
Tissue heme oxygenase-1 exerts
anti-inflammatory effects on LPS-induced
pulmonary inflammation
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Heme oxygenase-1 (HO-1) has been shown to display anti-inflammatory properties in models of acute pulmonary

inflammation. For the first time, we investigated the role of leukocytic HO-1 using a model of HO-1flox/flox mice

lacking leukocytic HO-1 that were subjected to lipopolysaccharide (LPS)-induced acute pulmonary inflammation.

Immunohistology and flow cytometry demonstrated that activation of HO-1 using hemin decreased migration of

polymorphonuclear leukocytes (PMNs) to the lung interstitium and bronchoalveolar lavage (BAL) in the wild-type and,

surprisingly, also in HO-1flox/flox mice, emphasizing the anti-inflammatory potential of nonmyeloid HO-1. Nevertheless,

hemin reduced theCXCL1, CXCL2/3, tumor necrosis factor-a (TNFa), and interleukin 6 (IL6) levels in both animal strains.

Microvascular permeability was attenuated by hemin in wild-type and HO-1flox/flox mice, indicating a crucial role

of non-myeloid HO-1 in endothelial integrity. The determination of the activity of HO-1 in mouse lungs revealed no

compensatory increase in theHO-1flox/floxmice. Topical administrationof heminvia inhalation reduced thedose required

to attenuate PMN migration and microvascular permeability by a factor of 40, emphasizing its clinical potential. In

addition, HO-1 stimulation was protective against pulmonary inflammation when initiated after the inflammatory

stimulus. In conclusion, nonmyeloid HO-1 is crucial for the anti-inflammatory effect of this enzyme on PMNmigration to

different compartments of the lung and on microvascular permeability.

INTRODUCTION

In humans, acute lung injury (ALI) and its more severe form,
acute respiratory distress syndrome, remain frightening
complications in intensive care units and affect 7–10% of
admitted patients, resulting in a mortality rate of 40%.1

The two major characteristics of ALI are an increase in
microvascular permeability due to the deterioration of
endothelial integrity and an excessive infiltration of
polymorphonuclear leukocytes (PMNs), leading to tissue
destruction.2 Experimental studies have shown that decreasing
the migrated PMN count leads to reduced tissue destruction,
decreased mortality, and therefore increased survival.3

In cases of pulmonary inflammation, PMNs are released from
the bone marrow, circulate in the vascular system, and
migrate via the vascular endothelium to the site of inflamma-
tion.4 This transendothelial migration to the lung interstitium
is followed by a transepithelial migration of PMNs to the

alveolar system. These migration steps underlie different
regulatory mechanisms.4

Heme oxygenase (HO) is an enzyme that is expressed
ubiquitously in nearly every tissue of the body. HOwas initially
discovered in 1968 as the rate-limiting enzyme in the enzymatic
conversion of heme to bile pigments.5 Subsequently, HO was
identified as a stress response protein and as a critical mediator
of cellular homeostasis. Therefore, HO has been the focus of
research interest in many fields such as pulmonology,6

cardiology,7 and transplant immunology.8

HO is expressed as three isoenzymes. HO-1 and HO-2 differ
in primary amino acid sequence and are products of two
different genes; it remains unclear whether HO-3 is a
pseudogene.9 HO-1 is of major interest, primarily because
of its pharmacological accessibility. Heme catalyzation
through HO-1 releases carbon monoxide, biliverdin that
is converted to bilirubin, and iron that is bound to ferritin.10
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The cytoprotective effects of HO-1 are mainly attributed to its
enzymatic reaction products, and studies have focused on
developing the therapeutic delivery of these substances11,12 or
the induction of HO-1.13,14

HO-1 plays a pivotal role in the defense against oxidative and
inflammatory processes in the lung.15 Activating HO-1 has
been shown to attenuate hyperoxic lung injury in rats,16 cecal
ligation and puncture-induced ALI in mice,17 trauma-hemor-
rhage-induced lung injury in rats,18 and ventilator-inducedALI
in rabbits.19

HO-1 is expressed in lung endothelial20–22 and epithelial
cells,23,24 monocytes,25 and neutrophils.26 At present, it is unclear
whether HO-1 in nonmyeloid cells (endothelial or epithelial cells)
or myeloid cells (PMNs or monocytes) is predominantly
responsible for the anti-inflammatory effects of HO-1 on ALI.
Therefore, we investigated the role of nonmyeloid and myeloid
HO-1 in a murine model of lipopolysaccharide (LPS)-induced
lung inflammation. We used HO-1flox/flox mice that lack HO-1
only in leukocytic cells and compared these mice with wild-type
controls. In addition, we investigated the topical use of the HO-1
activator hemin and its effects when administered after an
inflammatory stimulus (after treatment).

RESULTS

Blood counts

The PMN counts and the differential blood counts excluded
any generic differences between the HO-1flox/flox and wild-type
mice (Table 1), indicating that the immune cell counts in the
migration experiments were comparable between the two
strains andwere not affected by compensatory alterations in the
genetically modified mice.

HO-1 expression in the wild-type and HO-1flox/flox animals

We compared the leukocytic blood cells of the wild-type
and HO-1flox/flox mice to verify the genotyping results at the
protein level. Immunofluorescence staining for HO-1 expres-
sion was performed using a specific antibody such that the
enzyme appeared green. Leukocytes were also labeled with
specific antibodies depending on the cell types of interest
and emerge red. Representative images of monocytes
(Supplementary Figure S1A online), PMNs (Supplementary
Figure S1B), and lymphocytes (Supplementary Figure S1C)
from the wild-type and HO-1flox/flox mice demonstrate
specific HO-1 staining in the wild-type animals but not in
the HO-1flox/flox mice.

Reverse transcriptase-PCR analyses of PMNs and mono-
nuclear cells isolated from the bone marrow of the wild-type
andHO-1flox/flox mice confirmed these results (Supplementary
Figure S1D), even after inflammatory simulation and
induction of HO-1.

To compare the distribution ofHO-1 in the lungs of thewild-
type and HO-1flox/flox mice, immunofluorescence staining was
performed (Figure 1). Before LPS inhalation, HO-1 expression
was comparable between the two strains. Hemin did not alter
HO-1 expression in the absence of an inflammatory stimulus
(Supplementary Figure S2). After LPS inhalation, HO-1 was
predominantly localized to the intraalveolar septa of both strains
and, additionally, in alveolarmacrophages of the wild-typemice.
Activation of HO-1 further increased the expression of HO-1 in
alveolar macrophages of wild-type animals. The expression of
HO-1 in tissue was comparable between the two strains.

