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ABSTRACT

Acute renal failure (ARF) can be caused by injuries that induce tissue hypoxia, which in turn can trigger adaptive or infl ammatory 
responses. We previously showed the participation of basic fi broblast growth factor (FGF-2) in renal repair. Based on this, the aim of this 
study was to analyze the effect of FGF-2 signaling pathway manipulation at hypoxia-induced protein levels, as well as in key proteins 
from the vasoactive systems of the kidney. We injected rat kidneys with FGF-2 recombinant protein (r-FGF) or FGF-2 receptor antisense 
oligonucleotide (FGFR2-ASO) after bilateral ischemia, and evaluated the presence of iNOS, EPO and HO-1, in representation of hypoxia-
induced proteins, as well as COX-2, renin, kallikrein, and B2KR, in representation of the vasoactive systems of the kidney. A reduction in 
iNOS, HO-1, EPO, renin, kallikrein, B2KR, and in renal damage was observed in animals treated with r-FGF. The opposite effect was found 
with FGF-2 receptor down-regulation. In contrast, COX-2 protein levels were higher in kidneys treated with r-FGF and lower in those that 
received FGFR2-ASO, as compared to saline treated kidneys. These res ults suggest that the protective role of FGF-2 in the pathogenesis of 
ARF induced by I/R is a complex process, through which a differential regulation of metabolic pathways takes place.
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INTRODUCTION

Acute renal failure (ARF) is known to be associated with high 
mortality and morbidity (Schrier et al., 2004). ARF has an 
initiating phase characterized by organ dysfunction (Sutton 
et al., 2002), an extension phase marked by infl ammatory 
responses (Molitoris and Sutton, 2004), and a resolution phase 
in which cellular repair typically occurs (Sutton et al., 2002).

Acute tubular necrosis (ATN) is a common cause of 
ARF (Esson and Schrier, 2002), and is observed in hypoxic 
conditions such as hemorrhagic shock or sepsis (Mehta, 2003). 
The transcriptional response to hypoxia can be adaptive or 
infl ammatory (Taylor and Colgan, 1999). Adaptive responses 
are controlled through the nuclear accumulation of hypoxia-
inducible factor 1 alpha (HIF-1α), and by other proteins 
that support tissue survival that are controlled by HIF-1α 
(Bunn and Poyton, 1996), such as erythropoietin (EPO), heme 
oxygenase-1 (HO-1) and inducible nitric oxide synthase (iNOS) 
(Ashley et al., 2002; Lee et al., 1997; Melillo et al., 1997; Noiri 
et al., 2001). Accordingly, the increased expression of these 
proteins may be linked to the resolution phase of ARF (Kirkby 
and Adin, 2006). We previously reported changes in the 
expression of EPO and HO-1, using an experimental approach 
of renal ischemia/reperfusion (I/R) as a model of ATN 
(Villanueva et al., 2007).

A healthy kidney produces vasoactive substances through 
the activation of the renin-angiotensin system (RAS), and 
the kallikrein-kinin system (KKS). These vasoactive systems 
not only participate in maintaining renal blood flow and 
adequate glomerular fi ltration rates, but are also involved 
in renal development (Shen and El-Dahr, 2006). In addition, 
eicosanoids, the products of cyclooxygenases (COX type 1 

and 2), exert physiological activity in the kidney and other 
organs, thus playing an important role in the regeneration 
of damaged tissue, as reported for endothelial (Eligini et al., 
2009), gastric mucosal (Brzozowski et al., 2000; Mizuno et al., 
1997), skin (Hamamoto et al., 2009), skeletal muscle (Bondesen 
et al., 2004), corneal endothelial (Jumblatt and Willer, 1996), 
lung (Fukunaga et al., 2005), colon (Reuter et al., 1996) and 
glomerular mesangial cells (Ishaque et al., 2003). Although 
COX-2 has been postulated to cause adverse events in the 
kidney, including ARF (Braden et al., 2004, Seibert et al., 1994), 
this enzyme has a physiological role in the normal adult 
kidney (Vio et al., 1997; Vio et al., 2001; Leon et al., 2001) and 
is necessary for normal kidney development (Vio et al., 1999). 
In experimental I/R we have observed alterations in the KKS 
and in the RAS. The observed increase in renin and decrease 
in kallikrein and COX-2 protein levels suggest a differential 
regulation of these proteins during ischemic damage 
(Villanueva et al., 2007). Considering that these enzymes are 
important in renal development, they could also be part of the 
regenerative phase described in ARF.

