
two Malpighian corpuscles with shrunken markedly distorted
congested glomeruli (G) having a widened bowman's space
(BS) and abnormal configuration of renal tubules. In some
proximal (P) and distal (D) dilated tubules the cytoplasm of
some lining cells was rarefied exhibiting vacuoles (yellow
arrows) and pyknotic nuclei. Also, Cellular debris (green
arrow) is dislodged in the tubular lumina and haemogenous
materials (black arrow). Interstitial mononuclear infiltration
(gray arrow) and red blood corpuscles (RBCs) are noticed
(x400); C: Cortical area showing two Malpighian renal
corpuscles with marked distorted congested glomeruli (G)
and widened Bowman’s space (BS), congested dilated
interstitial blood vessels (BV), exfoliation of some lining
epithelial cells of some tubules (blue arrow), flattening of the
epithelial lining of some tubules (red arrow). Some tubular
cells showed vacuolated cells (black arrow) with pyknotic
nuclei (yellow arrows). Inflammatory cells infiltration in the
interstitium (green arrow) are noticed and peritubular
congestion could be seen (red arrows) (x400); D: medullary
area showing mononuclear cellular infiltrations (green arrow)
and peritubular congestion could be seen (red arrows) (x400).

Figure 3: Photomicrograph of a section in the rat Kidney of
renal denervation (RDN) group stained with H and E (x200)
showing A: renal cortex with average Malpighian renal
corpuscle having average glomeruli (G) Bowman's space(BS),
proximal (P) and distal (D) tubules, some of them containing
exfoliated materials in their luminae (blue arrow) in addition
to the presence of few infiltrating inflammatory cells (black
arrow) in interstitium could be seen; B: Renal medulla
showed focal areas of mononuclear cellular infiltrations in
interstitium (green arrow), average tubules but some of them
show exfoliated cell debris and homogenous materials in their
luminae (yellow arrow) and some pyknotic nuclei in their
lining epithelium (red arrow). The slightly dilated congested
blood vessel can be also observed.

Figure 4: Photomicrograph of a section in the rat kidney in
vagal nerve stimulation (RDN-VNS group) stained with H and
E showing A: average diameter of cortex and medulla with
average glomeruli (yellow arrows), and tubules (green arrow)
covered with intact capsule (blue arrow) (x100); B: Renal
cortex with renal corpuscle containing average glomeruli (G)
slightly widened patent Bowman’s space (BS), average
proximal (P), distal (D) and collecting tubules (CL); C: Some of
them contain few pyknotic nuclei (green arrow) and few of
cytoplasmic vacuoles (red arrows) in their lining cells. Few of
the mononuclear cellular infiltration in the interstitium (black
arrow) can be observed (x400); D: Renal medulla with average
tubules. Some of the dilated collecting tubules (Cl) showing
average epithelial lining, most of the nuclei are rounded
vesicular (green arrows), but few of them are flat and
pyknotic (blue arrow). There were few mononuclear cellular
infiltrations in the interstitium could be observed (x400).
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Masson Tri-Chrome Stain

Figure 5: Photomicrograph of a section in the rat renal tissue
from all groups stained by Masson's Trichrome (x400)
showing A: sham group: thin blue collagen around renal
tubules (black arrow), Bowman’s capsules (green arrow); B: In
I/R group: The renal cortex with a marked increase of the
collagen fibers around mononuclear cellular infiltrations
(black arrows), convoluted tubules (red arrow), Bowman’s
capsules (green arrow) and capillary loops of the glomerulus
(G); C: IR group: renal medulla with a marked increase of the
collagen fibers around mononuclear cellular infiltrations
(green arrow), tubules (blue arrow) and septa between
tubules (red arrow); D: RDN group showed renal cortex with
few collagen fibers around glomeruli (G) and convoluted
tubules (red arrow). It showed also interstitium (black arrow)
and part of the renal capsule (yellow arrow).

