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Abstract

Hemorrhagic shock followed by resuscitation (HSR) induces oxidative stress, which leads to acute lung injury. Heme oxygenase (HO)-

1 (EC 1.14.99.3), the rate-limiting enzyme in heme catabolism, is inducible by oxidative stress and is thought to play an important role in

the protection from oxidative tissue injuries. In this study, we examined expression of HO-1 as well as tissue injuries in the lung, liver, and

kidney after HSR in rats. We also pretreated animals with heme arginate (HA), a strong inducer of HO-1, and examined its effect on the

HSR-induced lung injury. HO-1 expression significantly increased in the liver and kidney following HSR, while its expression in the lung

was very low and unchanged after HSR. In contrast to HO-1 expression, tissue injury and tumor necrosis factor-a (TNF-a) gene

expression was more prominent in the lung compared with those in the liver and kidney. HA pretreatment markedly induced HO-1 in

pulmonary epithelial cells, and ameliorated the lung injury induced by HSR as judged by the improvement of histological changes, while it

decreased TNF-a and inducible nitric oxide synthase gene expression, lung wet weight to dry weight ratio, and myeloperoxidase activity.

In contrast, inhibition of HO-1 by tin-mesoporphyrin administration abolished the beneficial effect of HA pretreatment. These findings

suggest that tissues with higher HO-1 may be better protected than those with lower HO-1 from oxidative tissue injury induced by HSR.

Our findings also indicate that HA pretreatment can significantly suppress the HSR-induced lung injury by virtue of its ability to induce

HO-1.
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1. Introduction

Hemorrhagic shock followed by resuscitation (HSR)

induces a systemic inflammatory response that results in

multiple organ impairment [1–3], including ALI, which

is a major clinical problem, leading to significant mor-

tality and morbidity [2,4]. Oxidative stress has been

implicated as an important cause of its pathogenesis

[3,5,6]. However, the suppression of oxidative stress
Abbreviations: ALAS, d-aminolevulinate synthase; ALI, acute lung

injury; CO, carbon monoxide; HA, heme arginate; HO, heme oxygenase;

HSR, hemorrhagic shock followed by resuscitation; iNOS, inducible nitric
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has not been fully investigated in the strategic improve-

ment of treatment for ALI [7,8]. Moreover, to our

knowledge, there has been no report which compared

the extent of lung injuries to that of other organs, such as

the liver and the kidney, following HSR. HO-1, the rate-

limiting enzyme in heme catabolism [9], is induced not

only by its substrate heme [9] but also by various

oxidative stresses [10], and is thought to confer protec-

tion to cells against oxidative injuries [11–13]. Several

studies have demonstrated that overexpression of pul-

monary HO-1 protects lung cells from oxidant injury in

certain models of ALI [14–17]. However, the effect of

HO-1 induction by agents available for clinical use has

not been examined. Heme arginate (HA), which is a

water-soluble and stable metabolite of the reaction of

hemin and L-arginine [18], is known to strongly induce

HO activity [19], and has been used for treatment of
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acute relapses of patients with acute hepatic porphyria

[20,21]. In this study, we examined expression of HO-1

as well as tissue injuries in the lung, the liver, and the

kidney after HSR in rats. We also pretreated animals

with HA and examined its effect on the HSR-induced

lung injury. We report here that HO-1 is markedly

induced following HSR in the liver and the kidney,

whereas HO-1 is not induced by the same treatment

in the lung. In contrast, tissue injury and inflammation

was more pronounced in the lung than in the liver and

the kidney. HA pretreatment markedly induced HO-1 in

the lung, and ameliorated the lung injury and inflamma-

tion induced by HSR. In contrast, inhibition of HO

activity by SnMP, a specific competitive inhibitor of

HO [22], abolished the beneficial effect of HA pretreat-

ment. These findings suggest that tissues with higher

HO-1 expression such as liver and kidney are better

protected than those with lower HO-1 expression such as

lung, from oxidative tissue injury induced by HSR. Our

findings also indicate that HA pretreatment can signifi-

cantly suppress lung injury induced by HSR by virtue of

its ability to induce HO-1.
2. Materials and methods

2.1. Animals

Animal experiments were approved by the Animal Care

Committee of Okayama University Medical School; care

and handling of the animals were in accordance with

National Institutes of Health guidelines. Male Sprague–

Dawley rats weighing 350–400 g were purchased from

Charles River. They were housed in a temperature-con-

trolled (25 8C) room with alternating 12-h light/12-h dark

cycles and were allowed free access to water and chow diet

until the start of experiments.

2.2. Hemorrhagic shock protocol

Rats were anesthetized with intraperitoneal sodium

pentobarbital (50 mg/kg) and then subjected to sham or

hemorrhagic shock as described previously [23]. In brief,

the left femoral artery and the left femoral vein were

dissected out using aseptic techniques and cannulated with

heparinized polyethylene tube. Catheters were inserted

into the left femoral artery for measurement of blood

pressure, and the left femoral vein for the induction of

hemorrhage. Hemorrhage was initiated by bleeding the

animal into a heparinized syringe (10 units/ml) over a

period of 15 min to achieve a mean arterial blood pressure

of 30 mmHg. This level of blood pressure (30 � 5 mmHg)

was maintained for 60 min by further blood withdrawal or

by reinfusing the shed blood. At this point, animals were

resuscitated over 15 min by first returning all shed blood,

followed by administering sterile saline as necessary. The
sham group underwent all instrumentation procedures, but

blood was not collected. Animals were allowed to breathe

spontaneously throughout the experiment. To maintain

body temperature within physiological range, all proce-

dures were made over the heating pad under continuous

monitoring of rectal body temperature. Electrocardiogra-

phy was also measured continuously.

