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Background: Acute ischemia-reperfusion (I/R) injury is the most common causes of acute renal failure in daily clinical
practice. It has been recognized that endothelial cell dysfunction and microvascular injury as the pathophysiological changes
during I/R injury. Protective effects of erythropoietin (EPO) have been demonstrated in various experimental models of I/R
induced injury. Therefore, the aim of the present study was to investigate whether EPO administration has renoprotective
effect against acute renal failure I/R injury in rats by promotion of endothelial progenitor cells (EPCs) mobilization and
neovascularization.

Material and Method: Male Sprague-Dawley rats were pretreated with EPO (1,000 1U/kg/day, ip); or the placebo for 3 days
before the induction of I/R procedure. On day 4, the bilateral renal occlusion for 30 min operations to produce renal I/R injury
or treatment with EPO 30 min before the initiation of I/R were done. At the end of the reperfusion period at day 1 day 2 and
day 4, blood and renal tissues were collected to investigate renal function and pathohistological examination. The expression
levels of CAV-1 and CD34 were determined for circulating of EPCs in blood, while CD34, CAV-1 and VEGFR-2 were
investigated for mobilized EPCs in kidney, using real time PCR. The expression level of VEGF was also examined to indicate
the angiogenesis in kidney using real time PCR and western blotting.

Results: Inthe I/R group, the significantly increased values of serum urea and creatinine were found on Day 1 after ischemia,
as compared to sham group. The development of tubular epithelial cell necrosis, peritubular capillary congestion and mild
interstitial infiltration has been observed in this group. Administration of EPO in I/R rat was significantly improved renal
function and significantly less the tubular damage. The treatment with EPO significantly increased in expression levels of
CD34 and CAV-1inblood, and also CAV-1, VEGFR-2 and VEGF in kidney tissue in this group, as compared to the I/R group.
Conclusion: These results suggest that treatment with EPO protects the kidney from ischemic acute renal injury via
increasing the mobilization and recruitment of EPCs, resulting in the induction of expression of VEGF that might play an
important role in the repair response.
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Acute ischemia-reperfusion (I/R) injury is the
most common causes of acute renal failure (ARF) in
daily clinical practices?. The lack of effective therapy
leads to a high mortality and morbidity rate®. The
structure and tubular endothelial cell dysfunction
and microvascular injury during I/R injury is a key
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importance for the pathophysiological consequence
in various renal disease, therefore, immediate and
adequate repair of endothelial injury is essential to
preserve the renal function®. The loss of endothelial
cell function may represent an important therapeutic
target in which endothelial regeneration by progenitor
cells may show promising alternative in the treatment
of the acute or chronic effects of ischemic ARF©®-".
Several studies demonstrated that circulating bone
marrow-derived endothelial progenitor cells (EPCs)
are mobilized and recruited in the ischemic area and
that also they induce tissue repair via secretion of pro-
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angiogenic growth factors including vascular
endothelial growth factor (VEGF)®!D and repair injured
microvasculature by formation of new blood vessels
that demonstrated in both animal and human model of
ischemic injury?.

Erythropoietin (EPO) is a cytokine secreted
by the kidneys in response to hypoxia induced
condition and required for erythropoiesis by the
proliferation of erythroid progenitor cells in the bone
marrow. It has also many pleiotropic therapeutic
properties by exerting anti-apoptotic and anti-
inflammatory effects in many models of ischemia-
reperfusion injury, including myocardial infarction'®
and acute kidney injury™®. Also, EPO acts as a
stimulator of EPCs mobilization in response to hypoxia
in order to promote angiogenesis and also are able to
secrete paracrine proteins, which include anti-
inflammatory cytokines and growth factors including
vascular endothelial growth factor (VEGF). Recent
data demonstrated that EPO was used for therapeutic
approach in experimental model such as ischemic
heart disease!">'® and ischemic spinal cord"”. However,
the effect of pretreatment with EPO before I/R induction
on renal function and EPCs mobilization remains unclear.
Thus, the present study was designed to investigate
whether daily pre-treatment with EPO for a period of
3 days can modulate EPCs recruitment and promote
angiogenesis, thereby contribute to attenuate the renal
injury and its dysfunction induced by ischemic
reperfusion injury.

Material and Method
Animals and surgical procedures

In the present study, 54 adult male Sprague-
Dawley rats obtained from National Animal Center
were used. All experiments were approved by the animal
Ethics Committee of faculty of Medicine, Thammasat
University. All rats were housed in temperature
controlled room (24+1°C) and were given with standard
food pellets and tape water until they weighed 250-300
g prior to surgery.

