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Heme oxygenase (HO) activity leads to accumulation of the antioxidant bilirubin, and degradation of the prooxidant heme.
Moderate overexpression of the inducible form, HO-1, is associated with protection against oxidative injury. However, the
role of HO-2 in oxidative stress has not been explored. We evaluated survival, indices of oxidative injury, and lung and
HO expression in HO-2 null mutant mice exposed to > 95% O2 compared with wild-type controls. Similar basal levels of
major lung antioxidants were observed, except that the knockouts had a twofold increase in total glutathione content.
Despite increased HO-1 expression from HO-1 induction, knockout animals were sensitized to hyperoxia-induced
oxidative injury and mortality, and also had significantly increased markers of oxidative injury before hyperoxic exposure.
Furthermore, during hyperoxia, lung hemoproteins and iron content were significantly increased without increased ferritin,
suggesting accumulation of available redox-active iron. These results demonstrate that the absence of HO-2 is
associated with induction of HO-1 and increased oxygen toxicity in vivo, apparently due to accumulation of lung iron.
These results suggest that HO-2 functions to augment the turnover of lung iron during oxidative stress, and that this
function does not appear to be compensated for by induction of HO-1 in the knockouts.
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Abstract

Heme oxygenase (HO) activity leads to accumulation of the
antioxidant bilirubin, and degradation of the prooxidant
heme. Moderate overexpression of the inducible form, HO-1,
is associated with protection against oxidative injury. How-
ever, the role of HO-2 in oxidative stress has not been ex-
plored. We evaluated survival, indices of oxidative injury,
and lung and HO expression in HO-2 null mutant mice ex-
posed to > 95% O, compared with wild-type controls. Simi-
lar basal levels of major lung antioxidants were observed,
except that the knockouts had a twofold increase in total
glutathione content. Despite increased HO-1 expression
from HO-1 induction, knockout animals were sensitized to
hyperoxia-induced oxidative injury and mortality, and also
had significantly increased markers of oxidative injury be-
fore hyperoxic exposure. Furthermore, during hyperoxia,
lung hemoproteins and iron content were significantly in-
creased without increased ferritin, suggesting accumulation
of available redox-active iron. These results demonstrate
that the absence of HO-2 is associated with induction of
HO-1 and increased oxygen toxicity in vivo, apparently due
to accumulation of lung iron. These results suggest that HO-2
functions to augment the turnover of lung iron during oxi-
dative stress, and that this function does not appear to be
compensated for by induction of HO-1 in the knockouts. (J.
Clin. Invest. 1998. 101:1001-1011.) Key words: hyperoxia «
iron e ferritin « glutathione « knockout

Introduction

Heme oxygenase (HO)! is known to catalyze degradation of
heme and formation of bilirubin and carbon monoxide (CO).
The inducible form, HO-1, is a known stress protein that is reg-
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ulated by a wide variety of oxidative stresses (1-4) including
hyperoxia (5-7). In fact, induction of this enzyme is felt to be a
generalized response to oxidative stress manifested by glu-
tathione depletion and oxidative degradation of protein (8-10).
Furthermore, the distal enhancer of the HO-1 gene contains
several AP-1 binding sites that show regulation in oxidative
stress (11). Since HO-1 is readily inducible in oxidant stress,
and the reactions of HO lead to degradation of a prooxidant
(heme) and to formation of an antioxidant (bilirubin), a cyto-
protective role is theorized for HO. Another way in which in-
creased HO activity may protect against hyperoxia is through
coinduction of ferritin due to iron release from heme. In a vari-
ety of in vitro transfection models, HO-1 has been shown by us
and others to play a role in protection against oxidative stress
(2, 5, 13, 14). Whereas in all of these examples, manipulation
of HO-1 in vitro was associated with altering cellular antioxi-
dant status, no reports have documented the effects of manip-
ulation of HO-2, the constitutive isoform of HO. Since both
HO-1 and HO-2 catalyze the same reaction, albeit at differing
kinetic rates, both should possess similar antioxidant functions
if the antioxidant benefit results solely from the reaction by-
products of HO. However, in a recent publication, HO-2 has
been shown to serve as a heme-binding protein since it has two
heme-binding sites not involved in heme catalysis (15). This re-
sult may suggest that HO-2, unlike HO-1, serves to sequester
heme, thereby possibly decreasing the availability of heme for
participation in oxidative reactions. Nonetheless, the role of
HO-2 in antioxidant defense has not been studied, and it is not
known whether HO-1 induction serves in protection against
oxidative stress in vivo.

To better understand the mechanism by which HO-2 af-
fects lung antioxidant defense, we used a previously character-
ized null mutant mouse model lacking HO-2 (henceforth re-
ferred to as HO-2 knockouts), and examined survival in
chronic hyperoxia (> 7 d) as well as parameters of oxidative
injury and HO expression in lung homogenates and frozen
lung sections as compared with wild-type controls after suble-
thal (3 d) hyperoxic exposure. The perceived advantages of
this model over pharmacologic alteration of HO activity is
that specific inhibition of HO-2-related activity is possible,
whereas with pharmacologic agents, differentiation of HO-1
vs. HO-2 activities would not be possible. In further attempts
to understand the mechanism by which HO-2 may mediate its
biological effects, we evaluated heme and iron content in the
lungs of the transgenic animals since accumulation of heme
and heme iron could potentially exacerbate prooxidant effects.

Methods

Animal model

Homozygote HO-2 null mutants were obtained by targeted disrup-
tion of the HO-2 gene as previously described (16). These animals
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were shown to have absence of HO-2 mRNA and decreased HO ac-
tivity in the brain and other tissues. Nonetheless, the animals were
morphologically indistinct from their wild-type counterparts, and
were fertile (16). Animal protocols were reviewed and approved by
the Animal Care Institutional Review Panel of Stanford University.