2.3. Experimental design

To determine the relationship between tissue injury and

HO-1 expression, rats were divided into the following three

groups: HSR-treated animals (HSR group, n = 24), sham-

operated animals (sham group, n = 6), and untreated con-

trol animals (untreated control group, n = 3). Next, to

examine the effect of HA on HO-1 expression in the lung,

rats were administered with various doses of HA (corre-

sponding to 0–100 mg/kg of hemin) intravenously via tail

vein (HA group, n = 42). HA solution (25 mg of hemin/ml)

was prepared as described previously [18], immediately

prior to use. Briefly, 15.3 mmol (2.67 g) of L-arginine was

dissolved in 40 ml of water, and mixed with 10 g of ethanol

and 40 g of 1,2-propanediol then water added to total

volume of 100 ml followed by the addition of 3.83 mmol

(2.5 g) of hemin. After stirring for 30 min, the solution was

passed through a 0.45 mm filter (Millipore). Control rats

received the same volume of the vehicle (153 mM L-

arginine in 40% 1,2-propanediol and 10% ethanol solution)

(Vehicle group, n = 9). Some rats were also administered

with SnMP (0.5 mmol/kg; Frontier Scientific), a competi-

tive inhibitor of HO activity [22], at 16 h after HA treat-

ment (HA/SnMP group, n = 6). SnMP was prepared as

described below, immediately before use. SnMP had been

dissolved in a small volume of 0.1N NaOH solution, and

then pH was adjusted to 7.6 with 0.01 M sodium phosphate

buffer [24]. Finally, to test the effects of HA on HSR-

induced lung injury, HSR rats were randomly assigned to

the following four groups: control with sham operation

(Control group, n = 8), pretreatment with vehicle (1,2-

propanediol (40%) and ethanol (10%) solution) before

HSR (Vehicle/HSR group, n = 8), pretreatment with HA

before HSR (HA/HSR group, n = 8), and pretreatment with

HA followed by SnMP administration before HSR treat-

ment (HA/SnMP/HSR group, n = 8). HA (30 mg of hemin/

kg) or the vehicle was injected at 18 h before HSR, and

SnMP (0.5 mmol/kg) was injected at 2 h before HSR via

tail vein, respectively. Under light anesthesia with ethyl

ether, animals were sacrificed by decapitation at each

defined time point (0–24 h). The tissues were excised

and frozen immediately in liquid nitrogen and stored at

�80 8C until use for the preparation of RNA and measure-

ment of MPO activity. For the preparation of pulmonary

microsomal fraction, animals were sacrificed by bleeding

through a catheter in aorta under light anesthesia with ethyl

ether and lungs were excised, and rinsed quickly and gently

in physiologic saline.
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2.4. cDNA probes

Template cDNA for HO-1 was rat pRHO-1 [25]. Tem-

plate cDNA for TNF-a was rat TNF-a cDNA correspond-

ing to 27–668 base pairs [26], which was cloned from LPS

(Escherichia coli, 0128:B8; Sigma Chemical, 10 mg/kg,

i.p.)-treated rat ileum library and constructed in pGEM-T

Vector (Promega) [27]. Template cDNA for iNOS was rat

iNOS cDNA corresponding to 1259–1714 bp [28], which

was also cloned from the LPS-treated rat ileum library and

constructed in the pGEM-T Vector [29]. All probes used

for Northern blot analysis were [a-32P]dCTP (NEN Life

Science Products)-labeled cDNA probes prepared accord-

ing to the manufacturer’s instructions by using a random

primer DNA labeling system (Amersham Pharmacia Bio-

tech) [24].

2.5. RNA isolation and Northern blot analysis

Total RNA was isolated from the rat tissues using Tri-

ReagentTM (Sigma Chemical) according to the manufac-

turer’s protocol. Northern blotting was performed as

described previously [24]. Twenty micrograms of total

RNA were subjected to electrophoresis in a 1.2% (w/v)

agarose gel containing 6.5% (v/v) formaldehyde. After

blotting on a sheet of Bio-Rad Zeta-Probe membrane (Bio-

Rad Laboratories), RNA samples were hybridized with

[a-32P]dCTP-labeled cDNA probe followed by washing

under stringent conditions. The membrane was exposed to

a sheet of Fuji Medical radiograph film with an intensify-

ing screen at �70 8C, and autoradiographs were quantified

by using an image scanner (GelPrintTM 2000i, Genomic

Solutions) and a computerized image analysis software

(Basic QuantifierTM Version 3.0, Genomic Solutions),

which calculated IOD [24].

2.6. Western blot analysis

Lungs were homogenized in three volumes of 0.1 M

potassium phosphate buffer (pH 7.4) containing 0.25 M

sucrose and centrifuged at 10,000 � g for 30 min at 4 8C,

followed by 104,000 � g centrifugation of the supernatant

for 60 min at 4 8C, to obtain the microsomal fraction as a

pellet. The pellet was resuspended in 0.02 M Tris–HCl (pH

7.4) containing 20% (v/v) glycerol and microsomal protein

content was determined by the method of Lowry [30].

Western blotting was performed as described previously

[24].

Samples equivalent to 50 mg of protein were applied to a

12% (w/v) polyacrylamide-SDS gel. After electrophoretic

separation, proteins were transferred to Nitrocellulose

membrane (Bio-Rad Laboratories). The membrane was

blocked with Tris-buffered saline containing 10% (w/v)

skim milk at 4 8C overnight, followed by incubation with a

rabbit anti-HO-1 polyclonal antibody (StressGen Bio-

technologies) diluted at 1:1000 with Tris-buffered saline
containing 3% (w/v) skim milk. Then the membrane was

treated with horseradish peroxidase-labeled goat anti-rab-

bit IgG (KPL). Antigen–antibody complexes were visua-

lized with an ECLTM chemiluminescence system

(Amersham Pharmacia Biotech) and short exposure of

the membrane to X-ray films. The obtained signals were

quantified as described above. The transfer efficiency and

an equal amount of loading per lane were verified by

staining nitrocellulose membranes using Amido Black

solution [31].

