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Heme oxygenase regulates renal arterial resistance
and sodium excretion in cirrhotic rats
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Background & Aims: Heme oxygenase (HO) catabolizes heme � 2010 European Association for the Study of the Liver. Published

into biliverdin, carbon monoxide (CO), and free iron. CO gener-
ated in endothelial and smooth muscle layers of blood vessels
modulates vascular tone by inducing relaxation of vascular
smooth muscle cells. The aim of this study was to verify the role
played by HO in regulating renal arterial resistance and Na+

excretion in cirrhosis.
Methods: Twenty control rats and 20 rats with CCl4

� induced cir-
rhosis, 10 of which were chronically treated with the HO inducer
cobalt-protoporphyrin (CoPP), were studied. Pressurized renal
interlobar arteries were challenged with increasing doses of
phenylephrine (PE) and acetylcholine (ACh). Dose–response
curves were evaluated under basal conditions and after inhibition
of HO with chromium-mesoporphyrin (CrMP). HO-1 (inducible
form) and HO-2 (constitutive form) expression was measured
in the main and interlobar renal arteries. Serum and urinary lev-
els of Na+ and creatinine were also evaluated.
Results: In renal interlobar arteries from cirrhotic rats, the
response to PE was increased, while that to ACh was blunted.
After HO inhibition, the responsiveness to these vasoactive sub-
stances was comparable in the two groups. In cirrhotic rats,
HO-1 expression was impaired in the main and the interlobar
renal arteries. Chronic HO induction normalized the response to
the vasoconstrictor, but not to the vasodilator. Cirrhotic rats trea-
ted with CoPP showed higher urinary Na+ concentration and frac-
tional Na+ excretion, compared to both untreated cirrhotic and
control rats.
Conclusions: In cirrhotic rats, an impaired HO-1 expression pro-
motes vasoconstriction of renal interlobar arteries. Chronic HO
induction normalizes the sensitivity to PE and promotes Na+