Experimental design

2-mo-old HO-2 +/+ or HO-2 —/— B6/129 mice were kept in a 12-h
light/dark cycle and given water and food ad libitum. After 2-3 d of
recovery from transport, the animals were placed in an airtight Plexi-
glass cylindrical exposure chamber (Vreman Scientifics, Los Altos,
CA) that had a port for gas entry and access to food and water.
Greater than 95% oxygen (hyperoxia) was provided with commercial
cylinders (Liquid Carbonic, Chicago, IL) in a flow-through system.
After 3 d of exposure, the animals were killed by CO, narcosis. Blood
was obtained by percutaneous intracardiac puncture with a 21 G nee-
dle, and serum was separated by centrifugation. The lungs were ex-
cised and rinsed in cold PBS on ice to remove any blood.

A subgroup of animals were also exposed chronically to hyper-
oxia (> 7 d), using the same protocol outlined above. The number of
surviving animals were determined daily for each group until all ani-
mals had died. Average survival was then determined for both groups
(wild-types and knockouts).

In other experiments, animals were injected intraperitoneally
with 15 mg/kg hemin (Sigma Chemical Co., St. Louis, MO), a known
inducer of ferritin, to evaluate whether differences in heme-mediated
ferritin induction could be observed between the wild-type and
knockout animals. 24 h later, the lungs were excised and homoge-
nized for further analysis.

Preparation of histological sections

After careful rinsing with cold isotonic saline, whole lungs were ex-
cised along with the trachea, inflated with embedding medium
(O.C.T. compound; Miles Inc., Elkhart, IN) to distend the airways, al-
lowed to freeze on dry ice, and then stored at —80°C. The frozen sam-
ples were later cut onto positively charged slides to a 6-pm thickness
using a Reickert-Young cryostat (Cambridge Instruments, Buffalo,
NY). Tissue morphology was verified by hematoxylin and eosin
staining.

Determination of oxidative injury

Susceptibility to lipid peroxidation (thiobarbituric acid-reactive sub-
stances; TBA-RS) was assessed in lung homogenates incubated with
0.1 M phosphate buffer containing 50 pm ADP and 1 mM FeCl; for 1 h
at 37°C. Thereafter, 0.3 ml 10% trichloroacetic acid and 0.6 ml 0.5%
thiobarbituric acid solution were added, and samples were boiled for
15 min. The samples were centrifuged at 5,000 g, absorbance was read
at 535 nm, and values were determined using an extinction coefficient
of 1.55 X 10 M ! ecm—1.

Serum lipid hydroperoxides (LPO) were measured in animals us-
ing a commercially available kit that allows for detection of hydroper-
oxides without interfering substances (LPO Determiner Kit; Kamiya
Chemicals, Kyoto, Japan).

Lung protein oxidation was estimated using Western analysis of
the protein carbonyl content by a modification of the method of
Shacter et al. (18) as previously described (13). To compare the ex-
tent of protein oxidation, densitometric quantitation of the same
band consistently showing the strongest signal in all samples was per-
formed.

To ensure that the transgenic animals did not differ in levels of
other antioxidants, and only had differences in HO, a variety of lung
antioxidants was measured before exposure. Lung tissue was homog-
enized in cold 50 mM phosphate buffer containing 1.34 mM diethyl-
enetriaminepentaacetic acid. An aliquot of each sample was assayed
for protein content (19). Aliquots of samples were then mixed with
5% sulfosalicylic acid to obtain a diluted sample for determination of
total glutathione content using the method of Anderson (20), and
were expressed as pg total GSH/mg protein. Gamma-glutamyl trans-
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ferase activity was detected using a commercially available kit (No.
419; Sigma Chemical Co.). Glutathione peroxidase activity was as-
sayed by the method of Lawrence and Burk (21) using cumene hy-
droperoxide as substrate. Catalase activity was determined by the
method of Beers and Sizer (22), and was expressed as kU/mg protein
as described by Aebi (23). Total superoxide dismutase activity was
determined by the method of Spitz and Oberley (24) and expressed
as U/mg protein. Serum vitamin E was determined by a commercial
laboratory (University of Michigan Laboratories, East Lansing MI).

Determination of HO activity

Tissues were analyzed for HO activity by gas chromatography as pre-
viously described (25), in subdued lighting. Homogenates were ana-
lyzed for protein content by the method of Lowry et al. (19), and read
at absorbance 595 nm. HO activity was expressed as nmol CO/mg
protein/h.

Antibodies

Polyclonal rabbit anti-rat HO-1 antibodies were raised against a 30-kD
soluble HO-1 protein expressed in Escherichia coli from rat liver
cDNA (26; gift of Angela Wilks, University of California San Fran-
cisco, CA) as previously described (5). Rabbit anti-rat HO-2 antibod-
ies were obtained from Stressgen Biotechnologies Corp., (Victoria,
B.C., Canada).

Determination of HO-1 and HO-2 immunoreactive protein
levels (Western analysis)

For detection of HO-1 and HO-2 immunoreactive protein, 20-pg ali-
quots of lung homogenates were electrophoresed on a 12% polyacryl-
amide gel and incubated overnight with a 1:600 dilution of rabbit
anti-rat HO-1 IgG (5). Antigen—antibody complexes were visualized
with the horseradish peroxidase chemiluminesence system according
to the manufacturer’s instructions (Bio-Rad Laboratories, Rich-
mond, CA). Blots were subsequently washed in Tris-buffered saline
with 0.1% Tween overnight and reincubated for 2 h with a 1:800 dilu-
tion of rabbit anti-rat HO-2 IgG, and antigen antibody complexes
were visualized as described above. Equal loading was verified by
Coomassie blue staining. Quantification was performed by densitom-
etry (PDI, Sunnyvale, CA).

