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Successful lung transplantation has been limited by
the high incidence of acute graft rejection. There is
mounting evidence that the stress response gene
heme oxygenase-1 (HO-1) and/or its catalytic by-
product carbon monoxide (CO) confers cytoprotec-
tion against tissue and cellular injury. This led us to
hypothesize that CO may protect against lung trans-
plant rejection via its anti-inflammatory and anti-
apoptotic effects. Orthotopic left lung transplantation
was performed in Lewis rat recipients from Brown-
Norway rat donors. HO-1 mRNA and protein expres-
sion were markedly induced in transplanted rat lungs
compared to sham-operated control lungs. Trans-
planted lungs developed severe intraalveolar hemor-
rhage, marked infiltration of inflammatory cells, and
intravascular coagulation. However, in the presence
of CO exposure (500 ppm), the gross anatomy and
histology of transplanted lungs showed marked pres-
ervation. Furthermore, transplanted lungs displayed
increased apoptotic cell death compared with the
transplanted lungs of CO-exposed recipients, as as-
sessed by TUNEL and caspase-3 immunostaining. CO
exposure inhibited the induction of IL-6 mRNA and
protein expression in lung and serum, respectively.
Gene array analysis revealed that CO also down-reg-
ulated other proinflammatory genes, including
MIP-1� and MIF, and growth factors such as platelet-
derived growth factor, which were up-regulated by

transplantation. These data suggest that the anti-in-
flammatory and antiapoptotic properties of CO con-
fer potent cytoprotection in a rat model of lung trans-
plantation. (Am J Pathol 2003, 163:231–242)

Lung transplantation has become an accepted treatment
modality for end-stage lung disease. Compared to other
solid organ transplants, the success of lung transplanta-
tion has been severely limited by the high incidence of
acute and chronic graft rejection.1 The frequency and
severity of episodes of acute rejection are the predomi-
nant risk factors for chronic airway rejection, manifested
as obliterative bronchiolitis.2 Data from rodent allograft
studies as well as from clinical lung transplantation show
that the lung, in comparison to other solid organs, is
highly immunogenic.3 Despite advances in immunosup-
pression, the incidence of acute rejection in lung graft
patients can be as high as 60% in the first postoperative
month.4,5

Heme oxygenase (HO) catalyzes the rate-limiting step
in heme degradation, generating iron, carbon monoxide
(CO), and biliverdin-IXa.6 Recent attention has focused
on the biological effects of the by-products of this enzy-
matic reaction, which have important cytoprotective func-
tions.7–9 Three isoforms of heme oxygenase (HO) have
been described: an inducible isoform, HO-1, and two
constitutively expressed isoforms, HO-2 and HO-3.6 The
induction of HO-1 occurs as an adaptive and beneficial
response to many varied tissue and cellular injury models
including sepsis, hyperoxia, hypoxia, and other oxidant-
induced tissue injury.10,11 Furthermore, expression of
HO-1 in rodent liver, heart, and kidney allografts12–15 and
heart xenografts7 correlates with long-term graft survival.

The precise mechanism by which HO-1 confers pro-
tection against organ transplantation rejection is not
clear. Depending on the model of tissue and cellular
injury, evidence has accumulated in support of functional
roles for all three catalytic by-products of HO-1 (CO,
ferritin from released iron, biliverdin) in mediating its cy-
toprotective effects.16–22 In the current study we focus on
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the functional role of CO in a rat model of orthotopic lung
transplantation. Given the anti-apoptotic and anti-inflam-
matory properties of both HO-1 and CO, we hypothesize
that CO limits graft injury by maintaining cell viability and
modulating tissue inflammation. We evaluated the role of
CO in an acute model of rat lung transplantation, dem-
onstrating that CO confers potent cytoprotection in the
setting of lung transplantation.

Materials and Methods

Human Pulmonary Fibroblast Cultures

Primary cell cultures of lung fibroblasts were isolated
from lung tissue obtained from endobronchial lung biop-
sies of lung transplant recipients under a protocol ap-
proved by the Institutional Review Board of the University
of Pittsburgh. Fibroblasts were grown to confluence using
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), both from
Invitrogen (Carlsbad, CA) prior to isolation of lysates for
Western blot analysis for HO-1 expression, as described
below.

Histological Grading of Human Lung Biopsy
Specimen of Lung Transplant Recipients

Allograft rejection was graded according to the working
formulation of the International Society of Heart and Lung
Transplantation (ISHLT).23 Acute rejection was graded in
A0 to A4 according to the presence and the extent of
perivascular and interstitial mononuclear cell infiltrates.
All of the histological scoring was performed by a single
investigator in a blinded fashion.

Carbon Monoxide Exposure

For animal exposure, CO at a concentration of 1%
(10,000 parts per million-ppm) in compressed air was
mixed with balanced air (21% oxygen) in a stainless steel
mixing cylinder before delivery into the exposure cham-
ber. A CO analyzer (Interscan Corporation, Chatsworth,
CA) was used to measure CO levels in the chamber and
there were no fluctuations in the CO concentrations after
the chamber had equilibrated. Recipient rats were ex-
posed to 500 ppm CO after transplantation procedures.

Rat Lung Transplantation

Male Lewis (LEW) and Brown-Norway (BN) viral anti-
body-free rats (250 to 300 g) were purchased from Har-
lan (Madison, WI). All procedures involving animals were
approved by the Institutional Animal Care and Use Com-
mittee of the University of Pittsburgh.