excretion.
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Introduction

Patients with cirrhosis show renal functional alterations charac-
terized by Na+ and water retention and increased resistance to
renal blood flow (RBF) [1,2]. These functional abnormalities are
believed to relate to peripheral arterial vasodilation, which
causes functional hypovolemia with activation of renin–angio-
tensin–aldosterone and the renal sympathetic nervous systems
and increased secretion of catecholamines, anti-diuretic hor-
mone, and endothelin [3]. The progressive vasoconstriction of
the afferent renal artery causes pronounced hypoperfusion of
the kidney, with reduced glomerular filtration rate (GFR) and
increased tubular Na+ and water reabsorption, with severe renal
failure as an outcome [4,5]. Renal hemodynamic alterations begin
early in the course of liver-related functional kidney failure,
before changes in creatinine clearance are detected [6,7]. Indeed,
in cirrhotic patients, changes in renal hemodynamics are already
present before the onset of ascites [2,8]. An imbalance of vasoac-
tive mediators produced directly in the kidney may also be impli-
cated in the increase of resistance. A deficiency in the production
of prostaglandin E2 and prostacyclin has been suggested in
patients with hepatorenal syndrome [9–11]. In cirrhosis, also
the renal production of 20-hydroxyeicosatetraenoic acid, epoxye-
icosatrienoic acids and leukotriene E4 has been shown to regulate
kidney perfusion [12–14]. Nitric oxide (NO) in the kidney has sev-
eral important functions including the regulation of renal hemo-
dynamics, maintenance of medullary perfusion, mediation of
pressure-natriuresis, blunting of tubuloglomerular feedback,
inhibition of tubular Na+ reabsorption, and modulation of renal
sympathetic neural activity. The net effect is to promote natriure-
sis and diuresis [15]. In cirrhotic rats with ascites an increased
renal expression of constitutive endothelial NO synthase has
been shown [16]. Local production of NO in the kidney may thus
counterbalance the effect of endogenous vasoconstrictors on RBF
and GFR. Heme oxygenase (HO) is a microsomal enzyme with
two main distinct isoforms: inducible (HO-1) and constitutive
(HO-2). It catalyses the rate limiting step in the degradation of
heme into biliverdin, carbon monoxide (CO), and free iron. CO
generated in the blood vessels induces relaxation of vascular
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smooth muscle cells by stimulating soluble guanylyl cyclase,
opening large-conductance calcium activated K+ (KCa) channels,
and inhibiting the cytochrome P450 dependent monooxygenase
system with a decrease in 20-HETE, which sustains contractile
tone by inhibiting KCas [17]. HO may mediate vasoregulation also
through heme consumption: heme can bind to and inhibit large-
conductance KCas [18]. In renal interlobar arteries, CO reduces the
sensitivity of vascular smooth muscle to constrictor agonists,
apparently stimulating KCas and interfering with the sensitizing
influence of 20-HETE [19,20]. In renal interlobular arterioles
and tubules from CBDL rats, the expression of HO-1 and HO-2
is decreased at 5 weeks. In CBDL rats and in sham rats treated
with the selective HO inhibitor zinc-protoporphyrin, GFR and
RBF are similarly reduced, suggesting that decreased renal HO-1
expression contributes to deteriorated renal function and hemo-
dynamics in cirrhosis [21]. In the kidney, HO may also regulate
the Na+ excretion. Rodriguez et al. [22] showed that HO induction
with hemin increases Na+ and water excretion, and this effect is
blocked by previous HO inhibition. Since CO uses similar signal-
ing pathways as NO in the vasculature, it is possible that it acti-
vates similar pathways as NO in tubular epithelial cells. CO and
biliverdin, whose antioxidant activity is known, may affect renal
tubular function also limiting superoxide anion generation,
which has been reported to stimulate Na+ reabsorption [23,24].
The aim of this study was to verify the role played by HO in reg-
ulating renal arterial resistance and Na+ excretion in experimen-
tal cirrhosis. Whereas in decompensated cirrhosis the
mechanisms underlying sodium retention and renal vasocon-
striction are quite well established, in pre-ascitic cirrhosis this
issue remains elusive. Some authors have documented a reduc-
tion in renal plasma flow and an increase in renal vascular resis-
tance at the pre-ascitic stage in humans [25] and in rats [26]. On
the other hand, others have suggested that renal vascular resis-
tance is reduced in compensated cirrhotic patients [27,28].
Therefore, we performed the experiments in rats with compen-
sated cirrhosis, before the onset of ascites.
Materials and methods

Animals

The study was performed on 40 adult male Wistar rats (body weight, 200–225 g;
Charles River Laboratories, Calco, Italy). The experiments were carried out in
accordance with the legislation of Italian authorities (D.L. 27/01/1992 116), which
complies with European Community guidelines (CEE Directive 86/609) for the care
and use of experimental animals. The experimental protocol was approved by the
Institutional Animal Care and Use Committee. Cirrhosis was induced with the CCl4

inhalation method in 20 rats as described previously [29]. Phenobarbital (0.30 g/L)
was added in the rats drinking water. Treatment was followed for 16 weeks, and
animals were free of treatment for the last week before the experiment. In 10 rats
from this group, the HO-1 inducer cobalt-protoporphyrin (CoPP) (0.5 mg/100 g
bw, s.c.) was injected once a week, starting the first day of CCl4 inhalation, until
three days before the rat sacrifice [30–32]. In nine control rats, CoPP was admin-
istered under the same conditions and for the same period of time. Under anesthe-
sia with ketamine hydrochloride (100 mg/kg bw, i.m.), kidneys were excised and
sectioned sagittally, and interlobar arteries were dissected out for immediate
use. The absence of ascites was confirmed by visual examination at laparotomy.
If ascites was present or its absence was not certain, the rat was not included in
the study. Age-matched animals were used as controls.