Immunohistochemical Study of BCL2
Reaction

Figure 6: Photomicrograph of a section in the renal cortex of a
rats of all groups for immunohistochemical reaction of BCL2
(x400) showing A: sham group, positive immunoreactive
nuclei (red arrows) among the tubular lining cells; B: IR group,
a weak immunoreactive nuclei in glomeruli (red arrows),
Bowman’s capsule (green arrow) and among the tubular
lining cells (blue arrows); C: RDN group, moderately positive
immunoreactive nuclei in glomeruli, Bowman’s membrane
(green arrow) and among the lining tubular epithelial cells
(blue arrows) compared to IR group; D: RDN-VNS group,
markedly positive immunoreactive nuclei in glomeruli (white
arrow), Bowman’s membrane (red arrow) and among the
lining tubular epithelial cells (blue arrows).
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Electron Microscopic Examination

Figure 7: An electron micrograph of a section of the renal
cortex of a rat in sham group showing A: Podocytes with large
irregular euchromatic indented nucleus (N) with peripheral
dense chromatin. The podocyte appears with the primary
process (P) and secondary interdigitating feet processes or
pedicles (red arrow). The space between the feet or pedicles
called filtration slits. The fenestrated endothelial lining of
blood capillary (Yellow arrow) could be also noticed. Uniform
thickness of glomerular basement membrane (GBM) is
observed (blue arrows) and a central electron dense lamina
densa and lamina rare on either side are also detected.
Mesangial cells (green arrows) are also noticed (x12000); B: A
cell in a proximal convoluted tubule with elongated
mitochondria (M) having normal cristae. The brush border of
the cells has normal microvilli (MV) and contains some
pinocytic vesicles (green arrow) and lysosomes (L). Note the
large nucleus (N) with peripheral chromatin condensations
(red arrows) (x12000); C: A part of a DCT which is lined by
cubical cells with short few microvilli (MV) and large rounded
nucleus (N) near to their luminal surface(LU) with peripheral
chromatin condensations (red arrows). The cells of the
tubules we separated from the delicate capillary by the
basement membrane (C). The cytoplasm contains some
pinocytic vesicles (yellow arrow) and few lysosomes (L). Note
a large number of elongated mitochondria (M) with normal
cristae situated in the basal parts of the cells between basal
enfolding (green arrows) (x10000).

Figure 8: An electron micrograph of a section of the renal
cortex of a rat IR group showing A: Podocytes with the 1ry
process (P) are shown with an elongated irregular nucleus
(yellow N). The part of the other cell has a shrunken,
heterochromatic and pyknotic nucleus (blue N). Also, they
show disorganization, distortion, and fusion of some of the
feet processes (green arrow). Irregular thickening of
glomerular basement membranes (yellow arrow) is clearly
seen. Dilated glomerular capillary (C) with lack of
fenestrations (blue arrow) is also found. Mesangial cell (MC)
and its surrounding amorphous mesangial matrix (MM) and
Marked thickening of Bowman’s membrane surrounded by a
thick layer of collagen fibers (CL) are observed (x8000); B: A
proximal tubular cell contains endoplasmic reticulum,
heterogenous pleomorphic autophagic vacuoles containing
whorls of membranous material (blue arrows), many
lysosomes (L) and shrunken apoptotic nucleus (N). Thickening
in basal lamina (green arrow), many of cytoplasmic vacuoles
(red arrow) in addition to an area of partial loss of the apical
microvilli (MV) and swollen mitochondria (M) with variable
sizes were apparent (x10000); C: The epithelial lining cells of
the proximal convoluted tubule show areas of rarified
cytoplasm (yellow arrow), swollen mitochondria (M) with ill-
defined cristae. Numerous dense irregular bodies, mostly
lysosomes (green arrow) are observed. Pleomorphic,
autophagic vacuoles (V) containing whorls of membranous
material and the shrunken condensed pyknotic nucleus (N)
were found, while the microvilli (MV) were mostly dilated and
irregular could be observed (x8000); D: Some of the lining
cells of the distal convoluted tubule have small pyknotic
nucleus (N), but others have atrophied nucleus, disorganized
basal enfolding with the appearance of swollen mitochondria
(red arrows) and obliteration of tubular lumen (LU). Other cell
lost most of their organelles and appeared to contain
variable-sized large vacuoles (blue arrows). Large areas of
rarified cytoplasm (green arrows), thick irregular basement
membrane (BM) surrounded by capillary (C) and hemorrhagic
area (H) were noticed. Apical microvilli could not be detected
(x4000).
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Figure 9: An electron micrograph of a renal cortex of a rat in
RDN group showing; A: A renal corpuscle with nuclei of
podocytes (N), disorganized pedicles (green arrow). Note
electron-dense substances (E) in the glomerular capillaries
(GC). The mesangial cells (MC) surrounded by a mesangial
matrix (MM), thick regular Bowman,s capsule (yellow arrow),
a thin layer of collagen (red arrows) are visible on the outer
aspect of the basal lamina of the Bowman capsule. Cloud
capillary (C) and red blood corpuscles (RBCs) are also noticed
(x8000);B: A part of proximal tubule and its lumen (LU) filled
with secretion, microvilli (MV), small cytoplasmic vacuoles
(red arrows), small dense lysosomes (L) average sized
mitochondria (M) but some of them are swollen (black arrow)
(x8000);C: An epithelial cell of distal tubule revealed small
lysosomes (yellow arrow) and some elongated mitochondria
(M) with mostly intact cristae. Areas of cytoplasmic
rarefaction (black arrow) could be observed. Nuclei (N) are
irregular in shape and shrunken, but others (red arrow) are
nearly normal appearance. The brush borders couldn’t be
detected and basal enfolding (green arrow) could be
observed in some areas. Thickening of basal lamina (white
arrow) is also found (x4000).