Orthotopic left lung transplantation was performed in
LEW recipient from BN donor by means of the cuff tech-
nique as previously described.24 Donor rats were anes-
thetized by intraperitoneal injection of sodium pentobar-
bital and intubated through a tracheotomy. Animals were

mechanically ventilated with 100% oxygen, tidal volume
of 10 ml/kg and respiratory rate of 70 breaths/minute.
After heparinization (1000 units/kg intravenously, a me-
dian laparosternotomy was performed and the lungs
were flushed through the main pulmonary artery with 20
ml of cold saline delivered from a height of 25 cm. The
heart-lung block was removed with the lungs inflated at
the tidal volume. The left lungs were then divided and
cuffs prepared. 14-gauge catheters were placed into the
pulmonary artery and pulmonary vein and secured with
8–0 polypropylene ligatures.

Recipient animals were premedicated by intramuscu-
lar injection of ketamine chloride (40 mg/kg) and atropine
sulfate (0.25 mg/kg), and intubated orotracheally. The
animals were maintained under general anesthesia with a
mixture of isoflurane and oxygen. A left thoracotomy was
performed through the fourth intercostal space. The hilum
of the left lung was dissected, and the pulmonary artery,
pulmonary vein, and the left main bronchus were
clamped with microvascular clamps. The pulmonary ar-
tery and pulmonary vein were incised, and the cuffs of the
donor lung were inserted and fixed with 6–0 silk suture.
The left main bronchus was anastomosed by a running
suture of 9–0 nylon. After graft reperfusion, the recipi-
ent’s native lung was removed, a temporary chest tube
was placed, which was removed after recovery from
anesthesia, and the thoracotomy was closed. After recov-
ery from the anesthesia, animals were placed either in
CO or air chamber.

Hematoxylin-Eosin Staining and Grading

Formalin-fixed, paraffin-embedded sections were used
for conventional histology hematoxylin and eosin (H&E)
staining. Allograft rejection was graded according to the
working formulation of the ISHLT.23 Acute rejection was
graded in A0 to A4 according to the presence and the
extent of perivascular and interstitial mononuclear cell
infiltrates. All of the histological scoring was performed by
a single investigator in a blinded fashion.

Myeloperoxidase Activity

Myeloperoxidase (MPO) is a constituent enzyme found
principally in neutrophils that results in the formation of
hypochlorous acid. Its presence only in neutrophils al-
lows it to be extracted from tissues and represents a
direct correlation to neutrophil content.

Rat lungs from both transplant and transplant/CO
group were measured for MPO activity.25 50 mg of frozen
lung samples were homogenized in phosphate buffer
containing 0.5% hexadecyltrimethylammonium bromide,
sonicated for 15 seconds, and further disrupted by a
freeze-thaw cycle in liquid nitrogen. The extract was cen-
trifuged at 20,000 � g for 20 minutes at 4°C. The super-
natants were assayed for MPO activity by measuring the
absorbance at 460 nm, using a 0.167 mg/dl solution of
o-dianisidine dihydrochloride in 0.0005% hydrogen per-
oxide as the substrate. A similar amount from the same
lung was weighed and desiccated in a 60°C oven to
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determine the wet-to-dry lung weight. MPO activity is
expressed per gram of dry weight.

HO-1 and Caspase-3 Immunohistochemical
Staining

Formalin-fixed, paraffin-embedded lung tissue sections
were deparaffinized with xylene, rehydrated gradually
with graded alcohol solutions (100%, 95%, and 80%),
and then washed with deionized water. For antigen un-
masking, sections were treated in trypsin solution for 10
minutes at 37°C. Sections were then washed with deion-
ized water and incubated with 3% H2O2 for 5 minutes.
Sections were then incubated with a 1:300 dilution of the
rabbit polyclonal anti-active caspase-3 (Promega, Madi-
son, WI) or rabbit polyclonal anti-HO-1 (Stressgen, Vic-
toria, BC, Canada) primary antibody overnight at 4°C.
After three PBS washes, sections were incubated with the
secondary antibody, a biotinylated goat anti-rabbit IgG,
at 37°C for 30 minutes, and with peroxidase-conjugated
strepavidin-biotin complex (Santa Cruz Biotechnology,
Santa Cruz, CA) at 37°C for 30 minutes. Diaminobenzi-
dine (DAB) substrate (Zymed, South San Francisco, CA)
was applied as the chromogen, giving a brown reaction
product, and the sections were counterstained with May-
er’s hematoxylin.

TUNEL Staining

We also confirmed apoptosis with terminal deoxynucle-
otidyl-transferase dUTP nick end-labeling (TUNEL) assay
using the in situ cell death detection kit (Roche Molecular
Biochemicals, Indianapolis, IN). Sections of formalin-
fixed, paraffin-embedded lung tissue were deparaf-
finized and rehydrated, rinsed with PBS, and digested
with proteinase K (Roche Molecular Biochemicals, Indi-
anapolis, IN) at a concentration of 20 �g/ml for 20 min-
utes. After being washed, sections were incubated with
TUNEL reaction mixture at 37°C for 1 hour and then
incubated with converter-AP at 37°C for 30 minutes. Sec-
tions were washed, stained with NBT/BCIP substrate so-
lution, and counterstained with nuclear fast red.

TUNEL/Macrophage Co-Staining

Formalin-fixed, paraffin-embedded lung tissue sections
were deparaffinized with xylene, rehydrated gradually
with graded alcohol solutions (100%, 95%, and 80%),
and then washed with deionized water. Sections were
then incubated with Apoptosis Detection System (Fluo-
rescein; Promega) for 30 minutes followed by an incuba-
tion in normal goat serum (Sigma Chemie, Deisenhofen,
Germany) for 40 minutes. For Macrophage co-staining, 1
hour incubation with mouse anti-rat ED1 (2 �g/ml) (Sero-
tec, Raleigh, NC) was performed, followed by 1 hour
incubation in goat anti-mouse cy3 (2 �g/ml) (Jackson
Immunoresearch Laboratories, West Grove, PA). Confo-
cal slices were taken using an Olympus Fluoview BX61
Scanning Confocal Microscope.