Isolated microvessel preparation

The kidney was placed in a chilled oxygenated modified Krebs bicarbonate buffer
[physiological salt solution (PSS)] containing 118.5 mM NaCl, 4.7 mM KCl, 1.2 mM
KH2PO4, 1.2 mM MgSO4, 2.8 mM CaCl2, 25 mM NaHCO3, and 11 mM dextrose.
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Renal interlobar arteries were dissected into segments (2 mm in length) and
mounted in a water-jacketed perfusion chamber (Living Systems Instrumenta-
tion, Burlington, VT) on a proximal micropipette connected to a pressure servo
controller. Subsequently, the lumen of the vessel was flushed to remove residual
blood, and the end of the vessel was mounted on a micropipette connected to a
three-way stopcock. After the stopcock was closed, the intraluminal pressure
was allowed to increase slowly until it reached 80 mm Hg. The vessel was super-
fused with PSS (4 ml/min) at 37 �C gassed with 95% O2 and 5% CO2 [29]. Intralu-
minal pressure was maintained at 80 mm Hg throughout the experiment.

Evaluation of the response to phenylephrine (PE) and acetylcholine (ACh) of renal
interlobar arteries

After a 45-min period of equilibration, the vessels were challenged with PE, an
a1-adrenoreceptor agonist (10�6 M). An artery was considered unacceptable for
experimentation if it demonstrated leaks or failed to constrict by more than
20% to PE. The presence of a functional endothelium was determined on the basis
of a prompt relaxation to ACh (10�6 M) in the vessel pre-contracted with PE
(10�6 M). The effects of PE and ACh administration were evaluated as variations
in the internal diameter of the vessels; the response to increasing doses of PE
(10�8–10�4 M) was reported as percent of contraction, and that to ACh (10�9–
10�4 M) as percent of inhibition of the contraction induced by PE (10�6 M). The
HO inhibitor chromium-mesoporphyrin (CrMP) (15 lM) was then added to
freshly prepared PSS, and 20-min drug-tissue contact time was allowed before
re-testing the response to PE and ACh in the same vessel. PE and ACh were added
to the bath (extraluminal application), and cumulative dose–response curves
were generated, with 2–3-min intervals between doses. After each dose–response
test, the tissues were washed with fresh PSS for at least 20 min. Vascular diame-
ters were measured 1–3 min after the addition of PE and ACh with the use of a
video system consisting of a microscope with a charge-coupled device television
camera (Eclipse TS100-F; Nikon, Tokyo, Japan), a television monitor (Ultrak Inc.,
Lewisville, TX), and a video measuring system (Living Systems Instrumentation).
Only one experiment was performed in each artery.

Chemicals

CoPP and CrMP were obtained from Porphyrin Products (Logan, UT). All other
chemicals were obtained from Sigma Chemical (St. Louis, MO). CoPP injections
were prepared by dissolving the compound in 0.2 mmol/L NaOH, adjusting its
pH value to 7.4 with 1 mmol/L HCl, and diluting it with 0.9% NaCl to a final con-
centration of 1 mg/ml. CrMP was dissolved in a solution of 50 mM NaCO3. PE and
ACh were dissolved in de-ionized water and diluted with PSS.

Western blot analysis of HO-1 and HO-2 protein expression in main and interlobar
renal arteries