Figure 10: An electron micrograph of a renal cortex of a rat
from RDN-VNS group showing A: A podocyte (P) with
euchromatic indented nuclei (N) mitochondria (m) and few
small vacuoles are seen in the podocyte cytoplasm. The
podocyte appears with primary and normally arranged
secondary feet processes (green arrow). The space between
the pedicles (filtration slits) is clearly seen and laid on a
regular glomerular basement membrane (yellow arrows).
Glomerular capillaries (c) with lack of fenestrations (yellow
arrow) are seen. A podocyte (P1) is shown with distorted,
fused feet processes. Mesangial matrix (MM) around
mesangial cells (MC) is also present (x12000); B: Cells in the
proximal tubule reveal long dense apical microvilli (MV), and
basal enfolding (red arrow) as well as small pinocytotic
vesicles (blue arrow) near to the lysosomes (L). Many
elongated mitochondria (M) with distinct cristae are situated.
Note the large nucleus (N) with peripheral chromatin
condensations. (x10000); C: Epithelial cells of the distal tubule
revealed elongated mitochondria (M) with mostly intact
cristae. Small areas of cytoplasmic rarefaction (green arrow)
could be observed. Some nuclei (red N) are nearly normal in
appearance, but few of them (blue N) appear pyknotic. The
brush borders couldn’t be detected and basal enfolding (blue
arrow) could be observed in some areas. Some thickening of
the basement membrane (BM) is detected and very small
vacuoles (yellow arrow) are noticed (×6000).

Discussion
The early diagnosis and treatment of acute kidney damage is

one of the most important factors in the correction of the
progress of this disease. The most well-known methods for early
detection of kidney damage are the BUN and serum creatinine
levels [25]. IR caused nearly more than 3 fold increase in s.
creatinine and more than 2 fold increase in BUN compared to
sham group, confirming the development of acute renal failure
(ARF) in this model according to RIFLE classification [26] which
was proved histologically as the findings in IR rats revealed thin
cortical thickinning in relation to medulla in addition to the
appearance of medullary rarefaction at focal areas and partially
detached renal capsule. Some glomeruli were shrunken,
markedly distorted and congested having a widened bowman's
space and abnormal configuration of renal tubules were
observed. Moreover, some proximal and distal tubules showed
flattening of the epithelial lining cells, rarefied cytoplasmic
vacuoles, epithelial exfoliation at focal areas and apparent
tubular dilatation were found. Also, homogenous materials and
cellular debris were dislodged within their luminae and dilated
congested blood vessels were detected.
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Additionally, most of the epithelial cells of cortical tubules
were necrotic and their nuclei were pyknotic in addition to the
appearance of cortical and medullary interstitial inflammatory
mononuclear cellular infiltrations with marked increase of the
collagen fibers around the Bowman’s capsules. These results
were parallel to previous histological studies which revealed
severe acute tubular damage in renal sections of the rats
subjected to IR [27,28].

Moreover, in the present study, EM examination of kidneys of
IR group revealed that the podocytes had 1ry process with
elongated irregular nuclei together with disorganization,
distortion and fusion in the some feet processes. Other cells
showed shrunken, heterochromatic and pyknotic nuclei.
Irregular thickening of glomerular basement membranes and
dilated glomerular capillaries with lack of fenestrations were
clearly seen. Marked irregular thickening of Bowman ’ s
membrane surrounded by thick layer of collagen fibers was also
observed. Shrinkage of the glomeruli and shrinkage of the
capillary network resulting in widening the space between the
wall and the network were found in the current study as proved
by other study [29].

