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6 Comparison of Action Potential Duration
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Carbon monoxide (CO) has potent anti-inflammatory and anti-oxidant effects. We report herein on the
preparation of a nanotechnology-based CO donor, CO-bound hemoglobin-vesicles (CO-HbV). We hy-
pothesized that CO-HbV could have a therapeutic effect on idiopathic pulmonary fibrosis (IPF), an
incurable lung fibrosis, that is thought to involve inflammation and the production of reactive oxygen
species (ROS). Pulmonary fibril formation and respiratory function were quantitatively evaluated by

Keywords: measuring hydroxyproline levels and forced vital capacity, respectively, using a bleomycin-induced
gg?g;‘sdam pulmonary fibrosis mice model. CO-HbV suppressed the progression of pulmonary fibril formation
Inflammation and improved respiratory function compared to saline and HbV. The suppressive effect of CO-HbV on
Liposome pulmonary fibrosis can be attributed to a decrease in ROS generation by inflammatory cells, NADPH

Lung oxidase 4 and the production of inflammatory cells, cytokines and transforming growth factor-§ in the
lung. This is the first demonstration of the inhibitory effect of CO-HbV on the progression of pulmonary
fibrosis via the anti-oxidative and anti-inflammatory effects of CO in the bleomycin-induced pulmonary
fibrosis mice model. CO-HbV has the potential for use in the treatment of, not only IPF, but also a variety
of other ROS and inflammation-related disorders.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic and progressive
type of fibrous interstitial pneumonia with an unknown cure,
except for lung transplantation. Patients with IPF have an estimated
median survival of 2—5 years [1-3]. Pirfenidone (5-methyl-1-
phenyl-2-[1H]}-pyridone) is currently the only orally administered
drug approved for clinical use in the treatment of IPF in both the EU
and Japan. Recently, the CAPACITY (Clinical Studies Assessing Pir-
fenidone in idiopathic pulmonary fibrosis: Research of Efficacy and

Abbreviation: CO, carbon monoxide; HbV, hemoglobin-vesicles; CO-HbV, CO-
bound hemoglobin-vesicles; IPF, idiopathic pulmonary fibrosis; FVC, forced vital
capacity; ROS, reactive oxygen species; TGF-B, transforming growth factor-8; CO-
RM, CO-releasing molecules; HbCO, carboxyhemoglobin; RBC, red blood cell; PEG,
polyethylene glycol; BLM, bleomycin; 8-OH-dG, 8-hydroxy-2’-deoxygenase; NO,-
Tyr, nitrotyrosine; TNF-¢, tumor necrosis factor-a; IL-6, interleukin-6; IL-18, inter-

leukin-1p; Nox4, nicotinamide adenine dinucleotide phosphate oxidase 4; Poldip2,
polymerase delta interacting protein 2; EMT, epithelial-mesenchymal transition.
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Safety Outcomes) program showed that pirfenidone has a favorable
benefit—risk profile, and, as a result, represents an appropriate
treatment option for patients with IPF [4]. On the other hand, this
multinational, double-blind, placebo-controlled study (CAPAC-
ITY006) also showed that pirfenidone treatment does not
completely improve the clinically meaningful effects on forced vital
capacity (FVC) and survival benefit [4]. In addition, it is well-known
there are some significant side effects associated with the use of
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pirfenidone, which include photosensitivity (more than 50% of
patients) [5]. Therefore, the development of drugs designed to
suppress the progression of this disease or to improve respiratory
function is of great importance.

Since new pathogenic pathways and mediators of IPF are
discovered, the progression of IPF appears to result from a complex
combination a number of factors, including inflammation, reactive
oxygen species (ROS) and transforming growth factor (TGF)-p.
Although recent studies have suggested that the repeated admin-
istration of drugs with either anti-oxidative or anti-inflammatory
properties would be expected to be useful in the treatment of IPF
[6,7], the clinical use of these agents for IPF have not been approved
worldwide. This is likely because these agents targeted only one of
the many pathogenesis pathways, and, because mechanism
responsible for the development of IPF is complex, little alleviation
occurs. Therefore, a shift in the effective treatment strategy for IPF
from agents that block a single functional action to an agent that
can address multiple functions is clearly needed.

Carbon monoxide (CO) possesses anti-inflammatory, anti-
oxidant and anti-proliferative effects, and has attracted interest as a
possible clinically viable medicinal agent [8,9]. Similar to medical
gasses that are routinely used in clinical situations, such as nitric
oxide and oxygen, clinical applications of CO take the form of
inhaled gaseous therapy and the use of CO-releasing molecules
(CO-RM) [10,11]. In fact, several studies have demonstrated the
efficacy of inhaled CO and CO-RM in preclinical animal models such
as disorders related to inflammation and redox [12—14]. In addi-
tion, it was reported that inhaled CO and CO-RM also exerts pro-
tective effects in the case of several types of lung diseases, including
pulmonary hypertension, asthma and ischemia reperfusion [15—
17]. Taking these findings into consideration, CO holds enormous
potential for use in the treatment of pulmonary disorders, including
IPE. However, CO-RM rapidly liberates CO, with a half-life of 1—
21 min, which is extremely short in terms of producing a significant
therapeutic impact [ 18]. To achieve a sustainable therapeutic effect
of CO, the continuous or repeated administration of CO-RM would
be required. In addition, although high serum carboxyhemoglobin
(HbCO) levels can cause several toxicity [19], it is difficult to control
the serum HbCO levels as the result of inhaled CO and avoid CO
intoxication. Therefore, it should be noted that an alternative
pathway for the therapeutic delivery of CO to the lungs is essential
in the successful clinical application of CO.