2.7. Lung HO activity

Tissue was homogenized in three volumes of 0.05 M

Tris–HCl (pH 7.8) containing 0.25 M sucrose, 20% (w/v)

glycerol, 3 units/ml of heparin, and a protease inhibitor

(Complete, Boehringer Mannheim GmbH), and centri-

fuged at 10,000 � g for 15 min at 4 8C. The supernatant

was collected and centrifuged at 105,000 � g for 60 min at

4 8C. After centrifugation, the microsomal pellet was

collected and resuspended in 20 mM Tris–HCl (pH 7.4)

containing 1.15% KCl and a protease inhibitor and used to

measure HO activity spectrophotometrically as described

previously [24,32]. The cytosolic fraction prepared from

the liver of adult untreated rats served as a source of

biliverdin reductase in the HO assay. HO activity was

expressed as picomoles of bilirubin formed per milligram

of protein per 60 min. Protein concentration was deter-

mined by the method of Lowry [30].

2.8. Histological study

For histological examination, the tissue was fixed in

10% neutral buffered formalin, embedded in paraffin, and

sectioned at 4–6 mm thickness. After deparaffinization

and dehydration, the sections were stained with hema-

toxylin and eosin for microscopic examination. For

immunohistochemical examination, the enzymatic activ-

ity of endogenous peroxidases in the tissue section was

first blocked with 3% hydrogen peroxide, followed by

incubation with rabbit polyclonal anti-rat HO-1 (Stress-

Gen Biotechnologies) at 37 8C for 3 h. The antigen–

antibody reaction was detected using a secondary anti-

rabbit antibody and an avidin–biotin immunoperoxidase

staining kit (DAKO) [33]. The positive reaction was

visualized as brown stain following treatment with

3,30-diaminobenzidine. Normal rabbit serum was used

as control for non-specific staining. Sections were coun-

terstained with hematoxylin.

2.9. Lung wet/dry ratio

Lung tissue samples were blotted, weighed, and then

dried at 110 8C for 24 h. The dry tissue weight was then

determined and wet/dry ratios were calculated as an index

of pulmonary edema [34].
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2.10. Lung MPO assay

Lung MPO activity was measured as described by

Bradley et al. [35], with some modification. Briefly,

tissue was homogenized in 50 mM potassium phosphate

buffer (pH 6.0) containing 0.5% (w/v) hexadecyltri-

methylammonium bromide (Nacalai Tesque Co.) fol-

lowed by the centrifugation at 15,000 � g for 15 min

at 4 8C. After centrifugation, 0.1 ml of the supernatant

was mixed with 2.9 ml of 50 mM potassium phos-

phate buffer (pH 6.0) containing 0.167 mg/ml o-diani-

sidine dehydrochloride (Sigma Chemical). Following the

addition of 5 ml of 0.3% hydrogen peroxide to the

mixture, the increase in color was monitored at

460 nm for 1 min on a Spectrophotometer (U-3000TM

HITACHI). The protein concentration of the supernatant

was determined by the method of Lowry [30]. Values are

reported as change in O.D. (DO.D.) per milligram of

protein.
Fig. 1. Effect of HSR on TNF-a gene expression in the lung, liver, and kidney. Ra

kidneys were excised for Northern blot analysis as described in Section 2. (A) Twen

are the autoradiographic signals of RNA blot hybridized with [a-32P]dCTP-labele

loading control. Filled arrowhead, 28S ribosomal RNA; open arrowhead, 18S

independent experiments showed similar results, and a typical example is shown. (

level of pulmonary TNF-a mRNA. (*) Lung, (&) liver, and (~) kidney. Inset: m

expressed as the percentage of the maximal level of pulmonary TNF-a mRNA. D

variance with Scheffé’s F-test. *p < 0.05 vs. lung.
2.11. Statistical analysis

Statistical evaluation was performed with analysis of

variance followed by Scheffé’s F-test, by using Statview

software (Abacus Concepts). Differences were considered

as significant at p < 0.05. Data are presented as

mean � S.D.
3. Results

3.1. Time courses of TNF-a mRNA expression and

histological changes after HSR

Although it is well-known that tissue inflammation after

HSR is prominent not only in the lung but also in the liver

[2,3], there has been no report which compared the extent

of tissue inflammation in various organs following HSR.

Thus, we examined time course changes in the level of
ts were killed at 0, 1, 3, 6, 9, 12, 18, and 24 h after HSR. Lungs, livers, and

ty micrograms of total RNA was subjected to Northern blot analysis. Shown

d TNF-a cDNA. Ethidium bromide staining of the same RNA is shown as a

ribosomal RNA; C, untreated control; S, sham-operated animals. Three

B) Levels of TNF-a mRNA are expressed as the percentage of the maximal

aximal levels of TNF-a mRNA after HSR in the lung, liver, and kidney are

ata are presented as mean � S.D. (n = 3). Statistical analysis by analysis of
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TNF-a mRNA in the lung, the liver, and the kidney. TNF-a

mRNAwas barely detectable in all tissues both in untreated

control animals (0.18 � 0.10 IOD, n = 3) and sham-oper-

ated animals (0.20 � 0.12 IOD, n = 3). Following HSR,

TNF-a mRNA level in the lung significantly increased at

3 h (0.97 � 0.23 IOD, n = 3), decreased transiently at 6 h

(0.60 � 0.13 IOD, n = 3), and then increased and reached a

maximum at 9 h (1.26 � 0.32 IOD, n = 3), followed by the

gradual decrease (Fig. 1) [36]. In contrast to the lung, TNF-

a mRNA was hardly detectable in the liver and the kidney

throughout the course of observational period (Fig. 1).

When the maximal levels of TNF-a mRNA in each tissue

of three independent experiments were compared, the level

in the lung (1.26 � 0.32 IOD, n = 3) was almost 20 times

higher than that of the liver (0.04 � 0.04 IOD, n = 3,

p < 0.05 versus lung) and the kidney (0.04 � 0.05 IOD,

n = 3, p < 0.05 versus lung) (Fig. 1B, inset). Histological

examination revealed that lungs from rats after HSR

showed a significant tissue injury, as judged by alveolar

septal thickening with marked infiltration of inflammatory

cells (Fig. 2B). In contrast to the lung, apparent cellular

injuries were not observed in the liver and the kidney

(Fig. 2D and F).

