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ABSTRACT

Background: The compensatory changes following renal mass reduction are harmful to the remaining kidney tissue in the
long run. Therefore, they have to be controlled early. The current study aimed to detect the histological changes in podocytes
following unilateral nephrectomy in young male albino rats, and to evaluate the possible ameliorative effect of sodium glucose
cotransporter 2 inhibitor (SGLT2I) versus angiotensin converting enzyme inhibitor (ACEI) by histological and morphometric
studies.

In this study, 48 young male albino rats were used; 6 control rats (group I), 6 sham operated (group II), and the remaining 36
were subjected to uninephrectomy, then randomly equally divided into 3 groups: (group III) was left untreated, (group IV)
received an ACEI [enalapril], and (group V) received an SGLT2I [dapagliflozin]. The drugs were given daily for 2 weeks.
Before sacrifice, the rats were subjected to serum creatinine and 24-hour urinary albumin measurements. After sacrifice,
histological and immunohistochemical analysis for nestin were done. Transmission electron microscopy (TEM) was used to
examine the ultrastructural changes in podocytes and to measure the glomerular basement membrane (GBM) thickness.
Morphometric studies were done to measure Bowman’s space and glomerular areas, and area percent of nestin immune
reactivity. All measurements were statistically analyzed.

Results: The histological outcome that followed uninephrectomy in the untreated group showed all the criteria of focal
segmental glomerulosclerosis (FSGS). This outcome was ameliorated by the early administration of the ACEI and SGLT2I.
Both treated groups showed significant reduction in Bowman’s space area, area percent of nestin, and GBM thickness when
compared to the untreated group. However, no significant difference could be detected between the two treated groups denoting
the drugs’ almost similar efficacy.

Conclusion: SGLT2I is almost equally effective as the ACEI Therefore, it could be given following renal mass reduction
whenever the ACEI is contraindicated, untolerated, or inadequate.

Received: 12 August 2023, Accepted: 02 October 2023
Key Words: ACEI; FSGS; podocyte; SGLT2I; unilateral nephrectomy.

Corresponding Author: Mariam Ezzat Helmy, MSc, Department of Histology, Faculty of Medicine, Cairo University, Cairo,
Egypt, Tel.: +20 12 2271 2895, E-mail: to mariam@cu.edu.eg
ISSN: 1110-0559, Vol. 47, No. 4

BACKGROUND

Podocytes are highly differentiated epithelial cells that
share in the glomerular filtration barrier formation!!. These
precious unique cells are exposed to several mechanical
stresses such as the glomerular capillary pressure and the
glomerular filtration?. These stresses intensify following
renal mass reduction, resulting in glomerular hypertension
which creates tensile stress on the foot processes, and
hyperfiltration which creates fluid flow shear stress
(FFSS) on the cell body and major processes of podocytes.
Continuous mechanical stresses might result in damage
and loss of podocytes, which affect the integrity of the
filtration barrier resulting in progressive renal diseasel®.

Unilateral nephrectomy is one of the causes of renal
mass reduction, in which there is loss of half the number
of functioning nephrons. This surgical procedure is an
essential step in living kidney donation, that might result
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in end stage renal disease (ESRD) for the donor and a
need for replacement therapy on the long run as a result of
hyperfiltration!. It is worth mentioning that the first living
donor, Ronald Lee Herrick, in 1954, spent the last 10 years
of his life on dialysis®. Therefore, treatments for chronic
kidney disease (CKD) should be targeting the protection of
podocytes from injury®.

The inhibition of the renin- angiotensin- aldosterone
system (RAAS) is one of the well-known therapies used
to manage CKD. However, in some conditions further
treatments may be essential”), due to drug intolerance or
suboptimal dosing to evade common side effects of RAAS
blockers such as hyperkalemial®. SGLT2Is are a new class
of antidiabetic drugs!, that were found to diminish the risk
of renal events as proved by multiple large clinical trials!'?,
therefore, it was justified to try them in renal non-diabetic
models!'. In 2021, the US Food and Drug Administration
(FDA) approved dapagliflozin for use in cases of CKD
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irrespective of the diabetic status!>¥. However, the
FDA did not mention its use in cases of solitary kidney
in specific. Therefore, the benefit of SGLT2Is for renal
non-diabetic models with different varieties of CKD is still
under investigation!'¥,

Research should be directed to understand exactly
all the mechanical forces affecting podocytes, targeting
to identify new treatments that would complement or
replace the currently used RAAS blockers in controlling
renal diseases®. Thus, the current study aimed to detect
the histological changes in podocytes following unilateral
nephrectomy in young male albino rats, and to evaluate
the possible ameliorative effect of SGLT2I versus ACEI by
histological and morphometric studies.

MATERIALS AND METHODS

Drugs

Ezapril (enalapril maleate): It is an ACEI provided by
Apex Pharma, Egypt. It is available in the form of tablets
(each contains 10 mg).

Forxiga (dapagliflozin): It is an SGLT2I provided
by AstraZeneca, UK. It is available in the form of tablets
(each contains 10 mg).

Each drug was crushed into powder and added to
distilled water to be given by orogastric gavage.

Experimental animals

Forty-eight male albino rats at 1 month age (~50- 60
gm weight) were included in this study. Rats were provided
and given veterinary care by the Animal house of Kasr Al-
Ainy, Faculty of Medicine, Cairo University. They were
caged at room temperature with 12-h light-dark cycles and
free access to standard food and water for one week for
acclimatization. All experimental protocols were approved
by the animal ethical committee of Faculty of Medicine,
Cairo University (approval number CUIIIF1622).