Additionally, the current study revealed variable
ultrastructural changes of the proximal and distal tubular cells.
Some proximal convoluted tubular (PCT) cells had disoriented
basal abnormal shaped mitochondria, with few and dilated basal
enfolding, while, the mitochondria of the distal convoluted
tubules (DCT) were found near the lumen with loss of their
parallel arrangement. In addition, many cytoplasmic vacuoles,
rarifiedcytoplasm, electron-dense bodies, pyknotic nuclei with
dilated peri-nuclear spaces were detected in some tubular cells.
Multiple secondary lysosomes, abnormal-shaped mitochondria,
and electron-dense bodies could be detected in the cytoplasm
of other cells. Additionally, the microvilli of PCT cells were
mostly dilated and irregularly thickened basal lamina were
detected, while, DCTs showed loss of their microvilli, with
shedding of their apical cytoplasm into the lumen. Such findings
were in agreement with the result obtained by other authors
[30,31].

These findings might indicate that IRI has induced cellular
necrosis and/or apoptosis of the tubular cells. The cell swelling
and rupture of surface membranes were characteristic for cell
necrosis [32]. Inflammatory cell infiltration and cytokine release
are frequent consequences of cell necrosis [33] and apoptosis
[34].

In our study, there were a wide array of underlying
mechanisms including increased oxidative stress as well as,
oxidant/antioxidant imbalance as evidenced by the significant
rise of serum MDA and decrease of GPX in renal tissue of IR
group compared to sham control group. In addition, our work
expressed significant positive correlation between s.MDA and
BUN and serum creatinine, while it showed significant negative
relationship between renal tissue GPX and renal function tests
(BUN and serum creatinine). Consistently, it was reported that , 
[35-38]. Ca2+ overload leads to opening of the mitochondrial
transition pore after reperfusion, leading to apoptosis, necrosis
and autophagy [39-40]. Also the depressed activity of the
antioxidant enzymes such as catalase, superoxide dismutase,

and GPX were found to play a crucial role in the damage of IRI
[41].

Additionally, inflammation is also a possible mechanism for
renal damage observed in IR rats. This was proved by the
significant elevation of renal tissue TNFα as an inflammatory
marker and significant reduction of the renal tissue nitrate
levels. TNFα revealed significant positive correlation to BUN and
s. creatinine levels. Inflammation was reported to play a crucial
role in tissue damage after ischemia reperfusion. Chemokines
and cytokines overproduction in addition to activation of
complement system enhance the proinflammatory leukocytic
infiltration into post-ischemic regions of the kidneys that may
occur within few hours of tissue injury [42]. Different studies
have shown that renal dendritic cells infiltration and several
chemokines in particular, IL-1b, IL-6, TGF-β and TNFα are
capable of damaging endothelial cells and increasing vascular
permeability, with a subsequent reduction in renal blood flow in
the IR kidneys [43-44].

In addition, renal tissue nitrate level was significantly
decreased in IRI group which may provide another explanation
for the reduced oxidant defense mechanisms in this group, as
nitrate was proved to have anti-oxidant effects [52].

Moreover, deficient antiapoptotic responses might explain the
severe deleterious functional and structural effects appeared on
kidneys of IR group of rats. In our study, week positive BCl2 anti-
apoptotic reaction in immune-histochemical study of this group
was observed. In parallel, apoptosis was previously reported by
Kunduzova et al (2003) [53] in renal tubular cells after IR in an in-
vivo and in-vitro model of renal injury and attributed these
findings to caspase-3 activation, which represents a direct
mechanism for tubular damage.

In the kidney, sympathetic nerve fibers are closely related to
inflammatory cells and immunocytes such as macrophages and
dendritic cells [54]. Sympathetic nerve fibers are involved in
neuro-immune interplay in the kidney via increased cytokine-
stimulated sympathetic nerve activity [54-56] and through
production of Ang II which is widely known as a hypertensive
and pro-inflammatory mediator [57]. Therefore, RDN could
improve the renal functions, structure and ultra-structure.

Interestingly enough, the increase of renal function values
was partially corrected by RDN (as demonstrated by the
significant reduction of BUN compared to IR group) while the
values of BUN and serum creatinine [26] were nearly normalized
in RDN-VNS group. Improvement of renal functions indicated
regression of the stage of kidney from ARF to AKI. The
amelioration of inflammatory, oxidative and anti-apoptotic
markers could explain such improvement. We had supported
these results by histological study (light and electron
microscopic examinations). The oxidant / anti-oxidant imbalance
observed in the IR group was improved in the group which was
underwent RDN.