Protein Extraction

Tissue was homogenized on ice in cold lysis buffer [150
mmol/L NaCl, 50 mmol/L Tris, pH 7.6, 1% sodium dode-
cyl sulfate (SDS; Bio-Rad, Hercules, CA), 3% Nonidet
P-40, 5 mmol/L ethylenediaminetetraacetic acid (EDTA),
1 mmol/L MgCl2, 2 mmol/L 1,3-dichloroisocoumarin, 2
mmol/L 1,10-phenanthroline, and 0.5 mmol/L E-64] and
the homogenate was centrifuged at 10,000 � g for 10
minutes. The supernatant was decanted, and an aliquot
was stored at �20°C for measurement of protein concen-
tration. The remaining supernatant was mixed with an
equal volume of double-strength Laemmli sample buffer
[250 mmol/L Tris �HCl (Bio-Rad), pH 6.8, 4% SDS, 10%
glycerol, 0.006% bromphenol blue, 2% �-mercaptoetha-
nol], divided into aliquots, and stored at �80°C.

Western Blot

Protein samples (50 �l) were boiled for 5 minutes and
resolved by a 10% to 12.5% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), then electroblotted onto ni-
trocellulose membranes (Bio-Rad). The membranes were
incubated with HO-1, (Stressgen), MIP-1�, MIF, and
PDGF antibody (1:1000; Santa Cruz Biotech) for 2 hours,
followed by incubation with horseradish peroxidase
(HRP)-conjugated anti-rabbit antibody (1:5000) for 1.5
hours. The filters were treated with LumiGLO (New En-
gland Biolabs Inc., Beverly, MA) for signal development,
and then exposed to X-ray film. All gels were repeated in
triplicate. The level of HO-1, MIP-1�, MIF, and PDGF were
normalized to the level of �-actin detected in the same
membrane.

ELISA Measurement of IL-6

The concentration of IL-6 in the serum of transplanted rat
at day 4 was measured by enzyme-linked immunosor-
bent assay (ELISA) as described by the manufacturer
(R&D systems, Minneapolis, MN).

RNA Extraction and Northern Analysis of HO-1
and IL-6

Total RNA was isolated from transplanted lung tissue at
day 4 using TRIzol reagent (Invitrogen, Carlsbad, Califor-
nia) according to the manufacturer’s instructions. Total
RNA (10 �g per lane) was denatured, electrophoresed
on 1.2% agarose formaldehyde gels, transferred to a
positively-charged nylon membrane (Hybond N�; Amer-
sham Pharmacia Biotech, Piscataway, NJ) and UV cross-
linked (Stratalinker; Stratagene, La Jolla, CA). Mem-
branes were prehybridized for 1 to 2 hours at 60°C and
subsequently hybridized overnight at 60°C with random
primer [32P]dCTP-labeled rat HO-1 cDNA and rat IL-6
cDNA, cDNA. The blots were washed three times with a
solution containing 0.5% bovine serum albumin, 5% SDS,
and 1 mmol/L EDTA in 0.2X standard saline citrate at
56°C to 60°C and then exposed to X-ray film at �80°C.
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cDNA Expression Arrays Analysis

Total RNA (10 �g) from each group of 4 rat lungs was
combined with Atlas Rat 1.2 specific RNA primers, cDNA
synthesis (CDS) primer mix (Clontech, Palo Alto, CA). The
solution was preheated to 94°C followed by annealing at
70°C for 10 minutes and extension at 49°C for 35 minutes
]50 mmol/L of Tris–HCl, pH 8.3, 75 mmol/L KCl, 3 mmol/L
MgCl2, 5.6 mmol/L DTT, 0.6 mmol/L dNTPs, 100 �Ci
[33P]dCTP (NEN, Boston, MA) and 200 units of Super-
script II (Invitrogen)[. The reaction was stopped at 94°C
for 5 minutes and then placed in an ice bath. Unincorpo-
rated [33P]dCTP was removed on a Microspin Sepharose
G-50 gel filtration column (Amersham Pharmacia Biotech,
Piscataway, NJ). [33P]-cDNA hybridization to Clontech
Rat Atlas 1.2 membranes was done at 64°C in a micro-
tube (Research Genetics, Huntsville, AL) containing 2 �g
Cot-1 DNA. For hybridization of the labeled [33P]-cDNA
product, 250,000 Cerenkov cpm at 0 to 260 mKeV were
used. Phosphor screens were exposed for 36 hours; the
arrays were wrapped and read in a Packard Cyclone
phosphor imager (PerkinElmer Life Sciences, Boston,
MA). The two array images were analyzed and compared
using the Clontech AtlasImage 1.5 software. First, the
phosphor image of each array was separately aligned
and fine-tuned to the Atlas Image Grid Template. After
normalizing the signal values of all of the genes on the
arrays (global normalization), the two aligned arrays were
compared with each other using the control group as the
reference to generate a color schematic diagram of the
changes in the treatment group and a tabular report of
the data.

Statistical Analysis

Data are expressed as the mean � SE. Differences in
measured variables between experimental and control
group were assessed using Student’s t-test. Statistical
difference was accepted at P � 0.05.

Results

HO-1 Protein Levels are Increased in Lung
Fibroblasts from Lung Transplant Patients

Lung fibroblasts were cultured from endobronchial lung
biopsies of lung transplant recipients. Corresponding
lung biopsy specimens were graded for rejection grade
using the criteria for human lung transplantation rejection
grade at the University of Pittsburgh as described in
Methods. Cultured fibroblasts were grown to confluence
before analysis of cell lysates by Western blot for HO-1
protein expression. As illustrated in Figure 1, we ob-
served increasing levels of HO-1 protein expression with
increasing grades of acute rejection.