Recent developments in nanotechnology-based carriers,
namely, Hemoglobin-vesicles (HbV), would offer great potential for
effective CO delivery, and could lead to strategies in the develop-
ment of new CO donors. To date, several preclinical trials have
evaluated the histology, biochemical analysis and pharmacokinetic
properties after the single or repeated administration of a putative
dose of HbV in rodent, pig and monkey [20—24]. The results show
that HbV possesses good biological compatibility (low complement
activation) and is promptly metabolized (no accumulation in the
body) even after a massive single or repeated infusion. Further-
more, the size of HbV is controlled at ca. 250 nm, because it can
prevent capillary plugging, renal excretion and vascular wall
permeability. Fortunately, CO easily and stably binds to hemoglobin
(Hb) in the form of HbV as well as red blood cell (RBC), because the
cellular structure of HbV most closely mimics the characteristics of
a natural RBC, in which a highly concentrated Hb is encapsulated
within a liposome with polyethylene glycol (PEG). In addition, in a
previous study, we reported that CO was exhaled within 6 h after
administering CO-bound HbV (CO-HbV) to hemorrhagic-shocked
rats [25]. These findings led us to the hypothesis that HbV has the
potential for use a carrier of CO to the lungs. Given the known
therapeutic effects of CO-HbV on IPF, we decided to first evaluate
whether CO-HbV could protect against IPF using an IPF animal

model of bleomycin (BLM)-induced pulmonary fibrosis. In subse-
quent experiments, we investigated the reason why CO-HbV
functions to suppress the progression of IPF.

2. Materials and methods
2.1. Preparation of HbV and CO-HbV solution

HbVs and CO-HbV were prepared under sterile conditions, as previously re-
ported [26]. In short, the Hb solution was purified from outdated donated RBC,
which was provided by the Japanese Red Cross Society (Tokyo, Japan), and the
oxyhemoglobin converted into HbCO by bubbling with CO gas. The lipid bilayer was
a mixture of 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine, cholesterol, and 1,5-
bis-O-hexadecyl-N-succinyl-i-glutamate (Nippon Fine Chemical Co. Ltd., Osaka,
Japan) at a molar ratio of 5/5/1, and 1,2-distearoyl-sn-glycero-3-phosphatidyl-
ethanolamine-N-PEG (NOF Corp., Tokyo, Japan) (0.3 mol%). The CO-HbV particles
were prepared by the extrusion method, and suspended in a physiological salt so-
lution, filter-sterilized {Dismic, Toyo-Roshi, Tokyo, Japan; pore size, 450 nm). By
illumination with visible light under an oxygen atmosphere, CO-HbV was converted
to HbV. The HbV particles suspended in physiological salt solution bubbled with
nitrogen for storage. The average diameters of the HbV and CO-HbV were main-
tained at approximately 250 nm via stepwise extrusion through celiulose acetate
membrane filters with a final pore size of 0.2 pm (Fig. 1). The HbV and CO-HbV
suspended in physiological salt solution were at [Hb] = 10 g/dL and
[lipid] = 9.0 g/dL. The HbCO rate in CO-HbV was nearly 100%, while that in HbV was
less than 5%.

2.2. Production of BLM-induced pulmonary fibrosis mice model

All animal experiments were conducted in accordance with the guidelines of
Kumamoto University for the care and use of laboratory animals. To create BLM-
induced pulmonary fibrosis model mice, Sea-ICR mice (6 weeks, male; Kyudo
Co.Ltd, Saga, Japan) were intratracheally treated with BLM (5 mg/kg; Nippon
Kayaku, Tokyo, Japan) in PBS (1 ml/kg) under anesthesia with chloral hydrate
(500 mg/kg) as previous report [27]. Saline, HbV, or CO-HbV was administered via
the tail vein at 30 min before BLM treatment and 24 h after BLM treatment.

2.3. Plasma biochemical parameters

At 7 and 14 days after the HbV injection, BLM-induced pulmonary fibrosis model
mice were anesthetized with ether and collected blood. Blood samples were
immediately centrifuged (3000 g, 10 min) to produce plasma. The plasma samples
were then ultracentrifuged to remove HbV (50,000 g, 30 min), because HbV in-
terferes with some of the laboratory tests [28]. All plasma samples were stored
at —80 °C until used. All plasma samples were analyzed by Clinical Chemistry
Analyzer (JEOL, JCA-BM6050, Tokyo, Japan).

