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jection and acute renal failure (ARF). The mortality rate 
of ARF remains between 50 and 70% among patients in 
intensive care who require dialysis, and ranges between 
25 and 100% in postoperative patients suffering from 
ARF  [1–3] . The prognosis is complicated by the fact that 
reperfusion, although essential for the survival of isch-
emic renal tissue, causes additional damage, contributing 
to the renal dysfunction and injury associated with isch-
emia/reperfusion injury (I/R) of the kidney  [4] . Renal 
damage is triggered by a complex series of biochemical 
events which include among others oxidative stress and 
the release of pro-inflammatory mediators. Thus, the role 
of endogenous antioxidant and cytoprotective enzymes 
that can be engaged by the cellular system to counteract 
effectively the progression of renal pathological events 
assumes great importance. More specifically, and in the 
context of novel strategies for therapeutic applications, 
the modulation of heme oxygenases (HO) activity is 
emerging as a fascinating and promising target in reno-
protection.

  HO isoforms catalyze the conversion of heme to car-
bon monoxide (CO) and biliverdin/bilirubin with a con-
current release of iron, which can drive the synthesis of 
ferritin for iron sequestration  [5, 6] . HO is the limiting 
step in heme degradation and, consequently, plays a crit-
ical role in regulating the levels of cellular heme available 
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 Abstract 
 Heme oxygenase (HO) isoforms catalyze the conversion of 
heme to carbon monoxide (CO) and biliverdin/bilirubin with 
a concurrent release of iron. There is strong evidence that HO 
activity and products play a major role in renoprotection, 
however the exact molecular mechanisms underlying the 
beneficial effects exerted by this pathway are not fully un-
derstood. This review is aimed at illustrating the possible 
mechanism/s by which HO is renoprotective in the context 
of ischemia/reperfusion. We will first analyze the effects of 
exogenous administration of bilirubin/biliverdin and CO and 
then describe their biological activities once generated en-
dogenously following stimulation of the HO pathway by ei-
ther pharmacological means or gene targeting-mediated 
approaches.  Copyright © 2006 S. Karger AG, Basel 

 Renal ischemia is a consequence of arterial occlusion, 
shock and organ transplantation and is a common cause 
of renal cell death, delayed graft function, renal graft re-
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for structural and functional heme-dependent proteins 
 [7] . To date, two HO isoforms have been shown to be cat-
alytically active in heme degradation, and each is encod-
ed by a different gene  [6, 8] . HO-1, the inducible isoform, 
is found ubiquitously in all organs with the exception of 
some adult brain cell populations  [9]  and is rapidly and 
transiently expressed by a range of stressful stimuli; in 
contrast, HO-2 is the constitutive   isozyme which, apart 
from controlling the basal levels of heme in the majority 
of cells, may also mediate important physiological effects 
such as vasodilatation, neurotransmission and oxygen 
sensing  [7, 10] .

  The specific localization of HO isoforms within the 
kidney may have important implications with regard to 
renal vascular and tubular function. Under normal con-
ditions, positive staining of HO-1 protein is slightly de-
tectable either in the cortex or in the outer medulla, 
whereas it has been shown to increase significantly with-
in 3 h after reperfusion, to reach a maximum at 6 h and 
to decrease rapidly by 9 h reaching basal concentration 
by 12 h  [11] . As far as HO-2 is concerned, it has been 
shown that this constitutive enzyme is expressed primar-
ily in the arteriolar homogenates and to a lesser extent in 
the thick ascending limb (TAL) and proximal tubules 
 [12] . So far, several studies have recognized the protective 
effects of HO-1 in different models of renal injury, how-
ever the precise mechanism by which increased HO-1 
 activity affords protection has yet to be proven defini-
tively.

  Bilirubin is a potent antioxidant tetrapyrrole that con-
fers cellular protection against oxidative stress. Bilirubin 
itself is oxidized to biliverdin and then recycled by bili-
verdin reductase back to bilirubin, thus providing the cell 
with a redox couple of extraordinary and efficient anti-
oxidant properties  [13] . Recently, Adin et al.  [14]  demon-
strated that bilirubin treatment resulted in a significant 
improvement of renal vascular resistance, urine output, 
glomerular filtration rate, tubular function and mito-
chondrial integrity after I/R injury and reported that 
beneficial effects on kidney viability were achieved most 
consistently with a dose of 10  �  M  bilirubin. The authors 
also showed that although no significant improvement 
was observed on histological morphology following I/R, 
electron microscopy of the outer medullary stripe sug-
gested   that 10  �  M  bilirubin treatment provided a specific 
protective effect   at the level of the TAL demonstrating 
that mitochondrial   integrity (swelling and architecture of 
cristae) was better   preserved in the bilirubin-treated kid-
neys. Consistent with these observations, Clark et al.  [15]  
have previously reported that nanomolar concentrations 

