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Chronic  kidney  disease  is  a global  health  problem  with  increasing  morbidity  and  mortality.
Therefore,  this  study  was  planned  to test the protective  effect  of hematopoietic-stem-cell
mobilization  by  granulocyte  colony-stimulating  factor (G-CSF)  on Adriamycin  (ADR)-
induced  chronic  renal  disease  in rats.  Thirty  albino  rats  were  equally  divided  into  three
groups:  control,  ADR  group  [rats  received  a single  intravenous  injection  of ADR  (5  mg/kg)],
and  G-CSF  group  [rats received  ADR  by  the  same  route  and  the  same  dose  as the previous
group,  and  then  G-CSF  (70  �g/kg/d)  2 hours  after  ADR  injection  then  daily  for  five  consecu-
tive days].  At  the  time  of  sacrifice  (after  6 weeks),  blood  samples  were taken  to  estimate  the
blood urea  nitrogen  and  serum  creatinine.  Kidney  sections  were  stained  with  hematoxylin
and  eosin,  toluidine  blue,  Masson’s  trichrome,  periodic  acid–Schiff  stains,  and  immuno-
hronic kidney disease
ranulocyte colony-stimulating factor

histochemical  staining  against  CD34  and  caspase-3.  The  G-CSF  group  exhibited  protection
against  renal  injury  manifested  by  reducing  blood  urea  nitrogen  and  serum-creatinine  lev-
els, improving  histological  architecture,  and  increasing  the  proliferative  capacity  of renal
tubules.

© 2015  Saudi  Society  of  Microscopes.  Published  by  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Chronic kidney disease (CKD) is a public worldwide
ealth problem. It causes many complications, and it has
ecome an important research field because of its increas-

ng morbidity and mortality [1].
Infusion of stem cells was reported to contribute toward
ubule regeneration following acute or chronic renal fail-
re [2]. However, recent studies have suggested that the
rimary means of repair by these cells involves paracrine
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and endocrine effects, rather than direct stem-cell differ-
entiation into damaged tubules [3].

Homing factors can be beneficial to damaged tissue,
as they stimulate the migration of hematopoietic and
mesenchymal stem cells [4]. Among the homing factors,
granulocyte colony-stimulating factor (G-CSF) is known to
mobilize hematopoietic stem cells (HSCs) from bone mar-
row (BM) to peripheral circulation. Its protective action on
renal function has been demonstrated in mouse models of
acute renal failure; however, there have been few investi-
gations on its role in CKD [2].
The aim of this study was  to evaluate the protective
effect of HSC mobilization by G-CSF in a rat model of
Adriamycin (ADR)-induced CKD, monitored by histological,
morphometric, and serological methods.
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2. Materials and methods

2.1. Materials

2.1.1. Drugs
Doxorubicin hydrochloride (ADR) was purchased in

the form of vials (50 mg/25-mL saline) from EIMC United
Pharmaceuticals (EUP), Badr City, Cairo, Egypt.

G-CSF (Neupogen) was provided in the form of prefilled
syringes of 0.5 mL  containing 30 million units (= 300 �g)
of filgrastim (recombinant methionyl human G-CSF, r-
metHuG-CSF, from Escherichia coli K12) (F. Hoffmann-La
Roche Ltd., Basel, Switzerland/Kirin-Amgen Inc., Basel,
Switzerland).

2.1.2. Animals
This study included 30 adult male albino rats about 12

weeks old, with an average body weight of 180–200 g. The
animals were provided with veterinary care by the Animal
House of Faculty of Medicine, Cairo University, Cairo, Egypt,
according to the guidelines for animal research approved
by the Animal Ethics Committee, Faculty of Medicine, Cairo
University. They were caged in a conventional clean facility
at 22–26 ◦C, and allowed food and water ad libitum. The rats
were equally divided into three groups of 10 rats each.

In Group I (control group), the rats were subdivided
into (1) Subgroup IA, in which five rats received a sin-
gle intravenous injection (tail vein) of 0.5-mL saline; and
(2) Subgroup IB, in which five rats received a single intra-
venous injection (tail vein) of 0.5-mL saline, and then
subcutaneously received 0.5-mL glucose 5% after 2 hours
then daily for 5 consecutive days.

In Group II (ADR group), the rats received a single intra-
venous injection (tail vein) of ADR at a dose of 5 mg/kg of
body weight [5].