HO-1 mRNA and Protein Expression are
Induced after Rat Lung Transplantation

Having demonstrated increased HO-1 protein in fibro-
blasts cultured from human transplanted biopsy speci-
mens, we examined HO-1 mRNA and protein levels in rat
lung following transplantation. Total RNA was extracted
from the transplanted lung at day 4 after rat orthotopic
lung transplantation and subjected to Northern blot anal-
yses for HO-1. Figure 2A demonstrates marked induction
of HO-1 mRNA in the transplanted lung (at 4 days after
transplantation; n � 3) compared to sham control lungs
(n � 3) as assessed by Northern blot analyses. The
increase in HO-1 mRNA expression correlated with in-
creased HO-1 protein by Western blot analysis in the
transplanted lungs as compared with sham-operated
lungs (Figure 2B). Immunohistochemical staining demon-
strated markedly elevated HO-1 expression diffusely in
alveolar and airway epithelial and vascular cells (brown
staining in the transplanted lung section; Figure 3, C and
D) compared to the sham-operated control lung section
(Figure 3, A and B).

Gross Anatomy of Transplanted Lungs

Given the known cytoprotective effects of CO, a byprod-
uct of HO-1 activity, we examined whether exogenous
CO could provide cytoprotection against lung injury in an

Figure 1. HO-1 protein level in lung fibroblasts from human transplant
recipients increased and correlated with acute rejection grade. Fibroblasts
cultured from lung biopsy specimens of transplanted patients were harvested
and cultured. Biopsy specimens were sent to pathology for acute rejection
grading. Protein was extracted from cultured fibroblast and subjected to
Western blot hybridization with HO-1 antibody as described in Methods.
Each lane represents pooled samples from a group of five patients with acute
rejection grade I to III; control was from normal patient lung. Cultured
fibroblast was used at passage 2 to 3. The same membranes were probed
with an antibody against �-actin to assure equal loading of the gel.

Figure 2. Rat lung transplantation increased HO-1 mRNA expression and
protein level. A: Total RNA from the transplanted lung (day 4) was extracted
and subjected to Northern blot hybridization with a 32P-labeled HO-1 cDNA
probe as described in Methods. Each lane represents RNA extracted from
one rat (n � 3). Normalization for RNA loading is shown by labeling 18S
rRNA of the same membrane. B: Protein from the transplanted lung (day 4)
was extracted and subjected to Western blot hybridization with HO-1 anti-
body as described in Methods. Each lane represents protein extracted from
one rat (n � 3). The same membranes were probed with an antibody against
�-actin to assure equal loading of the gel.

234 Song et al
AJP July 2003, Vol. 163, No. 1



acute model of orthotopic lung transplantation. Figure 4
shows a representative lung tissue 6 days after orthotopic
lung transplantation in rats (n � 6), compared to lung
tissue from rats receiving CO (500 ppm, n � 6) over this
time period. In the absence of CO, the transplanted lung
became markedly hyperemic and infarcted (Figure 4, A
and B), features which were notably absent in the trans-
planted lung exposed to CO (Figure 4, C and D).

Histology and Grading of Transplanted Lungs

Sections of lung tissue from control rats 6 days after
transplantation (Figure 5, A and B), and lungs from rats
that received 500 ppm CO over this same time period
(Figure 5, C and D) were stained with H&E and graded for
acute rejection using a current standard grading system
in human specimens.23 This was done by a pathologist in
blinded approach (Table 1). Sections were also exam-
ined for changes in architecture, hemorrhage, fibrosis,
and thrombosis (Table 1). We observed significant atten-
uation of lung hemorrhage, fibrosis, and thrombosis in
tissues from CO-treated animals compared to control
animals (Table 1). Figure 5, A and B demonstrate pro-
nounced perivascular and peribronchiole lymphocyte
and mononuclear cell aggregates, severe intraalveolar
hemorrhage and intravascular coagulation in trans-
planted lung in the absence of CO. Intraalveolar hemor-
rhage (Figure 5A) and intravascular coagulation (Figure
5B, arrow) were notably absent in the transplanted lung
exposed to CO (500 ppm) (Figure 5, C and D).

CO Decreased Neutrophils in Transplanted
Lung

MPO is an enzyme responsible for the generation of
hypochlorous acid; it is found principally in neutrophils.
Because MPO is found mainly in neutrophils, determina-
tion of its enzyme activity yields an estimate of neutrophil
content. Thus, we measured MPO activity in whole lung
extracts from rats that had received a pulmonary trans-
plantation. Lungs from rats treated with CO and trans-
plantation had lower levels of MPO activity compared to
control lungs (Figure 6).

Figure 3. Expression of HO-1 in transplantation. Immunohistochemical
staining for HO-1 demonstrated markedly elevated HO-1 expression
(brown) in the transplanted lung section (C and D) compared to sham-
operated lung section (A and B). Bar equals 100 �m.

Figure 4. Gross anatomy of lungs from rats 6 days after transplantation
(arrow in A, B), and lungs from rats 6 days after transplantation which
received 500 ppm CO over this time period (arrow in C, D). In A and C, the
arrow points to the left transplanted lung; the right lung is the remaining
native lung. Note that in the absence of CO, transplanted lungs were noted
to be markedly hyperemic (A and B), which was notably absent in the
transplanted lung exposed to CO (C and D). Scale bar, 1 cm.