Rats were randomly divided into the following groups:

Control group (Group I): Six rats were included in
this group.

Sham operated group (Group II): Six rats were sham
operated by left kidney manipulation without ligation of
the renal vessels or the ureter.

The rest of the rats underwent unilateral nephrectomy
and were randomly divided into 3 groups, 12 rats each.

Untreated unilateral nephrectomy group (Group
III): Twelve uninephrectomized rats were left untreated.

Rats from groups I, II, and III were given 0.5 ml of
distilled water by orogastric gavage once daily until the
time of sacrifice.

ACEI treated group (Group IV): Twelve
uninephrectomized rats were given ezapril by orogastric
gavage once daily starting postoperative and until the time
of sacrifice, at a dose of 10 mg/kg/ day!'*!. Accordingly, 0.5

mg/day/rat was given as a starting dose (each rat received
0.5 ml of the drug suspension containing the daily required
dose).

SGLT2I treated group (Group V): Twelve
uninephrectomized rats were given forxiga by orogastric
gavage once daily starting postoperative and until the time
of sacrifice, at a dose of 1.5 mg/kg/ day!'l. Accordingly,
~ 0.08 mg/day/rat was given as a starting dose (each rat
received 0.5 ml of the drug suspension containing the daily
required dose).

Drug suspensions were given after very well shaking
to assure proper dosage, which was adjusted according
to weight gain (It was checked every 2 days) during the
experimental period.

All rats were sacrificed 2 weeks following sham
operation and unilateral nephrectomy.

Experimental procedures

Unilateral nephrectomy: Animals were anesthetized
using Ketamine and Xylazine combination (Ketamine 90
mg/kg; Xylazine 10 mg/kg body weight intraperitoneal )¢,
Rat’s abdominal skin was shaved and disinfected prior to
surgery using chlorhexidine in combination with alcohol!'”,
A midline incision extending from the xiphoid process
to the infraumbilical region was made. The abdominal
muscles were retracted to explore the abdominal contents
till the left kidney was reached. Its blood supply was
identified, isolated and ligated few millimeters away from
the renal hilum. The renal vessels with their accompanying
ureter were then incised. After that, the left kidney was
dissected out from the retroperitoneal space!'®!.

Following the aforementioned actions, the abdominal
contents were gently returned to their anatomical positions.
The abdominal muscles and the skin were sutured in
layers with sterile 3-0 chromic gut sutures and 3-0 Ethilon
monofilament nylon suture and cutting needle. Further to
this, each rat was gently placed in a recovery cage with free
access to food and water ad libitum!®. In addition, care
of the wound was done by spraying the topical antibiotic
Bivatracin (Neomycin sulphate 165,000 IU + Bacitracin
zinc 12,500 IU - provided by ACDIMA international
trading company) on the sutured area once daily for 3 days
starting from the day of the operation!'”!. The animals were
transferred to their usual cages following recovery and
until sacrifice.

Sham operation: For the sham operated rats, the same
steps as in unilateral nephrectomy were taken, with only
manipulation of the left kidney.

Laboratory studies: Blood and urine samples were
collected from all experimental rats before sacrifice.

Each rat had the following tests

Serum creatinine: tail vein blood samples were
collected from each rat using a 22 G butterfly needle and
analyzed for serum creatinine.
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24-hour urinary albumin: each rat was placed
separately in a “metabolic cage”, with free access for food
and water, to collect urine in 24 hours.

The lab. investigations were measured in the “Immune
Measurement and Hormones Analyses Lab”, Faculty
of Agriculture, Cairo University. The temperature and
relative humidity of the environment during the analysis
were 25.6°C and 42.5% respectively.

For creatinine analysis

Spectrum: Kinetic Jaffe Method- Creatinine Assay-
Cat No:234001.

Test method:
Spectrophotometer.

TM-Creatinine- 01.01/

For 24-hour urinary albumin

Spectrum: Colorimetric Method- Albumin Assay- Cat
No:211001.

Test method: TM-Albumin- 01.01/ Spectrophotometer.

Each albumin value was then multiplied by the volume
of urine of its sample (to calculate its amount in 24-hour).

Euthanasia

Two weeks following sham operation and unilateral
nephrectomy- the average weight of the rats was 100-
120 gm- all rats were euthanized at the Laboratory
Animal House Unit by humane cervical dislocation under
anesthesia by intraperitoneal injection of pentobarbital at a
dose of 50 mg/kg body weight?”. According to a previous
study™!, it is the best sacrifice method for histological and
histopathological studies of the kidney. The immediate
dislocation of the atlantoaxial joint (confirmed by a crack
sound) ensured sudden death in few seconds, followed by
removal of the rats’ right-sided kidneys. The weight of
each collected kidney was recorded.

Histological procedures
For light-microscopic examination

Slides were prepared and examined in the Histology
Department, Cairo University.

Right kidney specimens (parts that remained after
cutting blocks for EM) were fixed in 10% buffered
formalin solution for 24 hours, dehydrated in ascending
grades of ethanol and embedded in paraffin wax. Serial
transverse sections were cut at 7 um thickness, mounted
on glass slides, and stained with:

1. Hematoxylin and Eosin stain (H&E)??2.

2. Immunohistochemical staining for the intermediate
filament nestin:

Nestin rabbit Ig/G polyclonal antibody (Thermo
scientific, Corporation laboratories), Catalogue Number:
PAS5-79729, available in a concentrated liquid form (500
pg/ml) that was diluted at 0.5-1 pg/ml. It’s a marker for
the intermediate filament nestin that appears as a brown
cytoplasmic reaction in podocytes?3!.