of bilirubin protects myocardial tissue against I/R injury 
and that both contractile function and mitochondrial in-
tegrity were improved following treatment with the bile 
pigment. Demirogullari et al.  [16]  showed that, under 
their experimental conditions, bilirubin administration 
(20 mg/kg) at the time of reperfusion did not attenuate 
renal I-R injury; however, the use of hemin, a strong 
HO-1 inducer, was able to ameliorate renal functionality 
and oxidative stress markers. Furthermore, Nakao et al. 
 [17]  showed that in renal transplant recipients, treatment 
with CO gas or biliverdin alone failed to recover creati-
nine clearance decrease as well as proteinuria; by con-
trast, all these parameters were normalized by the con-
comitant administration of CO gas and biliverdin. The 
same authors observed that rat treatment with biliverdin 
2 h before renal transplantation resulted in a significant 
reduction of ED1+ macrophages infiltration and inflam-
matory mediators such as IL-6, IL-1 � , ICAM-1 and iNOS. 
The effects of biliverdin on iNOS expression and activity 
is of great relevance; in fact, nitric oxide (NO) release 
seems to play a key role during renal I/R injury since nu-
merous in vivo   and in vitro   investigations have demon-
strated how inhibition of the expression or activity of 
iNOS, or absence of iNOS itself, can ameliorate or prevent 
renal I/R injury  [18] .

  Recent studies have indicated that also CO inhalation 
therapy is able to protect renal grafts from ischemic dam-
age in experimental models. In this regard, Neto et al.  [19]  
showed that, in a rat model of transplant-induced I/R in-
jury, administration of 250 ppm CO gas to the recipients 
resulted in a significant improvement of graft renal func-
tion as measured by glomerular filtration rate and cre-
atinine levels. The authors also observed ultrastructural 
improvement following CO inhalation by using trans-
mission electron microscopy evidencing viable podo-
cytes, preservation of foot processes, less frequent vacu-
olization and maintenance of   internal cellular architec-
ture. Furthermore, CO inhalation resulted in a significant 
reduction of tubular   epithelial cells apoptosis and, simi-
larly to biliverdin administration, showed a significant 
decrease in IL-6, IL-1 � , ICAM-1, iNOS and nitrite/nitrate 
formation.

  In line with these results and by using a CO carrier 
that delivers CO in biological systems, Vera et al.  [20]  
showed that administration of the water-soluble 
Ru(CO) 3 Cl(glycinate) (CORM-3) 1 h before the onset of 
ischemia significantly decreased the levels of plasma cre-
atinine 24 h after reperfusion as compared with vehicle-
treated mice. In addition, Sandouka et al.  [21]  demon-
strated that kidneys flushed with and stored in cold Cel-
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sior solution supplemented with CORM-3 or CORM-A1, 
a boron-containing carbonate that releases CO at a slow 
rate, displayed at reperfusion a significantly higher per-
fusion flow rate, glomerular filtration rate, and sodium 
and glucose reabsorption rates compared to control kid-
neys flushed with Celsior solution alone. Interestingly, 
the same authors showed that the respiratory control in-
dex from kidney mitochondria treated with CO-RMs was 
markedly increased suggesting that CO may share with 
biliverdin some beneficial effects on the preservation of 
mitochondrial energy metabolism after ischemic events.

  Taken together, the above-mentioned studies demon-
strate that exogenous biliverdin/bilirubin and CO exert 
strong antioxidant and protective activities during renal 
I/R injury, probably by different mechanisms as suggest-
ed by the additive protection observed when the two 
compounds are administered simultaneously  [17] . This 
hypothesis is further substantiated by studies where the 
use of a pharmacological agent leads to increased HO ac-
tivity with a concomitant release of bilirubin/biliverdin 