Figure 5. H&E-stained sections of lungs from rats 6 days after transplantation
(A and B) and lungs from rats 6 days after transplantation that received 500
ppm CO over this time period (C and D). Note: rejection is present in both
CO-treated and untreated transplanted lungs as made evident by the pro-
nounced perivascular and peribronchiole lymphocyte aggregates. However,
lung transplant in the absence of CO were noted to have severe intraalveolar
hemorrhage (arrowhead in B) and intravascular coagulation (arrow in B)
that were notably absent in the transplanted lung exposed to CO (500 ppm)
(C and D). Scale bar, 100 �m.
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TUNEL and Activated Caspase-3 Staining of
Transplanted Lung

Given that CO decreased tissue injury in transplanted
lung, the effect of CO on cell death was determined using
TUNEL and caspase-3 staining. Staining for TUNEL dem-
onstrated markedly elevated staining (blue; Figure 7, A
and B) in lungs from control rats after transplantation
compared to lungs from transplantation that received CO
(500 ppm; Figure 7, C and D). Likewise, immunohisto-
chemical staining revealed markedly-elevated activated
caspase-3 expression (brown; Figure 8, A and B) control
transplanted lungs compared to transplanted lungs,
which received 500 ppm CO (Figure 8, C and D). These
data suggest that the cytoprotective effect of CO in rat
lung transplantation involves attenuation of cell death.
Observation under high-power microscope indicated that
the cell types that stained positive for TUNEL or
caspase-3 included macrophages, endothelial, and epi-
thelial cells. CO treatment attenuated the death of all
these cell types.

We also performed TUNEL/macrophage co-staining to
determine the amount of macrophage apoptosis. There
was markedly elevated TUNEL/macrophage staining (ar-
rows point to double-positive) (Figure 9, C and D) in lungs
from control rats after transplantation compared to lungs

from transplantation that received CO (500 ppm; Figure
9, A and B).

CO Inhibited Transplantation-Induced IL-6
Expression

Pulmonary and systemic IL-6 levels have been previously
shown to correlate with levels of lung injury after trans-
plantation.26–29 Total RNA from the transplanted lung
was extracted at day 4 after transplantation and sub-
jected to Northern blot hybridization. IL-6 mRNA expres-
sion was markedly induced in the transplanted lungs
compared with sham-operated lungs. CO treatment (500
ppm) significantly attenuated the increase of IL-6 mRNA
expression (Figure 10A). Serum IL-6 levels at 4 days after
transplantation analyzed by ELISA was markedly in-
creased in the transplanted rat compared with sham-
operated rat. Rats treated with CO (500 ppm) displayed
a significant decrease in serum IL-6 levels compared with
rats receiving lung transplants in the absence of CO
(Figure 10B).

Table 1. Histology of Rat Lung Transplantation with H&E Staining

Animal

Grading
Fibrosis/necrosis/

thrombosis Alveolar hemorrhage

RA CO RA CO RA CO

Day 6–1 4 2 � � 2 0
Day 6–2 4 3 � � 2 0
Day 6–3 4 4 � � 1 2
Day 6–4 4 3 � � 1 0
Day 6–5 4 2 � � 2 0
Day 6–6 4 3 � � 2 0
Average 4 2.8* � � 1.6 0.3*

*P � 0.05.
RA, Room air control group; CO, Carbon monoxide (500 ppm) group; �, presence of; �, absence of.
Alveolar hemorrhage: 0, none; 1, moderate; 2, severe.
Day 6-1 to Day 6-6 denotes separate animal sacrificed 6 days after transplantation.

Figure 6. Myeloperoxidase activity was decreased in the CO-treated lung
from transplantation. Rat lungs (n � 3) from both transplant and trans-
plant/CO group were measured for MPO activity as described in Methods.
MPO activity is expressed per gram of dry weight. CO treatment decreased
MPO level by 31%. (* P � 0.05 versus control).

Figure 7. Effect of CO on transplantation-induced TUNEL staining. Markedly
elevated TUNEL staining (A, arrow and blue staining in B) occurred in lungs
from rats 6 days after transplantation compared to lungs (C and D) from
transplantation which received 500 ppm CO over an equivalent time period.
Scale bar, 100 �m.
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Rat cDNA Array

To identify other inflammatory cytokines CO may modu-
late, we performed cDNA array analysis in lung tissues 4
days after transplantation in the absence or presence of
CO. Twenty-seven genes were up-regulated and 11
genes were down-regulated (Table 2) in transplanted
lung versus sham-operated control. Furthermore, 4 genes
were up-regulated and 16 genes were down-regulated
(Table 3) in transplanted lung in the presence of CO (500

ppm) versus transplanted lung in the absence of CO.
Summarizing the gene expression regulated by trans-
plant and CO, there were 6 genes, including MIP-1�, MIF,
and PDGF, that were up-regulated by transplant and
down-regulated by CO and 1 gene down-regulated by
transplant and up-regulated by CO (Table 4). We used
Western blot hybridization with MIP-1�, MIF, and PDGF
antibodies to confirm the identified gene product of
cDNA Array results (Figure 11).

HO-1 mRNA and Protein Expression are
Decreased in the CO-Treated Rat

We have demonstrated an induction of HO-1 mRNA and
protein expression after rat lung transplantation. We also
examined HO-1 mRNA and protein levels in rat lung
following transplantation in the presence of CO (500
ppm). Figure 12A demonstrates marked inhibition of
HO-1 mRNA in CO-treated transplanted lung (at 4 days
post transplantation, n � 3) compared to transplant con-
trol lungs (n � 3) as assessed by Northern blot analysis.
The inhibition of HO-1 mRNA expression correlated with
inhibition of HO-1 protein by Western blot analysis in the
transplanted lungs as compared with transplant control
lungs (Figure 12B).

Discussion

HO-1 performs the rate-limiting step in the oxidative ca-
tabolism of heme, and may represent a critical adaptive
mechanism activated during cellular stress. The cytopro-
tection provided by HO-1 may result from the elimination
of heme, a potential pro-oxidant, and/or the generation of
three biologically active downstream mediators: biliver-
din-IX�, CO, and ferritin from released iron.10 HO-1 has
been shown to confer cytoprotection in various in vitro
and in vivo6,30 models of cellular and tissue injury includ-
ing graft rejection in animal models of transplanta-
tion.15,30,31 For example, HO-1 overexpression exerts

Figure 8. Effect of CO on transplantation-induced activated caspase-3 ex-
pression. Immunohistochemical staining demonstrated markedly elevated
activated caspase-3 expression (A, arrow and brown staining in B) in lungs
from rats 4 days after transplantation compared to lungs (C and D) from
transplantation which received 500 ppm CO over an equivalent time period.
Scale bar, 100 �m.