In Group III (G-CSF group), the rats received ADR by the
same route and the same dose as the previous group, and
then G-CSF was given 2 hours after the ADR injection. G-CSF
was subcutaneously injected daily for 5 consecutive days
at a dose of 70 �g/kg/d diluted in 0.5-mL glucose 5% [6].

Three rats from each group were sacrificed after 5 days
from the beginning of the experiment by intraperitoneal
injection of pentobarbital sodium 60 mg/kg [7], while the
remaining rats were sacrificed in the same way 6 weeks
after the beginning of the experiment.

2.2. Methods

2.2.1. Laboratory investigations
At the time of sacrifice (6 weeks), blood samples were

taken from the retro-orbital vein into heparinized tubes,
and transferred to the Biochemistry Department, Faculty
of Medicine, Cairo University, to detect the levels of blood

urea nitrogen (BUN) and serum creatinine to assess the
kidney function.

2.2.2. Histological examination
Kidney specimens from rats sacrificed after 5 days were

collected, processed, and immunostained with anti-CD34
d Ultrastructure 4 (2016) 133–142

antibody to assess the mobilization and homing of HSCs
into the kidney [8].

Kidney specimens from rats sacrificed at the end of
the experiment (after 6 weeks) were collected. (1) Right-
kidney specimens were fixed in 10% buffered formalin,
and then paraffin embedded. Serial sections of 5–7 �m
thickness were cut, and subjected to (i) hematoxylin-and-
eosin (H&E) stain [9]; (ii) Masson’s trichrome stain to
demonstrate collagen fibers [9]; (iii) periodic acid–Schiff
(PAS) reaction [9] to demonstrate basal lamina and brush
border as a measure of tubular injury; (iv) immuno-
histochemical staining using anti-CD34 antibody, which
is a ready-to-use mouse monoclonal antibody (Dako,
Glostrup, Denmark), to demonstrate HSCs [8], and positive
cells showed a membranous/cytoplasmic brown reaction;
and (v) immunohistochemical staining using anticaspase-
3 antibody, which is a ready-to-use rabbit polyclonal
antibody (Thermo Scientific Laboratories, Neo Markers,
Waltham, Massachusetts, USA), to demonstrate apoptosis
[8], and caspase-3 marker shows cellular cytoplasmic local-
ization in early apoptosis and nuclear localization in late
apoptosis [10]. (2) Left-kidney specimens (about 1 mm)
were processed for embedding in epoxy resin. Semithin
sections were cut at 1-�m thickness, and rapidly fixed in 3%
phosphate-buffered glutaraldehyde, stained with toluidine
blue, and then examined by a light microscope [11].

2.2.3. Morphometric study
Data were obtained using Leica QWin 500 C image ana-

lyzer computer system (Leica Microsystems, Cambridge,
England, UK). The following were measured: (1) num-
ber of affected Malpighian corpuscles per low-power
field (100 × ) in H&E-stained sections (widening of Bow-
man’s space, partial or complete destruction, loss of
glomerular tufts) [12]; (2) area percent of collagen in Mas-
son’s trichrome-stained sections; (3) optical density of
PAS +ve reaction; (4) number of CD34-immunopositive
cells per low-power field; and (5) number of caspase-3-
immunopositive cells per low-power field.

2.2.4. Statistical analysis
The measurements obtained were analyzed using SPSS

software version 13 (SPSS Inc., Chicago, IL, USA). A com-
parison between the different groups was made using
analysis of variance, followed by post hoc Tukey test. The
results were expressed as means ± standard deviation. The
differences were considered statistically significant when
p < 0.05.

3. Results

3.1. Results of laboratory investigations

Laboratory investigation results are illustrated in
Table 1.

3.2. Histological results
3.2.1. H&E-stained sections
Renal sections from both control subgroups (IA and

IB) revealed normal histological architecture; the renal
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Table  1
Mean values of blood urea nitrogen and serum creatinine ± standard
deviation.