Immunohistochemical localization of HO-1

Immunohistochemical staining of HO-1 protein was accomplished
with 6-pm frozen tissue sections. The slides were fixed in ice-cold
100% acetone. The tissues were permeabilized in 0.3% saponin in
PBS and blocked in a PBS solution containing 5% nonfat powdered
milk, 1% BSA, and 0.03% saponin. The slides were then incubated
with a 1:25 dilution of rabbit anti-rat HO-1 antibodies overnight in a
humidified chamber. After incubation, the slides were washed twice
in PBS containing 0.03% saponin and 1% milk, and were further in-
cubated with a 1:50 dilution of Texas red—conjugated goat anti-rabbit
antibodies (Southern Biotechnologies, Inc., Birmingham, AL) for 2 h
at 37°C. To see whether the HO-1 signal colocalized to alveolar mac-
rophages, the slides were washed and finally incubated for 3 h at 37°C
with monoclonal FITC-labeled rat anti-mouse macrophage mono-
clonal antibodies (Biosource International, Camarillo, CA) at a 1:10
dilution. The slides were then mounted with antifade reagent in glyc-
erol buffer (Slowfade; Molecular Probes, Inc., Eugene, OR) and
viewed with a fluorescence microscope/confocal laser scanning unit
(Model 2010; Molecular Dynamics, Inc., Sunnyvale, CA). Excitation
was set at 488 nm, and emission at 515-545 nm for FITC. For Texas
red, excitation was set at 568 nm and emission at > 590 nm. Images
were processed as anaglyphs on a SGI computer system (Molecular
Dynamics, Inc.). Negative controls for nonspecific binding incubated
with secondary antibody only, were processed and revealed no signal.

Determination of HO-1 and HO-2 mRNA levels

Plasmid and probe preparation. The plasmid pPBKRHO1 was con-
structed in pBluescript II SK- using a rat HO-1 cDNA fragment pre-



pared by RT-PCR as previously described (5). The housekeeping
genes B-actin (American Type Culture Collection, Rockville, MD)
and GAPD were prepared as an Eco RI digest of the HHCPF19 plas-
mid by standard methods (27). Labeled probes were prepared by the
random primer method (28) using [*?P]dCTP.

Northern hybridization. RNA was isolated by the guanidinium
thiocyanate/phenol extraction method (29) and quantitated spectro-
photometrically at 260 nm. RNA (20 pg) was electrophoresed and
probed as previously described (5). For reprobing, membranes were
stripped according to the manufacturer’s protocol using boiling 0.5%
SDS. HO-1, HO-2, and B-actin mRNA quantification was performed
by densitometry, and the ratio of HO-1 to B-actin and/or GAPD was
calculated.

Determination of lung heme, iron, transferrin and

ferritin content

For determination of lung heme content, microsomes were prepared
as previously described (30). These were washed twice with cold 0.15 M
KCI and centrifuged to recover the microsomal pellet. The samples
were then resuspended in 0.9% NaCl, mixed with a solution of 25%
(vol/vol) pyridine in 0.075 M NaOH, and scanned at an absorbance of
350-600 nm. The absorbance peak corresponding to the heme Sorret
band (414 nm) was quantitated using a molar extinction coefficient of
B X 107%2.303 = €,y as published (31). Values were expressed as
mM heme/mg protein.

Hemoprotein content of lung tissues was determined using a
modification of the method of Bonfils et al. (32) as previously de-
scribed (13). The gel was then briefly washed in PBS and visualized
using an intensified CCD camera (Hamamatsu Photonics, Bridgewa-
ter, NJ). The camera was fitted with a 60-mm macrolens, and images
were processed using an Aegus 50 image processor (Hamamatsu
Photonics) and archived on a 486 IBM workstation. Grayscale images
representing photon emission were obtained by integrating over 15
min. The images were transferred to a Macintosh Power PC and su-
perimposed using Adobe Photoshop Software. Images were dis-
played at a bit range of 0-3.

To assess total lung iron (heme, nonheme, and low relative mo-
lecular mass iron), samples were treated with 0.2% (vol/vol) nitric
acid overnight and then subjected to graphite furnace atomic absorp-
tion spectrometry using a Perkin Elmer 2380 atomic absorption spec-
trometer and a HGA-700 graphite furnace. The furnace temperature
was gradually ramped to a preatomization temperature of 750°C and
then directly elevated to the atomization temperature of 2700°C with
measurement at 248.3 nm (33).

To assess iron available to stimulate free radical reactions (reac-
tive iron), samples were reacted with bleomycin in the presence of
DNA and ascorbic acid as previously described (34). This assay al-
lows for detection of iron ions bound to low molecular mass agents or
loosely bound to proteins, but does not allow for detection of iron
bound to hemoproteins (35).

To assess iron deposition in the lung, 6-um frozen lung sections
from transgenic and wild-type animals were fixed in 0.5% glutaralde-
hyde in PBS for 10 min. After rinsing in PBS, the slides were incu-
bated with Perl’s solution (1:1, 2% HCI and 2% potassium ferricya-
nide) at room temperature for 30 min. Sections were then rinsed in
PBS and incubated in diaminobenzidine (DAB) and urea-H,O
(Sigma Chemical Co.) in deionized water for 20 min. The reaction
was stopped by rinsing in PBS. Lung sections were counterstained
with Gill no. 3 hematoxylin (Sigma Chemical Co.; 36).

Ferritin protein levels were estimated in the lung homogenates
using Western analysis. The samples were electrophoresed on a 12%
polyacrylamide gel which was then transferred onto PVDF mem-
brane as described above (see Western analysis for HO-1 and HO-2
section). The membranes were incubated with a 1:1,000 dilution of
rabbit anti-rat ferritin antibodies (gift of R.S. Eisenstein, University
of Wisconsin, Madison, WI) and then complexed with a 1:5,000 dilu-
tion of HRP-labeled goat anti-rabbit IgG and visualized by chemilu-
minescence (ECL kit; Amersham Corp., Arlington Heights, IL).

Densitometric quantitation of the bands corresponding to ferritin was
performed. Equal loading of the samples was verified with Coomassie
blue staining. To compare the level of ferritin protein, densitometric
quantitation of the bands corresponding to the ferritin heavy and
light chains were performed.