Figure 9. TUNEL/macrophage co-staining. Sections were co-stained for
TUNEL (green) and macrophage (red). A and B: Lung from rats 6 days after
transplantation in the presence of CO (500 ppm). C and D: Lung from
transplantation in the absence of CO. Arrows in B and D: Double-positive
staining. We demonstrated markedly elevated co-staining for TUNEL/macro-
phage staining in lungs from rats after transplantation (C and D) compared
to lungs from transplantation that received CO (500 ppm; A and B). Magni-
fications: A and C, �20; B and D, �60.

Figure 10. CO inhibited transplantation-induced IL-6 mRNA expression and
serum IL-6. A: Total RNA from the transplanted lung was extracted and
subjected to Northern blot hybridization with a 32P-labeled IL-6 cDNA probe
as described in Methods. Each lane represents pooled RNA extracted from 3
rats (n � 3). Normalization for RNA loading is shown by labeling 18S rRNA
of the same membrane. B: Serum was collected 4 days after transplantation
and analyzed for IL-6 levels by ELISA. CO treatment decreased IL-6 level by
51%. (* P � 0.05 versus control). Data represent the means � SE of samples
from three independent experiments.
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beneficial effects in a number of transplantation models,
including antigen-independent ischemia/reperfusion inju-
ry,32 acute and chronic allograft rejection,15 and xeno-
transplantation.7 Although the precise mechanism by
which HO-1 confers cytoprotection in transplantation
models is not clear, modulation by HO-1 of cell cycle

control,33 inflammation,34,35 and apoptosis9 may play
critical roles. HO-1 exerts profound direct and indirect
inhibitory effects on the cascade of host inflammatory
responses mediated by neutrophils, macrophages, and
lymphocytes.10,35 These anti-inflammatory properties re-
sult in cytoprotection in many experimental models of

Table 2. Rat cDNA Expression Array: Transplant vs. Control

Up Down Gene GenBank #

2.5 c-jun proto-oncogene; transcription factor AP1 X17163
1.7 Inhibitor of DNA binding 1 (ID1) D10862

2.0 Structure-specific recognition protein 1 (SSRP1); recombination
signal sequence recognition protein; T160; CIIDBP

L08814

5.1 High mobility group protein 2 (HMG2) D84418
5.0 Proliferating cell nuclear antigen (PCNA); cyclin Y00047
2.9 Copper-zinc-containing superoxide dismutase1 (Cu-ZnSOD1) Y00404
1.8 Heat shock 60-kDa protein (HSP60); 60-kDa chaperonin (CPN60);

Gro EL homolog; mitochondrial matrix protein P1; p60
lymphocyte protein

X54793

3.1 Heat shock 70-kDa protein (HSP70) Z27118
2.2 Signal transducer and activator of transcription 3 (STAT3) X91810
7.3 NF-�-B transcription factor p105 subunit (NFKBp105); NF-�-B

1P84; NF-�-B 1P98 (NF�B1); DNA-binding factor KBF1; EBP-1
L26267

10.1 Protein kinase C �-I type (PKC-�I) � protein kinase C �-II type
(PKC-�II)

M19007

X04440
2.1 Calcium/calmodulin-dependent protein kinase type IV (CAMKIV;

catalyticchain); CAMkinase-GR
M63334

1.9 Transducin �-2 subunit; GTP-binding protein G(i)/G(s)/G(t) �
subunit 2 (GNB2)

U34959

2.0 Calmodulin (CALM;CAM) X13817
2.2 Leukocyte common antigen-related tyrosine phosphatase (LAR) L11586

2.9 Tumor necrosis factor receptor 1 precursor (TNFR1) M63122
3.9 Angiotensin converting enzyme (ACE); somatic; dipeptidyl

carboxypeptidase I; kininase II
U03734

7.6 SR13 myelin protein; peripheral myelin protein 22 (PMP-22); CD25
protein

M69139

Up Epidermal fatty acid-binding protein (E-FABP); cutaneous fatty
acid-binding protein (C-FABP); DA11; FABP5

U13253

3.2 Nonspecific lipid-transfer protein precursor (NSL-TP); sterol carrier
protein 2 (SCP2); sterol carrier protein X (SCPX)

M34728

4.0 60S ribosomal protein L44 (RPL44); L36A M19635
2.1 Eukaryotic translation initiation factor 2 � subunit (EIF-2-�) J02646

2.5 60S ribosomal protein L21 M27905
2.0 60S ribosomal protein L19 (RPL19) J02650

1.8 40S ribosomal protein S11 K03250
2.7 40S ribosomal protein S17 (RPS17) K02933
8.5 Leukocyte common antigen precursor (LCA); CD45 antigen T200;

PTPRC
M10072

4.4 Fibronectin receptor � subunit precursor; integrin � 1 U12309
5.7 Interleukin-4 receptor precursor (IL4R) X69903
2.0 Transforming growth factor � II receptor precursor (TGF � II

receptor; TGFBR2)
L09653

3.3 Na�/K�ATPase � 1 subunit M28647
3.7 Small inducible cytokine A3 precursor (SCYA3); macrophage

inflammatory protein 1 � precursor (MIP1-�; MIP1A)
U22414

4.0 PDGF-associated protein U41744
2.8 Macrophage migration inhibitory factor (MIF); glutathione-binding

13-kDa protein
U62326

2.3 Tissue inhibitor of metalloproteinase 2 precursor (TIMP2) L31884
3.3 Proteasome component C3 J02897
6.1 Proteasome subunit RC6-1 D30804

