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ARTICLE INFO ABSTRACT

Carbon monoxide (CO) is an anti-inflammatory gaseous molecule produced endogenously by heme oxygenases
(HOs) HO-1 and HO-2. However, the mechanisms underlying the anti-inflammatory effects of CO in the human
bronchial epithelium are still not fully understood. In this study, the cationic peptide poly-L-arginine (PLA) was
utilized to induce bronchial epithelial damage and subsequent pro-inflammatory cytokine release in the human
bronchial epithelial cell line 16HBE14o0-. Expression of both HO-1 and HO-2 after PLA exposure was examined.
The polarized secretion of two pro-inflammatory cytokines, interleukin (IL)-6 and IL-8, was determined by
ELISA. The anti-inflammatory effects of CO liberated from CO-releasing molecules (CORMs) were examined by
both ELISA and western blot analysis. Our results indicate that PLA exposure leads to upregulation of HO-1
expression and p65 NF-kB phosphorylation, as well as IL-6 and IL-8 release. HO-1 induction by hemin or CORMs
significantly suppressed IL-6 and IL-8 release. In addition, HO-1 knockdown further increased IL-6 and IL-8
release under basal and PLA-stimulated conditions. Our results thereby demonstrate that the HO-1/CO axis
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exerts significant anti-inflammatory activity during bronchial epithelial damage caused by cationic protein.

1. Introduction

Carbon monoxide (CO) is an important gaseous molecule that is
produced endogenously in humans by two heme oxygenases (HOs): HO-
1 and HO-2 (Wu and Wang, 2005). HO-1 expression is induced by
various stimulators, such as reactive oxygen species, hypoxia, and cy-
tokines (Shan et al., 2006), whereas HO-2 is constitutively expressed.
The production of CO by HO-1 have many important cellular functions,
including protection from oxidative stress, anti-proliferation effects,
calcium modulation, and inflammation regulation (Babu et al., 2015;
Otterbein and Choi, 2000; Ryter et al., 2006; Taille et al., 2005; Zhang
et al., 2017). The role of HO-1/CO in airway inflammation, however,
remains largely unknown.

Airway inflammation is one of the hallmarks of many lung diseases,
including asthma (Kudo et al., 2013). Asthmatic inflammation is closely
associated with the infiltration of lung eosinophils (Bossley et al., 2012;
Ray et al., 2015). By releasing mediators such as toxic granule proteins,
eosinophils are capable of exacerbating the symptoms of lung diseases
(Kudo et al., 2013). Therefore, targeting eosinophilic inflammation may
be a new strategy for reducing disease exacerbations.

Poly-r-arginine (PLA) is a synthetic cationic polypeptide that mimics

the effects of eosinophil-derived cationic proteins, particularly major
basic protein (Shahana et al., 2002). We have previously reported that
challenge of human bronchial epithelial cells with PLA can lead to the
release of at least seven pro-inflammatory cytokines, including inter-
leukin (IL)-6 and IL-8 (Chow et al., 2010). However, the anti-in-
flammatory effects of HO-1/CO have not been heretofore studied in this
model. To better understand the role of HO-1/CO when airway epi-
thelial cells are challenged with cationic protein, we evaluated the ef-
fects of CO released from carbon monoxide-releasing molecules
(CORMs) on PLA-induced airway inflammation, as well as the effects of
PLA on HO-1 expression and CO’s anti-inflammatory role in human
bronchial epithelium.

2. Materials and methods
2.1. Cell culture

16HBE14o0- cells (Cozens et al., 1994) were maintained in Minimum
Essential Medium as described previously (Wong et al., 2009). For real-

time reverse-transcription PCR (qRT-PCR) and western blots, cells were
grown on 6-well culture plates. To quantify polarized release of
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cytokines into the apical and basolateral compartments, cells were
seeded onto 6-well Transwell-Clear filter inserts (Costar, Cambridge,
MA) with a 0.4-um pore diameter. HEK293 T cells were cultured in
Dulbecco's Modified Eagle Medium (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% (v/v) fetal bovine serum (Invitrogen) at 37 °C
in a 5% CO, incubator.