At the beginning of the experiment, rats
were randomly assigned to sham control (n=12,n=4/
group), IR (n=15,n=>5/group), IR*EPO (n=15,n=5/
group), and EPO (n=12, n=4/group). In pretreatment
protocol, rats were administered subcutaneously
with saline (8 ml/kg/day) or EPO (1,000 IU/kg/day) for
3 days prior to I/R. and also with intra-peritoneal
injection before 30 min induction ischemia was
occurred. All rats were anesthetized with sodium
pentobarbital at dose of 40-60 mg/kg by intra-peritoneal
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injections. The abdominal region was shaved, and the
animals were placed on a heating table to maintain them
at constant body temperature at 37+1°C while under
anesthesia. After midline laparotomy was performed,
I/R group and IR+EPO group were subjected to
bilateral renal ischemia for 30 min which the renal arteries
and veins were occluded by placing a microvascular
clamps. After the renal clamps were removed, the
kidney were observed for further 5 min to ensure reflow
and then the incision site was closed. Sham operated
rats underwent identical surgical procedures but
microaneurysm clamps were not applied.

Sample preparations

Animals from each group were sacrificed
under inhalation ether anesthesia at day 1, day 2 and
day 4. Kidneys were dissected from ratsand sliced from
the corona. These sections were fixed in 10%
formalin and processed for histology using standard
techniques. A small section of the kidney was frozen in
liquid nitrogen stored at -70°C for protein studies
using Western blot analysis, while another section was
fixed in RNA later Stabilization Solution (Ambion, Inc.)
for Realtime-PCR gene expression studies. Blood
samples were collected from rats via cardiac puncture.
The samples were centrifuged at 2,000 xg for 10 min.
Plasma were collected to measure the levels of BUN
and creatinine using automated analysis methods. Also
buffy coated sample were obtained and collected in
RNA later Stabilization Solution to investigate the
expression of EPCs in bloods using Realtime PCR.

Histopathology Examination of Renal Tissues

The renal tissues were fixed with formalin
followed by paraffin embedding. Five-micrometer
paraffinsections were stained with H&E using standard
procedure and examined under a light microscope for
morphologic analysis by a pathologist functioning in a
blind manner. Tubular necrosis and proteinaceous casts
were graded according to a previous methodology!®,
as follows: 0 =no damage; 1 = mild (unicellular, patchy
isolated damage); 2 = moderate (damage <25%); 3 =
severe (damage between 25 and 50%) and 4 = very
severe (>50% damage). The degree of medullary
congestion was defined as: 0 =no congestion; 1 =mild
(vascular congestion with identification of
erythrocytes); 2 = moderate (vascular congestion with
identification of erythrocytes); 3 = severe (vascular
congestion with identification of erythrocytes) and 4 =
very severe (vascular congestion with identification of
erythrocytes). Moreover, interstitial edema was graded
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as follows: 0 = no damage; 1 = mild (unicellular,
patchy isolated damage); 2 = moderate (damage <25%);
3 =severe (damage between 25 and 50%) and 4 = very
severe (>50% damage).

Protein extraction and western blot analysis

Total proteins were extracted from fresh frozen
kidney tissue. 100 mg of kidney (wet weight) was
homogenized in 500 pl of RIPA buffer. Homogenates
were treated with protease inhibitors and centrifuged
in a pre-chilled rotor at 15,000 xg for 15 min. Supernatants
were stored at -70°C. Protein content was measured
using a BCA™ Protein Assay Kit (PIERCE, IL, USA).

Protein samples were separated by 10% SDS-
PAGE and transferred onto nitrocellulose membranes.
Membranes were treated with Odyssey® blocking
buffer and followed by an overnight incubation at 4°C
with primary antibody (rabbit anti-VEGF and rabbit anti-
actin, dilution 1:2,000). Blots were then incubated
with goat anti-rabbit LI-COR IRDye 680 antibody
(dilution 1:5,000). Densitometric analysis of bands was
performed using LI-COR Odyssey®.