2.0 Metalloproteinase inhibitor 3 precursor; tissue inhibitor of
metalloproteinase 3 (TIMP3)

U27201

2.6 Polyubiquitin D16554
2.6 Phospholipase A2 precursor; phosphatidylcholine 2-acylhydrolase;

PLA2G1B
D00036

13.4 Hypoxanthine-guanine phosphoribosyltransferase (HPRT) M63983
12.0 Glycerol dehyde3-phosphate dehydrogenase (GAPDH) M17701

2.4 Cytoplasmic �-actin (ACTB) V01217
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graft injury, including ischemia/reperfusion, acute and
chronic allograft, and xenograft rejection.7,32 Further-
more, the HO-1 expression may simultaneously benefit
both local graft function and host systemic immune re-
sponses.36 Thus, the HO-1 system may potentially serve
as a novel therapeutic in organ transplantation.

Our laboratory has further tested the hypothesis that
the cytoprotective effects of HO-1 may be mediated by
the by-products of HO catalysis of heme, namely biliver-
din production, secondary of ferritin as a consequence of
heme-iron release, and the gaseous molecule CO. We
have focused on one such catalytic by-product, the en-
dogenously derived CO from HO. In the present study,
we tested the hypothesis that a low concentration of
exogenous CO can confer cytoprotection against acute
allograft lung rejection via its anti-inflammatory and anti-
apoptotic effects. We first had to demonstrate that HO-1

is up-regulated in human lung transplantation and an
animal model, to support the concept that HO-1 induction
occurs as a stress response in lung transplantation. We
demonstrated that the lung fibroblasts from transplanted
patients exhibit increasing levels of HO-1 protein expres-
sion correlating with increasing grades of acute rejection
(Figure 1). In a rat orthotopic lung transplantation model,
we also demonstrated an induction of HO-1 mRNA and
protein expression after rat lung transplantation (Figure
2). These data support the hypothesis that HO-1 is a
stress-inducible gene and support previous observations
that HO-1 expression increases during lung transplanta-
tion.30

We then examined the cytoprotective effects of CO in
a clinically relevant lung transplant model. Six days after
rat lung orthotopic transplantation, the lungs were mark-
edly hyperemic and infarcted (Figure 4, A and B). How-

Table 3. Rat cDNA Expression Array: Transplant/�CO vs. Transplant

Up Down Gene GenBank #

1.8 Platelet-derived growth factor B-chain (PDGFb); c-sis Z14117
1.7 Heat shock 70-kDa protein (HSP70) Z27118

1.7 Interleukin-6 receptor � chain; membrane glycoprotein gp130 M92340
2.6 Interferon regulatory factor 1 (IRF1) M34253

2.7 Angiotensin converting enzyme (ACE); somatic; dipeptidyl
carboxypeptidase I; kininase II

U03734

2.8 Neuropilin 2 AF016297
1.7 Set � isoform � Set � isoform; neural plasticity-related protein S68987

S68989
2.7 Epidermal fatty acid-binding protein (E-FABP); cutaneous fatty acid-

binding protein (C-FABP); DA11; FABP5
U13253

1.9 Low-density lipoprotein receptor precursor (LDL receptor; LDLR) X13722
6.1 Arachidonate 12-lipoxygenase (12-LOX; ALOX12) L06040

3.2 �-arrestin 2 (ARRB2) M91590
2.0 Leukocyte common antigen precursor (LCA); CD45 antigen; T200;

PTPRC
M10072

3.8 Fibronectin receptor � sub unit precursor; integrin � 1 U12309
2.0 Na,K-ATPase � 3 sub unit D84450
2.7 Small inducible cytokine A3 precursor (SCYA3); macrophage

inflammatory protein 1 � precursor (MIP1-�; MIP1A)
U22414

2.4 PDGF-associated protein U41744
2.0 Macrophage migration inhibitory factor (MIF); glutathione-binding 13-

kDa protein
U62326

7.7 Plasminogen activator inhibitor 1 precursor (PAI1; PLANH1) M24067
3.7 Endothelin converting enzyme D29683

36.2 Tissue-type plasminogen activator (t-PA) M23697
4.0 Hypoxanthine-guanine phosphoribosyl transferase (HPRT) M63983
1.8 Glyceraldehyde3-phosphate dehydrogenase (GAPDH) M17701

Table 4. Genes Regulated by Transplant and CO

Regulated by
transplant (fold)

Regulated by
CO (fold) Name of genes

13.7 22.7 Small inducible cytokine A3 precursor (SCYA3); macrophage inflammatory
protein 1 � precursor (MIP1-�; MIP1A)

14.0 22.4 PDGF-associated protein
13.8 22.0 Macrophage migration inhibitory factor (MIF); glutathione-binding 13-kDa

protein
up 22.7 Epidermal fatty acid-binding protein (E-FABP); cutaneous fatty acid-binding

protein (C-FABP); DA11; FABP5
18.5 22.0 Leukocyte common antigen precursor (LCA); CD45 antigen; T200; PTPRC
14.4 23.8 Fibronectin receptor � subunit precursor; integrin � 1
23.9 12.7 Angiotensin converting enzyme (ACE); somatic;

dipeptidyl-carboxypeptidaseI; kininase II

1, up-regulation; 2, down-regulation.
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ever, the transplanted lungs of rats receiving inhalation
CO (500 ppm) were dramatically well-preserved (Figure
4, C and D). Similar preservation was confirmed by his-
tological analysis. Examination for changes in architec-
ture, hemorrhage, fibrosis, and thrombosis showed that
lung transplants in the absence of CO displayed severe
intraalveolar hemorrhage (Figure 5A) and intravascular
coagulation (Figure 5B, arrow), features that were notably
absent in the transplanted lung exposed to CO (500 ppm;
Figure 5, C and D). These data confirmed our hypothesis
that CO plays a major role in the protective effect of HO-1.