Tissue iron content is determined by iron influx through transfer-
rin or decreased iron reuse (37). As an index of transferrin activity,
transferrin receptor immunoreactive protein was determined by incu-
bating lung slices with a 1:25 dilution of rat anti-mouse transferrin re-
ceptor IgG antibody (gift of Dr. John D. Kemp, University of Towa,
Towa City, IA) for 3 h at 37°C followed by incubation with a 1:50 dilu-
tion of FITC-labeled mouse anti-rat IgG (Jackson ImmunoResearch
Labs, Inc., West Grove, PA). Immunofluorescent signal was visual-
ized by confocal microscopy as described above.

Ferritin expression can be modified by factors including nitric ox-
ide (NO; 38). To assess whether changes in NO production could ac-
count for the changes observed in ferritin content, lung homogenates
were evaluated for nitrotyrosine residues by Western analysis. Nitro-
tyrosine residues have been previously shown to be markers for pro-
teins interacting with NO in vivo (39). In brief, lung homogenates
were electrophoresed on a 12% SDS polyacrylamide gel along with
nitrotyrosine molecular weight standards. The gel was then trans-
ferred onto a nitrocellulose membrane. The membrane was washed
in water and blocked in 1% gelatin for 20 min at room temperature.
Rabbit polyclonal anti-nitrotyrosine antibodies (Upstate Biotechnol-
ogy Inc., Lake Placid, NY) were diluted 1:1,000 in fresh PBS with 3%
nonfat dry milk and used for incubation overnight at 4°C. After two
washes in water, the membrane was incubated with a goat anti-rabbit
IgG linked to horseradish peroxidase at a 1:3,000 dilution for 1.5 h at
room temperature. The membrane was finally washed once in PBS
with 0.05% Tween and rinsed four times in water. Immune com-
plexes were visualized by chemiluminescence (ECL kit; Amersham
Corp.). To compare the extent of nitration, densitometric quantita-
tion of all the bands visualized was performed in each sample.

Statistical analysis

For comparison between transgenic and wild-type mice in air or hy-
peroxia, the Null hypothesis that there was no difference between
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Figure 1. Survival of HO-2 knockout and wild-type mice in hyper-
oxia. Six animals from each group were exposed to > 95% O, for >7d
until all animals had died. The number of surviving animals were
plotted for each day. [J, knockout; B, wild-type.
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Figure 2. (A) Detection of protein carbonyl in the lungs of HO-2
knockout and wild-type mice before and after hyperoxic exposure by
Western analysis for anti-DNP antibodies (see Methods). Represen-
tative example of four analyses. Controls were as follows: U (negative
control), unoxidized protein molecular weight standard mixture
treated with DNPH as described; O (positive control), protein molec-
ular weight standard mixture oxidized overnight with 100 uM ferric
chloride and 25 mM ascorbic acid to induce oxidation, and then sub-
jected to DNPH incubation as described. Lane 7, wild-type, preexpo-
sure; lane 2, knockout, preexposure; lane 3, wild-type, posthyperoxic
exposure; lane 4, knockout, posthyperoxia. (B) Relative protein car-
bonyl content of the lungs of HO-2 knockout and wild-type mice be-
fore and after hyperoxic exposure. Values were determined by densi-
tometric evaluation of the bands detected in the samples represented
in Fig. 2 A. Densitometric values for each sample were then normal-
ized to the values for the wild-type before exposure value in each
membrane to allow for comparison between membranes. Each bar
represents the mean=*SE of five lungs from different animals. Knock-
outs are represented by the open bars and wild-types by the solid
bars. *P < 0.05 vs. wild-type; TP < 0.05 vs. the same group before ex-
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Table I. Lung Antioxidant Levels in Wild-type and HO-2
Knockout Mice Before Hyperoxic Exposure

Antioxidant wT KO P value

Total glutathione (g/mg protein) 3.8+0.7 7.0+0.8 0.05*
GPX (mU/mg protein) 15+4 20+2 0.29
v-GT (mU/mg protein) 33+0.2 2.5+0.9 0.28
Catalase (mKU/mg protein) 46+12 58%5 0.32
SOD (U/mg protein) 143+19 17120 0.37

Serum vitamin E (pg/ml) 2.9+0.3 24+0.2 0.22

Values represent the mean=SE of three lung samples for wild-types
(WT) and four lung samples for knockouts (KO). Vitamin E values are
obtained from serum, and represent the mean*SE of three serum sam-
ples in each group. GPX, glutathione peroxidase activity, y-GT, gamma
glutamyl transferase activity; SOD, total superoxide dismutase activity.
*Statistically significant difference between WT and KO.

group means was tested by a single factor ANOVA for multiple
groups or unpaired ¢ test for two groups (Statview 4.02; Abacus Con-
cepts, Inc., Berkeley, CA). Statistical significance (P < 0.05) between
and within groups was determined by the Fischer method of multiple
comparisons.

Results

Mortality after chronic hyperoxic exposure. To detect a phys-
iologically significant alteration in the knockouts exposed to
hyperoxia, a subgroup of animals was exposed to > 95% oxy-
gen continuously until all animals died of oxygen toxicity.
Knockouts survived only an average of 8.5+0.5 d, whereas the
wild-types survived 13.4%2 d in hyperoxia (n = 6 in each
group; P = 0.03; Fig. 1).

Evaluation of oxidative damage in knockout mice. To de-
tect whether absence of HO-2 was associated with increased
lung oxidative stress in sublethal hyperoxic exposure, various
parameters of lung oxidative injury were assessed in the ani-
mals after 3 d of hyperoxia. In response to hyperoxia, the lungs
of HO-2 knockouts had a 1.3-fold higher level of lung protein
carbonyls (Fig. 2, A and B), a 50% lower level of total glu-
tathione, suggesting depletion (Fig. 2 C), and higher TBA-RS
formation than wild-type animals (0.51+0.02 vs. 0.37x0.02
pmol/mg protein for knockout and wild-type postexposure, re-
spectively; n = 5 in each group; P = 0.005). Serum LPO were
not different between the knockouts and wild-types exposed
to hyperoxia. Interestingly, increased lung oxidative injury was
also noted in the knockouts before hyperoxic exposure. Lung
protein carbonyl content was increased 1.5-fold (Fig. 2, A and
B), serum LPO were increased threefold (8.3%=1.6 vs. 2.4+0.9
pmol/liter for knockout and wild-type, respectively; n = 5 in
each group; P = 0.02 vs. wild-type), and formation of lung
TBA-RS was significantly higher in the knockout animals
compared with the wild-types (0.46+0.04 vs. 0.35=0.01 for