Fibroblast growth factor (FGF) has been suggested to be a 
renal protector in I/R (Cuevas et al., 1999). Furthermore, basic-
FGF (FGF-2) has been postulated to be involved in epithelial-
mesenchymal transition and early tubulogenesis (Perantoni 
et al., 1995). Using a recombinant protein (r-FGF), we have 
observed a correlation between the increase of FGF-2 and the 
increase of some proteins during ATN recovery, which are 
known to be implicated in kidney development (Villanueva 
et al., 2006a; Villanueva et al., 2006b, Villanueva et al., 2008). 
Nevertheless, the complete regenerative responses induced by 
FGF-2 in experimental I/R cannot be understood based solely 
on the induction of these proteins. Several publications have 

Corresponding author: Sandra Villanueva, Ph.D. Laboratory of Integrative and Molecular Physiology, Universidad de los Andes, San Carlos de Apoquindo 2200, Santiago, Chile, Phone: 56-
2-4129344, Fax: 56-2-2141756, Email: svillanueva@uandes.cl

Received: March 17, 2011. In revised form: October 3, 2011. Accepted: October 19, 2011

Biol Res 45: 51-60, 2012

7 Villanueva.indd   517 Villanueva.indd   51 29-03-12   13:0429-03-12   13:04



VILLANUEVA ET AL. Biol Res 45, 2012, 51-6052

also shown an FGF effect on proteins regulated by hypoxia 
in different tissues (Akiba et al., 1997; Neuvians et al., 2004; 
Schmerer et al., 2006).

In light of this evidence, we hypothesized that FGF 
modulation of the protein levels induced by hypoxia and 
key proteins from the vasoactive systems of the kidney could 
contribute to the resolution phase of ARF. To this purpose, we 
manipulated FGF-2 levels in an experimental model of I/R, 
and studied the relative abundance of iNOS, EPO and HO-1 in 
representation of hypoxia-induced proteins, as well as levels of 
COX-2, renin, kallikrein, and the B2 kinin receptor (B2KR) in 
representation of the vasoactive systems of the kidney.

MATERIALS AND METHODS

Animals

Adult male Sprague-Dawley rats (220 to 250 g, n=7 for each 
I/R group: 24h, 48h, 72h and 96h) were housed in a 12h light/
dark cycle. Animals were weighed at the time of bilateral 
ischemic injury initiation and after completion of experiments. 
Animals had free access to food and water, and were kept 
at the animal care facilities of the Universidad Católica de 
Chile. All experimental procedures were in accordance with 
institutional and international standards for the humane care 
and use of laboratory animals (Animal Welfare Assurance 
Publication A5427-01, Office for Protection from Research 
Risks, Division of Animal Welfare, National Institutes of 
Health).

Renal ischemia/reperfusion injury

An established model was performed of renal I/R injury 
that resembles structural and functional consequences of 
renal ischemia, including apoptotic tubular epithelial cells 
(Perantoni et al., 1995). Animals were anesthetized with 
ketamine: xylazine (25:2.5 mg/kg, ip), maintaining body 
temperature at 37ºC. Both kidneys were exposed by a 
fl ank incision and both renal arteries were occluded with a 
non-traumatic vascular clamp for 30 minutes. Then, while 
clamps were in position, the left kidney was injected in the 
parenchymal medullary area with 200 μl of r-FGF (30 mg/
kg) (Villanueva et al., 2008; Unger et al., 2000) or FGFR2-ASO 
(112 μg/kg) (Villanueva et al., 2006b; Carstens et al., 2000) 
(preliminary experiments using methylene blue dye or Bouin’s 
solution demonstrated that the volume used allowed extensive 
diffusion over the tissue); the right kidney was injected with 
the same volume of saline NaCl, 0.9 % (S), used as a vehicle 
for the oligonucleotides, and also used for control purposes. 
After injection clamps were removed, renal blood fl ow was 
reestablished and both incisions were sutured. Rats were 
allowed to recover in a room at warm temperature levels. 
24, 48, 72 and 96 hours after reperfusion, both kidneys were 
removed and the animals were sacrifi ced by exsanguination 
under heavy anesthesia (ketamine: xylazine). The kidneys 
were then processed for immunohistochemistry and Western 
blotting.

Tissue processing and immunohistochemical analysis

Tissue processing for immunohistochemical studies in 
paraplast-embedded sections was carried out according to 

methods previously described (Vio et al., 1999; Vio et al., 
2001). Immunolocalization studies were performed using 
an indirect immunoperoxidase technique (Villanueva et al., 
2006a). Briefl y, tissue sections were dewaxed, rehydrated, 
rinsed in 0.05 M tris-phosphate-saline (TPS) buffer (pH 
7.6) and incubated with the primary antibody overnight at 
22°C. Sections were subsequently washed, followed by 30 
minutes of incubation with the corresponding secondary 
antibody and with the peroxidase-antiperoxidase (PAP) 
complex. Immunoreactive sites were revealed using 0.1% 
of 3,3’-diaminobenzidine (wt/vol) and 0.03% (vol/vol) of 
hydrogen peroxide solution.

