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Abstract: Carbon monoxide (CO) has attracted attention as a possible therapeutic agent for 

affecting anti-inflammatory and antioxidant activities. Previously, CO-bound hemoglobin 

vesicle (CO-HbV) was developed as a nanotechnology-based CO donor, and its safety profile 

and therapeutic potential as a clinically applicable carrier of CO were examined in vitro and 

in vivo. In the present study, the therapeutic efficacy of CO-HbV against severe acute pan-

creatitis was examined with secondary distal organ-injured model mice that were fed with a 

choline-deficient ethionine-supplemented diet. A CO-HbV treatment significantly reduced the 

mortality of the acute pancreatitis model mice compared to saline and HbV. Biochemical and 

histological evaluations clearly showed that CO-HbV suppressed acute pancreatitis by inhibit-

ing the production of systemic proinflammatory cytokines, neutrophil infiltration, and oxidative 

injuries in pancreatic tissue. Interestingly, CO-HbV also diminished the subsequent damage 

to distal organs including liver, kidneys, and lungs. This could be due to the suppression of 

neutrophil infiltration into tissues and the subsequently enhanced oxidative injuries. In contrast, 

O
2
-bound HbV, the inactive form of CO-HbV, was ineffective against both pancreatitis and 

distal organ injuries, confirming that CO was directly responsible for the protective effects of 

CO-HbV in acute pancreatitis. These findings suggest that CO-HbV has anti-inflammatory and 

antioxidant characteristics of CO and consequently exerts a superior protective effect against 

acute pancreatitis-induced multiorgan damage.

Keywords: acute pancreatitis, carbon monoxide, CDE diet, liposome, oxidative stress, 

inflammation

Introduction
Acute pancreatitis is a severe acute inflammatory disorder of the pancreas characterized 

by edema, acinar cell necrosis, and hemorrhage.1 Although mild acute pancreatitis 

is not life-threatening, moderate-to-severe cases can lead to a rate of high mortality. 

Gabexate mesylate (GM), a protease inhibitor, is clinically used in some countries to 

treat acute pancreatitis based on evidence indicating that autodigestion by activated 

pancreatic enzymes is the initial event of acute pancreatitis.2–4 On the other hand, some 

governments, including the Food and Drug Administration (FDA), have not approved 

or recommended its clinical use5,6 because several clinical studies have shown that 

1) the degree of hyperenzymemia is not a reliable predictor of the severity and final 

outcome of the disease and 2) GM has little or no benefit in case of acute pancreatitis 

patients.7–9 In addition to the release of digestive enzymes into the pancreatic 
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interstitium, the production of inflammatory cytokines and 

their release are also associated with the progression of severe 

acute pancreatitis.10

According to the revised Atlanta classification system, 

damage occurs typically in multiple distal organs including 

the liver, lungs, and kidneys after the development of severe 

acute pancreatitis. Although the exact mechanisms respon-

sible for this are not fully understood, an accumulating body 

of evidence suggests that inflammatory cytokines and oxida-

tive stress play a critical role in the onset and progression of 

this complication in acute pancreatitis.11,12 These systemic 

responses, which are generally referred to as the systemic 

inflammatory response syndrome (SIRS), lead to the develop-

ment of more severe diseases such as multiple organ dysfunc-

tion syndrome (MODS), multiple organ failure (MOF), and 

finally death. In fact, patients who develop persistent distal 

organ failure within the first few days of the disease are at an 

increased risk of death, and the mortality has been reported to 

be as high as 36%–50 %.13–15 These findings suggest that an 

agent that combines both anti-inflammatory and antioxidative 

actions would be expected to rescue patients with both severe 

acute pancreatitis and secondary distal organ injuries.

Emerging evidence indicates that carbon monoxide (CO), 

a by-product of inducible heme oxygenase-1, can effectively 

regulate inflammation and oxidative stress.16–18 In fact, recent 

studies on the use of CO inhalation or CO-releasing molecules 

(CORMs) showed that exogenous CO may well serve as a 

possible clinically viable medical agent for the treatment of 

inflammation- and oxidative stress-related disorders. By using 

advanced nanotechnology, recently, CO-bound hemoglobin 

vesicles (CO-HbV), in which a concentrated CO-bound hemo-

globin (Hb) solution is encapsulated in a phospholipid bilayer 

membrane (liposome), were developed as a new type of CO 

donor.19 CO-HbV can function as a CO releasing molecule as 

a CO donor, and it also functions as an oxygen carrier after 

releasing CO.20 This unique property of HbV as a dual-gas 

carrier promises to prevent CO-induced respiratory failure. 