Immunostaining using avidin-biotin  technique
required pretreat®”. The sections were boiled for 10 min
in 10 mM citrate buffer (cat no 005000) pH 6 for antigen
retrieval. Then, they were put to cool for 20 min at room
temperature. Following, the sections were incubated with
the primary antibodies for 1 hour. Immunostaining was
accomplished using Histostain SP kit (LAB-SA system,
Zymed Laboratories Inc, San Francisco, CA 94080, USA,
catalogue number 95-9643), which is a broad-spectrum
detection system that reacts with mouse, rabbit, guinea pig,
and rat primary antibodies. Negative control kidney sections
were prepared by the same process but with skipping the
step of adding primary antibody. Counterstaining using
Lab Vision Mayer's hematoxylin (cat no TA- 060- MH)
was accomplished.

3- Semithin sections!??

Approximately 3-mm3 cortical tissue blocks from
the right kidneys were fixed by immersion in 2.5%
glutaraldehyde in phosphate buffered saline (PBS) (0.1
mol/L, pH 7.2), postfixed in 1% osmium tetroxide in
PBS (0.1 mol/L, pH 7.2), dehydrated in a graded series of
ethanol, embedded in Fluka Epon 812 resin (Sigma-Aldrich
Chemica, Steinheim, Switzerland), and polymerized at
60C. The Epon blocks were sectioned with glass knives on
a microtome (Ultracut R; Leica, Wien, Austria).

Semithin sections were prepared on glass slides through
cutting at lum using the ultra-microtome. Sections were
stained with toluidine blue for 25 seconds and examined
by light microscope in order to locate and trim the areas
chosen for TEM studying.

For TEM evaluation

Ultrathin sections were cut at 60 nm, collected on 200-
mesh naked copper grids and stained with uranyl acetate and
lead citrate!?!. This work was done in the TEM laboratory
at Cairo University Research Park (CURP)- Faculty of
Agriculture. Ultra-thin tissue sections were examined by
transmission electron microscope JEOL (JEM-1400 TEM)
at different magnifications. Images were captured by CCD
camera model AMT with 1632 x 1632-pixel format as
side mount configuration. This camera uses 1394 firewire
board for acquisition.

Morphometric studies

Measurements were done using “Leica Qwin 500
C” image analyzer computer system Ltd. (Cambridge,
England) at the Histology Department, Faculty of
Medicine, Cairo University. The following parameters
were measured in ten non overlapping fields for each
animal in each group:

* Bowman’s space area in H&E-stained paraffin
sections (at x 100 magnification).

e Glomerular area in H&E-stained paraffin sections
(at X100 magnification).

e Area % of positive nestin immune expression (at
%400 magnification).
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GBM thickness: It was measured during ultrathin
sections’ examination by TEM (Figure 1 a-d), between the
basal part of the endothelial membrane and the basal part
of the podocyte membrane that touches the GBMP4,

Fig. 1: [a, b, ¢ &d]: Electron micrographs from groups I, III, IV&V,
respectively, on which GBM thickness is measured at several points
(TEM X 8000).

Statistical analysis

The obtained measurements were statistically
analyzed using IBM SPSS® statistics version 26 (IBM®
Corporation, Armonk, NY, USA). Numerical data were
expressed as mean, standard deviation and range. Data
were tested for normality using Kolmogorov-Smirnov test
and Shapiro-Wilk test. Data were found to be normally
distributed so comparison between more than two groups
was done using analysis of variance (ANOVA), then post-
Hoc test “Tukey HSD” was used for pair-wise comparison.
All tests were two-tailed. A p-value less than or equals 0.05
was considered significant

RESULTS

General Observations

Mortality

Three rats died during the experimental period; one
from group IV (ACEI treated group) at day 4, and two from
group V (SGLT2I treated group) at day 6.

Kidney weight in grams at time of sacrifice:
(Figure 2a)

The average kidney weight revealed a non-significant
difference between the control and sham operated groups
(p-value 1). In comparison to the control, the average
kidney weight showed significant increase (p- value <
0.05) in groups 111, IV and V, with no significant difference
between the three experimental groups.

Biochemical Results

Serum creatinine expressed in mg/dl: (Figure 2b) & 24-
hour urinary albumin expressed in mg/day: (Figure 2c)

The average serum creatinine as well as the 24-
hour urinary albumin showed no significant difference
between the control and sham operated groups (p-value
0.99). In comparison to the control, these measurements
didn’t show any increase in the uninephrectomized rats
(p-value~1) with no significant difference between the
three experimental groups (p- value ~1).

Histological Results

In all histological and statistical studies done,
sham operated rats showed similar results as control.
Accordingly, only photomicrographs from the control
group were included.

Control group (group I): H&E-stained sections of
the cortex of right kidneys (Figure 3 a,b) showed normal
renal histoarchitecture, particularly the glomerulus and
Bowman’s space (which are the scope of this study). The
flat epithelial cells lining Bowman’s capsule could be
identified in the photomicrographs. Within the capsule, the
glomerular tuft appeared normal and was separated from
Bowman’s capsule by Bowman’s space.

Nestin immune-stained sections demonstrated positive
cytoplasmic expression in podocytes, parietal layer of
Bowman’s capsule, and glomerular endothelial cells
(Figure 3c¢).