Antibodies and chemicals

The following primary antibodies were used: monoclonal 
antibodies against macrophages (clone ED-1, Biosource, 
Camarillo, CA), monoclonal antibodies against a-smooth 
muscle actin (α-SMA: clone 1A4, Sigma Aldrich Co., St. Louis, 
MO), monoclonal antibodies against iNOS (Transduction 
Labs., Lexington, KI), goat polyclonal antibodies against 
COX-2 (Cayman Chemical Company, Ann Arbor, MI), goat 
polyclonal antibodies against EPO (Santa Cruz Biotechnology, 
Inc., Santa Cruz, CA), goat polyclonal antibodies against HO-1 
(StressGen Biotechnologies Corp., Victoria, Canada), and rabbit 
monoclonal against FGFR2 (clone EPR5180, Epitomics, Inc. 
Burlingame, CA). Rabbit polyclonal antibodies against renin, 
B2KR and kallikrein were prepared as described previously 
(Velarde et al., 1995).

Secondary antibodies and the corresponding PAP 
complexes were purchased from MP Biomedicals, Inc. (Aurora, 
OH). Triton X-100, 3,3’-diaminobenzidine, carrageenan, tris-
HCl, hydrogen peroxide, phosphate salts, and other chemicals 
were purchased from Sigma Aldrich Co. (St. Louis, MO).

Western-blotting

For Western-blotting experiments, longitudinal sections from 
kidneys including the inner and outer medulla (approximately 
1 mm thick) were homogenized with an Ultra-Turrax 
homogenizer in PBS 1X buffer containing 0.05 M of EDTA and 
a protease inhibitor cocktail (Pierce, Rockford, IL). The protein 
concentration was determined by the method of Bradford 
(Bio-Rad, Richmond, CA). Western blotting was performed as 
previously described (Villanueva et al., 2006a). Briefl y, sixty 
micrograms of protein were mixed with an equal volume of 
SDS-PAGE sample buffer (100 mM tris-HCl, pH 6.8, 200 mM 
dithiothreitol, 4% SDS, 0.2% bromophenol blue, 20% glycerol). 
Proteins were separated on 12% SDS-polyacrylamide gels 
and transferred to nitrocellulose membranes. Blocking was 
carried out by incubation in blocking solution (8% nonfat 
dry milk in tris-buffered saline-0.1% tween) for 2 hours at 
room temperature. After blocking, membranes were probed 
with the corresponding primary antibody for 18 hours at 4ºC, 
washed with tris-buffered saline-tween, and incubated with 
the appropriate horseradish peroxidase (HRP)-conjugated 
secondary antibody for 1 hour at room temperature. Proteins 
were detected by using enhanced chemiluminescence 
techniques (Pierce, Thermo Scientifi c, Rockford, IL).

Subsequently, blots were scanned and densitometric 
analysis was performed by using the public domain NIH 
Image program v1.61 (US National Institutes of Health, http://
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rsb.info.nih.gov/nih-image). The expression of α-tubulin was 
used to correct variation in sample loading.

Determination of tissue damage and immunohistochemical quantifi cation

Tissue damage was evaluated through periodic acid-
Schiff (PAS) staining. Immunolocalization of ED-1 and 
interstitial α-SMA were used as tissue damage markers. The 
immunoreactive area in each fi eld (whole kidney sections) 
was determined by image analysis using Simple PCI 
software (Compix). Total immunostained (brown) cells were 
averaged and expressed as the mean absolute values or the 
mean percentage of stained cell area per fi eld, as previously 
described (Villanueva et al., 2006a) with minor modifi cations.

Statistical Analysis

The differences were assessed with the Mann-Whitney 
nonparametric test for pair-wise comparisons, when overall 
signifi cance was detected. The signifi cance level was defi ned at 
P<0.05. Protein densitometry values are presented as mean ± 
SD. All values are represented by Arbitrary Units (AU).

RESULTS

Determination of tissue damage

According to our hypothesis, if FGF-2 modulates the levels of 
proteins involved in the different phases of ARF, the reduction 
of FGF-2, or its signaling should therefore alter the levels of 
such proteins. With this idea in mind, we injected the kidneys 
with FGF receptor type 2 (FGFR2) antisense oligonucleotide 
(ASO). To confi rm that the antisense oligonucleotide reduced 
the expression of the receptor, kidneys injected with ASO 
(Fig. 1A) and control kidneys injected with a scrambled 
oligonucleotide (Fig. 1B) were stained against this receptor. 
As shown in Fig. 1, immunostaining for the FGF receptor was 
not observed when kidneys were injected with the ASO, thus 
confi rming the effectiveness of the antisense oligonucleotide on 
the expression of the receptor.