Groups Blood urea
nitrogen (mg/dL)

Serum-creatinine
level (mg/dL)

I (control) 37.93 ± 1.36 0.13 ± 0.03
II  (ADR) 91.77 ± 1.99 a 1.63 ± 0.20 b

III (G-CSF) 52.60 ± 1.13 a,c 0.66 ± 0.80

a Significant increase compared to Group I.
b Significant increase compared to both Groups I and III.
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c Significant decrease compared to Group II.
DR = Adriamycin; G-CSF = granulocyte colony-stimulating factor.

orpuscle appeared formed of tuft of glomeruli and Bow-
an’s space. Proximal convoluted tubules showed narrow

umina, and were lined with high cuboidal cells with
ounded basal nuclei and deeply acidophilic cytoplasm.
iatal convoluted tubules showed wider lumina, and were

ined with cubical cells with rounded central nuclei and
aler acidophilic cytoplasm (Figure 1A). The renal medulla
howed normal histological architecture of the medullary
ollecting tubules that appeared lined with simple cuboidal
pithelium with central rounded nuclei and pale aci-
ophilic cytoplasm (Figure 1B).

Sections from Group II (ADR group) showed many forms
f cortical and medullary affection. The cortex showed
artial or complete destruction of a large number of
enal corpuscles with loss of glomerular tufts. Most of
he lining cells of the cortical tubules showed cytoplas-

ic  vacuolation and pyknotic nuclei with cellular debris
n the lumina (Figure 2A). Some cortical tubules exhib-
ted dilatation with dense acidophilic hyaline casts in their
umina, as well as shedding and desquamation of their lin-
ng epithelium (Figure 2B). Other cortical sections showed

arked interstitial hemorrhage and distorted glomeruli
ith widening of Bowman’s spaces (Figure 2 C). Peritubu-

ar cellular infiltration was also seen (Figure 2D). The renal
edulla revealed marked vascular capillary congestion.
any tubules showed desquamated epithelial cells, which
ppeared as cellular debris in the lumina. The lining tubu-
ar cells exhibited cytoplasmic vacuolation and pyknotic
uclei (Figure 2E).

ig. 1. Photomicrographs of renal sections from Group I (control group) stained w
enal  corpuscle containing glomerulus (G) and Bowman’s space (arrowhead). The
igh  cuboidal cells with rounded vesicular basal nuclei and deeply acidophilic c

ined  with cubical cells with rounded vesicular central nuclei and paler acidoph
ith  simple cuboidal epithelium with central rounded nuclei and acidophilic cyto
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Sections from Group III (G-CSF group) showed that most
renal corpuscles appeared normal with intact glomerular
tufts. Mild peritubular capillary congestion was  noted with
mild cytoplasmic vacuolation in some tubular cells. Nearly
all tubular cells had vesicular nuclei (Figures 3A and 3B).
Sections in the medulla showed that some collecting
tubules contain cellular debris or mild cytoplasmic vacuo-
lation (Figure 3C).

3.2.2. Toluidine-blue-stained sections
Sections from both control subgroups (IA and IB)

showed apparently normal renal corpuscles with narrow
Bowman’s space. The renal tubules had clear basal striat-
ions, prominent brush borders, and large vesicular nuclei
with prominent nucleoli, as well as clear continuous basal
laminae (Figure 4A). Most renal tubules from the ADR group
showed cytoplasmic vacuolation, nonclear basal striations,
partial or complete loss of brush border, as well as many
small irregular nuclei. Epithelial desquamation and inter-
rupted basal laminae were also seen (Figure 4B). Renal
tubules from the G-CSF group showed clear basal striations,
prominent brush border, and large vesicular nuclei. How-
ever, mild cytoplasmic vacuolation and irregular nuclei
were detected in some cells (Figure 4C).

3.3. Histochemical results

3.3.1. Masson’s trichrome-stained sections
Sections from both control subgroups (IA and IB)

revealed the same findings. The renal cortex showed the
normal distribution of collagen, which appeared as fine col-
lagen fibers among glomerular capillaries and between the
renal tubules (Figure 5A). Renal cortex from Group II (ADR
group) showed marked deposition of collagen fibers within
the glomeruli in the renal corpuscles, as well as between the
renal tubules (Figures 5B and 5C). As for Group III (G-CSF
group), there was mild deposition of collagen fibers in the
renal corpuscle and between the renal tubules (Figure 5D).
3.3.2. PAS-stained sections
The examined renal cortex from both control subgroups

