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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 (Figure 3A). Histopathological analysis (HE stain and Masson’s
trichrome stain) demonstrated that the BLM administration induced severe lung damage
in the saline group (Figure 3B). In addition, the BLM treatment significantly increased
the hydroxyproline content of the lung as compared with the control group (Figure 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 (Figure 3D). The changes in lung mechanics 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 administration of CO-HbV (Figure 3E and 3F). These results
suggested that CO-HbV could be therapeutically beneficial for the treatment of

BLM-induced pulmonary fibrosis.

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
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pathogenesis of IPF, in view of the presence of interstitial and alveolar inflammatory cells
as well as the expression of inflammatory 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: Figure 4A), alveolar
macrophages (Figure 4B) and neutrophils (Figure 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-q, IL-6 and IL-1B levels in the
lung tissue of BLM-induced pulmonary fibrosis at days 7. As shown in Figure 5, the
levels of TNF-a (Figure 5A), IL-6 (Figure 5B) and IL-1f (Figure 5C) in lung tissue were
increased by BLM were significantly 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.

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 Figure 6A, the
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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 superoxide
production, Nox4 activity, while CO-HbV treatment suppressed superoxide production
(Figure 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
(Figure 6C and 6D). Although very little is known concerning the pathway of Nox4
activity, it is well known that p22”"* 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 p22P"™ was also increased by BLM treatment (Figure 6E). On
the other hand, the protein expression of Poldip2 was decreased by the BLM treatment
(Figure 6F). Interestingly, no change was found in the expression of both p22°™ and
Poldip2 between the saline and CO-HbV treatment (Figure 6E and 6F). 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, p22P"* and

Poldip2, indicating that CO suppressed Nox4 activity via a currently unknown pathway.

Effect of CO-HbV on active TGF-$1 levels in lung tissue
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TGF-B1 has been reported to play pivotal roles in the progression 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 determined. As shown
in Figure 7, the level of active TGF-B1 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.
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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 suppressed 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 pathogenesis 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 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 progression of pulmonary fibrosis, lung mechanics as well as side
effects. In the present study, severe pulmonary fibrosis induced by BLM was dramatically
suppressed by intravenous CO-HbV administration (Figure 3B and 3C). Furthermore,
CO-HbV suppressed a BLM-induced increase in lung elastance and a decrease in FVC

(Figure 3D-F), indicating that CO-HbV could be beneficial for the treatment of patients
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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
administration, compared to saline treatment in BLM-induced pulmonary fibrosis mice
(Table 1). However, cholesterol levels were significantly elevated at 7 days after the
administration of CO-HbV. This is likely derived from metabolites contained by the HbV
particles because they contain a large amount of cholesterol for structural stabilization
and efficient Hb encapsulation. In a study using healthy mice and rats, we demonstrated
that the added cholesterol was completely eliminated in the feces via biliary excretion
within 14 days after the administration of HbV [41]. In fact, the serum cholesterol levels
at 14 days after CO-HbV administration was not different compared to that in saline
administration in this study. These results indicate that CO-HbV could suppress the
progression of pulmonary fibrosis aﬁd the decline of lung mechanics without any severe
side effects, thus, represents a promising candidate agent for novel IPF treatment.
Although the pathogenic mechanisms of IPF are unknown, a growing body of
evidence suggests that both chronic inflammation and ROS (among other issues) appear
to play a role in the onset or progression of IPF. Previous studies using human subjects
with IPF have demonstrated that the generation of ROS from alveolar inflammatory cells,
such as neutrophils and macrophages is enhanced and that this may promote alveolar
epithelial cell injury and induce chronic inflammation, thus initiating or contributing to
the development of pulmonary fibrosis [42, 43]. In the present study, CO-HbV
suppressed the cells count in BALF including neutrophils and alveolar macrophages
(Figure 4), and reduced the production of oxidation products (8-OH-dG and NO;-Tyr),
derived from nucleic acids and proteins, in the lung (Figure 6A). In addition, the levels of

cytokines (TNF-a , IL-6 and IL-18) in lung tissue were significantly decreased as the
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result of the CO-HbV treatment (Figure 5). It is well-known that inflammatory cells,
including neutrophils and alveolar macrophages, are able to produce ROS via Nox2,
which are essential to the development of pulmonary fibrosis in BLM-induced IPF model
mice [44]. Nakahira et al. reported that ROS production was inhibited in LPS-treated
macrophages when the cells were exposed to CO [45]. In addition, they also concluded
that that CO can form a complex with Nox2, indicating that CO is likely to modulate
Nox2 activity [45]. These data suggest that CO-HbV would exert an inhibitory effect on
the production of Nox2 in inflammatory cells, resulting in ameliorating the initiation and
progression of BLM-induced pulmonary fibrosis.