HO-1 activation decreased PMN migration based on
immunohistology

Lung infiltration of PMNs was detected semiquantitatively via
immunohistology after the activation/inhibition ofHO-1 in the
wild-type and HO-1flox/flox mice. PMNs were labeled with a
specific antibody such that they appeared brown. No difference
was observed between the control groups of wild-type and
HO-1flox/flox animals (Figure 2a,b). After LPS inhalation, the
intraalveolar septa appeared thickened and PMN influx
increased in both strains (Figure 2c,d). The stimulation of
HO-1 decreased PMN migration and preserved the intra-

Table 1 Differential cell counts of immune cells of the wild-

type and HO-1flox/flox mice

Wild type (�106) HO-1floxflox (�106) P-value

Leukocytes 19.1±0.5 18.7±0.5 NS

Neutrophils 1.8±0.7 2.1±0.5 NS

Lymphocytes 16.2±1.5 15.7±1.0 NS

Monocytes 0.8±0.0 0.7±0.1 NS

HO-1, heme oxygenase-1; NS, not significant.
Mean±s.d.; n¼4.

HO-1flox/flox

– LPS

+ LPS

wild-type

+ Hemin
+ LPS

Figure 1 Immunofluorescence for heme oxygenase-1 (HO-1)
expression in the lungs of the wild-type and HO-1flox/floxmice. HO-1
was labeled with a specific antibody (rat anti-mouse HO-1) and
appears green in the sections; nuclei appear blue; and the endothelium
appears red. After lipopolysaccharide (LPS) administration, HO-1 was
predominantly localized to the intraalveolar septa of both strains and in
alveolar macrophages in the wild-type animals. A representative is
shown (n¼ 4).
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alveolar architecture; surprisingly, no difference was observed
between the wild-type and HO-1flox/flox mice (Figure 2e,f),
indicating that nonmyeloid HO-1 is responsible for this anti-
inflammatory effect. The inhibition of HO-1 further increased
the PMN counts and the histological signs of tissue damage in
both strains (Figure 2g,h).

In vivo PMN migration assay in the wild-type and
HO-1flox/flox mice

To quantify PMN migration to different compartments of the
lung (intravascular, interstitial, intraalveolar), PMNs were
labeled with specific antibodies and were identified via flow
cytometry. Representative fluorescence-activated cell sorting
plots and the gating process are shown in Supplementary
Figure S3C. No differences were observed between the control,
HO-1–activated, and HO-1-inhibited groups of wild-type and
HO-1flox/flox mice before LPS inhalation (Supplementary
Figure S3A,B). In the intravascular compartment of the
wild-type mice, LPS inhalation caused an increase in the
number of migrated PMNs (3.1±1.1� 106 vs. 1.3±0.9� 106;

Po0.05; Figure 3a). The activation ofHO-1 abolished the LPS-
induced rise of PMN counts (1.9±1� 106; Po0.05), whereas
inhibition of HO-1 further enhanced PMNs attached to the
endothelium (4.6±0.8� 106; Po0.05). In the interstitium of
the lung, LPS stimulation caused an increase in PMNs in all
groups (control: 1±0.1� 106; LPS treated: 5.1±1.8� 106;
hemin: 3.5±1� 106; heminþ SnPP: 8.6±2.9� 106; all
Po0.05). Hemin treatment significantly reduced PMN
influx, and the addition of tin-protophorphyrin-IX (SnPP)
further augmented PMN migration, confirming our findings
from immunohistology. LPS inhalation caused a rise in PMN
counts in the bronchoalveolar lavage (BAL) of all groups
(control: 0.04� 106; LPS treated: 1.9±0.5� 106; hemin:
1.3±0.4� 106; heminþ SnPP: 2.8±0.9� 106; all Po0.05).
The activation ofHO-1 significantly reduced and the inhibition
increased PMN influx, highlighting the anti-inflammatory
potential of HO-1 in our model.

In the HO-1flox/flox mice, LPS inhalation caused a rise of
PMN counts in all three compartments of all groups
(Figure 3b). In the intravascular compartment, the inhibition
of HO-1 further increased PMNs compared with LPS-treated
group (6±0.7� 106 vs. 3.1±1.2� 106; Po0.05). The activation
of HO-1 did not lead to any difference in the number of PMNs
attached to the endothelium. Surprisingly, HO-1 activation also
resulted in a decrease in PMN influx in the interstitium of these
mice comparable to the wild-type animals (2.6±0.8� 106 vs.
5.4±1.4� 106; Po0.05), indicating the pivotal role of
nonmyeloid HO-1 for the anti-inflammatory effect of this
enzyme. SnPP enhanced the interstitial PMN counts
(7.4±2.6� 106; Po0.05). The results of the BAL counts
supported the hypothesized crucial tissue-specific role ofHO-1,
as hemin reduced the PMN counts in the BAL (1.2±0.4� 106

vs. 2.3±0.2� 106; Po0.05) and SnPP correspondingly
increased counts (3.2±0.8� 106; Po0.05).

In summary, the only difference in the in vivo PMNmigration
assay results between the wild-type and HO-1flox/flox mice was in
the intravascular compartment. The stimulation of HO-1
decreased PMN counts in the wild-type but not in the floxed
mice.Considering that thePMNcounts in the interstitiumand the
alveolar space were comparable between the two groups after
hemin treatment, the difference in the intravascular compartment
did not further influence PMN migration.