In fact, previously, the safety characteristics of CO-HbV were 

reported: no effect on hemodynamics and respiratory function, 

a high biocompatibility, a low toxicity, and a good metabolic 

performance.21 Moreover, CO-HbV was reported to have 

therapeutic potential for retarding the onset or progression of 

idiopathic pulmonary fibrosis and inflammatory bowel disease 

by its anti-inflammatory and antioxidative activities.19,21 

These findings lead us to hypothesize that CO-HbV might be 

a possible therapeutic agent for the treatment of both acute 

pancreatitis and secondary multiorgan failures.

The purpose of this study was to evaluate the therapeu-

tic effects of CO-HbV on severe acute pancreatitis and its 

secondary distal organ damage by using a choline-deficient 

ethionine-supplemented (CDE) diet-induced acute pancrea-

titis mice model. In addition, whether the anti-inflammatory 

and antioxidative functions of CO contribute to the therapeu-

tic effect of CO-HbV was also investigated.

Materials and methods
Chemicals
The experiment using human red blood cells to produce HbV 

was approved by the ethical committee of Nara Medical 

University. Outdated donated human red blood cells were 

provided by the Japanese Red Cross Society (Tokyo, Japan), 

and human Hb was purified through pasteurization and 

nanofiltration as previously reported.22–24 The 1,2-dipalmitoyl-

sn-glycero-3-phosphatidylcholine (DPPC), cholesterol, and 

1,5-O-dihexadecyl-N-succinyl-L-glutamate (DHSG) were pur-

chased from Nippon Fine Chemical Co. Ltd. (Osaka, Japan). 

1,2-Distearoyl-sn-glycero-3-phosphatidyl-ethanolamine-N-

PEG
5000

 (DSPE-PEG) was purchased from NOF Corp. (Tokyo, 

Japan). All other chemicals were the highest grade commer-

cially available chemicals, and all the solutions were prepared 

by using deionized water. O
2
-bound HbV and CO-HbV were 

prepared according to the previously reported procedures.19 

The lipid bilayer of both HbV and CO-HbV consisted of 

DPPC, cholesterol, and DHSG at a molar ratio of 5/4/0.9 and 

DSPE-PEG of 0.3 mol%. The average diameters of the HbV 

and CO-HbV particles used in this study were maintained 

at ~280 nm. The HbV and CO-HbV suspended in a physiologi-

cal salt solution were at [Hb] =10 g/dL and [lipid] =9.0 g/dL. 

The carboxyl Hb rate in CO-HbV was ~100%, whereas that 

in O
2
-bound HbV was 5%.

Production of CDE diet-induced acute 
pancreatitis mice
Maintenance of the mice and the experimental procedures 

performed on them were carried out in accordance with 

the National Institute of Health guidelines. All the animal 

experiments were reviewed and approved by the Animal 

Care and Use Committee of Kumamoto University (permit 

no: A 27-003) and Sojo University (permit no: 2014-P-018). 

Female BALB/cN mice (aged 5 weeks) were purchased 

from Kyudo Co., Ltd. (Saga, Japan). All the mice were 

housed in a room kept at 18°C–24°C and 40%–70% rela-

tive humidity, with a 12-h light/dark cycle, and allowed free 

access to food and drinking water. After a 24-h period of 

fasting, the mice were fed a CDE diet (MP Biomedicals, 

Solon, OH, USA; catalogue no: 960214) for 3 days (for 

the analysis of therapeutic efficacies) or for 5 days (for the 

14-day mortality rate). Saline, HbV (1,000 mg Hb/kg), and 
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CO-HbV (1,000 mg Hb/kg) were administered via tail vein at 

1 day after the beginning of CDE treatment. The mice were 

fed a standard rodent diet CE-2 (CLEA Japan, Inc., Tokyo, 

Japan) outside of the CDE diet period.