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 (Figure
6B). Previously, the activity of Nox4, as determined by ROS generation, was thought to
be exclusively dependent on the protein levels of Nox4 in vitro [47]. Interestingly,
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 (Figure 6C and D).
Although the activation mechanisms of Nox4 are largely unknown, at least part of the
p227"°* 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, p22°"* and Poldip2. However, the protein expression of p22°'** and Poldip2 in
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plasma membranes were not changed among the saline, HbV and CO-HbV treatment in
BLM-induced IPF model mice (Figure 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 epithelial-mesenchymal
transition (EMT), a process whereby fully differentiated epithelial cells undergo a
transition to a mesenchymal phenotype, thus giving rise to fibroblasts and
myofibroblasts, may play a substantial role in a variety of pathogenic processes during
pulmonary fibrogenesis. TGF-B1 has been implicated 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
physiological 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-81 content in lung tissue
induced by the BLM treatment (Figure 7). Several in vitro studies showed that ROS and
inflammatory cytokines promoted TGF-B1 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-B1 production. In addition, it

was reported that CO also suppressed TGF-1-induced fibronectin and collagen
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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 subsequently
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], indicating 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 liposmes show some unexpected pharmacokinetic properties, the so-called
accelerated blood clearance phenomenon in which the long-circulation half-life is lost
after being administered 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
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previous study, we demonstrated that the pharmacokinetics of HbV were negligibly

affected by repeated injections at a massive dose [55].
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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
pulmonary fibrosis progression and loss of lung mechanics. CO-HbV could be a new type
of pharmaceutical therapeutic agent for using CO as a medical gas that would arrest ROS

and inflammation-related disorders.
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Figure legends
Figure 1

Structures of hemoglobin-vesicles and its lipid components.

Figure 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 hour 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 leveles 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. (n=5-6). **P<0.01 versus control. 1P<0.05 versus CO-HbV.

Figure 3

Effects of CO-HbV against bleomycin-induced pul

y 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 hour after BLM treatment. Each value
represents the mean t 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 leveles in left lung at after saline, HbV or CO-HbV treatment on day 14 in
BLM-induced pulmonary fibrosis mice. The pulmonary hydroxyproline level was done on day 14 as
described in Figure 2 legend. Each value represents the mean + s.d. (n=3-7). **P<0.01 versus control.
11P<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.

11P<0.01 versus CO-HbV. 1P<0.05 versus CO-HbV.
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Figure 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. 11P<0.01 versus CO-HbV. 1P<0.05 versus CO-HbV.

Figure 5

Effect of CO-HbV on p y infl y ki and ct ki in bl in-ind d
pulmonary fibrosis mice.

The levels of cytokines and chemokine including (a) TNF-a; (b) IL-6 and (c) IL-1/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. +1P<0.01 versus CO-HbV. 1P<0.05 versus CO-HbV.

Figure 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 (NO2-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 hour
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 was determined by (C) immunostaining and (D) western blotting as
described in the “Materials and Methods” section. The protein expression of (E) p22°™ 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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Figure 7

Effect of CO-HbV on active TGF-B1 levels in bl y induced pul y fibrosis mice.

Active TGF-B1 levels in lung were determined on day 7 as described in the “Materials and Methods™

Each value represents the mean + s.d. (n=6). 11P<0.01 versus CO-HbV.

35



Table

Click here to download Table: Table.docx

Table 1

Plasma clinical chemistry test results in control mice and BLM-induced pulmonary fibrosis mice

after saline, HbV and CO-HbV administration.

Day 7 Day 14
control BLM+saline BLM+HbV BLM+CO-HbV BLM+saline BLM+HbV/ BLM+CO-HbV
AST 34.8+3.5 67.3+18.5 73.7£20.3 74.0:24.3 61.7£35.0 53.817.3 52.9:16.8
ALT 23.9:36 46.3:14.7 62.0£17.3 61.0£28.6 43.1£21.0 33.0£7.9 37.0£15.1
ALP 317.9166.2 315.7+106.4 302.8467.3 334.0£75.8 313.8£39.2 357.8+54.0 324.3465.1
BUN 22.7+3.7 28.3:3.3 27.8£5.0 30.0£5.4 222433 24.1£3.1 22.6+1.8
CRE 0.10+0.03 0.140.02 0.10£0.03 0.13£0.03 0.10£0.02 0.110.01 0.10£0.01
CK 105.6£35.7 130.3155.6 105.2+48.3 96.5+29.9 224.9+255.8 69.4+22.1 70.3+15.2
LDH 152.6+42.1 301.4£135.2 341.0463.6 258.7466.1 263.0£141.5 278.2490.5 237.4+45.0
AMY 205213182  2739.7+459.7  2619.7+457.1 2480.3:347.4 2036.9£335.1  2520.0+394.6 2292.4+295.7
T-CHO 125.6+24.1 119.1225.9 160.7+25.1 143.0+23.8 127.7£13.9 118.4+16.4 131.3+23.9

AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; BUN, urea

nitrogen; CRE, creatinine; CK, creatine kinase; LDH, lactate dehydrogenase; AMY, amylase; T-CHO, total

cholesterol
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