Standard techniques were used to evaluate protein expression. Main and interlo-
bar renal arteries were collected from each rat, snap-frozen in liquid N2, and
stored at �80 �C until analyzed. The vessels were homogenized in urea lysis buf-
fer. Protein extracts were assayed for protein content using the BCA protein assay
kit (Pierce, Rockford, IL). SDS–polyacrylamide gel electrophoresis and immuno-
blotting were performed on 50 lg of total protein extracts. HO-1 and HO-2 pro-
tein expression were detected using a monoclonal antibody against HO-1
(StressGen Biotechnologies Corp., Victoria, Canada) and polyclonal anti-HO-2
antibodies (StressGen Biotechnologies Corp.) diluted 1:1000 in phosphate buf-
fered saline containing 2% non-fat dry milk. The secondary antibodies anti-mouse
and -rabbit conjugated to horseradish peroxidase, respectively, were diluted
1:1000 in phosphate buffered saline containing 2% non-fat dry milk. After strip-
ping, blots were assayed for b-actin content as a standardization of sample load-
ing. Antigenic detection was visualized by standard ECL enhanced
chemiluminescence (Amersham, Arlington Heights, Illinois, USA). Quantitative
densitometric values of each protein were normalized to b-actin and displayed
in histograms, using the VersaDoc Imaging System (Bio-Rad Laboratories, Hercu-
les, California, USA).

Mean arterial pressure and heart rate measurement

To evaluate the effect of CoPP on systemic hemodynamics, the day before the sac-
rifice the mean blood pressure (MAP) and heart rate (HR) of conscious, warmed,
and restrained control rats (treated and not treated with CoPP) were measured by
the tail-cuff plethysmographic method. For each rat, five measurements were
made at 10-min intervals, and the mean was calculated.
1 vol. 54 j 258–264 259



0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

PE (Log [M])

In
cr

ea
se

 o
f a

ct
iv

e 
to

ne

CONTROLS
CIRRHOSIS
CIRRHOSIS + CoPP

∗∗∗∗

∗∗∗∗

∗∗∗∗ ∗∗∗∗

∗∗∗

base -8 -7 -6 -5 -4

Fig. 1. Dose–response curves to phenylephrine (PE) in rat renal interlobar
arteries. Results are mean ± SE. *p <0.05 vs. control rats. �p <0.05 vs. untreated
cirrhotic rats.

Research Article

Renal function evaluation

Intracardiac blood samples (0.5 ml) were collected under anesthesia before the
sacrifice of the animals. Serum Na+ and creatinine values were determined using
the appropriate analyzers (Aldrich/Sigma, St. Louis, MO, USA). Urine was obtained
from a 24 h- collection before the sacrifice of the animals. Urinary Na+ and creat-
inine values were determined using the appropriate analyzers (Aldrich/Sigma, St.
Louis, MO, USA). Fractional excretion of Na+ (FrE Na+) was also calculated.

Data analysis

Data were expressed as mean ± SE. Concentration–response data derived from
each vessel were fitted separately to a logistic function by nonlinear regression
and EC50 (molar concentration of PE and ACh causing 50% of the maximal vaso-
constrictor and vasorelaxant effect, respectively) was calculated and expressed
as log [M]. From the same regression, the maximal contraction (Cmax) and relax-
ation (Rmax) of the artery were also calculated as percentage of contraction and
relaxation (that is, reduction in vessel diameter relative to baseline diameter
and increase in vessel diameter relative to the diameter after pre-contraction
with PE, respectively). Data were analyzed by ANOVA or Student’s t test for paired
or unpaired observations when appropriate. Correlations were investigated by
the least squares method. The n values quoted indicate the number of experi-
ments. The null hypothesis was rejected at p <0.05.
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Fig. 2. Dose–response curves to acetylcholine (ACh) in rat renal interlobar
arteries. Results are mean ± SE. *p <0.05 vs. control rats.
Results

All rats treated with CCl4 included in the study had macronodular
or micronodular cirrhosis. Control rats had no appreciable alter-
ation in liver appearance. At the time of the study no difference
in body weight between control, cirrhotic untreated, and cirrhotic
treated rats was observed.

Interlobar renal vascular response to PE

The response of interlobar arteries to PE was increased in
untreated cirrhotic (n = 9) compared to control rats (n = 18):
EC50: �6.49 ± 0.14 log [M] vs. �6.0 ± 0.11 log [M] (p <0.01); Cmax:
�70 ± 3% vs. �49 ± 3% (p <0.01). In cirrhotic rats treated with CoPP
(n = 21) the response to PE was blunted compared to untreated
cirrhotic rats: EC50: �5.70 ± 0.08 log [M] (p <0.01), Cmax:
�50 ± 4% (p <0.01). Comparing cirrhotic rats treated with CoPP
and control rats, only EC50 was different (p = 0.03) (Fig. 1).