2.2. Reagents

PLA, hemin, puromycin, sodium boranocarbonate (CORM-A1), tri-
carbonyldichlororuthenium (II) dimer (CORM-2), and tricarbonyl-
chloro(glycinato)ruthenium (II) (CORM-3) were obtained from Sigma
(St. Louis, MO, USA). Inactive CORMs (iCORMs) were prepared as
previously described (Sawle et al., 2005) and acted as negative controls.
All cell culture reagents were obtained from Invitrogen unless other-
wise stated.

2.3. RNA extraction and real-time PCR

Total RNA was extracted using TRIzol™ Reagent (Invitrogen) and
reverse transcribed to cDNA using iScript™ Reverse Transcription
Supermix (Bio-Rad Laboratories, Hercules, USA). Real-time PCR was
conducted with the Applied Biosystems Power SYBR Green PCR Master
Mix in an ABI Viia 7 cycler (Applied Biosystems, Life Technology, USA).
Primer sequences were as follows (5’-3): HO-1 forward, ATTCTCTTG
GCTGGCTTCCT; HO-1 reverse, ATTCTCTTGGCTGGCTTCCT; HO-2 for-
ward, CCAGAGGAGCGAGAGCAG; HO-2 reverse, CCGAGAGGTCAGCC
ATTC; GAPDH forward, TGCACCACCAACTGCTTAGC; and GAPDH re-
verse, GGCATGGACTGTGGTCATGAG. Relative expression of HO-1 and
HO-2 was normalized to GADPH and determined using the 2~ AACT
method (Livak and Schmittgen, 2001). The 16HBE14o0- cells were in-
cubated in serum-free medium before different treatments followed by
mRNA expression analysis by qRT-PCR.

2.4. Western blot analysis

SDS-PAGE (Bio-Rad, CA, USA) and subsequent transfer to poly-
vinylidene fluoride (PVDF) membranes (Immobilon-P, Millipore
Corporation, Billerica, MA, USA) was performed as previously de-
scribed (Chow et al., 2010). The following primary antibodies were
used: anti-B-actin (Cell Signaling Technology, Danvers, MA, USA;
1:100,000), anti-HO-1 (Abcam, Cambridge, UK; 1:2000), anti-HO-2
(Abcam; 1:2000), anti-phospho-p65 NF-kB (Ser 536) (Cell Signaling
Technology; 1:1000), and anti-p65 NF-kB (Cell Signaling Technology;
1:1000). Protein expression was quantified using densitometry analysis
and normalized to [-actin. For the detection of the phosphorylated form
of p65, the total protein level of p65 was used as an internal loading
control.

2.5. Enzyme-linked immunosorbent assay (ELISA)

The cells were grown in 24-well culture plates. Cell-free super-
natants were collected from control and treated cells and analyzed
using commercial ELISA Kkits specific for IL-6 (eBioscience, San Diego,
CA, USA) and IL-8 (BD Biosciences, San Diego, CA, USA), according to
the manufacturers’ protocols. All experiments were performed in du-
plicate. Cells were exposed to PLA for 6 h, and different concentrations
of CORM-A1, CORM-2, CORM-3, or iCORMs were added 30 min prior to
PLA exposure. For some experiments, hemin was added 2 h before PLA
exposure. The products’ absorbance was quantified at 450 nm using a
SpectraMax i3X Multimode Plate Reader (Molecular Devices, San Jose,
CA, USA).
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2.6. Preparation of shRNA-expressing lentiviruses and HO-1 knockdown
cells

The lentiviral vector pLKO.1-TRC was used to construct HO-1
shRNA and control shRNA plasmids. The following shRNA sequences
were used: shHO-1 target sequence, GCTGAGTTCATGAGGAACTTT;
and shControl target sequence, GCGCGATAGCGCTAATAATTT. The
constructs were validated by sequencing. For recombinant lentiviral
production, pLKO.1-TRC shRNA and packaging plasmids were co-
transfected into HEK293 T cells. The culture medium was replaced 12 h
after transfection, and lentivirus-containing supernatant was collected
48h and 72h after transfection. 16HBE140- cells were infected with
lentiviral supernatant and selected with 0.8 ug/mL puromycin for 5
days.