Quantitative RT-PCR analysis

Total RNA was extracted from Buffy coat or
kidney tissue using Trizol reagent (Invitrogen Carlsbad,
CA, USA). Total RNA concentration was measured at
260 nm (OD, ). Pure RNA possessed an OD,, /0D,
ratio of 1.6-1.9. Total RNA (0.25 ug) was reverse-
transcribed to cDNA using random primer and High-
capacity cDNA reverse transcription kits (Applied
Biosystems, Foster City, California, USA) according to
the manufacturer’s instructions. Transcript expression
was analyzed using quantitative PCR analysis with
a Step One Plus™ (Applied Biosystems) using
Tagman EXPRESS qPCR SuperMix Universal
(Invitrogen). Values for each gene were normalized to
the relative quantity of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA in each sample. The
primers (Applied Biosystems) used for the PCR reaction
are as follows: Assay ID; CAV-1; Rn00755834 ml,
Assay ID; VEGFR-2 (Kdr); Rn00564986 ml, Assay
ID; CD34; Rn03416140_m1, Assay ID; GAPDH;
Rn99999916 sl and Assay ID; VEGF; Rn01511601 ml..
The relative concentration of products was calculated
using the comparative C_ (,**“") method, according to
the instructions supplied by Applied Biosystems.

Statistical analyses

Data were expressed as mean + SD. The means
of the different groups were evaluated by one-way
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analysis of variance (ANOVA) or unpaired t-test. The
level of statistical significance was defined as p<0.05.

Results
Effect of EPO on renal dysfunction

All rats in the I/R injury group exhibited a
significant increase in BUN and Cr concentrations
when compared to sham, and also the increase in BUN
and Cr in this group was higher than that in the other
groups at day 1 and day 2, as shown in (Fig. 1A and
1B). However, significantly lower levels of BUN and Cr
were detected in treatment groups, especially I/R + EPO
treated rats, compared to that of I/R group at day 2 as
shown in (Fig. 1A and 1B).

Effect of EPO on renal injury

Histological examination of the kidneys
showed that there was extensive tubular damage in
the I/R group at day 1 and day 2, consisting of tubular
necrosis and proteinaceous cast. Damage was
observed in the proximal tubular epithelial cells
(TEC) in the outer stripe of the outer medulla and cortex
(Table 1 and Fig. 2). The marked structural damage,
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Fig.1  EPO decreased levels of blood nitrogen urea (A)

and serum creatinine (B) in I/R induced rats. Each
histogram represents mean + SE. * p<0.05 versus
sham group (day 1), # p<0.05 versus IR group
(day 2).
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Table 1. Histological analysis of tubular necrosis, PTC congression and interstitial edema of the study groups

Tubular epithelial PTC congestion Interstitial edema
cell necrosis and infiltration
Day 1
Sham 0.3+0.48 0.2+0.42 0.1+0.31
IR 3.4+0.52 * 2.9+0.56 * 2.240.42 *
IR + EPO 2.6+0.52 @ 2.240.42 @ 2.140.31
EPO 0.2+0.42 0.1+0.31 0.1+0.31
Day 2
Sham 0.2+0.32 0.1+0.31 0.1+0.31
IR 3.3+0.48 % 3.240.78 * 2.2+0.42*%
IR + EPO 2.540.52°* 2.140.31° 1.64+0.51
EPO 0.1+0.31 0.1+0.31 0.1+0.31
Day 4
Sham 0.1+0.31 0.1+0.31 0.1+0.31
IR 2.0+0.47 ** 1.6+0.51 ** 1.140.31 **
IR + EPO 1.3+0.48 0.7+0.48 0.7+0.48
EPO 0.1+0.31 0.1+0.31 0.1+0.31

All data are expressed as mean + SE

* p<0.05 versus sham group (Day 1), * p<0.05 versus sham group (Day 2), ** p<0.05 versus sham group (Day 4), *p<0.05

versus IR group (Day 1), ®p<0.05, versus IR group (Day 2)

included the widespread loss of brush border, a
denudation of tubular cells, tubule dilatation and
intratubular obstruction by granular casts, was
presented. Moreover, the mean score of PTC congestion
and interstitial edema in the outer medulla and cortex
were also presented. These lesions were markedly
different from those in the control kidney. In contrast,
renal sections obtained from rats pretreated with EPO
demonstrated a significantly decreased in tubular injury
when compared with the I/R group at day 1 and day 2
(p<0.05).

Effect of EPO on circulating EPCs

Circulating EPCs measured from blood
samples using real time PCR were performed to
investigate whether the EPO pretreatment group was
associated with increase in the number of circulating
EPCs. RNA levels of EPCs marker genes, including
CD34 and CAV-1, specific genes of EPCs representing
for an attractive cell candidate for inducing
angiogenesis, were investigated'?. The expression of
CD34 mRNA was markedly reduced in I/R group at
day 1 and day 2, compared with sham group. In
contrast, the expression of CD34 in pretreatment EPO
group (I/R+EPO) at day2 was significantly increased,
compared with I/R group (p<0.05), as shown in Fig. 3.
The expression of CAV-1 levels in pretreatment EPO
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group (I/R+EPO) were higher than those I/R group,
especially at day 2 where a significantly increased
expression of CAV-1 gene was observed (p<0.05).
These results suggested that, EPO increased the
immobilization of EPCs into peripheral blood in
EPO pretreatment group after reperfusion.