Meanwhile, the combination of RDN and VNS reduced the
oxidative stress dependent tissue damage, and restored the
antioxidant defense mechanism as serum MDA was significantly
decreased and the renal tissue GPX anti-oxidant enzyme activity
was significantly increased to the normal levels in RDN-VNS
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group becoming comparable to the sham group. In addition,
renal tissue nitrate level was significantly increased in the RDN
group and further elevated in the RDN-VNS group to the normal
level. Therefore, VNS conferred more protective effect when
combined to RDN.

Consistently, RDN was reported to be protective against renal
failure by different mechanisms such as decreasing blood
pressure and down-regulation of the renin-angiotensin system
[58,59].

We had supported the functional ameliorative effects of RDN
on IR induced kidney damage and the reno-protective effects of
combining RDN to VNS by the histological examination. The H
and E study of the renal cortex of RDN kidneys showed that
some of the renal corpuscles, glomeruli and Bowman’s spaces
were average in size and shape but others showed slightly
congested glomeruli and little widening of Bowman’s space. On
the other hand, the majority of the glomeruli of RDN-VNS group
were to some extent as those of the sham group and higher
magnification showed that most of the renal corpuscles of the
RDN-VNS rats were intact as the glomeruli were normal and
Bowman’s capsules were patent. Also, some tubules of RDN
group seemed free from exfoliation in their luminae but others
contained exfoliation and intracellular cytoplasmic vacuoles
while, proximal, distal and collecting tubules were normally
shaped in RDN-VNS group. In addition, the mononuclear cellular
infiltration in the interstitial tissues around the injured areas in
IR group was also declined in RDN group and markedly
decreased in RDN-VNS group. The renal cortex showed few
collagen fibers around the renal capsules, the glomeruli and the
tubules of RDN rats and minimal collagen fibers around the
Bowman’s capsules and the tubules of RDN-VNS rats. Also, septa
between tubules were intact in comparison to IR group in both
RDN groups.

EM study of RDN kidneys showed that the podocytes had
partial disorganized pedicles and electron-dense substances in
the glomerular capillaries. Whereas, the podocytes of RDN-VNS
group showed euchromatic indented nuclei and mitochondria
with normal arranged secondary feet processes. Also, in RDN-
VNS group, the space between the pedicles (filtration slits) could
be seen and laid on a regular glomerular basement membrane.
Though, some of the podocytes showed distorted and fused feet
processes with the appearance of few matrixes around
mesangial cells in both RDN groups. Lumens of the PCT of RDN
group were filled with secretions and the lining cells of the
tubules showed microvilli, small cytoplasmic vacuoles and small
dense lysosomes but some of their mitochondria were swollen.
On the other hand, the cells of the PCT in RDN-VNS, revealed
normally appeared long, dense apical microvilli and basal
enfolding in addition to presence of few and small pinocytic
vesicles near to the lysosomes. The cells of the DCT of RDN
group revealed small lysosomes and areas of cytoplasmic
rarefaction could be observed. Some nuclei were irregular in
shape and shrunken, but others were nearly average in
appearance. While, most of the nuclei were normal in
appearance, but scanty of them were pyknotic in DCT of RDN-
VNS group.

Also, the inflammatory marker TNFα level in renal tissue was
decreased in the RDN and further decreased in the RDN-VNS
groups compared to the IR group. Additionally, the NO
metabolite (nitrate) was significantly increased in renal tissue,
which has also an anti-inflammatory effect in the RDN-VNS
group. The aforementioned changes observed in RDN-VNS
group led to prevention of renal damage following IRI as the
renal function tests (BUN& Serum creatinine) were positively
correlated to the inflammatory marker, TNFα.

In agreement to our findings, inflammation was reduced
markedly in RDN kidneys as renal expression of TNFα and
macrophages accumulation were reduced [60]. Fibrosis was also
diminished as indicated by reduced TGF-β expression and
glomerular collagen IV deposition in RDN rats [61]. Consistently,
the associated IR induced renal tissue damage was reported to
be attenuated by both surgical and drug induced blockade of
renal sympathetic nerve activity [8]. In deed renal sympathetic
nerve stimulation is a primary mechanism instigating
fibrogenesis in the IR induced AKI [12]. Additionally, it was also
found that RDN prevented unilateral ureteral obstruction-
induced inflammation and interstitial fibrosis [62]. Moreover,
RDN prior to or up to 1 day post-ischemic renal injury
attenuated the associated tubular injury, apoptosis,
tubulointerstitial inflammation and fibrosis and preserved
kidney function during the early post-ischemic period [12].
Furthermore, centrally acting sympatholytics (i.e. clonidine and
moxonidine) have been shown to prevent IR induced AKI [63].