posure. (C) Total glutathione content of the lungs of HO-2 knockout
and wild-type mice before and after hyperoxic exposure. Each bar
represents the mean=*SE of five lungs from different animals. Knock-
outs are represented by the open bars, and wild-types by the solid
bars. *P < 0.05 vs. wild-type; TP < 0.05 vs. same group, preexposure.
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Figure 3. (A) Relative total HO activity in the
lungs of HO-2 knockout and wild-type mice be-
fore and after hyperoxic exposure. Values were
derived from the CO content of samples treated
with hemin and NADPH (total). Blanks were
treated with hemin only, and the (total) minus
(blank) value expressed per mg protein of the
sample then normalized to the values for the
wild-type, preexposure value in each experi-
ment. Each bar represents the mean*SE of five
lungs from different animals. Knockouts are
represented by the open bars, and wild-types by
the solid bars. *P < 0.05 vs. wild-type; TP < 0.05
vs. same group, preexposure. (B) Representa-
tive of five Western analyses for HO-immu-
noreactive protein content in the lungs of HO-2
knockout and wild-type mice before and after
hyperoxic exposure. C, control derived from co-
balt chloride-treated adult rat spleen for HO-1
and untreated adult rat brain for HO-2. Lane 1,
wild-type, preexposure; lane 2, knockout, pre-
exposure; lane 3, wild-type, posthyperoxic ex-
posure; lane 4, knockout, posthyperoxic expo-
sure. (C) HO-1 immunoreactive protein content
in the lungs of HO-2 knockout and wild-type
mice before and after hyperoxic exposure. Sam-
ples were subjected to Western analysis, visual-
ized by chemiluminescence, and quantified by
densitometry. Densitometric values for each
sample were then normalized to the values for
the wild-type, preexposure value in each mem-
brane to allow for comparison between mem-
branes. Each bar represents the mean=*SE of
five lung samples from different animals.
Knockouts are represented by the open bars,
and wild-types by the solid bars. *P < 0.05 vs.
wild-type; TP < 0.05 vs. same group, preexpo-
sure. (D) Immunohistochemical localization of
HO-1 protein in the lungs of HO-2 knockout
and wild-type mice. (1) Wild-types, preexpo-
sure; (2) knockouts, preexposure; (3) wild-type,
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knockout and wild-type, respectively;n = 5 in each group; P =
0.04).

Evaluation of basal lung antioxidant levels in knockout
mice. Various lung antioxidants and serum vitamin E levels
were also determined to ensure that the knockout animals did
not have any significant alterations associated with the mutant
phenotype that could explain increased susceptibility to hyper-
oxia. The lungs of HO-2 knockout mice had a significant eleva-
tion (twofold increase) in total glutathione content before hy-
peroxic exposure compared with wild-type animals. None of
the other antioxidant enzyme activities or serum vitamin E lev-
els were significantly modified in the transgenic animals com-
pared with wild-type animals (Table I).

Basal heme oxygenase expression in knockout mice. To
verify that the lungs of the HO-2 knockout animals had no de-
tectable HO-2, we examined HO expression in these tissues.
Surprisingly, HO activity was 1.6-fold higher in the lungs of the
HO-2 knockout mice compared with wild-type controls before
hyperoxic exposure (Fig. 3 A). Upon further examination, lung
HO-1 protein levels by Western blotting were elevated two-
fold in the HO-2 knockouts when compared with controls (Fig.
3, B and C). As expected, HO-2 protein could not be detected
in the lungs of transgenic animals, but was found in the wild-
type animals (Fig. 3 B). Immunohistochemical detection of
HO-1 signal in the lung demonstrated a similar twofold eleva-
tion, and revealed that HO-1 did not strictly colocalize with
the alveolar macrophages, but was prominently detected in the
bronchiolar epithelium and in lung parenchymal cells (Fig. 3 D).
Endothelial cells also showed moderate expression of HO-1
(Fig. 3 D). HO-1 mRNA was barely detectable in the lungs of
wild-type animals before hyperoxic exposure, but was found at
significantly higher levels (1.5-fold increase) in the lungs of
knockout animals (Fig. 3 E). In contrast, HO-2 mRNA was not
detected in the lungs of transgenic animals, but was expressed
in the lungs of wild-type controls (Fig. 3 E).

Heme oxygenase expression in knockout mice exposed to
hyperoxia. After hyperoxic exposure, total lung HO activity
did not significantly change from the preexposure value in the
knockout mice (Fig. 3 A). However, in the wild-type animals,
there was a significant increase in HO activity. Despite this in-
crease, HO activity remained 1.3-fold higher in the lungs of
HO-2 knockouts when compared with wild-type controls (Fig.
3 A). After 3 d of hyperoxia, lung HO-1 protein levels in-
creased 1.5-fold from the prehyperoxia values in the HO-2
knockout mice, and to a greater extent (2.3-fold increase from
preexposure values) in the wild-type animals (Fig. 3, B and C).
In the knockout animals, lung HO-1 protein signal detected by
immunohistochemistry was most visibly increased in the peri-
bronchiolar region, and in the endothelial cells after hyperoxic

exposure (Fig. 3 D). Lung HO-1 mRNA increased 1.5-fold and
2.5-fold, respectively, in the knockout and wild-type animals
exposed to hyperoxia (Fig. 3 E). HO-2 was undetected in the
knockouts, and remained unchanged after hyperoxic exposure
in the wild-type mice as verified by densitometry (Fig. 3 E).