(IA and IB) showed multiple tubules with intact brush

ith hematoxylin and eosin 400×. (A) The renal cortex shows Malpighian
 proximal convoluted tubules (P) have narrow lumina and are lined with
ytoplasm. The distal convoluted tubules (D) have wider lumina and are
ilic cytoplasm. (B) The renal medulla shows collecting tubules (ct) lined
plasm.
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Fig. 2. Photomicrographs of sections from Group II (Adriamycin group) stained with hematoxylin and eosin 400×. (A) The cortex reveals complete destruc-
tion  of the renal corpuscles with loss of glomerular tufts (G), the tubular lining cells show vacuolated cytoplasm (v) and pyknotic nuclei (arrows), and most
tubular  lumina contain cellular debris (stars). (B) There is dilatation (d) of some cortical tubules, dense acidophilic hyaline casts in their lumina (arrows)
with  shedding and desquamation of the lining epithelium (curved arrows). (C) Marked interstitial hemorrhage (H) is noticed, with distorted glomerulus
(G)  and widening of Bowman’s space (arrowhead). (D) A heavy interstitial inflammatory infiltration (F) is present in the renal cortex. (E) The renal medulla
shows  marked vascular congestion (c), the tubular cells exhibit pyknotic nuclei (arrows), vacuolated cytoplasm (v) with cellular debris in tubular lumina
(stars).

Fig. 3. Photomicrographs of renal sections from Group III (granulocyte-colony-stimulating-factor group) stained with hematoxylin and eosin 400×. (A)
The  renal cortex shows apparently normal renal corpuscle with glomerular tuft (G), few tubular cells show cytoplasmic vacuoles (v), and nearly all tubular
cells  have vesicular nuclei (arrows). (B) There is mild peritubular capillary congestion (c), cytoplasmic vacuolation (v) of some lining tubular cells, and
almost  all cells have vesicular nuclei (arrows). (C) The renal medulla reveals some collecting tubules contain cellular debris (stars) or mild cytoplasmic
vacuolation (v).

Fig. 4. Photomicrographs of semithin sections stained with toluidine blue 1000×. (A) Renal section from Group I (control group) shows part of apparently
normal renal corpuscle containing a glomerulus (G); the renal tubular cells have clear basal striations (S), prominent brush borders (asterisks), large
vesicular nuclei (arrows) with prominent nucleoli (spiral arrows), and clear basal laminae (arrowheads). (B) In sections from Group II (Adriamycin group),
most  renal tubules have cytoplasmic vacuoles (v), nonclear basal striations, partial or complete loss of brush border (asterisks), small irregular nuclei (bifid
arrows), as well as desquamated cells (curved arrows), and the tubular basal laminae are interrupted at many sites (arrowheads). (C) Most renal tubules in
Group  III (granulocyte-colony-stimulating-factor group) show clear basal striations (S) and prominent brush border (asterisks). However, mild cytoplasmic
vacuolation (v) and irregular nuclei (bifid arrows) appear in some tubular cells.
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Fig. 5. Photomicrographs of renal sections stained with Masson’s trichrome stain 400×. (A) Section from Group I (control group) shows normal distribution
of  collagen fibers (arrows) in the renal corpuscle and between the renal tubules. (B) In Group II (Adriamycin group), there is marked deposition of collagen
fibers  among glomerular capillaries and between the renal tubules (arrows), and (C) peritubular collagen deposition (arrows). (D) Renal cortex of Group III
(granulocyte-colony-stimulating-factor group) shows mild deposition of collagen fibers in the renal corpuscle and between renal tubules (arrows).