3.2. Time courses of HO-1 mRNA expression and

immunohistochemical demonstration of HO-1 after HSR

Since some recent papers reported that HO-1 is induced

by oxidative stress including ischemia/reperfusion in var-

ious tissues [11], we examined the level of HO-1 mRNA in
Fig. 2. Histological changes in the lung, liver, and kidney after HSR. Rats subjecte

were removed for histological examination as described in Section 2. Three indep

(A) Lung, (C) liver, and (E) kidney from sham-operated control animals. (B) Lun

thickening and infiltration of inflammatory cells were typically observed at the porti

were observed throughout the field. The bars represent 100 mm. Sections were s
the lung, the liver and the kidney after HSR. HO-1 mRNA

was only barely detectable in all tissues examined both in

untreated control and in sham-operated animals (Fig. 3).

Following HSR, HO-1 mRNA level in the liver signifi-

cantly increased at 3 h, reached a maximum at 6 h, and then

rapidly declined to control level by 9 h (Fig. 3) [37]. In the

kidney, its level abruptly increased and reached a max-

imum at 3 h after HSR, followed by a rapid decrease to the

basal level by 6 h (Fig. 3). In contrast, HO-1 mRNA was

only barely detectable in the lung before and after HSR

(Fig. 3). When the maximally induced levels of HO-1

mRNA after HSR of three independent experiments were

compared, the levels in the liver and in the kidney were

almost 20 times and more than 40 times larger than that in

the lung, respectively (liver, 37.80 � 19.01 IOD, or kidney,

83.34 � 6.96, p < 0.05 versus lung, 1.90 � 3.00; n = 3 for

each group) (Fig. 3B, inset). Immunohistochemical ana-

lysis revealed that HO-1-positive cells were not observed

in the kidney or in the lung of sham-operated control

animals (Fig. 4A and E), while in the liver of control

animals, some HO-1 staining was observed marginally in

non-parenchymal cells (Fig. 4C) [37]. Consistent with

enhanced HO-1 gene expression in the liver, at 12 h after

HSR, positive staining of HO-1 protein was observed not

only in non-parenchymal cells, but also in parenchymal

hepatocytes around the central vein [37], the cells that are

known to be the target of ischemia/reperfusion injury

(Fig. 4D) [38]. Similarly, in the kidney of HSR rats,

positive staining of HO-1 protein was also observed in

the tubular epithelial cells (Fig. 4F), the target cells in renal
d to HSR were killed at 12 h after the treatment. Lungs, livers, and kidneys

endent experiments showed similar results, and a typical example is shown.

g, (D) liver, and (F) kidney from HSR animals. Pulmonary alveolar septal

on indicated by arrowheads and arrows, respectively, although these findings

tained with hematoxylin and eosin.
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Fig. 3. Effect of HSR on HO-1 gene expression in the lung, liver, and kidney. Rats were killed at 0, 1, 3, 6, 9, 12, 18, and 24 h after HSR. Lungs, livers, and

kidneys were excised for Northern blot analysis as described in Section 2. (A) Twenty micrograms of total RNA was subjected to Northern blot analysis. Shown

are the autoradiographic signals of RNA blot hybridized with [a-32P]dCTP-labeled HO-1 cDNA. Ethidium bromide staining of the same RNA is shown as a

loading control. Filled arrowhead, 28S ribosomal RNA; open arrowhead, 18S ribosomal RNA; C, untreated control; S, sham-operated animals; Sp, untreated

control spleen. Three independent experiments showed similar results, and a typical example is shown. (B) Levels of HO-1 mRNA are expressed as the

percentage of the level of HO-1 mRNA in untreated control spleen. (*) Lung, (&) liver, and (~) kidney. Inset: maximal levels of HO-1 mRNA after HSR in the

lung, liver, and kidney are expressed as the percentage of the level of HO-1 mRNA in untreated control spleen. Data are presented as mean � S.D. (n = 3).

Statistical analysis by analysis of variance with Scheffé’s F-test. *p < 0.05 vs. lung.
ischemia/reperfusion injury [39,40]. Sections of the liver

and the kidney from HSR rats showed no signal when

treated with non-immune rabbit serum (data not shown). In

contrast to the liver and the kidney, HO-1 protein expres-

sion was only barely detectable in the lung of untreated and

HSR-treated rats (Fig. 4B).

3.3. Effect of HA administration on HO-1 expression

As shown thus far, tissue injury and inflammation was

more prominent in the lung than those in the liver and the

kidney, while HO-1 was markedly expressed in the liver

and the kidney as compared with that of the lung. Namely,

there is a clear reciprocal relationship between tissue

injuries and inflammation, and HO-1 expression, suggest-

ing that tissues with marked HO-1 expression such as liver

and kidney are better protected than tissues with lesser HO-

1 expression such as lung. Therefore, we examined

whether induction of HO-1 by pharmacological treatment

may protect lungs from HSR-induced injury. Since HA is a

strong inducer of HO-1 in the liver and the kidney [19], we

examined whether HA administration induces HO-1
expression in the lung. While HO-1 mRNA was hardly

detectable in vehicle-treated control animals, pulmonary

HO-1 mRNA levels increased 6 h after the treatment in a

dose-dependent manner. The maximal level (100 mg of

hemin/kg) of HO-1 mRNAwas �3-fold to that of untreated

control spleen, in which HO-1 is known to be constitutively

expressed and the highest among various tissues examined

in untreated animals [41] (Fig. 5A). Although the maximal

effect of HA on HO-1 mRNA expression was observed at a

dose of 100 mg of hemin/kg in HA, doses greater than

60 mg of hemin/kg in HAwere also associated with ascites.