The ultra-thin sections of renal cortex from this group
(Figure 3 d-g) showed normal glomerular ultrastructure in
which podocytes were surrounding the glomerular capillary
loops. Their cytoplasm contained rough endoplasmic
reticulum (rER), ribosomes and Golgi apparatus. Bundles
of microtubules could be seen within the major processes
in some of the micrographs. In addition, foot processes
were resting on a GBM of uniform thickness, and
separated from each other by slit diaphragms. Normally
appearing subpodocytic space was noted in control rats.
Mesangial areas were identified containing mesangial cells
surrounded by mesangial matrix.

Untreated unilateral nephrectomy group (group
III): H&E-stained sections (Figure 4 a-d) revealed
distortion of some glomeruli. Others showed increased
extracellular matrix leading to obliteration of some
glomerular capillary loops in some areas of the tuft. This
pathology was found only in some glomeruli and in some
capillary loops, not the whole tuft. Widening of Bowman’s
space was detected in most of the glomeruli. While in some
others, obliteration of Bowman’s space could be noticed,
with frequent adhesions between the tuft of capillaries and
the parietal layer of Bowman’s capsule. Furthermore, some
glomeruli expressed the homogenous eosinophilic material
of hyaline deposits (hyalinosis).

Nestin immune-stained sections showed intense
cytoplasmic expression of nestin in podocytes and the
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parietal layer of Bowman’s capsule. Nestin positive
podocytes crossed Bowman’s space and came in contact
with the parietal epithelial cells (Figure 4¢).

Ultra-structurally (Figure 5 a-g), renal cortex
from untreated uninephrectomized rats showed
altered ultrastructure in which some podocytes had
heterochromatic or even pyknotic nuclei. Some of them
exhibited vacuolations and endocytic vesicles. Microvillus
transformation and cytoplasmic shedding were detected.
Moreover, foot processes appeared distorted, and they
displayed areas of effacement. Furthermore, in some
micrographs, foot processes disappeared in limited areas
where the GBM was covered directly by the major processes
of podocytes, while in some other locations the GBM was
directly covered by the cell body itself. Adhesions between
podocytes and the parietal layer of Bowman’s capsule,
and between podocytes themselves could also be noticed.
Occasionally, podocytes were separated and floating in
Bowman’s space, however they appeared viable with intact
foot processes. Subpodocytic space appeared widened in
these rats. GBM presented areas of localized thickening
which sometimes resembled mushroom-like projections.
Lastly, mesangial expansion was observed.

ACEI treated group (Group IV): H&E-stained
sections (Figure 6 a,b) verified marked preservation of the
renal histoarchitecture, in which the glomeruli appeared
normal without distortion or adhesions. However, some
capillaries showed mild congestion with dilatation. The
glomerular tufts were surrounded by seemingly normal
Bowman'’s spaces.

Nestin immune-stained sections showed weak positive
cytoplasmic expression in podocytes and the parietal layer
of Bowman’s capsule (Figure 6¢).

Ultra-structurally (Figure 6: d-f), therenal cortex showed
marvelous preservation of the glomerular ultrastructure in
which podocytes contained Golgi apparatus, rER, and very
few small vacuolations in their cytoplasm. In addition, foot
process effacement was infrequently encountered. Foot
processes were resting on a GBM of uniform thickness.
Subpodocytic space appeared normal in these rats.

SGLT2I treated group (Group V): H&E-stained
sections (Figure 7 a,b) showed obvious histoarchitectural
preservation in the renal cortex, particularly the glomeruli
and Bowman’s spaces which appeared normal surrounding
glomerular tufts of capillaries.

Nestin immune-stained sections revealed weak
cytoplasmic expression of nestin in podocytes (Figure 7c).

Ultra-structurally (Figure 7 d-f), the renal cortex showed
marked preservation of the glomerular ultrastructure in
which podocytes contained rER and ribosomes, with
occasionally detected vacuolations in their cytoplasm. In
addition, foot processes kept their characteristic shape
in most of the fields. They were resting on a GBM of
uniform thickness, and separated from each other by

slit diaphragms. However, few areas of foot process
effacement were detected. Subpodocytic space appeared
normal in these rats.

Morphometric and Statistical Results
Bowman’s space area expressed in pm?

The average area of Bowman’s space in the control and
sham operated groups revealed no significant difference
between them (p-value 1). In comparison to the control,
the average Bowman’s space area was increased in all
experimental groups, showing a significant rise in group
I (p- value <0.001) and in group IV (p- value 0.006).
However, the increase in Bowman’s space area was not
significant in group V (p- value 0.1). Groups IV and V
showed significant reduction in Bowman’s space area
(p- value <0.001) when compared to group III. Meanwhile,
there was no significant difference (p- value 0.98) between
both groups when compared to each other (Figure 8a).

Glomerular area expressed in pm?

The average glomerular area in the control and sham
operated groups demonstrated no significant difference
between them (p-value 1). In comparison to the control, the
average glomerular area showed a significant rise in group
1I (p- value <0.05) and group IV (p- value 0.05). However,
it did not increase in group V (p- value 1).

When compared to group III, group IV didn’t show any
significant difference in glomerular area (p- value 0.99),
unlike group V which showed a significant reduction in
glomerular area (p- value 0.05). The difference in the
glomerular area between groups IV and V was insignificant
(p- value 0.08) (Figure 8b).