Renal functional damage produced by I/R was assessed 
by serum creatinine levels. Rats subjected to I/R, and injected 

with saline had creatinine levels of 0.6±0.1 mg/dL two days 
after injection. Creatinine levels were 0.40±0.02 mg/dL in 
animals subjected to I/R and injected with r-FGF, whereas 
such levels were 0.9±0.2 mg/dL (P<0.05) in rats subjected to 
I/R and injected with FGFR2-ASO.

PAS staining of sections from kidneys injected with saline 
48 hours after I/R showed alterations in morphology, which is 
consistent with ATN (Fig. 2B) as compared to sham operated 
animals (Fig. 2A). These alterations were characterized by 
fl attening of the brush border epithelia and a high percentage 
of proximal tubule cells undergoing mitosis. However, 
detection of such alterations did not occur 96 hours after 
I/R (data not shown), in accordance with previous results 
(Villanueva et al., 2006b). Kidneys treated with r-FGF showed 
a morphology closer to normal at 48 hours after I/R (Fig. 2C), 
compared to those injected with saline (Fig. 2B). Nevertheless, 
an important level of mitosis was maintained. Kidneys 
treated with FGFR2-ASO showed altered morphology, with 
an increase in the damaged area as mentioned above. These 
alterations in renal structure were observed 24 hours after I/R 
and were maintained for 96 hours (Fig. 2D).

Regarding renal damage markers, an increased number of 
interstitial macrophages (ED-1) and interstitial myofi broblasts 
(α-SMA) were observed 48 hours after I/R in kidneys injected 
with saline (ED-1: 238 μm2 and α-SMA: 22,103 μm2) (Fig. 2F, J), 
when compared to sham operated animals (Fig. 2E, I), similar 
to what was reported previously (Villanueva et al., 2006b). In 
contrast, r-FGF treated rats showed lower numbers of both 
markers (ED-1: 180 μm2 and α-SMA: 4,392 μm2) at the same 
period of time, without apparent morphological alterations 
(Fig. 2G, K). Kidneys injected with FGFR2-ASO showed 
an increased number of macrophages (ED-1: 650 μm2) and 
interstitial α-SMA (47,369 μm2), which was maintained up to 
96 hours after I/R (Fig. 2H, L). This histological data was well 
correlated with the creatinine levels mentioned above.

iNOS, HO-1 and EPO levels in I/R kidneys treated with r-FGF or 
FGFR2-ASO

To understand the mechanism associated with experimental 
I/R and the putative effect of FGF-2, we analyzed three 
stress proteins induced by hypoxia, namely iNOS, HO-1 

Figure 1: ASO effect on FGFR2 expression in medullary renal tubules. IHQ was performed on kidneys samples obtained 48 hours 
after injection with (A) an FGF receptor type 2 antisense oligonucleotide (FGFR2-ASO), or (B) a scrambled oligonucleotide (SO), (n=5 
for each group). An important reduction in bFGFR2 staining was observed in kidneys treated with ASO, compared to kidneys injected with 
scrambled oligonucleotides. Staining was observed in the entire cell area. Scale bar= 50 μm.
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and EPO, and compared the relative abundance of these 
proteins when kidneys were injected with r-FGF or FGFR2-
ASO. When kidneys were injected with saline, the levels of 
the three proteins were higher when observed 24 hours after 
I/R. However, as can be seen in Fig. 3, the levels of the three 
proteins decreased at 48 hours compared to their levels at 24 
hours (iNOS: 185 ± 16AU at 24h v/s 82 ± 15 AU at 48h; HO-1: 
126 ± 34AU at 24h v/s 15 ± 8 AU at 48h; and EPO: 125 ± 26AU 
at 24h v/s 77 ± 9 AU at 48h; P<0.05) (Fig. 3, circles A,B & C). 
Nevertheless, an important reduction in the levels of these 
markers was observed at 24 hours in kidneys treated with 
r-FGF compared to saline injected kidneys (iNOS: 37 ± 2 AU; 
HO-1: 15 ± 4 AU and EPO: 88 ± 5 AU; P<0.05) (Fig. 3, squares). 
Furthermore, a significant increase in these proteins was 
maintained in kidneys treated with FGFR2-ASO for at least 96 
hours after experimental I/R (iNOS: 214 ± 18 AU; HO-1: 126± 
28 AU and EPO 165 ± 24 AU at 96h; P<0.05) (Fig. 3, triangles). 
Since two bands were observed for HO-1 and EPO, only the 
band closer to the molecular weight described for each of these 
proteins was used for densitometry.