Thus, we used 30 mg of hemin/kg in HA in the following

experiments. HA-treated animals (30 mg of hemin/kg)

showed normal histological appearance in the lung

(Fig. 6B, bottom inset) without any hepatorenal toxicity

(data not shown). We then examined time course changes

in the level of pulmonary HO-1 mRNA following HA

(30 mg of hemin/kg) treatment. While pulmonary HO-1

mRNA was barely detectable in the vehicle-treated control

rats, its level increased markedly and reached a maximum

at 6 h after HA administration, the level of which was

almost the same as that of untreated control spleen, and
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Fig. 4. Immunohistochemistry of HO-1 in the lung, liver, and kidney after HSR. Sections from 12 h after HSR were used for immunohistochemical detection of

HO-1, by using rabbit polyclonal anti-rat HO-1 antibody as a primary antibody. Immunohistochemical staining was carried out as described in Section 2. Each

photograph is the representative of at least three independent experiments. (A) Lung, (C) liver, and (E) kidney from sham-operated control animals. (B) Lung,

(D) liver, and (F) kidney from HSR animals. Arrowheads, black arrows, and open arrows indicate HO-1 positively stained Kupffer cells, hepatocytes, and renal

tubular epithelial cells, respectively. The bars represent 100 mm.
then declined gradually to the control level by 24 h

(Fig. 5B). We also examined the level of HO-1 protein

by Western blot analysis after HA administration. While

pulmonary HO-1 protein was slightly detectable in the

control animals (0.28 � 0.03 IOD), its level started to

increase at 12 h after the treatment (0.55 � 0.07 IOD),

and reached a maximum at 18 h (0.72 � 0.10 IOD), and

then this high level is maintained by 24 h (0.70 � 0.06

IOD) (Fig. 6A). Thus, we decided to administer HA 18 h

before HSR in subsequent experiments. We also carried out

immunohistochemical analysis of HO-1 in the lung from

rats at 18 h after HA treatment, to determine what type of

cells in the lung expressed HO-1. In the lung of vehicle-

treated control rats, there was no positive staining of HO-1

protein. In contrast, marked HO-1 protein expression was

observed after HA administration in the pulmonary epithe-

lial cells, the target cells of ALI [42] (Fig. 6B). Certain

synthetic heme analogues, such as tin protoporphyrin and

cobalt protoporphyrin, were reported to possess the ability

to simultaneously inhibit as well as induce the enzyme HO-

1 in the liver [43]. Thus, to confirm whether our finding on

the increase in pulmonary HO-1 mRNA and protein

expression is reflected in HO activity, we examined the

level of HO activity in the lung following treatment with

HA. Pulmonary HO activity increased by �2.5-fold com-

pared with the control concentration at 18 h after the

treatment (Vehicle group, 38.37 � 13.08 pmol bilirubin/

60 min/mg protein versus HA group, 103.46 � 34.13;

n = 6 for each group, p < 0.05) (Fig. 7), and this increase

was entirely abolished by following administration of

SnMP, a competitive inhibitor of HO activity [22] (HA/
SnMP group, 48.10 � 22.90, n = 6, p < 0.05 versus HA

group) (Fig. 7), indicating that induced pulmonary HO-1

activity is also vulnerable to inhibition by SnMP, as is the

case with HO-1 in the liver and the kidney [24,39].

3.4. Effect of HA pretreatment on TNF-a and iNOS

gene expression after HSR

Since HA administration markedly induced functional

HO-1 protein in the pulmonary epithelial cells, the target

cells in ALI [42], we administered HA prior to HSR and

examined its effect on lung inflammation caused by HSR.

Pulmonary TNF-a mRNA was barely detectable in sham-

operated control animals (0.22 � 0.14 IOD, n = 3)

(Fig. 8A), while it increased significantly in Vehicle/HSR

animals 3 h after HSR (Vehicle/HSR group, 1.18 � 0.23

IOD, p < 0.05 versus Control group) (Fig. 8A). In contrast,

its level in HA/HSR animals markedly decreased by �50%

of the level of Vehicle/HSR animals (HA/HSR group,

0.55 � 0.12 IOD, p < 0.05 versus Vehicle/HSR group)

(Fig. 8A). We also examined the effect of HA pretreatment

on iNOS gene expression in the lung. Similar to changes in

TNF-a gene expression, 3 h after HSR, pulmonary iNOS

mRNA level significantly increased in Vehicle/HSR ani-

mals whereas its level in sham-operated control animals

remained hardly detectable (Control group, 0.00 � 0.00

IOD versus Vehicle/HSR group, 0.60 � 0.10, p < 0.05)

(Fig. 8B) [44]. In contrast, its level in HA/HSR animals

markedly decreased by �30% of the level in Vehicle/HSR

animals (HA/HSR group, 0.20 � 0.07 IOD, p < 0.05 ver-

sus Vehicle/HSR group) (Fig. 8B). Thus, HSR-induced
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Fig. 5. Effect of HA administration on HO-1 gene expression in the rat lung. (A) Dose–response relationship of pulmonary HO-1 gene expression after HA

administration. Rats injected intravenously with HA at doses of 0, 5, 10, 15, 30, 60, and 100 mg of hemin/kg or vehicle, the volume of which was identical to that

of 100 mg of hemin/kg in HA solution, were killed at 6 h after the injection. Lungs were removed for Northern blot analysis. (B) Time course of pulmonary HO-

1 gene expression after HA treatment. Rats injected intravenously with HA (30 mg of hemin/kg) were killed at 0, 1, 3, 6, 9, 12, 18, and 24 h after the injection.