2.7. Statistical analysis

Data are presented as mean = standard error (S.E.) and the values
of n refer to the number of experiments in each group. Statistical
comparisons were performed using either a Student’s t-test or one-way
ANOVA (followed by post hoc tests). Ap < 0.05 was considered sig-
nificant.

3. Results
3.1. mRNA expression patterns of HO-1 and HO-2 induced by PLA

The effect of PLA challenge on HO-1 and HO-2 mRNA expression in
16HBE14o0- cells was examined using qRT-PCR (Fig. 1). HO-1 expres-
sion was significantly increased after exposure to 1 uM PLA for 3h
(Fig. 1A); HO-2 mRNA expression was significantly increased after ex-
posure to 1 pM PLA for 6 h (Fig. 1C). In another series of experiments,
different concentrations of PLA (0.1, 1, 3, and 10 uM) were used to
stimulate the cells for 3h (Fig. 1B) and 6h (Fig. 1D) to examine the
effects of PLA on HO-1 and HO-2 mRNA expression. mRNA expression
of both HO-1 and HO-2 increased in a concentration-dependent manner.
These results indicate that both HO-1 and HO-2 mRNA expression can
be upregulated after exposure to PLA.

3.2. Protein expression patterns of HO-1 and HO-2 induced by PLA

To determine whether mRNA expression was correlated with pro-
tein expression, the effect of PLA challenge on protein expression of
HO-1 and HO-2 in 16HBE14o0- cells was examined by western blotting.
16HBE14o0- cells were incubated in serum-free medium overnight and
then treated with 1 uM PLA for 8, 16, 24, and 48 h to study time-de-
pendent effects (Fig. 2A and C). In another series of experiments, cells
were treated with 0.1, 0.3, 1, and 3uM PLA for 24 h to study con-
centration-dependent effects (Fig. 2B and D).

HO-1 protein expression was upregulated by PLA in both a time-
dependent (Fig. 2A) and concentration-dependent (Fig. 2B) manner.
HO-2 protein expression, however, could not be induced (Fig. 2C and
D). In the control groups, western blot data showed very low HO-1
protein expression (Fig. 2A and B) but much higher HO-2 protein ex-
pression (Fig. 2C and D). Although mRNA expression of HO-2 could be
upregulated by PLA (Fig. 1C and D), protein expression of HO-2 re-
mained unchanged with PLA. These results further confirmed that HO-2
was a constitutively expressed form of the enzyme, whereas HO-1 was
highly inducible (Wu and Wang, 2005) and could be upregulated when
cells were stimulated by PLA.

3.3. Effects of hemin on PLA-induced polarized release of IL-6 and IL-8
Our previous study demonstrated that PLA could induce polarized

secretion of pro-inflammatory cytokines into apical versus basolateral
compartments (Chow et al., 2010). Therefore, we sought to examine the
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Fig. 1. Effects of poly-L-arginine (PLA) on mRNA expression of heme oxygenase (HO)-1 and HO-2. 16HBE14o- cells were exposed to 1 uM PLA for various time
periods. mRNA expression of HO-1 (A) and HO-2 (C) was analyzed using real-time qRT-PCR. Relative expression of HO-1 and HO-2 was normalized to GAPDH and is
shown as the fold change of the value obtained in untreated controls. In (B) and (D), cells were exposed to 0.1-10 uM PLA for 3 and 6 h, respectively. Each column
represents the mean + S.E. (n = 4-6). * p < 0.05 vs. control (one-way ANOVA with Dunnett’s post hoc test).