Interlobar renal vascular response to ACh

The maximal dilation of interlobar arteries to ACh was decreased
in untreated cirrhotic rats (n = 6) compared to control rats
(n = 10), (Rmax: 39 ± 8% vs. 63 ± 5%, p = 0.01), but the sensitivity
to ACh was not different between the two groups (EC50:
�7.01 ± 0.25 log [M] vs. �7.13 ± 0.16 log [M]). In cirrhotic rats
treated with CoPP (n = 5) the response to ACh was decreased
compared to control rats (Rmax: 34 ± 6%, p <0.01; EC50:
�6.53 ± 0.22 log [M], p = 0.05), but similar to untreated cirrhotic
rats (Fig. 2).

Effect of CrMP on the response to PE

CrMP increased Cmax in control (n = 11, from �55 ± 3% to
�65 ± 2%, p <0.01) and cirrhotic rats treated with CoPP (n = 7,
from �54 ± 4% to �62 ± 5%, p = 0.01). On the other hand, in
untreated cirrhotic rats (n = 9) CrMP did not modify Cmax

(�70 ± 3%). CrMP increased the sensitivity to PE in control rats
(EC50 from �6.09 ± 0.14 log [M] to �6.21 ± 0.14 log [M],
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p = 0.05) and in cirrhotic rats treated with CoPP (EC50 from
�5.62 ± 0.16 log [M] to �6.09 ± 0.18 log [M], p = 0.01), but not
in untreated cirrhotic rats (EC50 from �6.49 ± 0.14 log [M] to
�6.53 ± 0.11 log [M]). After CrMP administration, the response
to PE, evaluated both as Cmax and EC50, was similar in the three
groups (Fig. 3).

Effect of CrMP on the response to ACh

CrMP reduced the maximal dilation (Rmax) to ACh: in control rats
(n = 11) from 60 ± 7% to 38 ± 6% (p <0.01), in untreated cirrhotic
rats (n = 5) from 45 ± 5% to 31 ± 6% (p = 0.03), and in cirrhotic rats
treated with CoPP (n = 5) from 32 ± 6% to 16 ± 5% (p = 0.01). EC50

did not change after administration of CrMP: in control rats from
�7.23 ± 0.17 log [M] to �6.95 ± 0.24 log [M], in untreated cir-
rhotic rats from �6.78 ± 0.12 log [M] to �6.75 ± 0.16 log [M],
and in cirrhotic rats treated with CoPP from �6.56 ± 0.20 log [M]
to �6.77 ± 0.40 log [M]. After CrMP administration, the response
to ACh considered as EC50 was similar in the three groups. Rmax
1 vol. 54 j 258–264
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Fig. 4. Effect of HO inhibition with chromium-mesoporphyrin (CrMP) on
interlobar renal artery response to acetylcholine (ACh). Results are mean ± SE.
*p <0.05 vs. baseline.
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mean ± SE. *p <0.05 vs. baseline.
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was different only between control and cirrhotic rats treated with
CoPP (p = 0.02) (Fig. 4).

Western blot analysis of HO-1 and HO-2 protein expression

In the main and interlobar renal arteries from untreated cirrhotic
rats (n = 3), HO-1 expression was impaired compared to control
rats (n = 3) (p = 0.04). In cirrhotic rats treated with CoPP (n = 3)
the enzyme expression was increased compared to both
untreated cirrhotic (p <0.01) and control rats (p = 0.03). HO-2
protein expression was not modified in untreated cirrhotic rats
and cirrhotic rats treated with CoPP (Fig. 5).