Vehicle-treated rats were also killed at 6 h after the injection. Lungs were removed for Northern blot analysis. Top: 20 mg of total RNAwas subjected to Northern

blot analysis. Shown are the autoradiographic signals of RNA blot hybridized with [a-32P]dCTP-labeled HO-1 cDNA. Ethidium bromide staining of the same

RNA is shown as a loading control. Filled arrowhead, 28S ribosomal RNA; open arrowhead, 18S ribosomal RNA; V, vehicle-treated control animal; Sp,

untreated control spleen. Three independent experiments showed similar results, and a typical example is shown. Bottom: levels of HO-1 mRNA are expressed

as the percentage of the level of HO-1 mRNA in untreated control spleen.
pulmonary inflammation was markedly attenuated by HA

pretreatment. To examine whether the beneficial effect of

HA pretreatment on tissue inflammation is mediated by HO

activity, we administered SnMP, a specific competitive

inhibitor of HO [22], intravenously 2 h before HSR to

HA-pretreated animals (HA/SnMP/HSR animals), and

examined its effect on TNF-a and iNOS gene expression.

TNF-a mRNA level in HA/SnMP/HSR animals was ele-

vated and reached a similar level as observed in Vehicle/

HSR animals (HA/SnMP/HSR group, 1.35 � 0.18 IOD,

p < 0.05 versus HA/HSR group) (Fig. 8A). Similarly, iNOS

mRNA level in HA/SnMP/HSR animals was also markedly

increased compared to that of HA/HSR animals (HA/SnMP/

HSR group, 0.45 � 0.06 IOD, p < 0.05 versus HA/HSR

group) (Fig. 8B). Thus, SnMP administration to HA-pre-

treated animals essentially abolished the protective effect of

HA pretreatment. All these findings indicate that HA-

induced HO activity alleviates HSR-induced pulmonary

inflammation, while inhibition of HO activity aggravates

this process, indicating the critical protective role of HO-1 in

the HSR-induced pulmonary inflammation.
3.5. Effect of HA pretreatment on histological changes,

wet/dry ratio, and MPO activity of the lung after HSR

Next we examined the effect of HA pretreatment on lung

injury after HSR. Lung injury was assessed by morpho-

logical examination, lung wet/dry ratio as an index of

pulmonary edema [34], and lung MPO activity as a mea-

sure of pulmonary neutrophil content [45]. Sections of the

lung excised from sham-operated control animals were

essentially normal (Fig. 9A). In contrast, Vehicle/HSR

animals showed pronounced alveolar septal thickening

with marked infiltration of inflammatory cells at 12 h after

HSR (Fig. 9B). Consistent with the histological findings,

lung wet/dry ratio (Control group, 4.90 � 0.05 versus

Vehicle/HSR group, 5.10 � 0.10, p < 0.05) (Fig. 10A)

as well as lung MPO activity (Control group, 0.38

� 0.10 D absorbance/mg protein versus Vehicle/HSR

group, 1.00 � 0.12, p < 0.05) 12 h after HSR were signifi-

cantly increased compared with that of the sham-operated

control animals (Fig. 10B) [44,46,47]. In contrast, HA pre-

treatment greatly suppressed lung injury as revealed by
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Fig. 6. Effect of HA administration on HO-1 protein expression in the rat lung. (A) Top: rats injected intravenously with HA (30 mg of hemin/kg) or vehicle

were killed at 9, 12, 18, and 24 h after the injection. Lungs were removed for Western blot analysis as described in Section 2. Shown are the chemiluminescent

signals of protein blots reacted with a rabbit polyclonal anti-rat HO-1 antibody. Three independent experiments showed similar results, and a typical example is

shown. V, vehicle-treated control animal. Bottom: levels of HO-1 protein are expressed as the percentage of the level of HO-1 protein in vehicle-treated control

lung. (B) Immunohistochemistry of HO-1 in the lung of HA administered rats. Lung sections from rats 18 h after the injection intravenously with HA (30 mg of

hemin/kg) or vehicle were used for immunohistochemical detection of HO-1 by using rabbit polyclonal anti-rat HO-1 as a primary antibody. Immunohis-

tochemical staining was carried out as described in Section 2. Each photograph represents at least three independent experiments. Top: vehicle-treated control

lung; bottom: HSR lung; inset: hematoxylin eosin stained lung section from 12 h after HA administration. The bars represent 100 mm.

Fig. 7. Effect of HA administration on HO activity in the rat lung. Rats were

injected intravenously with HA (30 mg of hemin/kg) or vehicle via tail vein.

Some rats were additionally administered with SnMP (0.5 mmol/kg) intra-

venously 16 h after HA administration, i.e., 2 h prior to HSR. The lung was

removed at 18 h after HA or vehicle administration, and HO activity was

measured as described in Section 2. Vehicle, vehicle-treated control ani-

mals; HA, HA-administered animals; HA/SnMP, HA administration fol-

lowed by SnMP. Data are presented as mean � S.D. (n = 6 for each group).

Statistical analysis by analysis of variance with Scheffé’s F-test. *p < 0.05

vs. Vehicle; yp < 0.05 vs. HA.
lesser histological damage (Fig. 9C), marked decrease in

lung wet/dry ratio (HA/HSR group, 4.86 � 0.06, p < 0.05

versus Vehicle/HSR group), which reached to almost the

same level as sham-operated control animals (HA/HSR

group versus Control group, p = 0.443) (Fig. 10A), and

significant reduction in MPO activity (HA/HSR group,

0.73 � 0.13, p < 0.05 versus Vehicle/HSR group)

(Fig. 10B). To examine whether the amelioration of lung

injury by HA pretreatment is attributable to increased HO

activity, HA-pretreated animals were also treated with

SnMP. Sections from HA/SnMP/HSR animals revealed

exacerbation of lung injuries comparable to that observed

in Vehicle/HSR animals (Fig. 9B and D). SnMP adminis-

tration to HA-pretreated animals also significantly

increased not only lung wet/dry ratio (HA/SnMP/HSR

group, 5.15 � 0.08, p < 0.05 versus HA/HSR group) but

also lung MPO activity (HA/SnMP/HSR group,

1.04 � 0.01, p < 0.05 versus HA/HSR group) to a level

comparable to that in untreated HSR animals (Fig. 10).