anti-inflammatory effects of HO-1 on polarized secretion of IL-6 and IL-
8 induced by PLA. 16HBE140- monolayers grown on permeable support
were stimulated apically with PLA (1 uM) in the presence or absence of
hemin (10uM), a well-recognized HO-1 inducer that liberates CO
(Botros et al., 2008). Our results showed that PLA significantly induced
apical secretion of IL-6 and IL-8 (Fig. 3); however, PLA did not affect
basolateral release of either IL-6 or IL-8. In the presence of hemin,
apical secretion of IL-6 was significantly reduced (by 37.39 = 8.89%)
(Fig. 3A). Apical secretion of IL-8 was reduced even more (by
70.12 = 7.45%), reaching a level similar to that of control (Fig. 3B).
Interestingly, although PLA did not produce a significant increase in
basolateral secretion of IL-6 and IL-8, hemin did suppress the con-
stitutive release of these cytokines into the basolateral compartment.
Furthermore, HO-1, but not HO-2, mRNA (Fig. 3C) and protein
(Fig. 3D) expression were upregulated in the presence of hemin. Taken
together, these results suggest that HO-1 is mainly responsible for the
anti-inflammatory effects of hemin.

3.4. Effects of CORMs on PLA-induced IL-6 and IL-8 release

A variety of different CORMs with unique biophysical and chemical
properties have been developed as CO prodrugs, to allow easier appli-
cation and control (Motterlini et al., 2005a). To examine the effects of
exogenous CO on PLA-induced IL-6 and IL-8 release, three different
CORMs were evaluated. All three CORMs suppressed IL-6 release in a
concentration-dependent manner (Fig. 4A), whereas only CORM-2 and
CORM-3 significantly inhibited IL-8 secretion (Fig. 4B). The inactive
form of the three CORMs (iCORM-A1, iCORM-2, and iCORM3) had no

statistically significant effect on PLA-induced IL-6 and IL-8 secretion,
suggesting that the effects of CORMs were indeed mediated through the
release of CO.

3.5. Effects of HO-1 knockdown on IL-6 and IL-8 secretion

To further substantiate the anti-inflammatory role of HO-1, a stable
HO-1 knockdown 16HBE14o0- cell line was generated. The effects of
HO-1 knockdown on IL-6 and IL-8 secretion under both basal and PLA-
stimulated conditions were quantified by ELISA. Because expression of
HO-1 in normal 16HBE14o- cells was extremely low (Fig. 2), the HO-1
inducer hemin was used to verify changes in HO-1 expression in control
shRNA and HO-1 shRNA transfected cells. Compared with control
shRNA transfected cells, HO-1 shRNA transfected cells exhibited very
low HO-1 expression, even in the presence of 10 uM hemin (Fig. 5A). In
contrast, knockdown of HO-1 expression did not noticeably influence
HO-2 protein expression. Basal IL-6 secretion was slightly increased in
HO-1 knockdown cells, whereas basal IL-8 secretion was significantly
enhanced. Under 1 uM PLA stimulation, secretion of both IL-6 and IL-8
was enhanced in HO-1 knockdown cells (Fig. 5B), suggesting that HO-1
is responsible for suppressing basal IL-8 release and PLA-stimulated IL-6
and IL-8 release. Under the same experimental conditions, mRNA
(Fig. 5C) and protein (Fig. 5D) expression of HO-1 was reduced in HO-1
shRNA transfected cells, whereas mRNA and protein expression of HO-2
remained relatively constant in the control and PLA-treated groups.
These results further substantiate the important role of HO-1 in redu-
cing cytokine release induced by PLA.
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Fig. 2. Effects of poly-L-arginine (PLA) on protein expression of heme oxygenase (HO)-1 and HO-2. 16HBE14o- cells were treated with 1 uM PLA for the indicated
times. Lysates with equal quantities of protein were analyzed by western blotting with antibodies against HO-1 (A) or HO-2 (C), as well as beta-actin. In another
study, 16HBE14o- cells were treated with 0.1-3 uM PLA for 24 h, and the expression of HO-1 (B) or HO-2 (D) was compared with the expression of beta-actin. Each