Fig. 6. Photomicrographs of sections stained with periodic acid–Schiff stain 400×. (A) Renal cortex of Group I (control group) shows many cortical tubules
with  intact brush border (asterisks) and clear basal laminae (arrowheads). (B) Section from Group II (Adriamycin group) shows partial or complete loss
of  brush border in most of the tubules (asterisks), the tubular basal laminae are interrupted at many sites (arrowheads), and the renal corpuscles show
expanded periodic acid–Schiff +ve mesangium (curved arrows). (C, D) Renal sections from Group III (granulocyte-colony-stimulating-factor group) show
many cortical tubules with preserved brush border (asterisks); also, continuous clear basal laminae (arrowheads) are detected in nearly all the tubules.
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Fig. 7. Photomicrographs of renal sections stained with anti-CD34 antibody 400×. (A) Group I (control group) on Day 5 shows positive immunoreactivity
in  the endothelial cells only (arrowheads), and no immunopositive hematopoietic stem cells can be detected. (B) Group II (Adriamycin group) on Day
5  shows few immunopositive hematopoietic stem cells within the renal glomeruli (arrows). Immunoreaction can be also detected in the endothelial
cells  (arrowhead). (C) Renal cortex of Group III (granulocyte-colony-stimulating-factor group) on Day 5 shows many immunopositive hematopoietic stem
cells  within the renal glomeruli (arrows). They appear as small cells with brown cytoplasmic reaction and small rounded nuclei. Immunoreaction can
be  also detected in the endothelial cells (arrowheads). (D) Renal cortex of Group I (control group) after 6 weeks showing positive immunoreactivity
in  the endothelial cells only (arrowheads). (E) Group II (Adriamycin group) after 6 weeks shows positive immunoreaction in the endothelial cells only
(arrowheads). No immunopositive hematopoietic stem cells can be detected. (F) A section from Group III (granulocyte-colony-stimulating-factor group)
after 6 weeks shows positive immunoreaction only in the endothelial cells (arrowheads). No immunopositive hematopoietic stem cells can be detected.

Fig. 8. Photomicrographs of sections stained with anticaspase-3 antibody 400×. (A) Group I (control group) shows scarce solitary nuclear immunoreactivity
ns of Gro
or group
for  caspase-3 in the renal tubules (arrows). (B) Renal tubular cells in sectio
caspase-3 (arrows). (C) In Group III (granulocyte-colony-stimulating-fact
(arrows).

border and clear basal laminae (Figure 6A). Sections in the
renal cortex from the ADR group showed partial or com-
plete loss of the brush border in most of the tubules. The
tubular basal laminae were interrupted at many sites. The
renal corpuscles showed expanded PAS +ve mesangium
(Figure 6B). Sections from the G-CSF group revealed many
cortical tubules with preserved brush border, and contin-
uous clear basal laminae were detected in nearly all the
tubules (Figures 6C and 6D).

3.4. Immunohistochemical stains
3.4.1. CD34-immunostained sections
On Day 5, positive immunoreactivity in the con-

trol group appeared only in the endothelial cells. No
immunopositive HSCs could be detected (Figure 7A). As
up II (Adriamycin group) show widespread nuclear immunoreactivity for
), some tubular cells show brown nuclear immunoreaction for caspase-3

for Group II (ADR group), few immunopositive HSCs were
seen within the glomeruli. An immunoreaction could be
detected in the endothelial cells (Figure 7B), whereas in
Group III (G-CSF group) many immunopositive HSCs were
seen within the glomeruli. They appeared as small cells
showing brown cytoplasmic reaction and small rounded
nuclei. An immunoreaction could be detected in the
endothelial cells (Figure 7C).

After 6 weeks, sections from all groups (I–III) showed
positive immunoreactivity only in the endothelial cells. No
immunopositive HSCs could be detected (Figures 7D–7F).
3.4.2. Caspase-3-immunostained sections
Sections from both control subgroups (IA and IB)

showed scarce nuclear immunoreactivity for caspase-3 in
the renal tubules (Figure 8A). Regarding sections from the
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Table  2
Morphometric results of the experimental groups ± standard deviation.

Group I (control) Group II (ADR) Group III (G-CSF)

Mean number of affected renal corpuscles 0.50 ± 0.10 8.0 ± 2.40 a 3.0 ± 1.15
Mean area % of collagen fibers 9.44 ± 3.08 21.22 ± 5.67 a 12.85 ± 2.81
Mean  optical density of PAS +ve reaction 1.80 ± 0.20 0.43 ± 0.12 b 1.05 ± 0.53 c

Mean number of CD34-immunopositive HSCs on Day 5 0.00 ± 0.00 2.10 ± 0.99 b 7.0 ± 2.40 d

Mean number of CD34-immunopositive HSCs after 6 wks 0.00 ± 0.00 0.00 ± 0.00 e 0.00 ± 0.00 e

Mean number of caspase-3-immunopositive cells 4.0 ± 1.0 36.50 ± 6.11 a 12.10 ± 2.72 b

a Significant increase compared to Groups I and III.
b Significant decrease compared to Group I.
c Significant increase compared to Group II.
d Significant increase compared to Groups I and II on the same day.
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e Significant decrease compared to the same groups on Day 5.
DR = Adriamycin; G-CSF = granulocyte colony-stimulating factor; HSC = h

DR group, there was widespread caspase-3 immunoreac-
ivity that appeared as a brown nuclear reaction in the renal
ubules (Figure 8B). The examined sections from the G-CSF
roup showed few renal tubular cells exhibiting a brown
uclear reaction (Figure 8C).