Thus, SnMP administration ablated the improvement of

lung injury by HA pretreatment via inhibition of HO

activity. All these findings corroborate to the fact that
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Fig. 8. Effect of HA pretreatment on gene expression of pulmonary TNF-a and iNOS after HSR. HA (30 mg of hemin/kg) or vehicle was administered to rats

intravenously 18 h before HSR. SnMP (0.5 mmol/kg) was administered to rats intravenously 2 h before HSR. Lungs were excised 3 h after HSR for Northern

blot analysis as described in Section 2. Top: 20 mg of total RNA was subjected to Northern blot analysis. Shown are the autoradiographic signals of RNA blot

hybridized with [a-32P]dCTP-labeled TNF-a (A) or iNOS (B) cDNA. Ethidium bromide staining of the same RNA is shown as a loading control. Filled

arrowhead, 28S ribosomal RNA; open arrowhead, 18S ribosomal RNA. Three independent experiments showed similar results, and a typical example is shown.

Lane 1: sham-operated control; lane 2: HSR with vehicle pretreatment; lane 3: HSR with HA pretreatment; lane 4: HSR with HA pretreatment followed by

SnMP administration. Bottom: levels of TNF-a (A) or iNOS (B) mRNA are expressed as the percentage of its maximal level. Lane numbers correspond to

numbers in top panel. Data are presented as mean � S.D. (n = 3 for each group). Statistical analysis by analysis of variance with Scheffé’s F-test. *p < 0.05 vs.

Control; yp < 0.05 vs. HSR with Vehicle; #p < 0.05 vs. HSR with HA.
amelioration of the HSR-induced lung injury by HA pre-

treatment is accomplished by the induction of HO-1 activity.
4. Discussion

Our present study demonstrated that HO-1 mRNA and

protein were markedly induced in the liver and the kidney

in rats, while its expression remained barely detectable in

the lung after HSR. In contrast to HO-1 expression, tissue

injury and inflammation were more prominent in the lung

compared with those in the liver and kidney. To our

knowledge, this is the first report, which demonstrated

the protective effect of HA pretreatment on HSR-induced

lung injury. Our data also show that the protective effect of

HA treatment was due to its ability to induce HO-1 in

pulmonary epithelial cells. Inhibition of HO activity by

SnMP, a specific competitive inhibitor of the enzyme,

entirely abolished the beneficial effects of HA pretreat-

ment, indicating that HO-1 plays an important role in

protecting lung cells from oxidative injury caused by HSR.
In the liver, HO-1 mRNA level markedly increased at

3 h, reaching a maximum at 6 h followed by a rapid

decrease to the control level by 9 h (Fig. 3) [37]. In the

kidney, there was a transient but marked increase in HO-1

mRNA level at 3 h after HSR (Fig. 3). As noted earlier, its

level in the lung was hardly detectable prior to HSR and did

not increase in response to HSR (Fig. 3). Thus, HO-1 gene

expression was markedly tissue-specific. Tissue-specific

HO-1 gene expression was also observed in a rat model of

sepsis produced by intraperitoneal injection of LPS, which

also causes oxidative tissue injury [48]. Tamion et al.

previously reported that pulmonary HO-1 mRNA expres-

sion was significantly increased after HSR using the same

model as ours [46]. However, they did not compare the

level of HO-1 gene expression in the lung to the levels in

other tissues such as liver and kidney, thus it was unclear

whether pulmonary HO-1 mRNA induction was greater

than those in liver and kidney.

Consistent with the marked induction of HO-1 mRNA in

the liver and the kidney, HO-1 protein expression was also

markedly increased in hepatocytes in the liver [37] as well
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Fig. 9. Effect of HA pretreatment on histological changes of the lung after HSR. HA (30 mg of hemin/kg) or vehicle was administered to rats intravenously 18 h

before HSR. SnMP (0.5 mmol/kg) was administered to rats intravenously 2 h before HSR. Twelve hours after HSR, lungs were excised, and fixed in formalin

and stained with hematoxylin and eosin as described in Section 2. Each photograph is the representative of at least three independent experiments. (A) Sham-

operated control; (B) HSR with vehicle pretreatment; (C) HSR with HA pretreatment; (D) HSR with HA pretreatment followed by SnMP administration. The

bars represent 100 mm.
as in tubular epithelial cells in the kidney (Fig. 4), both of

which are the target cells of ischemia/reperfusion injury

[38,40]. In contrast to HO-1 expression, tissue injury was

more prominent in the lung where HO-1 expression and

induction was negligible (Fig. 2). TNF-a mRNA levels, a

molecular marker of inflammation, were also much

higher in the lung than in the liver and the kidney

following HSR (Fig. 1). A similar situation was also

previously observed in the intestinal tissue injury in a rat

model of sepsis produced by intraperitoneal injection of

LPS [27], in which HO-1 was markedly increased in the

upper intestine, such as duodenum and jejunum, while its

expression was barely detectable in the lower intestine,

such as ileum and colon. In contrast, tissue injury and

inflammation was more prominent in the lower intestine

than those in the upper intestine. Moreover, inhibition of

HO activity in the upper intestine exacerbated its tissue

injury and inflammation. Thus, both in the intestine and

in the lung, there is a clear reciprocal relationship

between HO-1 expression and tissue injury, strongly

suggesting a protective role of HO-1 against oxidative
tissue injury [11]. In support of our hypothesis, HA

pretreatment, which markedly induces functional HO-1

protein in pulmonary epithelial cells (Figs. 6 and 7),

markedly ameliorated lung inflammation after HSR,

shown by decreases in gene expression of TNF-a as well

as iNOS (Fig. 8). Consistent with the decrease in inflam-

matory gene expression by HA pretreatment, histological

examination showed significantly ameliorated tissue

injuries of the lung compared with those of untreated

rats, as revealed by the decrease in alveolar septal

thickening due to interstitial edema with reduced infil-

tration of inflammatory cells, as confirmed by the

decrease in lung wet/dry ratio and MPO activity, respec-

tively (Figs. 9 and 10). Furthermore, the administration

of SnMP, a specific competitive inhibitor of HO activity,

to HA-pretreated animals abolished the beneficial effect

of HA on HSR-induced tissue injury and inflammation of

the lung (Figs. 8–10), indicating that protective effects of

HA treatment on lung injury after HSR are attributable to

its ability to increase HO activity by HO-1 induction in

the pulmonary epithelial cells.
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Fig. 10. Effect of HA pretreatment on lung wet/dry ratio and lung MPO activity after HSR. HA (30 mg of hemin/kg) or vehicle was administered to rats