Evaluation of lung heme, iron, ferritin, and transferrin be-
fore and after hyperoxia. To evaluate the contribution of heme
to oxidative injury in this model, we measured lung microso-
mal heme content and evaluated lung hemoprotein content.
Lung microsomal heme content of HO-2 knockouts was not
significantly different than that of the wild-types both before
and after hyperoxic exposure (0.11=0.01 vs. 0.11£0.02 mM/mg
protein before exposure, and 0.09£0.01 vs. 0.11+0.01 mM/mg
protein after exposure for knockouts and wild-types, respec-
tively). Nonetheless, lung hemoproteins were visibly higher in
the knockouts exposed to hyperoxia when compared with sim-
ilarly exposed wild-type animals (Fig. 4 A).

Since HO serves to degrade heme to iron, and this metal is
known to be associated with increased oxidative injury (40),
we measured total lung iron content and reactive (nonheme)
iron. Wild-type and knockout animals had no significant dif-
ferences in total lung iron content before hyperoxic exposure
(Fig. 4 B). However, total lung iron increased 3.5-fold in the
knockouts after hyperoxic exposure, whereas no significant
change in total lung iron was observed in the wild-type animals
after hyperoxia (Fig. 4 B). This finding was further substanti-
ated by increased iron staining in the lungs of knockout ani-
mals exposed to hyperoxia (Fig. 4 C). Iron staining in the
knockouts was most visible in the endothelial cells and in the
peribronchiolar epithelium, a similar distribution as the HO-1
immunoreactive staining demonstrated in Fig. 3 D. Reactive
(nonheme) iron content was also similar in knockout and wild-
type mice before exposure (35.6+2.0 vs. 35.4%2.3 pg/mg pro-
tein for knockouts and wild-types, respectively; n = 5 in each
group). However, this value increased only in the wild-types in
response to hyperoxia as measured by the bleomycin assay
(42.72£1.4 vs. 58.15%£3.9 ng/mg protein for knockouts and
wild-types, respectively; n = 5 in each group; P < 0.01 vs. wild-
types).

Iron accumulation could result from increased iron influx
through transferrin, or from decreased iron reuse (37). We
therefore looked at transferrin receptor levels in the lungs of
animals before and after hyperoxia. No differences in transfer-
rin receptor levels could be visualized between knockout and
wild-type animals either before or after hyperoxia (Fig. 4 D).

Since release of iron is felt to induce ferritin protein, and
this may modulate oxidative injury through iron sequestration
(41), we evaluated lung ferritin protein by Western analysis
and quantitated immunoreactive protein levels by densitome-

Figure 3 legend (Continued)

post-hyperoxic exposure; (4) knockouts, post-hyperoxic exposure. Lungs were assayed for immunoreactive protein as described in Methods,
and were examined with a Nikon fluorescent microscope at 200X. The red fluorescent signal indicating HO-1 is detectable in both wild-types
and knockouts in the cytoplasm of lung parenchymal cells and inflammatory cells and in the peribronchiolar epithelium (yellow arrows). How-
ever, the signal intensity is visibly higher in the knockouts (B and D), especially in the peribronchiolar epithelium. After hyperoxic exposure, en-
dothelial cells of lung blood vessels (BV) show increased signal intensity in both wild-types and knockouts. The green signal representing immu-
noreactive mature macrophages is partially colocalized to the HO-1 signal in the inflammatory cells. (E) Representative of five Northern analyses
of HO-1 and HO-2 steady-state levels in the lungs of HO-2 knockout and wild-type mice before and after hyperoxic exposure. C, control derived
from adult rat spleen after CoCl injection and untreated adult rat brain for HO-2; Lane 7, wild-type, preexposure; lane 2, knockout, preexposure;
lane 3, wild-type, posthyperoxia; lane 4, knockout, post hyperoxia. Lower panels, 3-actin and GAPD signals from the same blot for normaliza-

tion.
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Figure 4. (A) Representative of four polyacryl-
amide gel electrophoreses for detection of lung
hemoprotein content of HO-2 knockout and
wild-type mice before and after hyperoxic expo-
sure. Lung homogenates (300 pg) were electro-
phoresed on lithium dodecyl sulfate containing
polyacrylamide gels. The gels were then treated
with luminol to allow for detection of heme and
hemoproteins using a CCD enhanced camera as
described in Methods. Lanes C/-C3, controls: al-
bumin 100 g (negative control), cytochrome ¢
(10 pg), and hemoglobin (40 pg), respectively.
Arrow, migrating free heme front. Lane /, wild-
type, preexposure; lane 2, knockout, preexpo-
sure; lane 3, wild-type, posthyperoxic exposure;
lane 4, knockout, posthyperoxic exposure. Other
hemoprotein standards (i.e., NO synthase, per-
oxidase, and catalase) were not shown to migrate
in the region of the bands seen in experimental
samples, and were therefore excluded. (B) Total
lung iron content in the lungs of HO-2 knockout
and wild-type mice before and after hyperoxic
exposure. Values were determined by atomic ab-
sorption spectroscopy. Each bar represents the
mean=*SE of four lungs from different animals.
Knockouts are represented by the open bars, and
wild-types by the solid bars. *P < 0.05 vs. wild-
type; TP < 0.05 vs. same group, preexposure. (C)
Iron staining in cryosections of lungs from wild-
type and knockout mice before and after expo-
sure to 3 d of hyperoxia. (1) Wild-type, preexpo-
sure; (2) knockouts, preexposure; (3) wild-type,
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Figure 5. (A) Representative of four Western analyses of lung ferritin protein levels in HO-2 knockout and wild-type mice before and after hy-
peroxic exposure. C, control derived from adult rat liver. Lane /, wild-type, preexposure; lane 2, knockout, preexposure; lane 3, wild-type, post-
hyperoxic exposure; lane 4, knockout, posthyperoxic exposure; lane 5, wild-type injected with hemin; lane 6, knockout injected with hemin.
Equal loading was verified with Coomassie blue staining. (B) Relative ferritin protein content of the lungs of HO-2 knockout and wild-type mice
before and after hyperoxic exposure. Values were determined by densitometric evaluation of the bands detected in samples represented in A
(lanes 7-4). Densitometric values for each sample were then normalized to the values for the wild-type preexposure value in each membrane to
allow for comparison between membranes. Each bar represents the mean=SE of three lungs from different animals. Knockouts are represented
by the open bars, and wild-types by the solid bars. *P < 0.05 vs. wild-type; TP < 0.05 vs. same group, preexposure.

try. While ferritin immunoreactive lung protein levels were
similar in the knockouts compared with the wild-types before
hyperoxic exposure, after hyperoxia the knockouts had a sig-
nificantly lower level of ferritin protein when compared with
the wild-types (Fig. 5, A and B).