24. Histological and immunohistochemical analyses

The whole [ungs were removed and fixed with 10% phosphate buffered formalin.
The tissue was then dehydrated at room temperature through a graded ethanol
series and embedded in paraffin. The prepared tissues were cut into 4-um-thick
sections for histological and immunohistochemical evaluation. Hematoxylin and
Eosin (HE) stain and Masson’s trichrome stain were performed as previously
described [27]. The immunostaining for 8-hydroxy-2/-deoxygenase (8-OH-dG) and
nitrotyrosine (NO;-Tyr) were performed as described in a previous report with
minor modifications [29]. In short, the primary antibody reaction was conducted
below 4 °C overnight, and the secondary antibody reaction at room temperature for
90 min. In addition, the primary antibody containing NO-Tyr (Millipore, Tokyo,
Japan, cat#: AB5411) and 8-OH-dG [15A3] (Santa Cruz, California, USA, cat#: sc-
66036) was diluted 50 fold prior to use. The secondary antibodies for 8-OH-dG
and NO,-Tyr were Alexa Fluor 488 goat anti-rabbit IgG (H + L) (Invitrogen, Eugene,
USA, cat#: AB11008) and Alexa Fluor 546 goat anti-rabbit IgG (H + L) (Invitrogen,
Eugene, USA, cat#: AB11010), respectively. In each case the secondary antibody was
diluted 200 times before use. After the reaction, the slide was observed using Mi-
croscope (Keyence, BZ-8000, Osaka, Japan).

2.5. Determination of hydroxyproline level in lung tissues

On day 14 after BLM administration, the left lung was removed and hydroxy-
proline content was determined as described previously [30]. The absorbance was
measured at 550 nm to determine the amount of hydroxyproline.

2.6. Measurement of lung mechanics and FVC

Measurement of lung mechanics and FVC were performed with a computer-
controlled small-animal ventilator (FlexiVent; SCIREQ), as described previously
[31]. Mice were mechanically ventilated at a rate of 150 breaths/min, using a tidal
volume of 8.7 mi/kg and a positive end-expiratory pressure of 2—3 cm H,0. Total
respiratory system elastance and tissue elastance were measured by the snap shot
and forced oscillation techniques, respectively.
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Fig. 1. Structures of hemoglobin-vesicles and its lipid components.

2.7. Counting of cells in bronchoalveolar lavage fluid (BALF)

At days 3 after the BLM administration, BALF was collected as described previ-
ously [27]. Total cell number was counted using a hemocytometer. Cells were
stained with Diff-Quick reagents (Kokusai Shiyaku, Kobe, Japan), and the ratios of
alveolar macrophages, neutrophils, and lymphocytes to total cells were determined.
More than 200 cells were counted for each sample.

2.8. Quantification of tumor necrosis factor (TNF)-c, interleukin-6 (IL-6),
interleukin-18 (IL-18) and activated TGF-01 in lung tissue

At days 7 and 14 after the BLM administration, whole lungs were removed and
homogenized in 0.5 ml of buffer (PBS, 1% protease inhibitor cocktail, 10 mm EDTA,
0.05% Tween-20). After centrifugation at 21,000 g for 10 min at 4 °C (twice), the
supernatants were recovered. The amount of TNF-¢, IL-6, IL-1B on Day 7 and acti-
vated TGF-B1 on Day 14 in the supernatant was measured by ELISA kit (TGF-1 ELISA
kit; R&D Systems Inc., Minneapolis, USA, IL-6, TNF-a. and IL-1p ELISA kit; Biolegend,
San Diego, USA).

2.9. Western blotting analysis

At day 7 after the BLM administration, whole lungs were removed and ho-
mogenized in a homogenization buffer composed of 70 mmol/l sucrose, 10 mmol/l
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 210 mmol/l mannitol,
1 mmol/l EDTA, 1 mmol/l EGTA (ethylene glycol tetraacetic acid), pH 7.5, 200 mmol/l
dithiothreitol, and 1% protease inhibitor cocktail. The homogenate was centrifuged
at 720 g for 5 min at 4 °C, and the supernatants were recovered. The supernatants
were centrifuged at 10,000 g for 5 min at 4 °C and further centrifuged at 100,000 g
for 1 h. The resultant pellet is referred to as the crude membrane fraction. After
measurement of the protein content, each sample was mixed in a loading buffer (2%
sodium dodecyl sulfate, 62.5 mmol/l Tris—HCl and 1% 2-mercaptoethanol). These
samples (40 mg) were run on 12.5% sodium dodecyl sulfate polyacrylamide gels,
followed by electrophoretic transfer to nitrocellulose membranes. The membranes
were blocked by treatment with 5% skimmed milk in PBS for 1 h at room temper-
ature and then incubated with rabbit polyclonal anti-human nicotinamide adenine
dinucleotide phosphate oxidase 4 (Nox4) [H-300] (Santa Cruz, California, USA, cat#:
sc-30141, 1:500) antibodies, goat polyclonal anti-human p22P"°* [C-17] (Santa Cruz,
California, USA, cat#: sc-11712, 1:600) antibodies, rabbit polyclonal anti-human
polymerase delta interacting protein 2 (Poldip2) (Abgent, California, USA, cat#:
AP7626b, 1:200) antibodies, or mouse monoclonal anti-human B-actin antibody
(1:5000) overnight at 4 °C. The membranes were washed with 0.05% Tween-20 (T-
PBS), and a horseradish peroxidase—conjugated anti-goat IgG antibody (Santa Cruz,
California, USA, cat#: sc-2768, 1:5000), an anti-rabbit IgG antibody (Santa Cruz,
California, USA, cat#: sc-2004, 1:5000), and an anti-mouse IgG antibody (Santa Cruz,
California, USA, cat#: sc-2005, 1:10,000) were then used for the detection of the
target proteins. SuperSignal Western blotting detection reagents (Thermo Scientific,
Rockford, L) were used for immunodetection.