and CO. Indeed, Toda et al.  [11]  showed that pretreatment 
with tin chloride, a potent and specific inducer of renal 
HO-1, ameliorated the ischemic renal injury as judged by 
the significant decrease in serum creatinine and blood 
urea nitrogen levels and reduction in tubular epithelial 
cell injury. Interestingly, the same authors showed that 
pharmacological induction of HO-1 leads also to a sig-
nificant decrease in microsomal heme content which 
may represent a further cytoprotective mechanism; in 
fact, heme functions as prosthetic group of important en-
zymes playing a key role in the pathophysiological pro-
cesses of renal injury such as NOS, cyclooxygenase (COX) 
and NADP(H) oxidase. Similarly, Li Volti et al.  [22]  re-
ported that pharmacological or retroviral-mediated in-
duction of HO-1 leads to heme depletion and consequent-
ly to a decreased COX activity. Furthermore, Taille et al. 
 [23]  elegantly demonstrated that a decrease in heme con-
tent due to HO-1 activation limits heme availability for 
maturation of the gp91(phox) subunit and assembly of 
the functional NAD(P)H oxidase and thus attenuating 

  Fig. 1.  Schematic representation of possible mechanisms involved in HO-mediated renoprotection. 
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free radicals formation and oxidative stress damage. In 
order to avoid this inconvenient, Quan et al.  [24]  used a 
retroviral-mediated approach for HO-1 induction in the 
kidney by using an adenoviral vector expressing the hu-
man HO-1 under the control of the TALH-specific pro-
moter Na + -K + -Cl –  cotransporter (NKCC2 promoter) and 
demonstrated a site-specific expression of HO-1 and a 
TALH-selective protection versus oxidative stress. 

  The molecular mechanisms underlying the anti-in-
flammatory and antiapoptotic effects of CO remain to be 
fully elucidated. However, a number of studies have 
shown the possible involvement of the MAPK pathways 
and in particular of p38 MAPK activation by CO in pre-
venting inflammatory and apoptotic processes. In this 
regard, Otterbein et al.  [25]  reported that in the presence 
of 250 ppm CO, LPS-induced activation of the MAPK 
ERK1/ERK2 and JNK was not affected, however p38 
MAPK activation was significantly increased. Further-
more, Zhang et al.  [26]  demonstrated that in an anoxia-
reoxygenation experimental model, CO exerts its anti-
apoptotic effects via stimulation of the p38 MAPK path-
way. 

  Several other mechanisms of protection have been ad-
vocated to explain HO-1-mediated antioxidant effects in 
the kidney including the cooperation by ferritin  [27]  and 
the possibility that, under certain oxidative stress con-
ditions  [28] , HO-1 could translocate into the nucleus 
where it may act as a regulator of some heme-dependent 
 transcriptional factors or facilitate the shuttling of oth-
er important molecules. Irrespective of the precise 
mechanism(s) involved, we have learned that the prod-
ucts of HO-1 can independently or synergistically afford 
endogenous protection to renal cells and contribute to 
preserve kidney function after I/R injury and transplan-
tation ( fig. 1 ). It is important to note that the only known 

human case of HO-1 deficiency was affected by persis-
tent proteinuria and hematuria with biochemical evi-
dence of renal tubular injury, in addition to severe oxida-
tive stress inflicted to the vascular endothelium  [29] .

  Taken together, the above-mentioned results suggest 
that the HO-1 pathway serves as an obligatory inducible 
sentinel of the kidney function and both CO and biliver-
din can be used in exploring effective therapeutic avenues 
to maximize renoprotection in the treatment of renal dis-
eases. By contrast, despite these promising findings, it is 
perceived that a therapy based on CO inhalation presents 
several disadvantages since this gaseous molecule is not 
easy to control, it is difficult to store, and it leads to de-
creased oxygen-carrying capacity of blood and to unde-
sired effects after prolonged exposure. This problematic 
aspect has been solved in part by an alternative and prom-
ising approach that is the use of CO-RMs, which have 
been shown to exert vascular and cytoprotective activi-
ties that are reminiscent of the HO-1/CO pathway  [30] ; 
however, further studies are necessary to optimize CO-
RMs and chemically engineer new compounds that may 
possess all the necessary characteristics to provide a pow-
erful tool in the organ preservation strategies. As far as 
the pharmacological induction of HO-1 is concerned, 
this approach may also be limiting since specific site ex-
pression along the nephron and a controlled amount of 
by-products being formed after stimulation of HO-1 are 
not easy to achieve. In this regard, exogenous administra-
tion of HO-1 by gene transfer could be a more specific and 
attractive approach; however, the use of viral vector in the 
clinical practice is currently very limited and more stud-
ies are necessary to show the efficacy and safety of selec-
tively modulating HO-1 induction by the use of specific 
promoters.
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