Our results revealed that efferent VNS in combination with
RDN further protected against IRI, preserved renal function and
structure and suppressed TNF-α induction when performed 10
min before renal ischemia. Parallel to our findings, other
investigators deduced that electrical stimulation of the efferent
VN significantly decreased the amounts of TNFα in the serum
[60]. In former literature done by INOUE et al. [8], afferent or
efferent VNS was performed 24 hours before ischemia to obtain
the renoprotective effects while, immediate responses to VNS
(10 min before ischemia) were unsuccessful.

VNS, via vago-sympathetic reflexes, was assumed to have two
opposing effects on kidney in IRI; an anti-inflammatory effect
through activation of sympathetic splenic nerve, the so called
cholinergic anti-inflammatory pathway (CAP) and a pro-
inflammatory deleterious effect through stimulation of renal
sympathetic nerves. Cholinergic anti-inflammatory pathway
(CAP) is a neuro-immune pathway which inhibits inflammation
through the suppression of cytokine production and prevents
damage [65-67]. The parasympathetic innervation of the spleen
remains controversial because some studies have shown a direct
innervation of the spleen by the VN [68] whereas others denied
this connection [69]. In addition, choline acetyltransferase, a
more specific marker of cholinergic nerve fibers than
acetylcholine-esterase, is absent in the spleen [70]. CAP is
spleen-dependant and VNS-induced inhibition of systemic TNF-α
production was abolished in splenectomized animals [71]. These
data argue for a link between the spleen and the CAP via the VN
through the splenic sympathetic nerve [64]. Further support
comes from studies demonstrating that stimulation of the
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splenic CAP with ultrasounds ameliorates IR induced AKI in mice
[72-73].

Stimulation of the CAP by VNS inhibits cytockine synthesis
through ACh which decreases the production of pro-
inflammatory cytokines such as TNFα by binding to ACh
receptors expressed by cytokine-producing cells and
macrophages [64]. The α7 subunit of the nicotinic AChR
(α7nAChR) is the best recognized of these cholinergic receptors
that suppress cytokines [64, 74]. Therefore, ACh released by the
VN in the celiac-mesenteric ganglia activates postsynaptic
α7nAChR of the splenic sympathetic nerve, leading to the
release of NE in the spleen thus inhibiting the production and
secretion of TNFα by splenic macrophages [75]. Muscarinic as
well as nicotinic receptors are also found on T lymphocytes [67].

However, VNS when done 10 minutes prior to ischemia, it
offered no protection in earlier advances. Renal protection and
suppression of TNF-α induced by CAP via vago-sympathetic
reflex was long lasting and at least, 24 h should elapse after VNS
to show its protective role before renal ischemia [8,72,73].

On the other hand, stimulation of renal sympathetic nerves by
vago-symapthetic reflex may have contradictory effect to the
anti-inflammatory effects of VNS in AKI which gives an
appreciable explanation for the long duration needed for VNS to
perform its reno-protection. The stimulation of
renal sympathetic nerve and increased renal norepinephrine
levels play important roles in pathogenesis and development of
renal IR induced injury and administration of recombinant
renalase ameliorated renal function and histological kidney
damage by suppressing overproduction of norepinephrine levels
[77]. It was also reported that yohimbine, and α2-adrenoceptor
antagonist, protects against renal IRI in rats [78]. Therefore, in
our study, the accelerated response to VNS might be accounted
for by surgical sympathetic ablation by RDN. Results of our study
didn’t show only an anti-inflammatory effect to VNS in the RDN-
VNS group, but anti-oxidant and anti-apoptotic effects as well.
Immuno-histochemical study of BCl2 exhibited moderately
positive immune-reaction in kidneys of RDN group and strong
positive one in RDN-VNS group indicating strong anti-apoptotic
effect of RDN which became more apparent after VNS.
Interestingly, BCl2 were needed for regenerating proximal
tubules after an ischemic injury [79, 80].

Therefore restoration of oxidant/antioxidant balance in
addition to apoptotic and anti-inflammatory effects are
important strategies of VNS for protecting the renal tissue from
IR injury.

Conclusion
RDN could alone protect against IRI, at least partially.

Synergism between RDN and VNS enhanced and accelerated the
reno-protection via restoration of oxidant/antioxidant balance,
anti-inflammatory and anti-apoptotic effects. Taken together,
RDN and VNS in combination conferred an optimized functional,
structural and ultra-structural renal protection in IR induced AKI.
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