.5. Morphometric results

Morphometric results are illustrated in Table 2.

. Discussion

Numbers of prevalent CKD patients continue to rise,
nd as this occurs, nephrologists are confronted with the
evelopment of new protective approaches for the com-
lex medical problems unique to these patients [13]. That

s why the present study was done to investigate the pro-
ective effect of enhanced mobilization of HSCs by G-CSF
n a rat model of nephropathy. ADR was chosen to induce
ephropathy, as it was reported to induce renal injury in
odents similar to that occurred in humans. It is character-
zed by rapid onset of glomerular damage and proteinuria,

hich progresses to segmental sclerosis, in addition to
ubulo-interstitial damage and scar formation [14].

In the current study, the mobilization of endogenous
SCs was enhanced by the administration of G-CSF for 5
onsecutive days. It was previously declared that adminis-
ration of G-CSF daily for 4–6 days resulted in a 10–30-fold
ncrease in the number of circulating stem cells [15]. The

obilization and homing of HSCs in the renal tissue were
ssessed immunohistochemically using CD34 on the 5th

ay, the day of maximum HSC mobilization [16], and at
he end of the experiment (after 6 weeks) [2]. The effec-
iveness of G-CSF therapy was evaluated using serological,
istological, and morphometric studies.

The measurement of BUN and serum-creatinine levels
s regarded as a reliable indicator for the assessment of
idney functions [17]. In the present work, BUN and serum-
reatinine levels showed a significant elevation in both
roups II (ADR group) and III (G-CSF group) as compared

o the control, 6 weeks after a single dose of intravenous

DR, which confirms the occurrence of renal dysfunction.
imilarly, other researchers reported a significant increase
n both parameters after a single injection of ADR in rats
18]. It was proved that the oxidant injury caused by
oietic stem cell; PAS = periodic acid–Schiff.

ADR via reactive-oxygen-species (ROS) production aug-
ments urea and creatinine levels in serum and albumin
excretion in urine [19]. However, Group III showed a sig-
nificant decrease in BUN and serum-creatinine levels as
compared to the ADR group, suggesting that G-CSF could
exert a protective effect against ROS and preserve renal
functions.

The current study revealed various degenerative
changes in renal corpuscles, and cortical and medullary
tubules in sections from Group II (ADR group). There was
partial to complete destruction of a large number of renal
corpuscles with loss of glomerular capillary tufts. This was
confirmed by morphometry, which revealed a significant
increase in the number of affected renal corpuscles when
compared to the control. Marked glomerular capillary-tuft
distortion or complete loss was described in case of severe
renal injury [20]. Also, the present research showed severe
tubular damage; the lining tubular epithelial cells exhib-
ited vacuolated cytoplasm and pyknotic nuclei together
with desquamation and shedding of epithelial cells. Tubu-
lar dilatation with intraluminal dense acidophilic hyaline
casts, capillary congestion, marked interstitial hemorrhage,
and mononuclear cellular infiltration were also evident. All
these findings were confirmed by toluidine-blue sections
that revealed tubular cytoplasmic vacuolation, nonclear
basal striations, partial or complete loss of brush border,
epithelial desquamation, interrupted basal laminae, as well
as small irregular nuclei in most renal tubules.

These results were consistent with Zickri et al. [5] who
demonstrated that a single intravenous injection of ADR in
rats resulted in a tubulo-interstitial injury in the form of
vacuolated cytoplasm, dark nuclei in the cells lining most
tubules, detached epithelial cells, and desquamated dark
nuclei in the lumina of some tubules. It was postulated that
ADR-induced tubular atrophy may  be related to the forma-
tion of reactive metabolites that attack cell membranes and
result in peroxidation of polyunsaturated fatty acids. Dam-
aged cell membranes resulted in the detachment of tubular
epithelium and desquamation of the nuclei into the lumen
[21]. The intratubular hyaline casts might represent cellu-
lar debris that underwent molecular changes. The cells and

their debris that detach from the tubular basement mem-
brane combine with proteins present in the tubular lumen,
such as Tamm–Horsfall protein, resulting in cast formation.
Furthermore, impaired sodium reabsorption, by injured
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tubular epithelium, results in increased sodium concen-
tration in the tubular lumina. This causes polymerization
of Tamm–Horsfall protein forming gel and contributing to
cast formation [22].