Microvascular permeability

As an indicator of capillary leakage, the Evans blue levels were
determined in the lungs of the wild-type and HO-1flox/flox mice.
Neither hemin nor SnPP administration to the groups in the
absence of LPS inhalation induced any change in Evans blue
extravasation, and these results were identical to those
of the control (Supplementary Figure S4). LPS inhalation
significantly enhanced microvascular permeability in the LPS-
treated group (208±35 vs. 94±20 mg g� 1 lung; Po0.05;
Figure 4). The activation of HO-1 prevented the LPS-induced
increase in Evans blue extravasation and was even comparable
to control group without LPS inhalation (76±25 mg g� 1 lung;
Po0.05), indicating the distinct role of HO-1 in microvascular

wild-type HO-1flox/flox

– LPS

+ LPS

+ Hemin
+ LPS

+ Hemin
+ SnPP
+ LPS

Figure 2 Immunohistochemistry on the wild-type and HO-1flox/flox

mice. Neutrophils were stained with a specific neutrophil marker
(rat anti-mouse neutrophils, clone 7/4) such that they appear brown
in the histologic images (original magnification �64). Images of the
(a) wild-type and (b) HO-1flox/flox micewere captured (c, d) before and after
lipopolysaccharide (LPS) inhalation. Mice treated with (e, f) hemin or
(g, h) heminþSnPP and were subjected to LPS inhalation for 24 h.
The images are representative of four experiments. HO-1, heme
oxygenase-1; SnPP, tin-protophorphyrin-IX.
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permeability. In contrast, the inhibition of HO-1 increased
significantly microvascular permeability compared with the
LPS-treated group (280±43 mg g� 1 lung; Po0.05).

In theHO-1flox/floxmice, we observed similar results of Evans
blue extravasation, including a significant increase after LPS
inhalation (178±20 vs. 95±41 mg g� 1 lung; Po0.05). Hemin
protected from capillary leakage in thesemice as well (110±15;
Po0.05), and the inhibition of HO-1 led to an increase
(234±19 mg g� 1 lung; Po0.05) ofmicrovascular permeability,
emphasizing the pivotal role of nonmyeloid HO-1 on
endothelial integrity.

Chemokine release in the wild-type and HO-1flox/flox mice

The chemokine levels ofCXCL1,CXCL2/3, tumornecrosis factor-
a (TNFa), and interleukin 6 (IL6) were measured in the BAL of
both strains. Neither the inhibition nor the activation of HO-1
altered the baseline chemokine levels (Supplementary Figure S5).
LPS inhalation significantly increased the release of all chemokines
in all groups (allPo0.05).After the activationofHO-1, the level of
the potent neutrophil attractant CXCL1 was reduced in the wild-
type and HO-1flox/flox mice, whereas inhibition of the enzyme
caused a significant increase in both strains (allPo0.05;Figure 5).
Remarkably, the CXCL1 levels were significantly lower in the
HO-1flox/flox compared with wild-type mice (2,447±71 vs.
3,757±820pgml� 1; Po0.05), but the relative HO-1-depen-
dent changes were equivalent between the two strains.

The levels of the chemoattractant TNFa were significantly
higher in the HO-1flox/flox mice than in the wild-type animals
(2,382±325 vs. 1,564±275 pgml� 1; Po0.05). In both strains,
hemin reduced the TNFa levels (all Po0.05), and the addition
of SnPP reversed this anti-inflammatory effect.

In the wild-type andHO-1flox/floxmice, the CXCL2/3 and IL6
levels were both reduced via the activation of HO-1 (all
Po0.05), highlighting the anti-inflammatory potential of this
enzyme and explaining the results from our in vivo migration
assay with reduced PMNs in the alveolar system. Again, the
inhibition of HO-1 inverted the reduction of both chemokines.

The major PMN chemoattractants are CXCL1 and
CXCL2/3.27,28 To determine whether CXCL1 or CXCL2/3
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has the higher impact on reducing PMNmigration after HO-1
stimulation, we performed an in vitro PMN migration assay
through a monolayer of human pulmonary epithelial cells
(Figure 5b). Isolated human PMNs migrated through a
chemotactic gradient of either CXCL1 or CXCL2/3. HO-1
stimulation on epithelial cells reduced only CXCL1-related
PMN migration. In concordance with the fact that CXCL1 is
mainly secreted by pulmonary epithelium,28,29 this further
emphasizes the critical role of nonmyeloid HO-1.

In addition, we investigated the release of CXCL1 and
CXCL2/3 by murine alveolar macrophages, PMNs, and
pulmonary epithelial cells (Figure 5c). CXCL1 was also
secreted by alveolar macrophages, but to a much higher
degree by the epithelium. In this setting, PMNs did not
release CXCL1 (data not shown). HO-1 stimulation was
effective when the epithelium was treated but had no effect on
alveolar macrophages, confirming our results from the in vivo
PMN migration assay. CXCL2/3 was secreted by alveolar
macrophages and to a very little extent by PMNs. Pulmonary
epithelium did not release this chemokine (data not shown).
Nevertheless, hemin did not influence the release of the
chemokine in myeloid cells, confirming our findings from the
in vitro PMN migration assay and also the in vivo PMN
migration.

Effect of HO-1 on cytoskeletal remodeling

We stained pulmonary epithelial cells for F-actin to determine
the impact of HO-1 on cytoskeletal remodeling as one critical
parameter of pulmonary barrier function (Figure 6). LPS
exposure induced stress fibers, whereas the activation of HO-1
reduced cytoskeletal remodeling, confirming the pivotal role of
HO-1 in stabilizing the pulmonary barrier and explaining our
results from the in vivo PMN migration assay.

The impact of HO-1 on oxidative burst

We determined the impact of HO-1 on the release of oxidative
products from PMNs and mononuclear cells of the wild-type
and HO-1flox/flox mice. Depletion of HO-1 reduced oxidative
burst in PMNs and mononuclear cells (Figure 7) as suggested
by others.30

Reduced phosphorylation of nuclear factor-kB (NFkB) after
HO-1 stimulation

HO-1 was activated in the LPS-exposed mice. LPS inhalation
increased the phosphorylation and, therefore, the activation of
the NFkB subunits p65 and p52. The phosphorylation of these

NFkB subunits initiate the transcription of various inflamma-
tory genes, especially inflammatory cytokines/chemokines.31

The activation of HO-1 reduced the active forms of NFkB,
thereby suppressing the inflammatory pathway (Figure 8a). No
differences were observed between the two strains. These
findings support our chemokine data with a hemin-induced
reduction in the inflammatory chemokine levels in both strains.

Influence of HO-1 on tight junction formation

To further determine the influence of nonmyeloid HO-1 on
pulmonary barrier function, we investigated the influence
of hemin on the tight junction proteins zonula occludens-1
(ZO-1) and on occludin (Figure 8b). ZO-1 is localized in tight
junctions in epithelial and endothelial cells, and additionally at
adherens junctions.32–34 Occludin is a transmembrane protein
and forms a complex with ZO-1.35

After LPS inhalation, ZO-1 and occludin expression
decreased. The administration of hemin increased again the
expression of ZO-1 and occludin. These findings confirm the
pivotal role of nonmyeloid HO-1 on stabilization of pulmonary
barrier function.