2.10. Detection of superoxide

Dihydroethidium was used to evaluate lung superoxide concentrations in situ, as
described in detail elsewhere [32]. After the reaction, the slide was observed under a
microscope (Keyence, BZ-8000, Osaka, Japan).

2.11. Statistics

Statistical analyses were performed using the analysis of variance. A probability
value of p < 0.05 was considered significant.

3. Results

3.1. Evaluation of the optimal dosing of CO-HbV in BLM-induced
pulmonary fibrosis

Fig. 2A shows a schematic summary of the experimental pro-
tocols used in the study. Pulmonary fibrosis was induced in the
mice by a single intratracheal administration of BLM (at day 0) and
confirmed 14 days later. In order to determine the optimal dosing of
CO-HbV in BLM-induced pulmonary fibrosis, histopathological
analysis (HE stain and Masson’s trichrome stain) and hydroxypro-
line levels were evaluated after the administration of CO-HbV at
30 min prior to the BLM treatment and day 1 after the BLM treat-
ment at doses of 250, 500, 1000 and 1400 mg Hb/kg. As shown in
Fig. 2B and C, pulmonary fibrosis was suppressed as the result of the
administration of CO-HbV and suppression was dose-dependent.
The maximum ameliorative effect was achieved at a concentra-
tion of 1000 mg Hb/kg.

We also evaluated the toxic effects of CO-HbV administration in
BLM-induced pulmonary fibrosis mice. No evidence of the devel-
opment of signs of hypoxia or abnormal behavior was found when
CO-HbV as administered at a dose of 1000 mg Hb/kg. Furthermore,
no changes in of serum laboratory parameters reflecting hepatic,
renal and pancreatic function were found at 7 and 14 days after CO-
HbV administration, except for an elevation in cholesterol levels,
compared to the saline treatment in BLM-induced pulmonary
fibrosis mice (Table 1). Based on these results, we concluded that
the optimal dose of CO-HbV was 1000 mg Hb/kg.
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Fig. 2. CO-HbV affects BLM-induced pulmonary fibrosis in a dose-dependent manner. (A) Outline of the experimental design. Mice were treated with bleomycin (BLM, 5 mg/kg)
once on day 0. They were also administered by CO-HbV via the tail vein at 30 min before BLM treatment and 24 h after BLM treatment. (B) Histopathologic evaluation at after CO-
HbV treatment on day 14 in BLM-induced pulmonary fibrosis mice. Sections of pulmonary tissues were prepared on day 14 and subjected to hematoxylin and eosin staining (upper
panels) and Masson trichrome staining (lower panels). (C) Hydroxyproline levels in left lung at after CO-HbV treatment on day 14 in BLM-induced pulmonary fibrosis mice. The
pulmonary hydroxyproline level was determined on day 14 as described in the “Materials and methods” section. Each value represents the mean =+ s.d. (1 = 5—-6). **P < 0.01 versus

control. tP < 0.05 versus CO-HbV.

3.2. Effect of CO-HbV on BLM-induced pulmonary fibrosis

To assess the effect of CO-HbV on the development of BLM-
induced pulmonary fibrosis, BLM-induced pulmonary fibrosis
mice were treated with saline, HbV (1000 mg Hb/kg) or CO-HbV
(1000 mg Hb/kg) at 30 min prior to the BLM treatment and 1 day
after BLM treatment. Mice that were administered saline or HbV
showed massive weight loss in response to the BLM treatment,
whereas weight loss was suppressed in the case of CO-HbV
administration (Fig. 3A). Histopathological analysis (HE stain and
Masson’s trichrome stain) demonstrated that the BLM adminis-
tration induced severe lung damage in the saline group (Fig. 3B). In
addition, the BLM treatment significantly increased the hydroxy-
proline content of the lung as compared with the control group

(Fig. 3C). These phenomena were all significantly suppressed by the
CO-HbV treatment, but these effects were negligible in the case of
the HbV treatment.