Plasma biochemical parameters
Blood samples were collected from the inferior vena cava at 

3 days after the start of the CDE treatment. The blood samples 

were centrifuged (3,000 g; 10 min) and subsequently ultra-

centrifuged to remove HbV (50,000 g; 30 min) in order to 

obtain plasma samples for the analysis of plasma biochemical 

parameters and cytokine levels. All the plasma biochemical 

parameters (amylase, lipase, aspartate transaminase [AST], 

alanine transaminase [ALT], and blood urea nitrogen [BUN]) 

were analyzed by using Fuji DRI-CHEM 7000Z and 

DRI-CHEM slides (Fujifilm, Tokyo, Japan).

Histological and immunohistochemical 
analyses
After blood collection, organs (pancreas, liver, kidneys, and 

lung) harvested for a histological and immunohistochemical 

study. The organs were fixed in 10% phosphate-buffered 

formalin and were embedded in paraffin. The prepared tissues 

were cut into 4-µm-thick sections. Hematoxylin and eosin 

(HE) staining for morphological analysis and immunostain-

ing for nitrotyrosine (NO
2
-Tyr) and myeloperoxidase (MPO) 

were performed as previously described.25 The primary 

antibodies containing NO
2
-Tyr (Millipore, Tokyo, Japan; 

catalogue no: AB5411) and MPO (Santa Cruz, CA, USA; 

catalogue no: sc-16128-R) were diluted 50-fold prior to use. 

The secondary antibodies for NO
2
-Tyr and MPO were Alexa 

Fluor 546 goat anti-rabbit IgG (H + L) (1:200; Invitrogen™, 

Eugene, OR, USA; catalogue no: AB11010). Cells were 

also treated with 4′,6-diamidino-2-phenylindole (DAPI; 

Dojin Chemical, Kumamoto, Japan). After the reaction, the 

slides were observed by using a microscope (Keyence Corp., 

BZ-8000, Osaka, Japan).

Quantification of tumor necrosis factor 
(TNF)-α and interleukin-1β (IL-1β)
The amounts of TNF-α and IL-1β in the plasma sample 

were determined by using an enzyme-linked immunosorbent 

assay kit (Biolegend, San Diego, CA, USA) following the 

manufacturer’s instructions.

Measurement of the lung wet-to-dry 
ratio
One leaf of the left lung, which was used for the calculation 

of wet-to-dry ratio, was placed in a microtube, weighed, dried 

at 80°C for 48 h, and weighed again. The wet lung was 

divided by value for the mass of the dry lung, representing 

the wet–dry lung ratio and indicating the fraction of the wet 

lung weight comprised of water.

Statistics
All data were expressed as the mean ± standard deviation. 

Statistical analyses for multiple comparisons in the study 

were determined by analysis of variance (one-way or two-

way) followed by the Bonferroni analysis. For survival 

studies, log-rank test was used. A P-value 0.05 was con-

sidered significant.

Results
Therapeutic potential of CO-HbV on 
CDE diet-induced acute pancreatitis
Feeding mice a CDE diet is a well-established method 

for producing a model for severe pancreatitis with a high 

mortality.26,27 In the present study, after feeding the mice 

the CDE diet, they were given saline, HbV, or CO-HbV 

administration via the tail vein at 24 h after the start of CDE 

feeding, and survival was monitored for the first 14 days. As 

shown in Figure 1, 100% (10/10) of the saline-treated mice 

and 90% (9/10) of the HbV-treated mice died within 7 days, 

whereas the 14-day mortality of the CO-HbV-treated mice 

was 50% (5/10). This survival rate for the CO-HbV-treated 

mice was significantly higher than the corresponding values 

for both the saline- and HbV-treated mice (P0.05). Remark-

able increases in serum amylase and lipase levels were noted 

in the saline-treated mice and the HbV-treated mice 3 days 

Figure 1 Effect of saline, HbV, and CO-HbV administration on mortality in CDE 
diet-induced acute pancreatitis mice.
Notes: Survival rates were monitored for 14 days after the start of the CDE diet. 
Saline, HbV (1,000 mg Hb/kg), and CO-HbV (1,000 mg Hb/kg) were administered 
via the tail vein at 1 day after the start of the CDE diet (arrow). The number of 
mice (n) in all group was 10. P=0.044, saline versus CO-HbV. P=0.035, HbV versus 
CO-HbV.
Abbreviations: CDE, choline-deficient ethionine-supplemented; CO-HbV, carbon 
monoxide-bound hemoglobin vesicle. 
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after the start of feeding the CDE diet (Figure 2A). However, 