Systemic hemodynamics and renal function

In control rats CoPP administration (n = 9) did not have any effect
on MAP and HR, but increased FrE Na+ compared to untreated
rats (n = 11) (p <0.01). Serum creatinine concentration was simi-
lar in control, untreated cirrhotic (n = 6), and cirrhotic rats treated
with CoPP (n = 6). Urinary Na+ concentration was higher in cir-
rhotic rats treated with CoPP compared to untreated cirrhotic rats
(p = 0.04). FrE Na+ was higher in cirrhotic rats treated with CoPP
compared to both untreated cirrhotic (p <0.01) and control rats
(p <0.01). A direct inverse correlation was found between the
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interlobar arteries sensitivity to the a-adrenergic stimulus of
PE, analyzed as EC50, and FrE Na+ (r = 0.71, p <0.01) (Tables 1, 2
and Fig. 6).
Discussion

This study shows that in renal interlobar arteries from rats with
compensated cirrhosis, vasoconstrictor response to PE is
increased while vasodilator response to ACh is blunted. In these
rats, renal function was normal, which emphasizes that changes
in renal vascular response occur even before Na+ retention. These
data are consistent with the evidence that renal arterial resistance
indexes are increased in patients with cirrhosis before the onset of
ascites [2,8]. Therefore, in cirrhotic patients, an early increased
response of interlobar renal arteries to adrenergic stimuli may
occur. HO, through CO production and heme consumption, plays
an important role in regulating renal vascular tone [18,19]: its
deregulation may be critical in altering the renal response to vaso-
active factors in cirrhosis. In control rats, HO inhibition reduces
GFR and RBF to values similar to the ones observed in cirrhotic
rats [21]. Accordingly, we demonstrated that CrMP administration
increases the sensitivity of renal interlobar arteries to PE in con-
trol but not in cirrhotic rats; after HO inhibition, the response to
1 vol. 54 j 258–264 261
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Table 2. Renal function markers: serum creatinine concentration, urinary Na+

concentration, urinary 24 h Na+, fractional excretion of Na+.

Group 

Control
Cirrhosis
Cirrhosis 
+ CoPP

S.Creat.
(µmol/L)

 

37.64 ± 1.87
41.33 ± 3.22

40.83 ± 1.19

U. Na+

(mmol/L)

42,1 ± 6,7
35.2 ± 5.8

68.7 ± 14.3 †   

FrE Na+

(%)

0.73 ± 0.28
0.66 ± 0.18

2.19 ± 0.41*†

U. Na+/24h
(mmol)

1.68 ± 0.64 

1.13 ± 0.24
1.17 ± 0.19

n = 11 control, 6 cirrhosis, 6 cirrhosis + CoPP. *p <0.05 vs. control rats. �p <0.05 vs.
cirrhosis.

Table 1. Hemodynamic parameters and renal function markers in control rats
treated with CoPP.

Group 

Control     
CoPP  

MAP
(mmHg)

2.3±6.701
9.2±6.211

HR
(beats/min)

400.7 ±  11.8
380.2 ± 7.5

.taerC.S
(µmol/L)

37.64 ± 1.87
75.1±06.63

FrE Na+

(%)