Area % of positive immune reaction of nestin

The average area % of nestin in the control and sham
operated groups showed no significant difference between
them (p-value 0.99). Compared to the control, the average
area % of nestin showed a significant rise in group III
(p- value <0.001). However, it did not increase in groups
IV & V (p- value ~1). When compared to group III, groups
IV and V showed significant reduction in the average area
% of nestin (p- value <0.001), while the difference between
both groups was insignificant (p- value 1) (Figure &c).

GBM thickness expressed in nm

The average GBM thickness in the control and sham
operated groups demonstrated no significant difference
between them (p-value 1). In comparison to the control,
the average GBM thickness showed a significant rise in
group II (p- value <0.001). However, it did not increase
in group IV (p- value 0.98), or in group V (p- value 0.99).
When compared to group III, groups IV and V showed
significant reduction in GBM thickness (p- value <0.001).
The difference between both groups was insignificant
(p- value 0.89) (Figure 8d).
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Fig. 2: Histograms showing the mean values + SD of: [a]: kidney weight in the studied groups at time of sacrifice expressed in grams. *Significant increase as
compared to control (p-value <0.001) [b]: serum creatinine expressed in mg/dl. [¢]: 24-hour urinary albumin expressed in mg/day.
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Fig. 3: Photomicrographs of the renal cortex from control group (group I):

[a&Db]: normally appearing renal corpuscles (double headed arrow) present among renal tubules (T), which are proximal (PCT) and distal convoluted tubules
(DCT). Each glomerular tuft of capillaries (star) is separated from the parietal epithelial lining of Bowman’s capsule (arrow head) by Bowman’s space (arrow).
Note the tubular pole is seen in some corpuscles (curved arrow). [a: H&E, x100, b: H&E, x400]. [c]: positive cytoplasmic immune reactivity of nestin in
podocytes (P), parietal layer of Bowman’s capsule (arrow head) and glomerular endothelial cells (dotted line arrow). [anti nestin immunohistochemical stain,
x1000]. [d]: part of a glomerulus in which podocytes (P) can be seen surrounding glomerular capillary loops (C), with normally appearing subpodocytic
spaces (yellow arrows). The mesangial areas show mesangial cells (MC) surrounded by mesangial matrix (M). [TEM, x4000]. [e]: showing a podocyte (P),
major processes (red dots), and a glomerular capillary loop (C). GBM appears regular and of a uniform thickness (Green arrow). [TEM, x8000]. [f]: showing
the cell body of one podocyte (P) occupying most of the field, a glomerular capillary loop (C), and GBM (green arrow). The podocyte shows an euchromatic
nucleus (N), rER (R), free ribosomes (FR) and Golgi apparatus (G). Bundles of microtubules (MT) can be visualized within the major process (red dot). [TEM,

x25000]. [g]: part of a glomerular capillary loop (C), a major process (red dot), foot processes (blue arrow heads) and slit diaphragms (white arrows) are seen.
GBM (green arrow) has a regular thickness. [TEM, x25000].

1272



Helmy et. al.,

Fig. 4: Photomicrographs of the renal cortex from untreated unilateral nephrectomy group (group I1I):
[a]: showing some distorted glomeruli (star) with dilated Bowman’s spaces (arrows). Adhesions between the glomerular tufts and the parietal layer of
Bowman’s capsule can be seen (dashed arrows). [H&E, x100]. [b]: a distorted glomerulus (star), widened Bowman’s space (arrow), and adhesions between
the tuft and the parietal epithelium are noticed (dashed arrows). Note glomerular capillaries show dilatation (C). [H&E, x400]. [c]: demonstrating enlarged
renal corpuscle with widened Bowman’s space (arrow). An area of homogenous eosinophilic material (hyaline deposits) can be seen in the vascular pole area
(notched arrow). [H&E, x400]. [d]: The glomerulus shows increased extra cellular matrix with obliteration of glomerular capillary loops in a segment of the
tuft (oval outline). [H&E, x400]. [e]: intense cytoplasmic expression of nestin in podocytes (P) is seen, which crossed Bowman’s space and became in contact
with the parietal epithelial cells. The later also show positive expression of nestin (arrow head). [anti nestin immunohistochemical stain, x1000].

Fig. 5: Photomicrographs of the renal cortex from untreated unilateral nephrectomy group (group III):

[a]: parts of a glomerulus and a PCT (PCT). Podocytes (P) surround glomerular capillary loops (C). A close contact is noticed between the cell body of one
podocyte -that has a pyknotic nucleus (PN)- and the parietal layer of Bowman’s capsule (line arrow). The subpodocytic spaces are obviously wide (yellow
arrows). Mesangial cells (MC) are surrounded by expanded mesangial matrix (M). [TEM, x4000]. [b]: glomerular capillary loops (C), podocytes (P), a
mesangial cell (MC) with expanded matrix (M), and areas of GBM thickening are seen (green arrows). In some areas, foot processes are effaced (red arrows),
while at another site they disappeared, and the major process (red dot) is covering the GBM directly (yellow arrow head). [TEM, x8000]. [c]: glomerular
capillary loops (C) and 4 podocytes (P) are seen with adhesions (blue arrows) between podocytes 2,3&4. Part of the cell body of podocyte 1 can be seen directly
covering the GBM (white arrow head). [TEM, x8000]. [dé&e]: a parietal epithelial cell (black arrow head), podocytes (P) surrounded by glomerular capillary
loops (C), and effaced foot processes (red arrows) are seen. Some major processes (red dots) are covering the GBM directly. Podocyte 1 shows multiple
vacuolations (green arrow head), with an area of cytoplasm shedding (red arrow head). Microvillus transformation of podocytes (purple arrow heads) and
localized areas of GBM thickening (where measurements are taken) can be seen. [TEM, x8000]. [f]: a glomerular capillary loop (C) and a podocyte (P) with
heterochromatic nucleus (N) and endocytic vesicles (purple arrows) are shown. Foot processes appear distorted (blue arrow heads) with areas of effacement
(red arrows). [TEM, x15000]. [g]: a PCT at the right side and a glomerulus at the left side with multiple glomerular capillary loops (C). A podocyte (P) can be
seen floating in Bowman’s space (BS). Mesangial expansion is noted (M) [TEM, x2000].
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Fig. 6: Photomicrographs of the renal cortex from ACEI treated group (group IV):