ZO-1 links tight junctions to the actin cytoskeleton by
binding the tight junction transmembrane proteins and actin,35

and hence the finding of this assay confirms our results from
cytoskeletal remodeling.

The enzymatic activity of HO-1

To verify that our results depended on the enzymeHO-1 and to
further distinguish between the wild-type and HO-1flox/flox

mice, we determined the activity of this enzyme in the lungs
and the liver of both strains. In the liver, LPS inhalation
increased HO-1 activity in the wild-type mice (49±18 vs.
24±9 pgml� 1 h� 1;Po0.05;Figure 9a) andHO-1flox/floxmice
(55±9 vs. 19±7 pgml� 1 h� 1; Po0.05; Figure 9b). Hemin
significantly increased the activity of this enzyme in both strains
even in the absence of an inflammatory stimulus (wild type:
82±31; HO-1flox/flox: 99±16 pgml� 1 h� 1; Po0.05), and the
activity of the enzyme was further enhanced by LPS inhalation
(wild type: 129±29; HO-1flox/flox: 137±35 pgml� 1 h� 1;
Po0.05). The inhibition of HO-1 decreased the activity of this
enzyme and completely abolished the LPS-induced increase
in the activity of HO-1 (wild type: 18±10; HO-1flox/flox:
3±6 pgml� 1 h� 1; Po0.05).

In the lungs, LPS inhalation also increased HO-1 activity in
the wild-type mice (Figure 9c) and HO-1flox/flox mice
(Figure 9d) (wild type: 152±21 vs. 104±13 pgml� 1 h� 1;

Figure 5 Influence of heme oxygenase (HO)-1 on chemokine levels of different cell types and related polymorphonuclear leukocyte (PMN) migration.
(a) Chemokine release in the wild-type and HO-1flox/flox animals. All animals inhaled lipopolysaccharide (LPS). The activation of HO-1 caused an
equivalent reduction of each chemokine in wild-type and HO-1flox/flox mice. Mean±s.d.; wild-type nZ4; HO-1flox/flox nZ7; *Po0.05 compared with the
control group of the corresponding strain; #Po0.05 comparedwith thewild-type control. IL6, interleukin 6; TNFa, tumor necrosis factor-a. (b) The effect of
CXCL1 and CXCL2/3 on the in vitro PMN migration with human cells. Human pulmonary epithelial cells were treated with hemin and isolated human
PMNs migrated through a chemotactic gradient of either CXCL1 or CXCL2/3. Mean±s.d.; nZ4; *Po0.05 compared with the control group without
chemokine; #Po0.05 compared with the corresponding control with chemokine. (c) Chemokine release of murine alveolar macrophages, PMNs, and
murine pulmonary epithelial cells. PMNs were isolated from the bone marrow, whereas macrophages and epithelial cells were cultivated until reaching
confluence. Cells were treated with 5 mM hemin and stimulated with LPS for 4 h. Mean±s.d.; nZ4; *Po0.05 compared with the unstimulated control
group; #Po0.05 compared with LPS-treated cells.
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HO-1flox/flox: 147±13 vs. 75±44 pgml� 1 h� 1; all Po0.05). In
contrast to our findings regarding HO-1 activity in the liver, the
administration of hemin did not increase HO-1 activity, but the
basal activity of HO-1 in the lungs was significantly higher than
that in the liver (104±13 vs. 24±9 pgml� 1 h� 1; Po0.05).
Intraperitoneal hemin administration and LPS inhalation
enhanced the activity of this enzyme in both strains, similar
to the LPS-treated group (wild type: 186±23; HO-1flox/flox

192±40 pgml� 1 h� 1; all Po0.05). The inhibition of HO-1
decreased its activity such that levels of HO-1 were comparable
to those of the controls in the absence of LPS inhalation and
were significantly lower compared with those of the LPS-treated
group (wild type: 94±11; HO-1flox/flox 57±16 pgml� 1 h� 1;
all Po0.05).

Hemin administration remained effective after LPS
inhalation

To further evaluate the anti-inflammatory effects of hemin, we
performed an in vivo migration assay in which hemin was
administered simultaneously with or 4 h after LPS inhalation
(Figure 10). The simultaneous administration of hemin and
LPS did not reduce the number of PMNs attached to the
endothelium or in the lung intersitium; however, when hemin
was administered 4 h after LPS inhalation, the interstitial PMN
counts were further reduced. No differences in PMN influx into
the BAL was observed between the hemin-treated groups.
Therefore, HO-1 activation was also effective when initiated 4 h
after LPS inhalation, emphasizing the clinical potential of
activating HO-1.

The nebulization of hemin reduced the required dose for its
anti-inflammatory effects on PMN migration

To reduce possible side effects caused by systemic adminis-
tration, we applied hemin topically via nebulization and
compared the effects of this treatmentwith hemin administered
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Figure 6 Influence of heme oxygenase-1 (HO-1) on cytoskeletal
remodeling. Pulmonary epithelial cells were treated with hemin and/or
stimulatedwith lipopolysaccharide (LPS). The formation of F-actin (green)
was determined. The images are representative of four experiments
(original magnification � 63).
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intraperitoneally (IP) at a dose of 80 mmol kg� 1. In contrast to
our previous findings, PMNs attached to the endothelium
under these conditions were not reduced by the IP admin-
istration of hemin. The PMN counts in the intravascular
compartment displayed some variability, as this parameter
depends on several factors (the circulating cell counts, status of
the pulmonary vasculature, completeness of flushing, and so
on) and are therefore a limitation of our technique.

Via nebulization, we were able to reduce the required dose of
hemin to 2mmol kg� 1 (dilution factor of 1:40) to exert a
comparable effect on the interstitial PMN counts (Figure 11a).
In this group, PMN influx into the alveolar system was even
further reduced (0.6±0.4� 106 vs. 1.7±0.5; Po0.05), indicat-
ing the advantage of local hemin administration. Even at a
further reduction of hemin to 0.4 mmol kg� 1 (dilution factor of
1:200), the anti-inflammatory effect of hemin was still notable
in the BAL and PMN migration was reduced compared
with hemin intraperitoneally (1.1±0.2� 106; Po0.05). At this
concentration, thenumberofmigratedPMNswas increased in the
interstitium compared with the LPS-treated group, most likely
because the systemic effect was too low.