Effect of EPO on mobilization of EPCs in the kidney

EPCs measured in kidney samples were
performed to investigate the mobilization of EPCs in
kidney. RNA levels of EPCs marker genes, including
CD34, Cav-1 and VEGFR-2, were analyzed. Lower levels
ofall of the EPCs marker gene expressions in I/R group
and EPO pretreated group at day 1 were observed,
compared with sham group. In contrast, higher levels
of those gene expressions at day 2 were observed.
Interestingly, VEGFR-2 and CAV-1 mRNA expression
were significantly higher in EPO pretreated group
compared with I/R group (p<0.05), as shown in Fig. 4.
These results suggested that the accumulated EPCs in
kidney are mediated by EPO.

Effect of EPO on expression of angiogenic factor in
the kidney

Expression of VEGF on mRNA and protein
levels were analyzed using realtime PCR and western
blots, respectively. The VEGF expression levels in the
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Fig. 2  Histopathological with H&E staining of rat

kidney. Representative renal sections from I/R and
I/R+EPO groups at Day 1, Day 2 and Day 4.
Severe TEC necrosis, moderate PTC congestion
(black arrows) and proteinaceous casts (white
arrows) in the I/R group. EPO ameliorated renal
histological damage. H&E staining, original
magnification x400. PTC = peritubular capillaries,
TEC = tubular epithelial cells.

kidneys of I/R+EPO group were markedly increased
compared with I/R group, especially at day 2, as shown
in Fig. 5, 6. These result indicated that EPO induced
increased the levels of paracrine factors in I/R rats
pretreated with EPO.

Discussion

In the present study, we demonstrated that 3
daily pretreated with EPO prior to I/R induction can
promote circulating EPCs and mobilization of EPCs in
the kidney to stimulate angiogenesis in rats. We also
evaluated for the first time the angiogenic potential of
EPCs in renal I/R injury in rats by quantitating the
expression of EPC-specific molecules, including CD34,
CAV-1 VEGFR-2 using realtime PCR, in their peripheral
blood and kidney, instead of using flow cytometer
assay. These data demonstrate that EPCs recruitment
and increasing the VEGF expression into I/R induced
kidney can be modulated by daily pre-treatment with
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Fig. 3  Relative expression of circulation of EPCs; CD34
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EPO for a prior period of 3 days before I/R induction in
rats. The potential benefits of pretreatment with EPO
may be not only dependent on increasing EPCs
mobilization and paracrine effect by up regulating VEGF
expression, which mediated in endothelial cell repair
and the subsequent promotion of the process of
angiogenesis®”, but also exert important anti-apoptosis
actions"*?) and anti-inflammation actions®>* in
renoprotection in nephropathy.

AKI affects the structure and tubular
endothelial cell dysfunction and microvascular injury
during I/R injury which is a key importance for
pathophysiological consequences of renal disease®.
The injured epithelial cells lead to impairment of
microcirculation and persistent endothelial damage is
responsible for a delay functional recovery of the post-
ischemic renal reperfusion and thereby prolongs kidney
dysfunction®-”, These data suggested that the post-
ischemic renal endothelial cell dysfunction is the
important implication for the development of new
therapeutic targets in the management of AKI. Several
studies have been reported that EPCs may improve
vascular regeneration in different ischemic organs,
including atherosclerotic vascular diseas®® and
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myocardial infraction®. Therefore, endothelial
regeneration by EPCs playing a fundamental role in
cell regeneration and vascular repair has been
extensively studied in different model of renal disease.
These data imply that a rapid EPCs mobilization
after acute renal ischemia and an increased EPCs
accumulation in ischemic kidney areas are able to
maintain and repair of renal endothelium in acute
ischemia and to promote angiogenesis and to secrete
paracrine protein®”!. The bone marrow is alternative
cellular source of progenitor cells to facilitate the form
of circulating EPCs. Circulating EPCs are characterized
by the expression of early hematopoitic stem cell
markers CD34, CD133, and the vascular endothelial
cell growth factor receptor-2 (VEGFR-2). These
cells can differentiate into endothelial cells and are
resident progenitors in vessel wall which can
contribute to neovascularization and re-endothelia-
lization. Several evidence have been reported that
the potential of bone marrow derived EPCs to
restore the renal microcirculation in animal model for
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Relative expression of angiogenesis in kidney;
VEGF protein. (A) Immunohistochemical staining
for VEGF, the tubular VEGF staining increased in
IR-+EPO group (black arrow) compared to IR group
(black arrow). (B and C) Protein expression was
assessed by Western blot analysis using B-actin as
asample loading control. VEGE level was higher in
IR+EPO group compared with that in the IR or
sham group (Day 2).