The protein distribution of iNOS, HO-1 and EPO was 
analyzed by immunohistochemistry. At 48 h after I/R, iNOS 
was observed in collecting ducts localized in the outer medulla 
(Fig. 4, A, B & C), and HO-1 was localized in the cortical area, 
mainly in interstitial cells. iNOS was still observed in the outer 
medulla in r-FGF treated kidneys, but was limited to certain 
tubules, while HO-1 was mainly localized in some tubular 
cells, possibly due to a treatment effect (Fig. 4, D, E & F). In 

Figure 2: Evidence of histological renal damage in hypoxic kidney induced by I/R and treated with r-FGF or FGFR2-ASO. 
Immunohistochemistry was performed on kidney samples from sham operated animals (A,E & I), or obtained 48 hours after I/R and saline 
(S) injection (B,F & J) or FGF-2 recombinant protein (r-FGF) (C,G & K), and at 96 hours after I/R in kidneys injected with FGF-2 receptor 2 
antisense oligonucleotides (FGFR2-ASO) (D,H & L) (n=7 for each group). Histological damage was evaluated by PAS staining (A,B,C & D). 
Brush border, epithelial fl attening and mitosis are shown. Induction of renal damage markers such as ED-1 (E,F,G & H) as a measurement 
of macrophages, or α-SMA (I,J,K & L) as a measurement of myofi broblasts, are shown. Scale bar=100μm. The arrows in F,G,H,J,K,and L 
show one area where the markers are localized.

the case of FGFR2-ASO treated rats, immunostaining for iNOS 
was still observed in all tubular segments, while HO-1 was 
again observed in the interstitium. Accordingly, when the 
immunostaining was quantifi ed, kidneys from animals treated 
with r-FGF showed a lower staining for iNOS and HO-1, 48 
hours after experimental I/R (iNOS: 6,232 μm2 and HO-1: 433 
μm2) (Fig. 4, B & E), when compared to the group treated with 
saline (iNOS: 13,645 μm2 and HO-1: 966 μm2) (Fig. 4, A & D). 
Moreover, this reduction was still observed 96 hours after I/R 
(data not shown). In contrast, kidneys treated with FGFR2-ASO 
showed an increase in the staining for both proteins 48 hours 
after I/R (iNOS: 20,469 μm2 and HO-1: 948 μm2) (Fig 4, C & F), 
which was maintained for 96 hours after I/R, compared to the 
group treated with saline (Fig. 4, A & D). Immunostaining for 
EPO was localized mainly in a few cells of the kidney cortex in 
animals submitted to I/R and injected with saline after 48 hours 
(Fig. 4, G). The staining was higher in animals treated with 
FGFR2-ASO (2,124 μm2) (Fig. 4, I), compared to animals treated 
with r-FGF (535 μm2) (Fig. 4, H). The distribution was mainly 
peritubular, close to proximal tubules and loops of Henle. 
However, in the r-FGF group it was also localized in tubular 
cells, probably due to a treatment effect.

Renal levels of vasoactive system components are regulated by the FGF-2 
pathway

Normal kidney function is due to the proper balance between 
the KKS and the RAS (Schmaier, 2003). In addition, these 
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Figure 3: FGFR2-ASO and r-FGF effects on HO-1, EPO and 
i-NOS response in I/R-induced ARF. Proteins induced by 
hypoxia (A)HO-1, (B)EPO and (C)i-NOS were analyzed at 24, 48, 
72 and 96 hours after a 30 min ischemia in kidneys injected with 
saline (circles), r-FGF (squares) or FGFR2-ASO (triangles). n=7 
for each group. *=P<0.05 compared to saline at the same point in 
time.

systems are involved in renal development and maturation 
(Shen and El-Dahr, 2006). We evaluated the effect of FGF in the 
distribution and levels of certain components of these systems 
in kidneys after I/R (Fig. 5 and 6). First, we analyzed renin 
expression in the three conditions described above: saline, 
r-FGF and FGFR2-ASO. Kidneys treated with r-FGF showed 
an important reduction in renin levels at 24 hours compared 
to the saline group. This low level was maintained at 96 hours 
after I/R, which was when the renin levels in the saline group 
also decreased to a similar level (24 ± 3 AU at 24 hours v/s 23 
± 3 AU at 96 hours; P<0.05) (Fig. 5, A). Kidneys treated with 
FGFR2-ASO showed an increase in renin levels at all times 
analyzed after I/R (182 ± 16 AU at 24 hours and 170 ± 36 AU 
at 96 hours; P<0.05) (Fig. 5, A). We previously demonstrated 
that kallikrein levels can be modulated after I/R (Villanueva et 
al., 2007). In the present study, we found that kallikrein levels 
were low at all analyzed times in kidneys treated with r-FGF, 
compared to the saline condition (46 ± 7 AU v/s 76 ± 5 AU at 

24 hours) (Fig. 5, B). In contrast, kidneys treated with FGFR2-
ASO showed an increase in kallikrein levels 24 hours after I/R, 
which was maintained at all analyzed times (115 ± 13 AU at 24 
hours; P<0.05) (Fig. 5, B).