Moreover, to evaluate possible changes of respiratory function
and lung mechanics associated with pulmonary fibrosis, we
measured FVC and elastance. Based on data obtained using a
computer-controlled ventilator, FVC clearly decreased in the BLM-
treated mice and that this decrease was significantly suppressed
by treatment with CO-HbV (Fig. 3D). The changes in lung me-
chanics associated with pulmonary fibrosis are characterized by an
increase in elastance. Total respiratory system elastance (elastance
of the total lung, including the bronchi, bronchioles, and alveoli)
and tissue elastance (elastance of the alveoli) increased following
BLM treatment, effects that were partially restored by the
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Table 1
Plasma clinical chemistry test results in control mice and BLM-induced pulmonary fibrosis mice after saline, HbV and CO-HbV administration.
Control Day 7 Day 14
BLM + saline BLM + HbV BLM + CO-HbV BLM + saline BLM + HbV BLM + CO-HbV

AST 348 £35 67.3 +18.5 73.7 £203 74.0 £ 243 61.7 + 35.0 53873 52.9 + 16.8
ALT 239 + 3.6 46.3 + 14.7 620+ 173 61.0 & 28.6 43.1 +£21.0 330479 370+ 151
ALP 3179 +£66.2 315.7 £ 1064 3028 £ 673 3340 £ 75.8 313.8 £ 392 357.8 +£ 540 3243 £ 651
BUN 227 £3.7 283+ 33 27.8 5.0 300+ 54 222 +33 24.1 + 3.1 226+ 1.8
CRE 0.10 & 0.03 0.14 = 0.02 0.10 £+ 0.03 0.13 £ 0.03 0.10 £ 0.02 0.11 £ 0.01 0.10 £ 0.01
CK 105.6 + 35.7 1303 £ 556 105.2 £ 483 96.5 £ 29.9 2249 + 2558 69.4 + 22.1 703 £+ 15.2
LDH 152.6 £ 42.1 3014 £ 1352 341.0 £ 63.6 258.7 + 66.1 263.0 &+ 141.5 2782 + 905 2374 + 45.0
AMY 2052.1 £ 318.2 2739.7 £ 459.7 2619.7 + 457.1 24803 + 3474 2036.9 + 335.1 2520.0 + 394.6 22924 + 2957
T-CHO 125.6 £+ 24.1 119.1 £ 259 160.7 & 25.1 143.0 + 23.8 127.7 £ 139 1184 + 164 131.3 £ 239

AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; BUN, urea nitrogen; CRE, creatinine; CK, creatine kinase; LDH, lactate dehy-

drogenase; AMY, amylase; T-CHO, total cholesterol.

administration of CO-HbV (Fig. 3E and F). These results suggested
that CO-HbV could be therapeutically beneficial for the treatment
of BLM-induced pulmonary fibrosis.

3.3. Effect of CO-HbV on BALF cells, and inflammatory cytokines and
chemokine levels in lung tissue

It is well-known that the inflammation plays an important role
in the pathogenesis of IPF, in view of the presence of interstitial and
alveolar inflammatory cells as well as the expression of inflam-
matory cytokines in the lungs of patients with IPF [33,34]. We
postulated that the inhibition of pulmonary fibrosis by CO-HbV
might contribute to the anti-inflammatory effect of CO [8,9]. As
an indicator of inflammation, the cells in BALF were analyzed. As a
result, the administration of BLM resulted in a significant increase
in the number of inflammatory cells (total cells: Fig. 4A), alveolar
macrophages (Fig. 4B) and neutrophils (Fig. 4C) on days 3 after BLM
administration. The CO-HbV treatment significantly reduced all
types of cells in the BALF.

We also examined the effect of CO-HbV on TNF-«, IL-6 and IL-1
levels in the lung tissue of BLM-induced pulmonary fibrosis at days
7. As shown in Fig. 5, the levels of TNF-« (Fig. 5A), IL-6 (Fig. 5B) and
IL-1B (Fig. 5C) in lung tissue were increased by BLM were signifi-
cantly decreased as the result of the CO-HbV treatment. These data
suggest that CO-HbV exerts an anti-inflammatory action against
BLM-induced pulmonary damage, and consequently ameliorates
BLM-induced pulmonary fibrosis.

3.4. Effect of CO-HbV on ROS in lung tissue

A number of studies have suggested that the cellular redox state
and the balance of oxidants/antioxidants play a significant role in
the progression of pulmonary fibrosis in animal models and also
possibly in human IPF [35]. To evaluate the effect of CO-HbV on ROS
induced by the BLM treatment in the lung, immunostaining of 8-
OH-dG and NO,-Tyr, an oxidation product derived from nucleic
acids and proteins, in lung sections were performed on day 3 after
the BLM administration. As shown in Fig. 6A, the accumulation of 8-
OH-dG (upper) and NO,-Tyr (lower) in lung tissue increased in the
BLM-treated mice as compared to control mice, while CO-HbV
clearly suppressed the levels of these oxidative stress markers in
the lungs.

Recent reports have suggested that ROS generation by the Nox
family NADPH oxidases, especially Nox4, might be implicated in the
pathogenesis of IPF [36,37]. In order to evaluate the ROS derived
from Nox4, we examined superoxide production in lung tissue. As a
result, the BLM treatment showed an obvious increase in super-
oxide production, Nox4 activity, while CO-HbV treatment sup-
pressed superoxide production (Fig. 6B). However, no difference in

the protein expression of Nox4 between saline and CO-HbV was
found, as evidenced by immunostaining and western blotting
analysis (Fig. 6C and D). Although very little is known concerning
the pathway of Nox4 activity, it is well known that p22P"°* and
Poldip2 are important regulators of Nox4 activity [38]. Thus, we
next determined the protein expression of p22P"** and Poldip2 at 7
days after BLM administration. Similar to the increase in the protein
expression of Nox4, the protein expression of p22PP%* was also
increased by BLM treatment (Fig. 6E). On the other hand, the pro-
tein expression of Poldip2 was decreased by the BLM treatment
(Fig. 6F). Interestingly, no change was found in the expression of
both p22P"% and Poldip2 between the saline and CO-HbV treat-
ment (Fig. GE and F). These results indicate that CO derived CO-HbV
suppressed the superoxide production generated by Nox4 without
any detectable changes in the protein expression of Nox4, p22Phox
and Poldip2, indicating that CO suppressed Nox4 activity via a
currently unknown pathway.