+

column represents the mean

3.6. Effects of CORM-2 on p65 NF-kB phosphorylation

We previously reported that PLA evoked IL-6 and IL-8 release in an
NF-kB-dependent manner in 16HBE14o0- cells (Chow et al., 2010).
Therefore, the effect of CORM-2 on p65 NF-kB phosphorylation was
quantified by western blotting. HO-1 knockdown did not affect p65 or
pp65 expression levels in control or PLA-treated cells (Fig. 5E). CORM-2
was chosen among the three CORMs because it produced the most in-
hibition of IL-6 and IL-8 secretion (Fig. 4). PLA (1 uM) increased p65
NF-kB phosphorylation, which could be blocked by CORM-2 (100 pM),
but not iCORM-2 (Fig. 6A and Fig. 6B). These results suggest that the
anti-inflammatory action of CO may be mediated via NF-kB-dependent
signaling pathway in human bronchial epithelial cells. Although CORM-
2 and iCORM-2 reduced HO-1 and HO-2 mRNA expression (Fig. 6C),
protein expression of HO-1 and HO-2 (Fig. 6D) was not affected.
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S.E. (n = 4-7). * p < 0.05 vs. control (one-way ANOVA with Dunnett’s post hoc test).

4. Discussion

In this study, we showed that HO-1 mRNA and protein expression
could be upregulated upon PLA stimulation in human bronchial epi-
thelial cells. The induction of HO-1 by hemin largely suppressed the
release of two important pro-inflammatory cytokines, IL-6 and IL-8.
HO-1 knockdown in 16HBE14o- cells further enhanced IL-6 and IL-8
release under both basal and PLA-stimulated conditions. Furthermore,
exogenous CO released from CORMs significantly inhibited IL-6 and IL-
8 release, as well as p65 NF-kB phosphorylation. These results suggest
an anti-inflammatory role of HO-1/CO in human bronchial epithelium
in response to cationic polypeptide challenge.

Expression of both HO-1 and HO-2 has been previously reported in
the airways at both the mRNA level (Donnelly and Barnes, 2001) and
protein level (Samb et al., 2002). HO-1 is an inducible form of HO, the
expression of which is typically low under basal conditions in most
tissues (Wu and Wang, 2005). Although HO-1 expression can be
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Fig. 3. Effects of hemin on the polarized secretion of interleukin (IL)-6 and IL-8. 16HBE14o-cells were exposed to 1 uM poly-L-arginine (PLA) in the absence or
presence of 10 uM hemin, and cell culture supernatants were collected after 6 h to measure IL-6 (A) and IL-8 (B) secretion into the apical or basolateral compartment,
with untreated epithelium used as a control. Each column represents the mean *+ S.E. (n = 5-7). (C) Under the same experimental conditions, the effects of PLA
alone or hemin plus PLA on mRNA expression of HO-1 and HO-2 were examined by qRT-PCR (n = 4). (D) Similar to (C), the image shows a representative western
blot of HO-1 and HO-2 protein expression in 16HBE14o- cells treated with PLA alone or hemin plus PLA (n = 3). *p < 0.05 vs. control and # p < 0.05 vs. PLA
alone (one-way ANOVA with Tukey’s post hoc test).
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Fig. 4. Effects of carbon monoxide-releasing molecules (CORMSs) on poly-L-arginine (PLA)-induced interleukin (IL)-6 and IL-8 secretion. In the presence of iCORMs or
CORMs, 16HBE14o0- cells were stimulated by 1 uM PLA, and the supernatants were subsequently collected to measure IL-6 and IL-8 secretion. PLA-induced increases
in IL-6 (A) and IL-8 (B) were inhibited by CORM-A1, CORM-2, and CORM-3. Each column represents the mean *= S.E. (n = 6-15). * p < 0.05 vs. PLA (one-way
ANOVA with Dunnett’s post hoc test).
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PLA on mRNA expression of HO-1 and HO-2 in sh ctl and sh ho-1 cells were examined by qRT-PCR (n = 4). (D) Similar to (C), the image shows a representative
western blot of HO-1 and HO-2 protein expression in sh ctl and sh ho-1 cells treated with PLA (n = 3). (E) Representative western blot results from three independent
experiments showing p65 and phosphorylated p65 (pp65) expression levels in sh ctl and sh ho-1 cells treated with PLA (1 uM, 6 h). *p < 0.05 (Student’s t-test with