To further understand whether the HO-2 knockouts had an
inherent inability to induce ferritin, animals were injected with
15 mg/kg hemin intraperitoneally, and ferritin protein levels
were evaluated 24 h later. Knockouts demonstrated increased
lung ferritin protein levels after heme injection, as did the
wild-types, indicating that there was no abnormality of ferritin
production in the knockouts (Fig. 5 A).

Since other factors such as nitric oxide (NO) can modulate
ferritin expression (38), we evaluated lung protein nitroty-
rosine content as an index of NO-mediated damage (39) in the
knockout and wild-type animals before and after hyperoxic ex-
posure. Although lung nitrotyrosine content in the wild-types
was increased 1.7-fold in hyperoxia compared with preexpo-
sure values, the knockouts exposed to hyperoxia had a larger
(2.5-fold) increase in lung nitrotyrosine content compared with
preexposure values (Fig. 6, A and B). Therefore, in hyperoxia
the knockouts had a 3.2-fold increase in lung nitrotyrosine

content when compared with similarly exposed wild-types
(Fig. 6, A and B).

Discussion

It has been speculated that the enzymatic consequences of HO
activity may favor increased antioxidant defense by removing
a prooxidant heme and forming antioxidant pigments. How-
ever, it is not altogether clear why iron released from the heme
prosthetic group in the HO reactions would not result in an in-
creased prooxidant burden. Induction of ferritin and conse-
quent sequestering of the released iron may explain restora-
tion of the cellular antioxidant balance in some cases, but this
induction response is not universally seen (5, 42). Applegate et
al. (10) showed that induction of HO-1 is a generalized re-
sponse to oxidative stress. Nonetheless, induction of HO-1 in
vitro may also serve a specific function, as demonstrated by
models of hemin- or hemoglobin-mediated HO-1 induction
and HO-1 transfection models (5, 14, 45). Previous studies of
the antioxidant role of HO have focused on the inducible HO-1
isoenzyme in cultured cells. We now wanted to determine
whether lack of lung HO-2 was associated with diminished re-

Figure 4 legend (Continued)

posthyperoxic exposure; (4) knockouts, posthyperoxic exposure. Lung sections were incubated with Perl’s solution in the presence of urea-H,O
and DAB and counterstained with Gill no. 3 hematoxylin. The slides were viewed at 400X. Note the more pronounced iron staining (arrows) in
the parenchymal and endothelial cells of the knockout animals, in particular after hyperoxic exposure. Insets, 200X to show general iron distribu-
tion. (D) Transferrin receptor staining in cryosections of lungs from wild-type and knockout mice before and after exposure to 3 d of hyperoxia.
(1) Wild-types, preexposure; (2) knockouts, preexposure; (3) wild-type, posthyperoxic exposure; (4) knockouts, posthyperoxic exposure. Lung
sections were incubated with FITC-labeled rat anti-mouse transferrin receptor antibodies, and were visualized by confocal microscopy. Immu-
nofluorescent signal (green arrow) is most prominent in the lungs of wild-types and knockouts before hyperoxic exposure.
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Figure 6. (A) Representative of three Western analyses of lung nitrotyrosine content in HO-2 knockout and wild-type mice before and after hy-
peroxic exposure. M, nitrosylated markers. Lane /, wild-type, preexposure; lane 2, knockout, preexposure; lane 3, wild-type, posthyperoxic ex-
posure; lane 4, knockout, posthyperoxic exposure. Equal loading was verified with Coomassie blue staining. (B) Relative lung nitrotyrosine con-
tent in HO-2 knockout and wild-type mice before and after hyperoxic exposure. Values were determined by densitometric evaluation of all
bands detected in samples represented in A. Densitometric values for each sample were then normalized to the values for the wild-type, preex-
posure value in each membrane to allow for comparison between membranes. Each bar represents the mean=*SE of three lungs from different
animals. Knockouts are represented by the open bars, and wild-types by the solid bars. *P < 0.05 vs. wild-type; 'P < 0.05 vs. same group, preex-

posure.

sistance to lethal and sublethal oxygen toxicity in an in vivo
model. The HO-2 knockout mouse demonstrates absence of
HO-2 alone, and can help differentiate between HO-1 and
HO-2 related effects in vivo.

Knockout animals had substantially increased mortality
with chronic hyperoxic exposure, demonstrating a significant
physiological alteration in susceptibility to oxygen toxicity.
Additionally, the knockouts had increased evidence of lung
oxidative injury after a 3-d hyperoxic exposure, as well as be-
fore oxygen exposure. The increased susceptibility to oxygen
toxicity could not be explained by alterations in other classical
antioxidants. In fact, the only difference observed was a signif-
icant twofold elevation in lung total glutathione (a potent cel-
lular antioxidant) in the HO-2 knockouts, suggesting that
modulation of HO expression results in significant alterations
in cellular antioxidant defense leading to compensatory eleva-
tion of total glutathione (46). This finding is similar to that ob-
served with HO-1 antisense transfected cells in culture. As
with the knockout animals, despite significantly increased total
glutathione content compared with controls, these transfected
cells were also more susceptible to oxygen toxicity (13).