[a&Db]: normally appearing renal corpuscles surrounded by renal tubules (T). The glomerular tufts of capillaries (stars) are encircled by apparently normal
Bowman’s spaces (arrows). Glomerular capillaries show mild congestion and dilatation (C) [a: H&E, x100, b: H&E, x400]. [c]: weak positive cytoplasmic
expression of nestin in podocytes (P) as well as the parietal layer of Bowman’s capsule (arrow head) is detected. [anti nestin immunohistochemical stain,
x1000]. [d&e]: showing a podocyte (P) with few small cytoplasmic vacuolations (green arrow heads), glomerular capillary loops (C), mesangial matrix (M) and
Part of (PCT). The subpodocytic space is apparently normal (yellow arrow). GBM appears of a uniform thickness (green arrows). An area of effacement can
be detected (red arrow). [d: TEM, x4000, e: TEM, x8000]. [f]: showing part of the cell body of a podocyte (P) and part of a glomerular capillary loop (C). The
cytoplasm exhibits the presence of Golgi apparatus (G) and rER (R). A limited area of foot process effacement can be identified (red arrow). [TEM, x25000].

Fig. 7: Photomicrographs of the renal cortex from SGLT2I treated group (group V):

[a&Db]: showing normally appearing renal corpuscles surrounded by renal tubules (T). The glomerular tufts of capillaries (stars) are encircled by seemingly normal
Bowman’s spaces (arrows) [a: H&E, x100, b: H&E, x400]. [c]: weak cytoplasmic expression of nestin in the podocytes (P). [anti nestin immunohistochemical
stain, x1000]. [d&e]: showing podocytes (P) surrounding glomerular capillary loops (C). The subpodocytic spaces (yellow arrows) are apparently normal
comparable to the control in Fig. (3d). Vacuolations within the cytoplasm of one podocyte can be detected (green arrow heads), in addition to foot process
effacement (red arrows). [d: TEM, x4000, e: TEM, x8000]. [f]: showing a podocyte (P) and part of a glomerular capillary loop (C). rER can be visualized within
the cytoplasm of the podocyte (R), free scattered ribosomes (FR) and few vacuolations are present (green arrow head). Foot processes (blue arrow head) with
slit diaphragms in between are resting on a regular GBM (green arrow). [TEM, x25000].
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Fig. 8: Histograms showing [a]: Mean area of Bowman’s space + SD expressed in um?. *Significant increase as compared to control (p-value <0.05),
«Significant reduction as compared to group III (p-value 0.05). [b]: Mean glomerular area = SD expressed in pm?. *Significant increase as compared to control
(p-value <0.05), *Significant reduction as compared to group Il (p-value <0.001). [c]: Mean area % =+ SD of positive immune reaction of nestin. *Significant
increase as compared to control (p-value <0.001), *Significant reduction as compared to group Il (p-value <0.001). [d]: Mean GBM thickness + SD expressed
in nm. *Significant increase as compared to control (p-value <0.001), *Significant reduction as compared to group III (p-value <0.001).

DISCUSSION

Nephrectomy is a common surgical procedure that is
not only performed in neoplastic renal conditions, but also
in non-neoplastic ones?, including unilateral nephrectomy
in living kidney donation. Hence, the importance of
scientific research in the field of renal mass reduction,
targeting to find convenient treatments to mitigate the
possible consequent maladaptive responses.

The current study aimed to detect the histological
changes in podocytes following unilateral nephrectomy
in young male albino rats, and to evaluate the possible
ameliorative effect of SGLT2I versus ACEI by histological
and morphometric studies. In this work, the ACEI was used
as a reference drug (standard therapy for comparison), as
it had been used in many previous studies and proved
efficacy in similar models!'"). To achieve this aim, unilateral
nephrectomy model in rodents was done for its well-known
ability to induce hyperfiltration injury®!.

The study included young rats because the used drugs
were targeting the glomerular capillary pressure, which
increases early in the young but late in the adult following
nephron loss. The most important in this model was to
reduce the renal mass after the completion of nephrogenesis,
which occurs at day 10 postpartum in rats??®l,

All the groups -even the untreated one- showed no
statistical difference in lab results for serum creatinine and

24-hour urinary albumin when compared to the control.
Such results can be explained through some previous
studies stating that the standard biomarkers of CKD
including albuminuria occur at progressive stages of the
disease. Therefore, advanced prognostic markers are
needed to predict CKD risk early before the impairment
of renal functions®”2¥l. In addition, in most of the former
studies done on non-diabetic rodents that detected
albuminuria in CKD, the uninephrectomy was done to
exaggerate another renal injurious factor!'!l. Blood glucose
level tests were not included in the current study, because
SGLT2Is have minimal risk for hypoglycemia as they have
counter-regulatory actions including insulin reduction and
glucagon increase.