Influence of nebulized hemin on the release of chemokines

The nebulization of hemin (2 mmol kg� 1) reduced the levels of
all four chemokines to a comparable extent as intraperitoneal
hemin administration (Figure 11b). In fact, TNFa levels
following nebulized hemin administration were significantly
lower compared with intraperitoneal hemin administration
(0.7±0.2 vs. 0.9±0.05; Po0.05), confirming our results from
the PMN migration assay.

Microvascular permeability was reduced by nebulized
hemin

Nebulized hemin administration at a reduced dose of
2 mmol kg� 1 effectively stabilized endothelial barrier function,

and this effect was comparable to IP hemin administration
(Figure 11c).

HO-1 activity in the lungs after nebulization of hemin

In the wild-type animals, nebulized hemin administration
caused an equivalent increase inHO-1 activity in the lungs to IP
hemin administration, confirming our findings from the in vivo
migration assay (Figure 11d).

DISCUSSION

Several studies of the anti-inflammatory effects of HO-1 on
pulmonary inflammation have been published,11,19,36 although
the underlying mechanisms require elucidation. Therefore, we
investigated the role ofmyeloid and nonmyeloidHO-1 in terms
of LPS-induced lung inflammation. In our study, nonmyeloid
HO-1 was crucial for ameliorating PMNmigration to different
compartments of the lung, reducing the chemokine levels and
maintaining endothelial integrity.

The importance of the enzyme HO-1 for humans is
highlighted by two documented cases of children exhibiting
HO-1 deficiency who presented with profound endothelial
damage and sensitivity to oxidative and inflammatory injury
andwho ultimately died during childhood.37,38 Similarly, HO-1
knockout mice (HO-1� /� ) exhibited enhanced sensitivity to
oxidative stress and increased susceptibility to injury.39,40

HO-1� /� mice are less fertile and typically experience
intrauterine fetal death.41 HO-1� /� mice generally have
reduced body weight and are prone to develop vasculitis,
atherosclerosis, anemia, and hepatic and renal iron accumula-
tion, leading to tissue damage and chronic inflammation, along
with organ injury/failure.39,42–44 HO-1� /� mice typically die
within the first 6 months.44 Therefore, we decided to use
HO-1flox/flox mice that lack leukocytic HO-1 in this study to
ensure that our results were not influenced by genetically
caused illnesses. TheHO-1flox/floxmice did not exhibit apparent
abnormalities and were viable and fertile.

0

100

200

300

400

H
O

-1
 a

ct
iv

ity
(p

m
ol

–1
 m

g–1
 h

–1
)

0

100

200

300

400

LPS: – + – + +–

LPS: – + – + +–

LPS: – + – + +–

LPS: – + – + +–

*#°* * # # #

*#°* * # # #

LPS-treated
Hemin
Hemin+SnPP

Control
LPS-treated
Hemin
Hemin+SnPP

Control

LPS-treated
Hemin
Hemin+SnPP

Control
LPS-treated
Hemin
Hemin+SnPP

Control

H
O

-1
 a

ct
iv

ity
(p

m
ol

–1
 m

g–1
 h

–1
)

0

100

200

300

400
* *# #

H
O

-1
 a

ct
iv

ity
(p

m
ol

–1
 m

g–1
 h

–1
)

0

100

200

300

400
* #*#

H
O

-1
 a

ct
iv

ity
(p

m
ol

–1
 m

g–1
 h

–1
)

Figure 9 The enzymatic activity of heme oxygenase-1 (HO-1) in the liver and the lungs of thewild-type andHO-1flox/flox mice. Lipopolysaccharide (LPS)
exposure induced a significant rise of HO-1 activity in the liver (a: wild type, b: HO-1flox/flox) and lungs (c: wild type, d: HO-1flox/flox). SnPP,
tin-protophorphyrin-IX. Hemin treatment increased and inhibition of HO-1 decreased the enzymatic activity. Mean±s.d.; nZ4; *Po0.05 compared
with the control group without LPS inhalation; #Po0.05 compared with the LPS-treated group; 1Po0.05 compared with hemin-treated group
without LPS.

ARTICLES

MucosalImmunology | VOLUME 9 NUMBER 1 | JANUARY 2016 105



In this study, we discovered a previously unknown critical
role of nonmyeloid HO-1 in terms of PMN migration in
response to pulmonary injury. The findings of Tzima et al.44

highlight the results of our studies. They also used HO-1flox/flox

mice that lack myeloid HO-1. Tzima et al.44 isolated peritoneal
macrophages from HO-1flox/flox mice, stimulated them with
LPS, and determined the phosphorylation levels of the
transcription factor NFkB and mitogen-activated protein
kinases and the release of different chemokines. In agreement
with our data concerning neutrophils, they observed no
differences between macrophages from the HO-1flox/flox and
controlmice. The findings of that group and our findings in this

study appear to contrast with those of other in vitro studies, in
which isolated macrophages displayed a markedly inhibited
immune response and reduced cytokine levels following HO-1
stimulation or overexpression.45,46 The reason for this dis-
crepancy might be that leukocytes do respond to HO-1
activation but that nonmyeloid HO-1 appears to be more
relevant and easily compensates for the lack of leukocytic HO-
1. Along these lines, our HO-1 activity measurements did not
reveal any overall differences between the wild-type and HO-
1flox/flox mice.

We observed enhanced phosphorylation of NFkB after LPS
stimulation as described in the literature.47 In this study, the
stimulation of HO-1 decreased NFkB phosphorylation and
might have inhibited the transcription of inflammatory
chemokines, explaining the reduced release of chemokines.
In contrast to previously published studies,44 we investigated
the entire lung rather than focusing on isolated macrophages.