intravenously 18 h before HSR. SnMP (0.5 mmol/kg) was administered to rats intravenously 2 h before HSR. Lungs were excised at 12 h after HSR and

lung wet/dry ratio (A) and lung MPO activity (B) were measured as described in Section 2. Data are presented as mean � S.D. (n = 5 for each group). Lane 1:

sham-operated control; lane 2: HSR with vehicle pretreatment; lane 3: HSR with HA pretreatment; lane 4: HSR with HA pretreatment followed by SnMP

administration. Statistical analysis by analysis of variance with Scheffé’s F-test. *p < 0.05 vs. Control; yp < 0.05 vs. HSR with vehicle; #p < 0.05 vs. HSR

with HA.
It has previously been reported that beneficial effects of

HO-1 induction were observed in the experimental model

of ALI [14–17]. We have also previously reported that

pharmacological induction of HO-1 confers protection

against oxidative tissue injuries in various model systems

such as halothane-induced hepatic injury [33] and ischemic

acute renal failure [39]. However, the significance of HO-1

induction by clinically used agents has not been examined.

HA has been used as a drug for treatment of acute relapses

of patients with acute hepatic porphyria [20,21]. It has also

been reported that HA administration strongly induces

HO-1 in the liver and the kidney in rats [19]. In this study,

we demonstrated that HA administration induced HO-1

mRNA in the lung in a time- and dose-dependent manner

(Fig. 5). Consistent with augmented HO-1 gene expres-

sion, the intense HO-1 protein expression was observed in

the pulmonary epithelial cells, the target cells in ALI [42],

in HA-treated animals, which showed almost normal

unaffected histology (Fig. 6). As expected, the lung of

HA-pretreated rats had a marked elevation of HO activity

(Fig. 7). These results indicate that HA treatment induces

functional HO-1 protein in pulmonary epithelial cells

without notable adverse effects. As noted earlier, HO-1

induced by HA treatment almost completely relieved of

severe lung injury caused by HSR, suggesting the possi-

bility of its clinical application as an inducer of HO-1 for

the treatment of ALI.

The rationale for the use of HA in the treatment of

patients with acute hepatic porphyria is its ability to

inhibit ALAS, the rate-limiting enzyme in heme

biosynthesis [49], activity [20,21]. As it is extremely

difficult to detect ALAS activity in non-hepatic and
non-erythroid cells, such as lung, we examined non-

specific ALAS (ALASl) mRNA [50] levels in the lung

of rats treated with HA. Following HA treatment, ALASl

mRNA levels showed an initial rise at 3 h (�1.6-fold

compared to vehicle-treated control), remained at this

level for 3 h, then rapidly declined and reached to a

minimum level by 9 h (45% of the control), and returned

almost to the basal level at 12 h and remained at that level

thereafter (data not shown) [51]. As animals were sub-

jected to HSR 18 h following HA treatment, it appears

that ALAS1 may not be involved in the protection of lung

injury in a significant manner.

In addition to HO-1, it has been reported that HO-2, a

constitutive form of HO isozymes [41], plays an important

role in the defense against oxidative lung injury. HO-2

deficient mice have been reported to be more susceptible to

hyperoxic lung damage than wild-type mice despite the

fact that HO-1 protein level is twice higher in the lung of

HO-2 deficient mice than that in wild-type mice [52].

Moreover, Adachi et al. have reported that HO-2 deficient

mice also reveal hypoxemia with normal arterial CO2

tension and intact alveolar architecture, suggesting that

HO-2 is also responsible for the ventilation–perfusion

matching that optimizes oxygenation of pulmonary blood

[53].

The mechanism by which HO-1 mediates protection

against HSR-induced tissue injury is not yet entirely clear.

However, it appears to involve at least mitigation of

reactive oxygen species formation that is known to play

a critical role in HSR-induced tissue injury [3,5,6]. In this

respect, it is worth reviewing the HO-catalyzed reaction.

HO-1 oxidatively cleaves heme, and yields CO, iron, and
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biliverdin IXa, which is then reduced to bilirubin IXa by

bilirubin reductase [9]. Although an excess amount of free

iron can be cytotoxic as it can catalyze Fenton reaction

[54], iron produced by HO in the cell is immediately

inactivated by sequestration into ferritin [55]. In addition,

biliverdin IXa and bilirubin IXa function as potent endo-

genous anti-oxidants [56]. Bilirubin IXa can also be con-

verted to biliverdin IXa, leading to an accelerated anti-

oxidant cycle that could amplify the anti-oxidant effect of

biliverdin or bilirubin alone [57]. CO is also known to

exhibit anti-inflammatory and anti-apoptotic functions,

which are thought to be mediated, at least in part, by

the activation of p38 MAPK signaling pathway [58,59].

Very recently, it has also been reported that the anti-

apoptotic effect of CO involves inhibition of Fas/FasL

expression, and other apoptosis-related factors including

caspases, mitochondrial cytochrome c release, Bcl-2 pro-

teins and poly (ADP-ribose) polymerase cleavage in addi-

tion to activation of p38a MAPK isoform and its upstream

MAPK (MKK3) [60]. Thus, CO may also have an impor-

tant protective function against apoptosis induced by oxi-

dative tissue injuries. Accordingly, induction of HO-1

results not only in the reduction of oxidant stress by

removing free heme, a potent pro-oxidant [61], but also

in the increase in the level of anti-oxidants, and in the

suppression of apoptosis. While it is unclear to what extent

each mechanism may contribute, these findings may be all

important in the host cellular defense against oxidative

tissue injuries.
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