Fig. 6

glomerulonephritis©?.

A successful EPC-based therapeutic practice
for acute ischemic renal injury with time point of
administration or of activation of endogenous EPCs
mobilization has been intensively investigated,
especially in order to increase the number of circulating
EPCs and improve the repair process. Several studies
have investigated pharmacologic agents which
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stimulate/modify endothelial progenitor cell number
and/or function®). EPO, a well-known stimulator of
EPC activation for therapeutic intervention, has been
demonstrated the ability of EPO to mobilize EPCs in
animal models"'**?. These animal experiments have
confirmed that endothelial cell proliferation of a
number of cells markedly enhanced by using EPO
application in a single dose of EPO (1,000 IU/kg) at
time point reperfusion. However, Patel et al
reported that daily pre-treatment with EPO (1,000 IU/
kg/day, subcutaneously for 3 days) afford greater
renoprotection in a mouse model of renal ischemia-
reperfusion injury than a single dose (1,000 IU/kg
subcutaneously) delivered at the time of reperfusion®?.
Therefore, in present study, a daily pre-treatment prior
to the induction of renal ischemic reperfusion injury
inrats. EPO 1,000 IU/kg/day for 3 days and on day 4, a
single dose delivered in 30 min before I/R induction
were designed in a protocol. The 3-day pretreatment
period EPO has been used as a therapeutic strategy in
a pre-clinical model of hemorrhagic shock, a state of
global ischemia, which is able to attenuate the tissue
and organ injury and dysfunction®?.

In present study, after EPO application, EPO
treatment markedly increased the circulating EPCs
and the accumulation of EPCs in injured kidney, as
investigated using the expression level of EPCs genetic
markers in peripheral blood and renal tissue,
respectively. EPCs are classically described as cells
expressing a combination of an endothelial marker
(VEGFR-2) and a hematopoietic progenitor marker
(CD34/CD133)"939, However, it has been reported
that co-expression of these markers may not fully
specific for EPCs®**®), Indeed, several studies have
demonstrated the sub-population of EPCs as called
late EPCs which exhibit commitment to the endothelial
lineage. These cells with characteristics of endothelial
phenotype revealed high expression of VE-cadherin,
claudin 11, caveolin 1 (CAV-1) and caveolin 2 (CAV-2)
and directly incorporated them into the resident
vasculature. Therefore, late EPCs have been informed
that they might be an attractive cell candidate for
inducing thereutic angiogenesis®“". In the present
study, this is the first time this precisely molecular
fingerprint of EPCs has been used to demonstrate
that the paracrine and angiogenesis manner of EPCs
by investigating 3 cellular genetic markers of EPCs
including CD34, CAV-1 and VEGFR2. The present
study provides evidence that late EPCs seem to prefer
to accumulate to the ischemic kidney. In addition to
increasing of accumulation of EPCs into the kidney,
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pre-treatment with EPO also resulted in increased the
levels of VEGF mRNA and protein expression in kidney
compared with I/R group. Therefore, these results
indicate that the effect of EPO therapy, including
enhancing of EPCs accumulation in the ischemic kidney
and upregulating local VEGF levels by the paracrine
effect from localized EPCs®??, might provide
angiogenesis and subsequent improvement in renal
function.

Conclusion

This result suggests that treatment with EPO
protects kidneys from ischemic acute renal injury via
increasing the mobilization and recruitment of
EPCs, resulting in the induction of expression of protein
mediating vascular growth, VEGF, may play important
roles to promote angiogenesis as well as to repair
injured microvasculature. Therefore, the protective
effect of EPO via EPCs accumulation in hypoxia kidney
may find therapeutic application in the management of
AKL

What is already known on this topic?

EPO has also many therapeutic properties,
for example it effects in many models of ischemia-
reperfusion injury such as ischemic heart disease and
ischemic spinal cord. EPO also acts as a stimulator of
EPCs mobilization in response to hypoxia in order to
promote angiogenesis.

What this study adds?

Pre-treatment with EPO for a period of 3 days
before kidney ischemic reperfusion injury can modulate
EPCs recruitment and promote paracrine effects for
angiogenesis, which contribute to attenuating renal
injury and its dysfunction.
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