We detected reduced oxidative burst activity in PMNs and
macrophages isolated from the bone marrow of HO-1flox/flox

mice comparedwith those of wild-type animals. This result is in
accordance with the findings of Walther et al.30 They isolated
PMNs from malaria patients and determined oxidative burst
activity after inhibiting HO-1, which significantly reduced the
release of oxidative products. We also investigated the
previously described impact of the loss of HO-1 on functional
defects of macrophages and determined the levels of inflam-
matory gene expression.44,48,49 We determined the expression
of inducible nitric oxide synthase, RANTES (chemokine ligand
5 (CCL5)), monocyte chemotactic protein-1 (also known as
chemokine ligand 2 (CCL2)), and matrix metallopeptidase-9
(data not shown) in the lungs of mice. In the wild-type animals,
the expression of all markers increased in response to LPS
inhalation, and this increase was enhanced by HO-1 stimula-
tion. In contrast, all inflammatory gene levels were nearly
undetectable in the HO-1flox/flox mice.

Together, these data confirm previous results showing that
myeloid HO-1 is involved in inflammatory responses—at least
at the cellular level. However, our study showed for the first
time that nonmyeloid HO-1 is required to regulate PMN
trafficking and endothelial integrity. In our model, this activity
of HO-1 appears to be independent of myeloid HO-1 based on
all of our functional experiments.

The impact of HO-1 on the increased formation of tight
junctions after inflammation further highlights our findings
from cytoskeletal remodeling. The reduction in stress fibers, a
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permeability and (d)HO-1activity.Mean±s.d.;nZ4; *Po0.05comparedwith the control groupwithout LPS inhalation; #Po0.05comparedwith theLPS-
treated group.
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marker of pulmonary barrier function, was remarkable in
endothelial cells after the stimulation of HO-1. Both results
indicate the predominant role of nonmyeloid HO-1.

Tzima et al.44 postulated, after their aforementioned findings
in peritoneal macrophages fromHO-1flox/flox, an early phase of
inflammation that might be independent of leukocytic HO-1.
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Their definition of the early phase of inflammation included the
activation of Toll-like receptor-4, followed by the activation of
MyD88 (myeloid differentiation factor 88), leading to the
phosphorylation of NFkB and an increase in the levels of
cytokines. The subsequent late phase of inflammation,
including PMN influx, was postulated to depend on leukocytic
HO-1. Thus, the authors investigated only the early phase of
inflammation. Their hypothesis regarding the dependency of
the late phase of inflammation on leukocytic HO-1 was based
on the findings of Lee and Chau,50 who discovered that IL10
administration induced HO-1 expression in vitro in murine
macrophages and increased survival in vivo after intraper-
itoneal LPS administration. In both of their assays, in vitro and
in vivo, theTNFa levels were reduced andwere interpreted to be
crucial for the anti-inflammatory effect of HO-1. We
determined the TNFa levels in the BAL of the wild-type
and HO-1flox/flox mice subjected to LPS-induced pulmonary
inflammation. After HO-1 activation, the TNFa levels were
reduced in both strains; therefore, we conclude that leukocytic
HO-1 is not necessary for reducing the TNFa levels after HO-1
stimulation. Notably, the overall level of TNFawas significantly
higher but the level of the chemokine CXCL1 was significantly
lower in the HO-1flox/flox mice. The chemokine CXCL1 is
known to be crucial for neutrophil migration to inflammatory
sites, whereas TNFa induces the vascular adhesion molecule-1
and intercellular adhesion molecule-1, promoting neutrophil
adhesion to the endothelium.51,52 Because our final results of
the PMN counts in the BAL equivalent between the two strains,
these two conditions with different chemokine levels appear to
interfere with one another.

The release of a complexmixture of chemokines is critical for
the initiation and perpetuation of the inflammatory response,
particularly in the lung, where cells must receive distinct signals
to traffic through its various compartments. The observed
differences in the release of chemokines between the wild-type
and HO-1flox/flox mice may suggest a role of myeloid HO-1.
However, the release of chemokines alone is not sufficient to
initiate or—more importantly—maintain cell migration. In our
study, nonmyeloidHO-1 appears to be themost critical form of
HO-1, as demonstrated by all of our functional experiments.

Hemin has been shown to induceHO-1 in humans53 and has
already displayed therapeutic potential for the treatment of
acute intermittent porphyria.54 In this study, we provided
evidence that the administration of hemin reduced PMN
migration in all three compartments of the lung, decreased the
release of chemokines, and enhanced endothelial integrity. In
addition, we demonstrated its anti-inflammatory effects when
administered after the inflammatory stimulus, emphasizing its
clinical potential.

Ryter et al.55 reasoned in their review of the role of HO-1 as a
therapeutic strategy in critical care medicine that HO-1
induction in experimental studies is typically not suitable
for clinical use because of the toxicity ofHO-1 activators. In this
study, we significantly reduced the required hemin dose using
the inhalation administration route, resulting in equivalent
anti-inflammatory effects on microvascular permeability.

Topical administration of hemin even enhanced the reduction
in the PMN counts in the BAL. Consequently, typical side
effects of systemic hemin administration, such as constipation,
headaches, nausea, and vomiting,53 might be less prominent
using the inhalation route.

Zijlstra et al.56 used dry powder inhalation of hemin to
induce HO-1 and detected a dose-dependent increase in HO-1
protein expression.14 This result confirms our findings of a
diminished anti-inflammatory effect of HO-1 at further
reduced concentrations. Dry powder inhalation requires a
self-breathing individual and is suitable for chronic use, for
example, for asthmatic patients. The nebulization of dissolved
hemin, as used in this study, is more suitable for and easy to
administer to the typically ventilated patients with ALI
and acute respiratory distress syndrome. In addition, we
showed evidence that topical administration of hemin exerts
anti-inflammatory effects on the two main hallmarks of
pulmonary inflammation: PMN migration and microvascular
permeability.

In conclusion, the anti-inflammatory effects of HO-1 on
pulmonary inflammation affect the two primary characteristics
of acute lung injury: PMN migration and microvascular
permeability. PMNmigration to the different compartments of
the lung and endothelial cellular integrity, particularly micro-
vascular permeability were mediated by nonmyeloid HO-1.
Nebulized hemin administration reduced the required dose by
a factor of 40 and effectively stimulated HO-1 after LPS
inhalation, emphasizing its clinical potential.