Another important KKS protein is the B2 kinin receptor 
(B2KR). In the case of kidneys treated with r-FGF, B2KR levels 
decreased at all evaluated times when compared to the saline 
group (27 ± 5 AU v/s 149 ± 5 AU at 24 hours; P<0.05) (Fig. 
5, C). In contrast, kidneys treated with FGFR2-ASO showed 
higher B2KR levels at all the analyzed times in contrast to the 
saline group (172 ± 10 AU at 24 hours P<0.05) (Fig. 5, C).

Immunostaining for renin, kallikrein and B2KR observed 
at 48 hours after treatment showed similar results to those 
observed by Western blot, that is, immunoreactivity in the 
r-FGF group decreased in cell number and in intensity (renin: 
43 μm2, kallikrein: 136 μm2 and B2KR: 117 μm2) (Fig. 6, E-G), 
compared to saline group (renin: 50 μm2, kallikrein: 345 μm2 

and B2KR: 345 μm2) (Fig. 6, A-C). In contrast, the kidneys 
treated with FGFR2-ASO showed increased immunoreactivity 
for renin, kallikrein and B2KR compared to the saline group 
(renin: 151 μm2, kallikrein: 371 μm2 and B2KR: 177 μm2) (Fig. 
6,  I-K).

Kidneys submitted to I/R and injected with saline solution 
had almost undetectable COX-2 protein levels when measured 
by Western blot at 24, 48 and 96 hours after I/R, with an 
increase at 72 hours after reperfusion (Villanueva et al., 2007). 
In contrast, kidneys treated with r-FGF showed an increased 
expression of COX-2 24 hours after I/R, which was maintained 
at all evaluation times (126 ± 35 AU at 24 hours; P<0.05) (Fig. 
4, D). Conversely, COX-2 was not detectable by Western blot 
at any evaluation time in kidneys treated with FGFR2-ASO, 
(Fig. 5, D). In addition, IHC revealed that kidneys injected with 
r-FGF had an increased COX-2 immunoreactivity 48 hours 
after I/R (118 μm2) (Fig. 6, H), whereas kidneys treated with 
FGFR2-ASO showed a decreased COX-2 staining (14 μm2) (Fig. 
6, L) when compared to control saline kidneys (54 μm2) (Fig. 6, 
D).

As expected, COX-2 and B2KR were mainly observed in 
thick ascending limbs (Vio et al., 1999; Vio et al., 2001), renin 
was present in the afferent arteriole, and kallikrein was located 
in connecting tubule cells in the kidney cortex. The treatments 
with FGFR2-ASO or r-FGF did not modify the localization of 
these proteins.

DISCUSSION

ARF induced by ischemia is a reversible pathological 
condition, whose recovery is characterized by the restoration 
of the renal tubular system (Villanueva et al., 2006a). However, 
there are persistent post-ischemic alterations in renal function 
that can lead to permanent failures in urinary concentrating 
ability, associated with enduring vascular damage. One 
particular protein that has been observed to be altered, even 
several weeks after I/R, is Kallikrein (Basile et al., 2005).

We recently reported that FGF-2 prevents renal damage 
and stimulates kidney regeneration in an adult kidney 
I/R model, through the induction of proteins involved in 
embryonic kidney development (Villanueva et al., 2008). 
In addition, recent studies performed in different tissues 
(esophagus, gastric mucosa, corpus luteum and red blood 
cells), have shown an important interaction between FGF-2 
and the vasoactive renal systems, or FGF-2 and stress proteins 
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Figure 4: Immunolocalization of proteins that respond to hypoxia in I/R-induced ARF. Staining for iNOS (A,B & C), HO-1 (D,E & F) 
and EPO (G,H & I) was observed 48 hours after I/R in kidneys injected with saline (A,D & G), r-FGF (B,E & H) or FGFR2-ASO (C,F & I) (n=7 
for each group). Scale bar=100μm. The arrows indicate representative immunostained (brown) areas.

Figure 5: Immunoblot for vasoactive proteins in by I/R-induced ARF. Vasoactive proteins: renin (A), kallikrein (B), B2KR (C) and 
COX-2 (D), were analyzed at 24, 48, 72 and 96 hours after 30 min of ischemia in kidneys injected with saline (circles), r-FGF (squares) or 
FGFR2-ASO (triangles). (n=7 for each group). *=P<0.05 compared to saline at each time point.
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induced by hypoxia (Schmerer et al., 2006; Unger et al., 2000; 
Carstens et al., 2000; Baguma-Nibasheka et al., 2007;Martins 
et al., 2008). This raises the possibility that FGF-2 may have a 
double role in kidney repair, by increasing the expression of 
repairing proteins, and by modulating the vasoactive systems 
of the kidney as well as the proteins related to the hypoxic 
stress response. In this study we performed complementary 
experiments to evaluate the direct effects of FGF-2 on the 
regulation of the components of these vasoactive systems 
and stress-related proteins induced by hypoxia, as well as 
their participation in renal damage and their involvement in 
persistent alterations.