Increased susceptibility to oxygen toxicity in the HO-2
knockout mice was associated with lack of detectable lung
HO-2 protein or HO-2 mRNA as expected, whereas the wild-
type animals expressed both isoforms of HO. However, lung
total HO activity showed an unanticipated elevation in the
knockouts before and after hyperoxic exposure, despite the
absence of HO-2. The increased HO activity observed in
the lungs of knockout animals seemed to contradict the results
of Poss et al. (16), demonstrating lowered total HO activity in
tissues of HO-2 knockout animals, particularly in the brain and
testes. Logically, eliminating HO-2 would have the most im-

pact on tissues with high HO-2 content, such as the brain and
testes. The lung also has a predominance of HO-2, as with the
brain and testes, since immunoprecipitation with HO-1 anti-
bodies reduced HO activity to 75% of total (30). Therefore,
significantly lowered HO activity was expected in the HO-2
knockouts. However, lung HO-1 protein and HO-1 mRNA
were significantly increased in the knockout animals compared
with wild-types before and after hyperoxic exposure, suggest-
ing induction of HO-1 due to increased oxidant stress or other
mechanisms. Others have demonstrated more ready induction
of HO-1 in some cell types such as dermal fibroblasts, with
lower HO-2 expression compared with keratinocytes (47). The
present results suggest that lung cells are more likely to induce
HO-1 than are other tissues.

If HO-1 served to protect against oxidative injury in our in
vivo model, it would be expected that normalization of lung
HO activity by HO-1 induction would eliminate differences in
oxidative stress between the knockouts and wild-types. In view
of the increased oxygen toxicity in the HO-2 knockouts de-
spite increased HO-1 expression, it appears that in this model
HO-1 induction may be simply a generalized response to oxi-
dative stress, and not necessarily protective. A recent demon-
stration of a threshold of beneficial effect of HO-1 expression
(13) and variable pro- and antioxidant effects of HO-1 in a cell
system (43) alludes to the duality of HO-1 as an anti- and
prooxidant. Increased oxygen toxicity in the knockouts also
suggests that HO-2 provides an essential protective function
that may be important in antioxidant defense over and above
the effects of HO-1.

To understand further how absence of HO-2 despite in-
creased HO-1 is associated with increased susceptibility to oxi-
dative injury, lung microsomal heme content was evaluated in
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wild-type and knockout animals since heme accumulation
could result in a prooxidant state (48). Microsomal heme levels
were not significantly different between the groups before or
after hyperoxia, but this result did not rule out the possibility
that the overall heme pools differed. In fact, lung hemoprotein
levels were notably increased in the lungs of knockouts as
compared with wild-types after hyperoxic exposure, thus likely
contributing to enhanced susceptibility to oxidative injury by
increasing available redox active iron (49). Additionally, the
lungs of knockout animals had a threefold higher total lung
iron content than did the wild-types after hyperoxic exposure
as detected by atomic absorption spectrometry, suggesting that
more redox-active heme or nonheme iron had accumulated in
the lungs of the knockouts. Since the knockouts did not have
increased non-heme-reactive iron in hyperoxia, whereas the
wild-types did, the source of accumulated iron and damaging
iron species in the knockouts was likely to be from the lung
heme pools, namely the hemoproteins. Furthermore, since
lung transferrin receptors were not upregulated in the knock-
outs exposed to hyperoxia, it is unlikely that the accumulated
iron was a result of increased iron transport into the lungs;
more likely it was from decreased heme iron turnover. Distri-
bution of the accumulated iron paralleled that of the increased
HO-1 signal in the lung after hyperoxia, namely in the endo-
thelial cells and peribronchiolar epithelium, perhaps indicating
that HO-1 was induced in areas of increased substrate avail-
ability. The possible role of HO-2 in iron turnover somewhat
parallels that of HO-1 defined recently in aging HO-1 knock-
out animals (50). However, in the present model, it is not un-
derstood why the altered iron turnover was only unmasked by
hyperoxia.

Many authors have documented ferritin coinduction in re-
sponse to iron release associated with HO-1 induction. This re-
sponse is felt to be protective (41) since it is well-documented
that ferrous iron pools that are not stored in ferritin modulate
oxidative injury through generating the hydroxyl radical via
the Fenton reaction (51). In this model, no such coinduction of
ferritin could be observed in the knockout animals, but was
seen in the wild-types. This result is in agreement with the lack
of increased lung-reactive iron in the knockouts, and the in-
creased lung-reactive iron in the wild-types, in hyperoxia.
Nonetheless, heme-mediated induction of ferritin was readily
observed in the knockouts, demonstrating that these animals
did not have an inherent inability to produce ferritin. Rather,
there may have been a lack of stimulus for ferritin induction
since no increase in reactive (nonheme) iron was observed.
However, the lack of increased lung-reactive iron in the
knockouts does not explain why the accumulated heme iron
seen would have not resulted in ferritin induction.

Ferritin synthesis is modulated by the iron response ele-
ment binding protein (IRE-BP). NO is a molecule that can de-
crease ferritin expression by activating the iron response ele-
ment though IRE-BP, which in turn represses ferritin mRNA
translation (38). Evidence of increased NO was demonstrated
by increased nitrotyrosine residues in the lungs of knockout
animals after hyperoxia. Increased NO production in hyper-
oxia has previously been observed (39, 53), but it is not clear
why absence of HO-2 was associated with even higher NO
production in the knockouts. Another possibility to explain
why lung ferritin was not induced in the knockouts is de-
creased ferritin synthesis resulting from severe oxidative
stress, as shown in another model (54). In any case, lowered
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lung ferritin content in the knockout animals may have further
predisposed the animals to lung oxidative injury.

Recent work suggests that HO-2 may serve to bind heme
since it has two heme-binding sites independent of the heme
catalytic site (15). Therefore, absence of HO-2 could result in
increased heme available for oxidative reactions. In this
model, we conclude that absence of HO-2 results in increased
hyperoxic injury in vivo due to accumulation of heme-derived
iron. This heme accumulation also appears to lead to enhanced
HO-1 induction, which in the absence of ferritin coinduction
may result in increased availability of redox active iron. We
therefore propose that HO-2 is important in iron turnover dur-
ing oxidative stress. Finally, we caution that therapeutic strate-
gies that may inhibit HO-2 could result in enhanced oxidative
injury and iron accumulation.
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