METHODS

Animals. The HO-1 (HMOX1)flox/flox mice were obtained from
Alexander Fleming (Biomedical Sciences Research Centre, Varkiza,
Greece) and were crossed with B6.129P2-Lyz2tm1(cre)Iƒo/J mice
(Charles River Laboratories, Sulzfeld, Germany) to excise the HO-1
gene from the myeloid cell lineage, including monocytes, mature
macrophages, and granulocytes. Genotyping of the mice was per-
formed according to the manufacturers’ inscription. Corresponding
wild-type littermate mice were obtained from Charles River
Laboratories. All mice were male and between 8 and 12 weeks of
age. There were no phenotypic differences between wild-type and
HO-1flox/flox mice and they were not affected by the conditional
knockout. All animal protocols were approved by the animal care and
use committee of the University of Tübingen.
To further confirm the transcriptional suppression of HO-1 at the

protein level, we quantified HO-1 protein expression in blood cells via
immunofluorescence (n¼ 4). Venous blood was collected from the
animals, permeabilized and incubated with the primary antibodies of
rabbit anti-HO-1 (Enzo Life Sciences, Lörrach, Germany), and
simultaneously with one primary antibody against a leukocyte cell
type: goat anti-CD14 formonocytes, goat anti-CD3 and anti-CD19 for
lymphocytes (Santa Cruz Biotechnology, Santa Cruz, CA), and rat
anti-Ly-6B.2 for PMNs (Bio-Rad AbD Serotec, Puchheim, Germany),
all used at a dilution of 1:100. Alexa 488 and Alexa 594 (Invitrogen,
Life Technologies, Darmstadt, Germany) were used as secondary
antibodies at a dilution of 1:100. The images were visualized using a
fluorescencemicroscope (Axiophot, Carl Zeiss, Heidelberg, Germany)
equipped with AxioVision 4.8 software.
In addition, we isolated PMNs from the bone marrow of the wild-

type and HO-1flox/flox mice. The PMNs were separated using a density
gradient of Histopaque 1119 and 1083 (Sigma-Aldrich, Steinheim,
Germany). Mononuclear cells and PMNs from 10 mice were pooled.
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Some samples served as controls, a portion of which were stimulated
with 100 ngml� 1 phorbol myristate acetate (AppliChem, Darmstadt,
Germany) for 60min. Other cells were incubated in hemin (5 mM) for
60min, followed by stimulation with phorbol myristate acetate. Then,
RNA was extracted. Reverse transcription was performed on the total
RNA samples using a SuperScript III Transcription kit (Invitrogen)
and oligo(dT) primers. To measure the transcriptional activity of HO-
1, HO-1mRNAwas quantified via reverse transcriptase-PCR (iCycler;
Bio-Rad Laboratories, Hercules, CA) (50-GAGATTGAGCGCAA
CAAGGA-30 and 50-AGCGGTAGAGCTGCTTGAACT-30). Murine
18S expression served as the loading control (primers: 50-CCATCCA
ATCGGTAGTAGCG-30and 50-GTAACCCGTTGAACCCCATT-30).

Blood counts. To exclude discrepancies in the counts of leukocytes
between the HO-1flox/flox and wild-typemice, differential blood counts
were performed on peripheral blood (Diff Quik, Dade Behring,
Newark, DE) (n¼ 4).

HO-1 stimulation/inhibition. Hemin was purchased from Sigma-
Aldrich, and SnPP was obtained from Frontier Scientific (Logan, UT).
Hemin was injected IP at 80 mmol kg� 1 24 h before the inflammatory
stimulus,57 whereas SnPP (50 mmol kg� 1) was administered IP 1 h
before the stimulus.58 In additional experiments, hemin was applied
topically via nebulization using a nose-only inhaler (Onares, West-
wood, NJ) (n¼ 8).

Murine model of acute lung injury. LPS inhalation was performed
24 h before the actual experiments. Between 4 and 8 animals inhaled
nebulized LPS from Salmonella enteritidis (Sigma-Aldrich) (a total of
7ml, 500 mgml� 1) in a custom-made chamber. LPS inhalation
reproducibly led to acute pulmonary inflammation, including the
migration of PMNs to different compartments of the lung (the
intravascular, interstitial, and alveolar compartments),59 increased
microvascular permeability, and the chemokine release. Control mice
were exposed to saline as an aerosol.

Immunohistochemistry

PMN-specific staining. The animals were pretreatedwith hemin, and in
the case of the inhibition of HO-1, treated with SnPP. At 24 h after LPS
inhalation, the circulatory system of the lungs was flushed (n¼ 4). The
lungs were inflated with 4% paraformaldehyde for 10min at
25 cmH2O, removed, and fixed in paraformaldehyde for 24 h. As
described previously,60 paraffin-embedded sections were stained for
PMNs using the avidin-biotin technique (Vector Laboratories,
Burlingame, CA) with a specific antibody to neutrophils (clone 7/4;
Caltag Laboratories, Burlingame, CA).

HO-1 specific staining. HO-1 was stimulated in the animals as
described above (n¼ 4). Immunohistology was performed as
described above but using a HO-1 specific antibody (Enzo Life
Sciences) (n¼ 4). DAPI (4’,6-diamidino-2-phenylindole) was used for
nuclear staining, and the endothelium was stained with an antibody
against von Willebrand Factor (Santa Cruz Biotechnology). The
sections were analyzed by a pathologist who was blinded to the
treatment regimen.

In vivomigration assay. To determine PMN migration to the different
compartments of the lung (intravascular, interstitial, alveolar space), a
flow cytometry-based method was used as described in detail before.59

All intravascular PMNs were labeled via the injection of fluorescent
GR-1 (clone RB6-8C5, Lymphocyte Culture, Center Core, Cha-
lottesville, VA) into the tail vein of the mice. To remove nonadherent
leukocytes from the pulmonary vasculature, the lungs were perfused to
remove the blood. PMNs from the alveolar space were obtained via
BAL. The lungs were homogenized and incubated in fluorescent
antibodies against CD45 (clone 30-F11, Becton Dickinson, Heidelberg,
Germany) and 7/4 (clone 7/4). Intravascular PMNswere then identified
in the dot plots as CD 45þ , 7/4þ , and GR-1þ , whereas the interstitial

PMNs were identified as CD 45þ , 7/4þ , and GR1-. The absolute cell
counts were determined in the BAL and the lungs (nZ6).