Studies show that ischemia/reperfusion (I/R) or anoxia/
reoxygenation (A/R), processes that mark the acute
phase of organ transplantation, induce apoptosis in the
lungs and vascular cells, respectively.37,38 While apopto-
sis may initiate early in the onset of ischemia, there is
evidence that the process is amplified during reperfu-
sion.39 It is well recognized that apoptosis occurs not
only in I/R of the heart, kidney, intestine, liver, and brain
injury but also in organ transplantation.32 In addition,
recent evidence with human lung transplantation impli-

cates apoptosis as an important contributor to graft injury
and severe organ dysfunction.39 The modulation of apo-
ptosis may provide an important avenue of therapeutic
intervention in lung injury, including I/R lung injury and
lung transplantation. Therefore, we studied whether CO
conferred protection by modulating apoptosis. Immuno-
histochemical staining of the transplanted lung sections
demonstrated marked elevations in TUNEL (Figure 7)
and caspase-3 staining (Figure 8) in lungs after trans-
plantation compared to lungs transplanted in the pres-
ence of CO (500 ppm) over an equivalent time period.
Both methods suggested that the protective effects of CO
were mediated, in part, by inhibiting apoptosis.

Our lab has previously shown that CO confers anti-
inflammatory10,35 effects. Therefore, we also evaluated
the anti-inflammatory effect of CO in an orthotopic lung
transplantation model. Pulmonary and systemic IL-6 lev-
els have been previously shown to correlate with levels of
injury.26–29 We demonstrated, using Northern blot and
ELISA analysis, that IL-6 mRNA and protein expression
were markedly induced in the transplanted lungs, but
markedly inhibited by CO treatment (Figure 10). We also
evaluated the effect of transplantation and CO treatment
on gene expression by cDNA gene array. Comparing
RNA extracted from transplanted lung versus sham-op-
erated control, 27 genes were up-regulated and 11
genes were down-regulated (Table 2). Comparing RNA
extracted from transplanted lung in the presence of 500
ppm CO versus transplanted lung in the absence of CO,
4 genes were up-regulated and 16 genes were down-
regulated (Table 3). There were 6 genes (MIP1-�, PDGF-
associated protein, MIF, Leukocyte common antigen pre-
cursor (LCA), Fibronectin receptor-� subunit precursor;
integrin �-1 epidermal fatty acid-binding protein (E-
FABP); cutaneous fatty acid-binding protein (C-FABP,
DA11, FABP5)) whose expressions were increased in the
transplanted lung, but attenuated in the presence of CO.
The expression of 1 gene (angiotensin-converting en-
zyme) decreased in the transplanted lung but increased
in the presence of CO (Table 3). We used Western blot
hybridization with MIP-1�, MIF, and PDGF antibodies to
confirm the cDNA array result (Figure 11). It is interesting
to note that MIP-1�,40 MIF,41,42 and PDGF43,44 have all
been implicated in the pathogenesis of human transplan-
tation including lung transplantation and bronchiolitis ob-
literans.40,43,44

It is well known that exposure to CO can be lethal at
high concentrations in the context of industrial or acci-
dental exposure.45 Against this paradigm of CO toxicity,
recent data have accumulated in the literature regarding
the possibility that CO at low concentrations can behave
as a regulatory molecule in cellular and biological pro-
cesses.10,33,35 The concentration used for our studies is
less than one-tenth of the CO concentration used in hu-
mans during measurement of diffusion of lung for carbon
monoxide (DLCO) in pulmonary function testing (eg,
3000 ppm CO used in DLCO tests). Furthermore,
Stupfel46,47 demonstrated that long-term (2 years) ex-
posure of rodents to low levels of CO (500 ppm) found
no significant alterations in physiological or biochemical
parameter.

Figure 11. CO decreased protein levels of multiple chemokines/cytokines
following lung transplantation. Western blots were performed to confirm
changes in MIP-1�, MIF, and PDGF at the protein level, all of which dem-
onstrated increase of mRNA expression in transplant group and decrease in
transplant/CO group by cDNA array. Protein from the transplanted lung was
extracted and subjected to Western blot hybridization with MIP-1�, MIF, and
PDGF antibodies as described in Methods. The same membranes were
probed with an antibody against �-actin to assure equal loading of the gel.

Figure 12. CO decreased HO-1 mRNA expression and protein level. A: Total
RNA from the transplanted lung (day 4) was extracted and subjected to
Northern blot hybridization with a 32P-labeled HO-1 cDNA probe as de-
scribed in Methods. Each lane represents RNA extracted from 1 rat (n � 3).
Normalization for RNA loading is shown by labeling 18S rRNA of the same
membrane. B: Protein from the transplanted lung (day 4) was extracted and
subjected to Western blot hybridization with HO-1 antibody as described in
Methods. Each lane represents protein extracted from 1 rat (n � 3). The
same membranes were probed with an antibody against �-actin to assure
equal loading of the gel.
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In summary, these data demonstrate that CO confers a
potent protective effect in the setting of lung transplanta-
tion, which involves antiapoptotic and anti-inflammatory
mechanisms. It is important to note that in our previous
studies using other models of lung injury,48–50 the cyto-
protective effects of CO required pretreatment of CO. In
this study, however, we observed cytoprotective effects
of CO without CO pretreatment of either recipient or
donor lungs, which makes it suitable for therapeutic use
in the future. The data strongly suggest the formal pos-
sibility that exogenous administration of low concentra-
tions of CO may represent a viable novel therapeutic
option in lung transplantation. Studies are underway to
test the efficacy of CO in larger animals (eg, pig) to
support the application for human studies.
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