FGFs mediate their biological effects by binding to, 
and activating receptors with tyrosine kinase activity. 
This interaction results in a series of molecular events 
that culminate in biological responses such as mitosis, 
differentiation or migration (Friesel and Maciag, 1999). In this 
regard, FGFR2 is localized throughout the whole cell and, as 
observed in some cases, staining up to the apical membrane, 
mainly in tubular segments of the inner stripe of the outer 
medulla, which is similar to what has been observed by other 
researchers (Cancilla et al., 2001). It can be speculated that the 
growth factor reaches its receptor from the blood vessels in 
normal conditions, but it can also reach the receptor through 
the tubular lumen when the fi ltration barrier is damaged.

We analyzed three stress proteins regulated by hypoxia 
(HO-1, EPO, and iNOS), and also proteins that are not only 
involved in urine concentration and blood pressure regulation, 
but in kidney development as well (B2KR, kallikrein, renin and 
COX-2). The major fi ndings of this study were the signifi cant 
decreases of most of these proteins in kidneys treated with 
r-FGF. To explain these results, we could speculate that FGF-2 
is directly inhibiting the overexpression of these proteins, or 

that the effect of FGF-2 is indirect, probably mediated by HIF-
1α or other transcription factors that are regulated by FGF-2. 
This pattern was the opposite for COX-2 proteins, since they 
increased in the r-FGF group. This result suggests that COX-
2 might be regulated by a different mechanism, as discussed 
later.

Although three HO isoforms have been reported, only the 
inducible isoform HO-1 is expressed in renal tissue (Yang et 
al., 2004). HO-1 induction occurs as an adaptive and benefi cial 
response to several injury processes, including oxidative 
injuries (Morimoto et al., 2001), rhabdomyolysis (Carstens et 
al., 2000), cisplatin nephrotoxicity and ARF (Shimizu et al., 
2000). This may be explained by the generation of products 
from heme degradation, iron, carbon monoxide, biliverdin 
and bilirubin, which exert important antioxidant, anti-
infl ammatory, and cytoprotective functions (Kirkby and Adin, 
2006). We found increased levels of HO-1 in kidneys with high 
damage induced by FGFR2-ASO. This could be explained by 
a compensatory mechanism against maladaptive responses 
stimulated by hypoxia. In addition, the low levels of HO-1 
observed even at 24 hours after I/R, when r-FGF was injected, 
could be explained by the anticipation of HO-1 level reduction, 
as compared to the effect under the saline injection condition.

EPO is a protein involved in renal erythropoiesis, and as 
such, it is regulated by hypoxia. EPO has protective effects 
on retina and renal tubular cells; in the specifi c context of 
ARF (Sharples et al., 2005), EPO exerts its action through the 
activation of Janus kinase 2, Akt, and multiple targets with 
antiapoptotic effects (Sharples et al., 2004). In addition, FGF 
has been reported to inhibit EPO-induced erythropoiesis 
(Schmerer et al., 2006; Kreja et al., 1993). It is possible that 
the observed EPO induction in ischemic kidneys treated with 
FGFR2-ASO could be related to the molecular machinery 

Figure 6: Immunolocalization of vasoactive proteins in I/R-induced ARF . Staining for renin (A,E & I), kallikrein (B,F & J), B2KR (C,G 
& K) and COX-2 (D,H & L) was evaluated 48 hours after ischemia in kidneys injected with S (A-D), r-FGF (E-H) and FGFR2-ASO (I-L) (n=7 
for each group). Scale bar=100μm. The arrows indicate representative immunostained (brown) areas.
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elicited in the protective response to I/R damage, and that this 
response is not necessary or is anticipated in the presence of 
FGF-2.

Recent studies have shown that nitric oxide (NO) generated 
by iNOS is involved in many pathological states (including 
renal I/R), contributing to oxidative damage of critical cellular 
macromolecules (Chatterjee et al., 2002; Viñas et al., 2006). In 
addition, the increase in HO-1, together with an increase in 
iNOS, the former producing CO and the latter producing NO, 
could contribute to the production of NO in a regulated and 
benefi cial form (Lee and Yen, 2009). In this study, we have 
shown that FGF-2 is involved in the suppression of iNOS 
and HO-1 induction, suggesting that additional production 
of NO and CO is not needed to preserve renal function in the 
presence of this growth factor or, as previously speculated 
for HO-1 and EPO, the effects on iNOS regulation were 
anticipated at least 24 hours when r-FGF was administered.