3.5. Effect of CO-HbV on active TGF-§1 levels in lung tissue

TGF-B1 has been reported to play pivotal roles in the progres-
sion of pulmonary fibrosis, including fibroblast proliferation and
collagen deposition [39]. To reveal the mechanism underlying the
suppressive effect of CO-HbV on BLM-induced pulmonary fibrosis,
the levels of active TGF-B1 in lung tissue on day 14 were deter-
mined. As shown in Fig. 7, the level of active TGF-$1 was increased
in the BLM-treated mice, while CO-HbV decreased the level of
active TGF-B1 to the same level as the control group.

4. Discussion

In present study, we evaluated the therapeutic effects of CO-HbV
on IPF and investigated the impact of CO on the pathogenesis of IPF
using a BLM-induced pulmonary fibrosis mice model. Three major
findings were uncovered in the investigation. First, CO-HbV sup-
pressed the progression of pulmonary fibril formation and
improved respiratory function. Second, the mechanism underlying
the suppressive effect of CO-HbV on BLM-induced pulmonary
fibrosis can be attributed to the anti-oxidative and anti-
inflammatory effects of CO. Furthermore, ROS generation was
decreased as the result of the inhibition of the activity of the
NADPH oxidase family, which is an important role in the patho-
genesis of IPF, with no detectable changes in its protein expression.
Finally, it can be concluded that HbV has considerable potential for
effectively delivering CO to the lungs, suggesting that CO-HbV has
promise for use as an effective CO donor.

Guidance on the diagnosis and management of IPF updated by
the American Thoracic Society (ATS), European Respiratory Society
(ERS), Japanese Respiratory Society (JRS) and Latin American
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Fig. 3. Effects of CO-HbV against bleomycin-induced pulmonary fibrosis and alterations in lung mechanics. (A) The weight differences during 14 days after BLM treatment. Mice
were treated with bleomycin (BLM, 5 mg/kg) once on day 0. They were also administered with saline, HbV (1000 mg Hb/kg) or CO-HbV (1000 mg Hb/kg) via the tail vein at 30 min
before BLM treatment and 24 h after BLM treatment. Each value represents the mean + s.d. (n = 4~5). (B) Histopathologic evaluation at after saline, HbV or CO-HbV treatment on
day 14 in BLM-induced pulmonary fibrosis mice. Sections of pulmonary tissue were prepared on day 14 and subjected to hematoxylin and eosin staining (upper panels) and Masson
trichrome staining (lower panels). (C) Hydroxyproline levels in left lung at after saline, HbV or CO-HbV treatment on day 14 in BLM-induced pulmonary fibrosis mice. The pul-
monary hydroxyproline level was done on day 14 as described in Fig. 2 legend. Each value represents the mean + s.d. (n = 3—7). **P < 0.01 versus control. P < 0.01 versus CO-HbV.
(D—F) The lung mechanics and respiratory functions at after saline, HbV or CO-HbV treatment on day 14 in BLM-induced pulmonary fibrosis mice. Forced vital capacity (D), total
respiratory system elastance (E) and tissue elastance (F) were determined on day 14 as described in the “Materials and methods” section. Each value represents the mean % s.d.

(n = 4-5). **P < 0.01 versus control. {{P < 0,01 versus CO-HbV. {P < 0.05 versus CO-HbV.

Thoracic Association (ALAT) gave a 'weak no’ recommendation to
pirfenidon therapy, which is only drug approved for clinical use.
Use of the drug can produce side effects (photosensitivity) and its
effect on reducing pulmonary issues is small [40]. Therefore, it is
important to examine the effect of candidate drugs on the pro-
gression of pulmonary fibrosis, lung mechanics as well as side ef-
fects. In the present study, severe pulmonary fibrosis induced by

BLM was dramatically suppressed by intravenous CO-HbV admin-
istration (Fig. 3B and C). Furthermore, CO-HbV suppressed a BLM-
induced increase in lung elastance and a decrease in FVC
(Fig. 3D—F), indicating that CO-HbV could be beneficial for the
treatment of patients with IPF. In addition, there were no changes
of serum laboratory parameters reflecting hepatic, renal and
pancreatic function for the experimental period after CO-HbV
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Fig. 4. Effect of CO-HbV on cells in bronchoalveolar lavage fluid in bleomycin-induced pulmonary fibrosis mice. The number of inflammatory cells including (A) total cells, (B)
alveolar macrophages and (C) neutrophils in bronchoalveolar lavage fluid on day 3. These inflammatory cells were determined on day 3 as described in the “Materials and methods”
section. Each value represents the mean + s.d. (n = 3—6). **P < 0.01 versus control. +1P < 0.01 versus CO-HbV. {P < 0.05 versus CO-HbV.