Regarding vascular alterations, other investigators
reported that intravenous ADR in rats resulted in expanded
and congested renal tubular capillaries with inflamma-
tory infiltration [18,23]. It was stated that, in ADR-induced
nephrosis, cell infiltration is a hallmark that preceded the
development of tubular cell atrophy [24]. This inflamma-
tory response results from the oxidative stress caused by
ADR and leads to vascular congestion, which reduces the
ability to clear toxic radicals [25].

Masson’s trichrome stain was used in this work to detect
fibrosis. Sections from the ADR group revealed marked
deposition of collagen within the glomeruli, as well as
between renal tubules. This was supported by a morpho-
metric analysis, where the mean area percent of collagen
fibers was significantly higher than the control. Likewise,
it was documented that ADR-induced renal injury in rats
resulted in severe interstitial fibrosis [2]. In fact, a variety
of inflammatory cells and growth factors/chemokines par-
ticipate in renal interstitial fibrosis as transforming growth
factor-beta 1 (TGF-�1), which plays an important role in
the induction of myofibroblasts responsible for the pro-
duction of extracellular matrices, such as collagen and
fibronectin. TGF-�1 is produced mainly by macrophages,
together with platelet-derived growth factor and tumor
necrosis factor-�,  and both induce the conversion of inter-
stitial cells into myofibroblasts with subsequent deposition
of collagen [26].

Assessing brush-border preservation in proximal
tubules is a highly sensitive marker for monitoring the
survival and function of proximal tubular cells [27].
PAS-stained sections from the ADR group showed partial
to complete loss of brush border in most tubules, and the
basal laminae were interrupted at some sites. Also, the
renal corpuscles showed expanded PAS +ve mesangium.
Statistically, there was a significant decrease in the optical
density of PAS +ve reaction in ADR compared to the con-
trol. This was consistent with other authors who reported
marked tubular epithelial injury after intravenous ADR in
rats, manifested by loss of tubular brush border and expan-
sion of the mesangium [12]. This could be clarified by the
fact that ROS production during ADR-induced nephrosis
resulted in the rapid loss of cytoskeletal integrity, which
led to the loss of brush-border microvilli, cell junctions,
and loss of polarity with mislocalization of adhesion
molecules and other membrane proteins, such as the
Na+K+-ATPase and �-integrins [28].

Concerning sections from Group II (ADR group) stained
with anticaspase-3 antibody, there was widespread pos-
itive immunoreactivity in the renal tubules indicating
abundant apoptotic cells. This was confirmed by morphom-
etry that proved a significant increase in the number of
caspase-3-positive cells when compared to the control.
This is consistent with Chen et al. [29] who reported aug-

mented apoptosis in the renal tubular cells in ADR-treated
rats. It was suggested that renal apoptosis is associated
with overexpression of inducible nitric oxide synthase,
heat shock protein 60, and hypoxia-inducible factor-1�
d Ultrastructure 4 (2016) 133–142

molecules involved in the context of renal hypoxia and
cell stress response in progressive renal disease induced
by ADR [30].

Renal sections stained with anti-CD34 antibody from
the ADR group showed few immunopositive HSCs within
the glomeruli on Day 5. It was reported that, in animals
that underwent ADR-induced kidney injury, anti-CD34
immunostaining revealed the presence of few CD34 +ve
cells in kidney specimens within a few days from its
injection [31]. By contrast, sections from the G-CSF group
revealed a large number of CD34-immunopositive HSCs
on Day 5, which was  significantly higher than the control
and ADR groups. This indicates that G-CSF could efficiently
mobilize HSCs from BM and increase their homing to the
injured renal cells. Similar results were obtained by Mod-
elli de Andrade et al. [2] who reported that CD34 expression
increased in the group treated with G-CSF. However, after 6
weeks, no immunopositive HSCs could be detected in both
glomeruli and renal tubules, suggesting their differentia-
tion. When HSCs differentiate, they lose the CD34 marker
and acquire other biochemical markers specific to a lineage
[32].