We have also analyzed the FGF effect on some proteins 
from renal vasoactive systems that have been involved in 
renal development, and that could participate in the recovery 
of renal damage. As mentioned previously, the activity 
of the KKS is important for normal kidney development 
(Shen and El-Dahr, 2006). Kallikrein cleaves kininogen to 
produce bradykinin (BK), which binds to its receptor B2KR, 
activating intracellular signaling (Velarde et al., 1995). B2KR 
is constitutively expressed in renal tissues, and has been 
associated with the differentiation of the distal nephron and 
epithelial cells derived from embryonic stem cells (El-Dahr, 
2004). When BK concentration increases, the receptor is 
down-regulated by internalization, followed by degradation 
(Velarde et al., 1995). The up-regulation of B2KR observed in 
saline treated kidneys after 24 hours of I/R could be explained 
by a decrease in bradykinin, caused by the reduction of 
kallikrein, observed at that same time period. In addition, it 
has been observed that the B2KR is induced by hypoxia in 
endothelial cells (Liesmaa et al., 2009), which is also consistent 
with the high levels of B2KR observed 24h after I/R. The 
negative feedback of BK toward its receptor could explain 
the increase in kallikrein and the reduction of the receptor 
observed 48 hours after I/R. Recent reports have shown that 
B2KR expression and BK secretion decrease during in vitro 
differentiation (Martins et al., 2008), suggesting an additional 
regulatory mechanism. The participation of FGF in tissue 
differentiation and the observations of Martins et al., could 
explain the reduction of kallikrein and the B2KR in the 
presence of r-FGF at 96 hours after I/R, as well as the opposite 
effect with FGFR2-ASO observed in the present study.

The effect of COX-2 on renal damage is controversial; while 
Matsuyama et al. (2005) proposed that COX-2 might induce 
renal tissue damage triggered by I/R, other authors have 
suggested a role for COX-2 in regeneration (Feitoza et al., 2005). 
Several studies have shown COX-2 participation in nephron 
development (Vio et al., 1999) and tissue repair (Eligini et al., 
2009; Brzozowski et al., 2000; Mizuno et al., 1997; Hamamoto 
et al., 2009; Bondesen et al., 2004; Reuter et al., 1996; Leahy 
et al., 2002). In addition, a benefi cial effect of COX-2-derived 
mediators has been reported; examples are lipoxin in acute lung 
injury (Fukunaga et al., 2005) and prostaglandin E2 in corneal 
endothelial injury (Jumblatt and Willer, 1996). Furthermore, 
an inhibitory effect on apoptosis has been described in renal 
glomerular mesangial cells (Ishaque et al., 2003).

The results obtained in the present study might be 

explained by the effects of COX-2 derivatives on proteins 
induced by renal damage. In this sense, the regulation of COX-
2 expression acquires great importance. Our observations 
indicate that COX-2 has an opposite regulation from those 
of the other studied proteins. We postulate that COX-2 has a 
similar effect to the one reported previously in kidney tubular 
cells, in terms of its involvement in repairing tissue damage. 
However, this COX-2 effect might only be observed when renal 
tubules are preserved and COX-2 can be induced as occurs in 
the presence of r-FGF. In contrast, when tissue damage is high, 
as observed in I/R+S, the induction of COX-2 would not be 
possible. Additionally, recent publications have shown a direct 
association between COX-2 and FGF-2 (Baguma-Nibasheka 
et al., 2007), and COX-2 mRNA has been shown to increase 
in response to FGF-2 administration in retinal epithelial cells, 
(Ershov and Basan, 1999). A decrease in COX-2 and an increase 
in HO-1 activity have also been observed in endothelial cells 
(Morimoto et al., 2001; Li et al., 2003), suggesting that the 
heme-hemoxygenase system could be a negative regulator for 
COX-2 expression.

In summary, it is obvious that this study has some 
limitations due to two facts, namely that it is an in vivo 
study and, as such, it is hard to isolate one single effect, and 
that most of the experiments are not quantitative, so they 
only refl ect a relationship between the compared proteins. 
However, despite such limitations, it is possible to postulate 
that FGF could be acting as a master regulator in I/R. In this 
sense, we suggest a model in which iNOS, HO-1, EPO, Renin, 
Kallikrein, B2KR are initially stimulated by FGF to induce cell 
proliferation and tissue regeneration. The continuous presence 
of FGF-2 could act as negative feedback to the abovementioned 
proteins to end a phase, and as a positive stimulus to COX-2 
that, after the reduction of HO-1, could increase and act on 
the following phase of differentiation. Consequently, further 
studies are needed to evaluate this new model. Nevertheless, 
this study opens a new perspective for the use of FGF-2 in 
future research for kidney damage and regeneration.
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