administration, compared to saline treatment in BLM-induced macrophages is enhanced and that this may promote alveolar
pulmonary fibrosis mice (Table 1). However, cholesterol levels epithelial cell injury and induce chronic inflammation, thus
were significantly elevated at 7 days after the administration of CO- initiating or contributing to the development of pulmonary
HbV. This is likely derived from metabolites contained by the HbV fibrosis [42,43]. In the present study, CO-HbV suppressed the
particles because they contain a large amount of cholesterol for cells count in BALF including neutrophils and alveolar macro-
structural stabilization and efficient Hb encapsulation. In a study phages (Fig. 4), and reduced the production of oxidation products
using healthy mice and rats, we demonstrated that the added (8-OH-dG and NO»-Tyr), derived from nucleic acids and proteins,
cholesterol was completely eliminated in the feces via biliary in the lung (Fig. 6A). In addition, the levels of cytokines (TNF-a,
excretion within 14 days after the administration of HbV [41]. In IL-6 and IL-1B) in lung tissue were significantly decreased as the
fact, the serum cholesterol levels at 14 days after CO-HbV admin- result of the CO-HbV treatment (Fig. 5). It is well-known that
istration was not different compared to that in saline administra- inflammatory cells, including neutrophils and alveolar macro-
tion in this study. These results indicate that CO-HbV could phages, are able to produce ROS via Nox2, which are essential to
suppress the progression of pulmonary fibrosis and the decline of the development of pulmonary fibrosis in BLM-induced IPF
lung mechanics without any severe side effects, thus, represents a model mice [44]. Nakahira et al. reported that ROS production

promising candidate agent for novel IPF treatment. was inhibited in LPS-treated macrophages when the cells were

Although the pathogenic mechanisms of IPF are unknown, a exposed to CO [45]. In addition, they also concluded that CO can
growing body of evidence suggests that both chronic inflamma- form a complex with Nox2, indicating that CO is likely to
tion and ROS (among other issues) appear to play a role in the modulate Nox2 activity [45]. These data suggest that CO-HbV
onset or progression of IPF. Previous studies using human sub- would exert an inhibitory effect on the production of Nox2 in

jects with IPF have demonstrated that the generation of ROS from inflammatory cells, resulting in ameliorating the initiation and
alveolar inflammatory cells, such as neutrophils and progression of BLM-induced pulmonary fibrosis.
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Fig. 5. Effect of CO-HbV on pulmonary inflammatory cytokines and chemokines in bleomycin-induced pulmonary fibrosis mice. The levels of cytokines and chemokine including {A)
TNF-¢, (B) IL-6 and (C) IL-1B in lung tissue on day 7. The amount of inflammatory cytokines and chemokine in whole lung tissue was measured by ELISA kit as described in the
“Materials and methods” section. Each value represents the mean + s.d. (n = 5). **P < 0.01 versus control. {{P < 0.01 versus CO-HbV. tP < 0.05 versus CO-HbV.
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Fig. 6. Effect of CO-HbV on the generation of reactive oxygen species in lung tissue in bleomycin-induced pulmonary fibrosis mice. (A) The immunostaining of the lungs slice for the
oxidative stress markers of nucleic acid (8-OH-dG; upper) and amino acid (NO,-Tyr; lower). Mice were treated with bleomycin (BLM, 5 mg/kg) once on day 0. They were also
administered saline, HbV or CO-HbV via the tail vein at 30 min before BLM treatment and 24 h after BLM treatment. Subsequently, the each immunostaining was performed on day
3 after BLM administration. (B) Production of pulmonary superoxide in bleomycin-induced pulmonary fibrosis mice on day 7 after BLM administration. Dihydroethidium was used
to evaluate lung superoxide concentrations. (C-D)The protein expression of nicotinamide adenine dinucleotide phosphate oxidase 4 (Nox4) in lung tissue. Protein expression levels
of Nox4 were determined by (C) immunostaining and (D) western blotting as described in the “Materials and methods” section. The protein expression of (E) p22P"°* and (F)
polymerase delta interacting protein 2 (Poldip2)in lung tissue. Protein expression levels of both p22P"* and Poldip2 were determined by western blotting as described in the
“Materials and methods” section.
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Fig. 7. Effect of CO-HbV on active TGF-B1 levels in bleomycin-induced pulmonary
fibrosis mice. Active TGF-B1 levels in lung were determined on day 7 as described in
the “Materials and methods” section. Each value represents the mean + s.d. (n = 6).
i1P < 0.01 versus CO-HbV.