Preservation of renal structure was  found in sec-
tions from Group III (G-CSF group) with features of less
severe injury than the ADR group, as most renal corpus-
cles appeared normal with intact glomerular tufts. This
was  established by morphometry that proved a signifi-
cant decrease in the number of affected renal corpuscles
as compared to the ADR group. Nearly all tubular cells
showed vesicular nuclei, except for mild peritubular cap-
illary congestion with mild cytoplasmic vacuolation of
some areas of tubular cells. In addition, the toluidine-blue
semithin sections showed clear basal striations, promi-
nent brush border, and large vesicular nuclei in most
renal tubules. Similarly, other studies reported a reduced
number of atrophic sites (glomerular atrophy + tubular
atrophy + inflammatory infiltrate) in the G-CSF-treated
mice after ADR-induced nephropathy [2]. It was postulated
that enhanced mobilization of adult HSCs and endothelial
progenitor cells from the BM by G-CSF was responsible
for the lesser degree of tissue damage in diseased ani-
mals as compared to controls through transdifferentiation
and trophic effects by producing different growth factors
[33,34].

Masson’s trichrome-stained sections from the G-CSF
group showed mild deposition of collagen fibers in renal
corpuscles and between renal tubules. Statistically, the
mean area percent of collagen fibers was  significantly
lower when compared to the ADR group. This was in
accordance with Fang et al. [35] who  found that G-
CSF treatment significantly reduced carbon dichloride-
and pentachloride-induced kidney damage and colla-
gen deposition in mice. The antifibrotic effect of G-CSF
is multifactorial. First, G-CSF-mobilized HSCs alter the
microenvironment by producing interleukin-10, an antifi-
brogenic cytokine, or antagonists of tumor necrosis
factor-� that disrupt signaling pathways leading to fibro-

sis [36]. Secondly, G-CSF reduces serum levels of TGF-�1,
which promotes the fibrogenic response of the interstitial
cells. Third, G-CSF-mobilized HSCs prevent activated cells
from secreting TGF-�1 [37].
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The examined PAS-stained sections from the G-CSF
roup revealed that most cortical tubules had preserved
rush borders and continuous basal laminae. The morpho-
etric analysis proved a statistically significant increase in

he optical density of PAS +ve reaction in the G-CSF group
hen compared to the ADR group. It was stated that the

dministration of G-CSF preserves the tubular brush border
nd ameliorates tubular necrosis, suggesting its protective
ffect on the cytoskeletal integrity of renal tubular cells
38].

As regards caspase-3-immunostained sections from the
-CSF group, there were few renal tubular cells exhibiting
ositive nuclear immunoreactivity indicating mild apopto-
is. This was established by the morphometric analysis that
howed a significant decrease in the number of caspase-
-positive cells compared to the ADR group. In addition, it
as demonstrated that mice treated with G-CSF had signif-

cantly lower numbers of apoptotic renal tubular epithelial
ells (RTECs) compared to untreated mice [39]. This might
uggest the antiapoptotic effect of G-CSF on RTECs. The
ntiapoptotic effect of G-CSF on RTECs could be explained
y the following: (1) the activation of Janus kinase/signal
ransducer and activator of the transcription signaling
athway through the G-CSF receptor on RTECs [40]; (2)
-CSF stimulates angiogenesis, which promotes functional

ecovery of damaged tissue based on the fact that mobilized
SCs can differentiate into vascular endothelium and vas-
ular smooth muscles [41]; and (3) G-CSF indirectly affects
TEC function via the production of hepatocyte growth

actor, a potent renotrophic factor with mitogenic and anti-
poptotic activities on RTECs [39].

. Conclusions

G-CSF proved to have a potential renoprotective capac-
ty at both morphological and functional levels. It could
timulate the regenerative process through multiple direct
nd indirect actions, such as enhancing endogenous BM
SC mobilization and homing to the injured kidney,

eduction of collagen deposition, and inhibition of RTEC
poptosis. If the renoprotective role of G-CSF is proven to
e efficient in humans, it will represent a perfect choice
or CKD patients protecting them from reaching end stages
hat need dialysis or kidney transplantation.
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