For all uninephrectomized rats (untreated and treated),
the average weight of the remaining kidneys at time of
sacrifice was significantly increased when compared to the
control. According to a previous study®”, Compensatory
renal hypertrophy (CRH) is the principal contributor to this
growth. However, hyperplasia also occurs particularly in
young animals.

Regarding the untreated uninephrectomized (group III)
sections, most of the pathological changes that occurred
at the H&E level could be attributed to secondary FSGS,
which is encountered subsequent to significant nephron
lossP!.,
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Hyalinosis occurrence was specified to be in the
vascular pole area, just like the result of this study.
However, it was detected in glomeruli not showing the
manifestations of sclerosis, which could be explained by
the presence of glomerular hypertensionf?).

Glomerular distortion and adhesions were similarly
encountered in a former study®!, which stated that early
mesangial affection in FSGS results in ballooning of the
glomerular capillaries, change in their arrangement, and
consequently tuft distortion. This dislocation of capillaries
brings podocytes in contact with the parietal epithelial cells
and finally results in tuft adhesions and sclerosis.

The significant widening of Bowman’s space area is an
indicator of hyperfiltration (increased amount of primary
urine in Bowman’s space) and not a result of tuft shrinkage,
as the glomerular area showed significant increase in group
I sections when compared to the control.

Examination of immune-stained sections for nestin
revealed positive normal diffuse nestin-stained cells in the
control group. On the other hand, group III sections showed
intense nestin expression with a significant increase in its
area % when compared to the control. It was concluded that
nestin (being an intermediate filament) plays an important
role in the stability of podocytes, so they can respond to the
tensile stress by morphological changes!'®], which explains
its intense expression in this group.

Ultrastructural examination of group III sections
revealed many pathological changes that could also be
attributed to secondary FSGSP?. Podocytes have a unique
way in responding to injury. Unlike other cells, they
remain viable despite the marvelous shape changes they go
through¥. Moreover, podocytes have the ability to sense
the mechanical stresses (like tensile stress and FFSS) and
to react to them by mechanotransduction®.

Vacuolization of podocytes is a pattern of their
damagel*, which can be further explained by the reduction
in their density consequent to their hypertrophy®”!. Another
manifestation of cell material turnover is the shedding of
cytoplasmB®l,

The phenomenon of microvillus transformation had
been described as a trial made by podocytes to search for
attachment to GBM or parietal epithelial cells®*2. Recently,
it was identified as one of the top ultrastructural predictors
of prognosis in cases of podocytopathies®. It was found
to be linked with an increased chance of remission and
response to treatment!®.

In regards to the encountered effacement, foot processes
become flatter and wider in response to injury'". It had been
described that this effacement passes into several stages. It
starts by displacement or disappearance of slit diaphragms
with their replacement by occludens junctions, followed by
retraction of the foot processes into the primary processes,
and finally direct adherence of the podocyte’s cell body
to the GBM. The process of foot process effacement was
also described as a survival strategy made by podocytes to
increase their attachment to the GBM!!.

In the current work, foot process effacement showed
localized distribution rather than a generalized pattern.
Podocytes are mainly sensitive to FFSSH, and since it is
highest at the initial segment of the glomerular capillary and
lowers toward the end (unequally distributed), therefore
the process of effacement is heterogeneously distributed in
cases of maladaptive FSGSM.

Previous studies stated that immature podocytes
connect to each other by tight junctions during early
development, followed by widening of the intercellular
spaces and slit diaphragm appearance. Meanwhile, tight
junctions disappear and become no longer present in mature
podocytes*. However, in the current study, adhesions
could be detected between the cell bodies of podocytes
which are apparently in the form of tight junctions. The
first (and to our knowledge the only) one who reported
the presence of tight junctions between neighboring
podocytes by TEM was Succar and his colleagues, who
identified them -in 2016- early in experimental crescentic
glomerulonephritis*?!. Tight junctions between cell bodies
of podocytes have never been mentioned as part of FSGS
pathology. We believe the current study is the first to
report such adhesions between the somas of non-detaching
podocytes by TEM in a model of renal mass reduction.
We suggest that these junctions were formed to resist the
mechanical stresses to which podocytes were subjected, in
an attempt to avoid detachment.

Finding detached viable podocytes is an expected
consequence of the continuous exposure to mechanical
stresses (high flows and shear stresses), leading to their
separation from the GBMP". Several researchers suggested
that in the majority of cases podocyte loss occurs by
detachment as viable cells rather than by in situ necrosis or
apoptosis®*l. However, we were able to detect chromatic
condensation and pyknosis in some podocytes which are
signs of podocyte damage!*®!.

The expansion of the subpodocytic space in many
fields of this group could be explained by the excessive
hypertrophy of podocytes resulting in cell body attenuation
and consequently expansion of this space!*’..