0.73 ± 0.28 
2.29 ± 0.28*

n = 11 control, 9 controls treated with CoPP. *p <0.05 vs. control rats.
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the vasoconstrictor in the two groups was comparable. These data
suggest that a lack of vascular HO activity/expression contributes
to the increased renal sensitivity to PE in cirrhosis. Miyazono et al.
[21] observed a decrease in HO-1 expression in renal interlobar
arteries 5 weeks after CBDL. In our study, HO-1 expression was
reduced in renal arterial vessels from cirrhotic rats. To verify the
role of HO in controlling the renal vascular response to PE in cir-
rhosis, we also performed the experiment in a group of cirrhotic
rats chronically treated with the HO inducer CoPP. In the arteries
of these animals, the response to PE was normal. Also, unlike the
untreated cirrhotic rats and similarly to control rats, the artery’s
sensitivity to CrMP was retrieved. After HO inhibition, the con-
tractile response was comparable to that of the other two groups
under the same conditions. Analyzing the dose–response curves
to ACh, which causes an endothelium-dependent vasodilation,
we found that in cirrhotic rats renal interlobar arteries are less
responsive than in control rats. After CrMP was administered,
the response to ACh was markedly reduced in control rats while
it was only slightly reduced in cirrhotic rats. HO inhibition made
the response to the vasodilator in these two groups comparable
suggesting that the decreased expression of HO-1 may have a role
in the blunted response of renal interlobar arteries to ACh in cir-
rhosis. In contrast, and unexpectedly, chronic HO induction with
CoPP did not improve the artery’s response to ACh in cirrhotic rats.
To explain this lack of effect, we can hypothesize that the overex-
pression of HO-1 induced by CoPP (see Fig. 5) caused an increase
in CO beyond its physiological levels. High levels of CO, despite its
direct vasodilator effect, inhibit the production of the potent vaso-
dilator NO, that is essential to maintain a normal renal perfusion
[33]. Previous studies have shown that low levels of CO (0.001–
0.1 lmol/L) stimulate NO release, while higher levels (P1 lmol/L)
inhibit NO synthase [34]. In the renal circulation, CO buffers the
excessive vasoconstriction observed after blockade of NO, sug-
gesting a major role for CO protecting the renal vasculature from
excessive vasoconstriction when the renal NO system is deficient
[35,36]. In contrast, overexpression of HO-1 in the vascular
1 vol. 54 j 258–264
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smooth muscle cells attenuates NO-mediated vasodilatation [37].
Moreover, elevated levels of endogenous CO contribute to arteri-
olar NO dysfunction in Dahl salt-sensitive rats, and responses to
ACh are restored upon inhibition of HO [38]. In isolated carotid
arteries from angiotensin II hypertensive mice, HO-1 induction
does not improve ACh dependent vascular relaxation [39]. There-
fore, we assume that in conditions of excessive renal vasocon-
striction, increases in vascular CO may be beneficial, but need
to be tempered so they do not interfere with endogenous NO pro-
duction, which can lead to impaired vascular relaxation. This
study investigated the role of HO in regulating both the vascular
tone and renal Na+ excretion in experimental cirrhosis. In this
condition, daily Na+ balance is highly variable in the pre-ascitic
stage, before becoming openly and steadily positive at the time
of ascites formation [40,41]. Accordingly, we found that Na+

excretion was not significantly decreased in untreated cirrhotic
rats compared to control rats. In cirrhotic rats, HO induction
did not modify serum creatinine concentration but increased
renal Na+ excretion as measured by urinary Na+ concentration
and FrE Na+. We assume that this was not secondary to an effect
on systemic hemodynamics, as under physiological conditions
CoPP administration significantly increases FrE Na+ without
affecting MAP and HR (see Table 1). Moreover, it has been shown
that stannous chloride, another HO-1 inducer, promotes natriure-
sis in spontaneously hypertensive rats, despite a reduction in
blood pressure [42]. We found an inverse correlation between
the interlobar artery’s sensitivity to the a-adrenergic stimulus
and the FrE Na+, thus HO, by reducing preglomerular resistance,
may inhibit Na+ retention in cirrhosis. In cirrhotic rats treated
with CoPP, FrE Na+ was also higher compared to control rats, sug-
gesting that CO overproduction in the renal tubules directly
induces the secretion or reduces the reabsorption of Na+. Along
the same lines, Rodriguez et al. [22] showed that HO induction
with hemin enhances renal Na+ excretion, without interfering
with GFR. HO may also have a natriuretic effect limiting the pro-
duction of superoxide anion, which has been shown to promote
Na+ reabsorption [24]. In conclusion, our study shows that in cir-
rhotic rats chronic HO induction normalizes the sensitivity of
renal interlobar arteries to PE and promotes Na+ excretion.
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