In addition to Nox2, ROS are also generated by Nox4 and play a
crucial role in the induction of alveolar epithelial cell death and the
subsequent development of pulmonary fibrosis. In fact, it has been
reported that Nox4 expression was increased in pulmonary fibrosis
from patients with IPF [36,37], and the genetic or pharmacologic
targeting of Nox4 abrogated fibrogenesis in murine models of lung
injuries [37,46]. In our study, the Nox4 activity was suppressed by
the administration of CO-HbV (Fig. 6B). Previously, the activity of
Nox4, as determined by ROS generation, was thought to be exclu-
sively dependent on the protein levels of Nox4 in vitro {47]. Inter-
estingly, contrary with a previous in vitro study [47], our in vivo data
using BLM-induced IPF model mice showed that the protein
expression of Nox4 remained unchanged after the saline, HbV and
CO-HbV treatment in BLM-induced IPF model mice (Fig. 6C and D).
Although the activation mechanisms of Nox4 are largely unknown,
at least part of the p22P"* and Poldip2 would be related to Nox4
activity [38]. Therefore, we hypothesized that CO affected Nox4
activity via the membrane translocation of these two regulators,
namely, p22P"* and Poldip2. However, the protein expression of
p22Pho% and Poldip2 in plasma membranes was not changed among
the saline, HbV and CO-HbV treatment in BLM-induced IPF model
mice (Fig. 6E and F). It therefore appears that CO inhibits a currently
unknown pathway of Nox4 activation. A possible explanation for
this issue is that CO interacts directly with the heme contained in
Nox4. In fact, an interaction of Nox2, a heme protein, with CO was
recently confirmed by a spectroscopic analysis [45]. Further
investigation regarding this mechanism will be necessary to
develop a comprehensive understanding of the effect of CO on
tissue fibrosis.

There is an increasing body of evidence to suggest that epithe-
lial-mesenchymal transition (EMT), a process whereby fully
differentiated epithelial cells undergo a transition to a mesen-
chymal phenotype, thus giving rise to fibroblasts and myofibro-
blasts, may play a substantial role in a variety of pathogenic
processes during pulmonary fibrogenesis. TGF-1 has been impli-
cated as functioning as a master switch in the induction of fibrosis
in the lung, and is a major mediator of EMT in a number of physi-
ological contexts, including pulmonary fibrosis [48]. In this regard,
TGF-B1 is upregulated in the lungs of patients with IPF, and the
expression of active TGF-B1 in the lungs of rats induces a dramatic
fibrotic response, whereas an inability to respond to TGF-B1 affords
protection from BLM-induced fibrosis [49]. The findings reported
herein indicate that CO-HbV significantly reduced the active TGF-
B1 content in lung tissue induced by the BLM treatment (Fig. 7).
Several in vitro studies showed that ROS and inflammatory

cytokines promoted TGF-f1 production in pulmonary epithelial
cells and its subsequent activation [50,51]. Hence, these findings
suggest that the suppression of ROS production and inflammatory
cell infiltration at an early-stage of BLM treatment by CO-HbV
eventually led to the suppression of active TGF-f1 production. In
addition, it was reported that CO also suppressed TGF-1-induced
fibronectin and collagen production by fibroblasts and that this
process was dependent, in part, on the transcriptional regulator Id1
[52]. It thus appears that CO inhibits both TGF-B1 production and
some of TGF-B1 mediated signal pathways in the lung, and subse-
quently decreases the deposition of fibronectin and collagen,
resulting in the suppression of pulmonary fibrosis.

Since the benefit of CO as a therapeutic agent has already been
revealed pre-clinically in animal models of various human diseases
{8], CO-HbV may not only be an effective therapeutic agent for the
treatment of IPF, but also against other diseases in which the Nox
family of proteins play an important role in disease progression,
such as heart disease, rheumatoid arthritis, sepsis and cancer [53].
However, for clinical application of CO-HbV, there are a number of
concern, particularly in relation to HbV as a carrier. Fortunately, it
has already been demonstrated that HbV can be used safely as a
carrier in animals, that HbV possesses a high biocompatibility, a
low toxicity and does not accumulate in the body [54,55], indi-
cating that HbV has the potential to function as a carrier of CO to
diseased tissues in need of treatment without any detectable
adverse effects. In addition, HbV has a good retention in the blood
circulation in cynomolgus monkeys [23], and the half-life of HbV in
humans was estimated to be approximately 3—4 days [56], which is
long enough to function as a CO carrier. Furthermore, it is known
that PEGylated liposomes show some unexpected pharmacokinetic
properties, the so-called accelerated blood clearance phenomenon
in which the long-circulation half-life is lost after being adminis-
tered twice to the same animals [57]. Therefore, it is also concerned
the pharmacokinetic properties after repeated infusion of CO-HbV,
because it is expected that multiple injection of CO-HbV must be
given for chronic and progressive diseases. In previous study, we
demonstrated that the pharmacokinetics of HbV were negligibly
affected by repeated injections at a massive dose [55].

5. Conclusions

The findings reported herein demonstrate that CO-HbV can
inhibit the progression of pulmonary fibrosis. Furthermore, it can
also be concluded that CO-derived anti-inflammatory and anti-
oxidant effects are involved in its suppressive effect against pul-
monary fibrosis progression and loss of lung mechanics. CO-HbV
could be a new type of pharmaceutical therapeutic agent for us-
ing CO as a medical gas that would arrest ROS and inflammation-
related disorders.
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