Welch’s correction).

stimulated by many factors, the effects of toxic proteins, such as ca-
tionic polypeptides, on human bronchial epithelium have not yet been
studied. In this study, we confirmed that HO-1 is an inducible HO
isoform, and PLA can significantly induce both mRNA (Fig. 1) and
protein expression (Fig. 2) in human bronchial epithelial cells. Because
it is sensitive to inflammatory status, HO-1 expression has been pro-
posed as a general molecular marker of the pro-inflammatory state of
cells (Ryter et al., 2006). Therefore, the upregulated expression of HO-1
suggests that PLA exposure caused cellular inflammatory stress, and
induction of HO-1 expression may represent a critical event in adaptive
cellular responses in the respiratory system. By contrast, HO-2 was
constitutively expressed at high levels, but could not be further upre-
gulated upon cationic protein challenge. Therefore, CO produced by
HO-2 may protect cells from inflammatory challenges under basal
conditions.

PLA stimulated apical but not basolateral IL-6 and IL-8 secretion
(Fig. 3), and the HO-1 inducer hemin suppressed release of these cy-
tokines. Interestingly, basal level of both IL-6 and IL-8 was much higher

210

at the basolateral side than at the apical side. It appears that the cells
constitutively released both cytokines predominantly into the baso-
lateral compartment, which could be inhibited by induction of HO-1
expression via hemin. The observation that PLA strongly stimulated
apical secretion of cytokines, whereas the basal secretion of IL-6 and IL-
8 was higher at the basolateral side, suggests that there exists a basal
level of recruitment of pro-inflammatory immune cells at the baso-
lateral side of the airway epithelial cell layer. Upon stimulation by
cationic protein, these pro-inflammatory immune cells can be quickly
recruited to the luminal side of the airway in response to apical se-
cretion of the chemokine IL-8.

Induction of HO-1 by hemin inhibited IL-6 and IL-8 secretion
(Fig. 3). HO-1 catalyzes the oxidative degradation of heme to biliverdin
and CO, and its enzymatic activity is correlated with increased levels of
HO-1 mRNA transcripts and proteins (Lee and Chau, 2002; Siow et al.,
1999). Similar findings were obtained in our study, in which HO-1, but
not HO-2, mRNA and protein levels were upregulated by hemin. As a
result, HO-1 induction could increase the liberation of CO within cells.
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Fig. 6. Effects of carbon monoxide-releasing molecule (CORM)-2 on p65 NF-kB phosphorylation. 16HBE140- cells were exposed to 1 uM poly-i-arginine (PLA) for
15 min, with 100 uM CORM-2 or iCORM-2 added 30 min prior to the addition of PLA. (A) Representative result showing p65 and phosphorylated p65 (pp65)
expression levels in different groups. Western blot quantification is shown in (B). The band intensity of pp65 is divided by the intensity of p65 and expressed as the

+

pp65/p65 ratio. Each column represents the mean

S.E. (n = 4-6). (C) Under the same experimental conditions, the effects of PLA alone, CORM-2 plus PLA, or

iCORM-2 plus PLA on mRNA expression of HO-1 and HO-2 in 16HBE14o0- cells were examined by qRT-PCR (n = 4). (D) Similar to (C), the image shows a re-
presentative western blot of HO-1 and HO-2 protein expression in 16HBE14o- cells treated with PLA alone, CORM-2 plus PLA, or iCORM-2 plus PLA (n = 3). *p <

0.05 vs. control (one-way ANOVA with Dunnett’s post hoc test).

Therefore, the effect of exogenous CORMs with different biophysical
and chemical properties on PLA-stimulated IL-6 and IL-8 release was
explored. CORM-AL1 is a water-soluble CO releaser that does not contain
a transition metal (Motterlini et al., 2005b). CORM-2 and CORM-3 are
ruthenium-based compounds capable of quickly releasing CO
(Motterlini et al., 2005a, b). Compared with their inactive forms
(iCORMs), which acted as negative controls, all three CORMs exhibited
different degrees of inhibitory effect on IL-6 and IL-8 secretion, with
CORM-2 appearing to have the strongest effects (Fig. 4). Taken to-
gether, our data suggest that CO, released either via HO-1 enzymatic
activity or by CORMs, is responsible for reducing the release of pro-
inflammatory cytokines by 16HBE14o- cells.