Microvascular leakage. To investigate the role of nonmyeloid and
myeloid HO-1 in LPS-induced microvascular leakage, Evans blue
(20mg kg� 1; Sigma Aldrich) was injected into the tail vein 6 h after
LPS exposure (nZ5), andmicrovascular permeability was determined
in theHO-1flox/flox and wild-type animals. At 30min after the injection
of Evans blue, thoracotomy was performed, intravascular Evans blue
was removed from the lungs, and the lungs were homogenized. Evans
blue was extracted using formamid overnight, and the Evans blue
concentration was determined colorimetrically.61

Chemokine release. The release of CXCL1 (keratinocyte-derived
chemokine), CXCL2/3 (macrophage inflammatory protein-2), TNFa,
and IL6wasmeasured in the BALofmice 3 h after LPS inhalation using
enzyme-linked immunosorbent assay kits (R&D Systems, Minnea-
polis, MN) (nZ7) according to the manufacturer’s protocol.

In vitro PMN migration assay. To investigate the impact of CXCL1
and CXCL2/3 on PMN migration after stimulation of HO-1, we
performed an in vitro PMN migration assay. Therefore, human
pulmonary epithelial cells (H441) were cultivated on inserts of a
transwell system (3.0 mm pore size, 6.5mm diameter; Costar, Cam-
bridge,MA) until reaching confluence and incubatedwith 5 mMhemin.
Human PMNs were isolated by histopaque (Sigma-Aldrich) and
migrated through a monolayer of human pulmonary epithelial cells
along a chemotactic gradient of either CXCL1 (100 ngml� 1; R&D
Systems) or CXCL2/3 (200 ngml� 1; PeproTech, Hamburg, Ger-
many). Migrated PMNs were quantified by the determination of
myeloperoxidase (absorption length: 405 nm) in the bottom wells
(nZ4). For a better comparison between the chemokines, values were
normalized in relation to the corresponding control.
In additional experiments, the release of CXCL1 and CXCL2/3 was

determined in murine pulmonary epithelial cells (MLE 12, ATCC,
Manassas, VA), murine alveolar macrophages (MH-S, ATCC), and
freshly isolated PMNs frommurine bonemarrow (histopaque, Sigma-
Aldrich). Cells were incubated with 5 mM hemin for 60min and
stimulated with LPS (100 mgml� 1) for 4 h (nZ4). Chemokine
concentrations were analyzed via enzyme-linked immunosorbent
assay as described above.

Cytoskeletal remodeling. We investigated the formation of stress
fibers to characterize the impact of HO-1 on cytoskeletal remodeling.
H441 cells were plated on gelatin-coated glass slides, adhered overnight
(mediumcontaining 10% fetal bovine serum), incubated in hemin (5mM)
for 1 h, and then stimulated with LPS (100 ngml� 1) for 15min.
Untreated cells served as controls. The cells were fixed, permeabilized
(0.1% Triton X-100, Sigma, St Louis, MO), and stained for F-actin as
previously described.62 Coverslips were mounted on glass slides, and
microscopy was performed using a confocal fluorescence microscope
(LSM510,Zeiss,Goettingen,Germany). The images are representative of
four experiments that produced similar results.

Oxidative burst. We evaluated the effect of HO-1 stimulation on the
release of oxidative products from PMNs andmononuclear cells of the
wild-type and HO-1flox/flox mice. Cells were isolated from the bone
marrow, and PMNs were labeled with GR-1 and 7/4 as described
above. Macrophages and monocytes were labeled with Ly-6C (clone
HK1.4; BioLegend, San Diego, CA). All samples were stained with 5 mg
dihydroethidium (Sigma-Aldrich) and stimulated with 100 ngml� 1

phorbol myristate acetate (AppliChem) for 30min. PMNs were
stained with GR-1 and 7/4 as described above. The respective mean
fluorescence intensity of dihydroethidium was measured (n¼ 6).
Dihydroethidium oxidizes to ethidium bromide when it reacts with
oxidative species within PMNs.63

Western blot. In the wild-type and HO-1flox/flox mice, HO-1 was
stimulated, and aerosolized LPS was administered. After 6 h, the lungs
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were removed and prepared for western blot (n¼ 4). The membranes
were probed with a rabbit polyclonal anti-NFkB p65 (1:200) (SC-372)
or rabbit polyclonal anti-NFkB p52 (1:200, SC-298; Santa Cruz
Biotechnology) antibody for NFkB analysis. For analyzing tight
junction formation, rabbit polyclonal anti-ZO1 (1mgml� 1; Zymed
Laboratories, Thermo Fischer Scientific) and mouse monoclonal anti-
occludin (0.5 mgml� 1; Zymed Laboratories, Thermo Fischer Scien-
tific, Darmstadt, Germany) were used. A rabbit anti-GAPDH antibody
was used for the detection of glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH; Santa Cruz).

HO-1 activity. At 24 h after LPS exposure, the lungs of the mice were
removed to measure the enzymatic activity of HO-1 (nZ4). The mice
were pretreated with hemin or SnPP, the lungs were weighed, HO
activity buffer was added (twice of weight), and the sample was rapidly
frozen in liquid nitrogen. Then, the lungs were homogenized,
sonicated, and centrifuged at 18,000 g for 15min. The supernatant was
used for protein and activity measurements. The cytosol was obtained
from the livers of mice that were fasted for 12 h via centrifugation at
105,000 g for 27min. The HO-1 activity assay consisted of 100ml of
supernatant, 131 ml of HO activity buffer, 100ml of liver cytosol, 50 ml
of glucose-6-phosphate (20mM), 4 ml of glucose-6-phosphate dehy-
drogenase (0.2U ml� 1), 5 ml of NADPH (80mM), and 10 ml of hemin
(1mM). The probes were incubated for 1 h in the dark at 37 1C. Then,
500 ml of chloroform was added, followed by centrifugation at 15,000 g
for 5min. Extinction was measured at 464 and 530 nm, and HO
activity was calculated based on protein level that was determined
by a colorimetric method (bicinchoninic acid; Thermo Scientific,
Rockford, IL).

Statistical analysis. The data are presented as the mean±s.d. unless
indicated otherwise. Statistical analysis was performed using
GraphPad Prism version 5.3 for Windows (GraphPad Software, San
Diego, CA). Differences between the groups were evaluated via one-
way analysis of variance followed by the Bonferroni post hoc test. An
unpaired t-test was performed for experiments containing only two
groups. Po0.05 was considered to be significant.
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