As for the GBM in group III sections, it showed
significant increase in its thickness when compared to
the control, even though the values of the mushroom like
thickenings were not included in the statistical analysis.
GBM thickening is a common histologic finding in cases
of renal mass reduction®®. A similar result of uneven
irregular thickening of GBM was previously reported in
a model of subtotal nephrectomy in Sprague- Dawley
rats®!l. Studies done on diabetic nephropathy had clarified
that the disturbance of the podocyte-GBM relation and
the structural damage of podocytes are critical in the
occurrence of GBM thickening!®23,

Regarding ACEI treated uninephrectomized rats (group
IV), kidney weight and glomerular area increased with
insignificant difference when compared to the untreated
rats (group III). Such result didn’t come along with what
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had been assumed that angiotensin II is by some means
involved in glomerular hypertrophy which consequently
can be inhibited by an ACEI®”. However, our result
went hand in hand with a recent study which proved that
the chronic response of compensatory renal growth is
independent of the RAASPE*.

The conservancy in the glomerular histoarchitecture
in group IV sections was clear at the level of H&E,
immunohistochemical staining, and TEM. This effect
could be attributed to the ability of ACEIs and angiotensin
receptor blockers (ARBs) to reduce glomerular capillary
pressure, induce GBM remodeling, recover glomerular pore
selectivity and decrease transforming growth factor beta
(TGF-p), resulting in reduced mesangial proliferation®*.
These effects are opposing to the renin-angiotensin system
effects®. It had been demonstrated by previous studies
that treatment of sub-totally nephrectomized rats with a
high dose of ACEI or ARB was effective in ameliorating
glomerulosclerosis progression. On the other hand, it was
documented that treatment with a single RAAS blocker
is inadequate to promote long-lasting regression of
glomerulosclerosist”.

The remarkable effect obtained with the use of
enalapril in the current work matched a previous one in
which lisinopril (an ACEI) was used as a reference drug
in mice subjected to protein-overload proteinuria on top of
unilateral nephrectomy. It was reported that focal podocyte
damage and areas of effacement were infrequent with the
treatment.

Furthermore, similar to our finding, a significant
reduction in nestin expression was proved in the ACEI
treated rats!'). The reduction in nestin expression points to
an improvement in the cellular stress condition!'®. Since
glomerular hypertension results in hyperfiltration®”), it can
be concluded that reducing glomerular capillary pressure
by an ACEI can indirectly reduce FFSS in addition to the
direct control of tensile stress. This suggested reduction
in hyperfiltration can also explain the narrowing of the
subpodocytic spaces and the significant reduction in
Bowman’s space area in group IV when compared to the
untreated group III. Lastly, GBM thickness in group IV
didn’t show any significant difference when compared to
the control.

In regard to SGLT2I treated rats (group V), kidney
weight and glomerular area were reduced when compared
to group III. However, this reduction was not significant
in kidney weight but significant in the glomerular area.
These results partially agreed with what had been reported
earlier, that ipragliflozin (an SGLT2I) neither helped with
the renal hypertrophy nor reduced the glomerular area.
All the other parameters including Bowman’s space area,
glomerular area, area % of nestin, and GBM thickness
showed significant reduction in group V sections when
compared to the untreated rats (group III).

The reno protective effect of dapagliflozin was
reflected on the renal histoarchitecture. This effect can

be attributed to the drug’s mechanism of action, which
includes reduction of Na reabsorption in the proximal
convoluted tubules, consequently increasing its delivery to
the macula densa leading to a rise in adenosine triphosphate
breakdown and adenosine production. Adenosine causes
afferent arteriolar vasoconstriction resulting in reduction
of glomerular capillary pressure and hyperfiltration®®l.

All the parameters in group V rats did not show any
significant difference when compared to ACEI treated rats
(group IV). However, it could be noticed from the results
of the current study that the ultrastructural changes in
the ACEI treated rats were slightly better (less frequent
vacuolations and effacement) than in dapagliflozin treated
rats. The renoprotective effects of SGLT2Is could be further
explained (in addition to their hemodynamic effects) by
their ability to ameliorate renal hypoxia and fibrosist**%,

Regarding nestin expression by group V rats, the current
study detected its significant reduction when compared to
group III rats. This finding was similar to that of a previous
study, that reported- in addition to nestin reduction- sodium
glucose cotransporter 2 (SGLT2) expression on mice’s
podocytes, which increased during the stress of protein
overload. Therefore, the authors made the conclusion that
SGLT2Is have a direct effect on podocytes, and are able to
affect their cytoskeletal rearrangement!!!l.

CONCLUSIONS

It could be concluded that the SGLT2I (dapagliflozin)
can work on many levels to ameliorate the outcome by
protecting against the maladaptive response following
renal mass reduction, as it gave almost similar results to
that of the ACEIL Thereby, using it as a protective drug
in cases of solitary kidney following uninephrectomy
would be of great benefit in controlling and delaying the
process of glomerulosclerosis, especially in conditions in
which RAAS blockers are contraindicated, untolerated, or
inadequate.

ABBREVIATIONS

SGLT2I: Sodium—Glucose Cotransporter 2 Inhibitor,
ACEI: Angiotensin Converting Enzyme Inhibitor, TEM:
Transmission Electron Microscopy, GBM: Glomerular
Basement Membrane, FSGS: Focal Segmental
Glomerulosclerosis, FFSS: Fluid flow shear stress,
ESRD: End Stage Renal Disease, CKD: Chronic Kidney
Disease, RAAS: Renin- Angiotensin- Aldosterone System,
FDA: Food and Drug Administration, H& E: Hematoxylin
and Eosin, PBS: Phosphate Buffered Saline, rER:
Rough Endoplasmic Reticulum, CRH: Compensatory
renal hypertrophy, ARB: Angiotensin Receptor Blocker,
TGF-B: Transforming Growth Factor Beta, SGLT2:
Sodium—Glucose Cotransporter 2.
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