As our results showed that PLA-induced HO-1 expression and in-
duction of HO-1 by hemin suppressed PLA-induced IL-6 and IL-8 re-
lease, we speculated that HO-1 knockdown could further aggravate
PLA-induced cytokine secretion. Therefore, we generated a stable HO-1
knockdown 16HBE14o- cell line (Fig. 5) and found that PLA-induced
release of IL-6 and IL-8 was significantly increased in shHO-1
16HBE14o0- cells. However, selective knockdown of HO-1 expression

exerted no noticeable effects on HO-2 mRNA or protein expression in
shHO-1 16HBE14o0- cells. Basal secretion of IL-8 was also significantly
increased in shHO-1 cells (Fig. 5B). Similar to the effect of hemin on
basolateral IL-8 secretion (Fig. 3), the basal release of IL-8 was en-
hanced in shHO-1 16HBE14o0- cells, suggesting a role of HO-1 in con-
trolling basal 1L-8 release.

Next, we examined the effect of CORM-2 on the inflammatory sig-
naling pathway, as we previously determined that PLA-induced IL-6
and IL-8 secretion was dependent on the NF-«kB signaling pathway
(Chow et al., 2010). Therefore, the effect of CORM-2 on activation of
p65 NF-kB, a subunit of the NF-kB transcription complex, was ex-
amined. CORM-2, but not iCORM-2, blocked PLA-induced p65 NF-xB
phosphorylation (Fig. 6), consistent with the results of a recent report
about the protective role of CORM-2 in endothelial dysfunction (Choi
et al.,, 2017). In that study, CORM-2 rescued tumor necrosis factor-
a-induced endothelial nitric oxide synthase downregulation through
inhibition of the NF-kB pathway. Unexpectedly, iCORM-2 also exerted a
similar inhibitory effect, suggesting that CORM-2 may have non-spe-
cific effects on HO-1 and HO-2 mRNA expression that are unrelated to
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the liberation of CO. Nonetheless, neither HO-1 nor HO-2 protein ex-
pression was affected. Taken together, these results demonstrated that
PLA challenge led to activation of a pro-inflammatory signaling
pathway (as exemplified by p65 NF-kB phosphorylation) and release of
pro-inflammatory cytokines, but HO-1 expression was upregulated and
functioned as a negative feedback of PLA-mediated pro-inflammatory
effects.

The 16HBE14o0- cell line, which retains differentiated epithelial
morphology and functions (Cozens et al., 1994), provides a promising
in vitro cell model for studying airway epithelial transport (Forbes et al.,
2003; Forbes, 2000; Jeulin et al., 2008), barrier function (Grumbach
et al., 2009; Wan et al., 2000), inflammation (Chow et al., 2010; Lipsa
et al., 2016), and cell biology (Below et al., 2009; Parilla et al., 2006),
as well as signaling pathways (Abraham et al., 2004; Missiaen et al.,
2002). We have detected expression of HO-1 and HO-2 in both
16HBE14o0- cells and primary human bronchial epithelial cells and
demonstrated that the expression of both isoforms was similar in the
two types of cells (Zhang RG, unpublished data). To our knowledge, this
study provides the first evidence of the usefulness of a stable HO-1
knockdown bronchial epithelial cell line as an in vitro model to examine
the role of HO-1/CO in airway inflammation.

In conclusion, we have demonstrated that HO-1/CO exerted strong
anti-inflammatory actions in human bronchial epithelial cells in re-
sponse to a cationic polypeptide challenge. Our results suggest that HO-
1-inducing agents, such as hemin and CORMs, may be developed into a
therapeutic strategy for treating airway-related inflammatory disorders,
such as asthma.
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