the CO-HbV treatment significantly attenuated the levels 

of these pancreatic enzymes (Figure 2A). The protective 

effect of CO-HbV on pancreatitis was also confirmed by 

the histological examination of pancreas sections stained 

by HE in each group (Figure 2B). Although the interstitium 

of the CDE-fed saline-treated mice and HbV-treated mice is 

edematous, the changes were greatly reduced in the CDE-

fed mice that were treated with CO-HbV. A large number 

of inflammatory cells infiltrated to the interstitium of the 

saline- and HbV-treated mice, but few inflammatory cells 

infiltrated to the interstitium of the CO-HbV-treated mice. 

Similarly, diffuse necrotic changes were found in the saline- 

and HbV-treated groups but scarcely found in the CO-HbV-

treated mice. These results suggest that CO-HbV is effective 

against acute pancreatitis and that the release of CO from the 

CO-HbV is responsible for its actions.

Effect of CO-HbV on inflammation and 
oxidative stress in pancreatic tissues
Neutrophil infiltration is a hallmark of inflammation, and evi-

dence has accumulated to indicate that neutrophils play a key 

role in the induction of acute pancreatitis.28 Therefore, immu-

nostaining of MPO, an enzyme that is present at relatively 

high levels in neutrophil granulocytes, was performed to 

evaluate neutrophil infiltration in the pancreatic tissues in 

the CDE diet-induced acute pancreatitis mice model for each 

sample treatment. As shown in Figure 3A, the accumulation 

of MPO in pancreatic tissues of the acute pancreatitis mice 

that were treated with saline and HbV was much higher than 

that in the control mice, whereas the CO-HbV treatment 

markedly reduced the accumulation of MPO.

As neutrophils that release toxic substances, such as 

reactive oxygen species (ROS), cause tissue injury in the 

inflamed pancreas,29 pancreatic tissues were subjected to 

immunostaining for NO
2
-Tyr, an oxidation product derived 

from proteins. NO
2
-Tyr was observed to have accumulated 

in the CDE-fed mice treated with saline and HbV, whereas 

the CO-HbV treatment suppressed the level of this oxidative 

stress marker (Figure 3B).

Effect of CO-HbV on systemic 
inflammation in CDE diet-induced acute 
pancreatitis
A CDE diet induces not only localized pancreatic damage but 

also distal organ injury associated with a systemic inflam-

matory response. Thus, the effect of CO-HbV on systemic 

inflammation was assessed by measuring proinflammatory 

Figure 2 Evaluation of therapeutic effects after the administration of saline, HbV, and CO-HbV to CDE diet-induced acute pancreatitis mice.
Notes: (A) Serum amylase and lipase levels at 3 days after the start of the CDE diet. Each value represents the mean ± standard deviation (n=6). **P0.01 versus control. 
(B) Representative HE-stained pancreatic sections. Scale bars represent 100 µm.
Abbreviations: CDE, choline-deficient ethionine-supplemented; CO-HbV, carbon monoxide-bound hemoglobin vesicle; HE, hematoxylin and eosin.
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cytokine levels in the circulation. As a result, the CO-HbV 

treatment significantly decreased the levels of serum proin-

flammatory cytokines, TNF-α and IL-1β (Figure 4).

Therapeutic potential of CO-HbV on 
distal organ injury in CDE diet-induced 
acute pancreatitis
In order to investigate the effect of CO-HbV on distal organ 

injury in the CDE diet-induced acute pancreatitis mice, 

the liver, kidneys, and lungs as distal organs were focused 

because injuries to these organs are frequently found in 

patients with severe acute pancreatitis. The values of AST and 

ALT, which reflect hepatic injury, were found to be higher 

in the saline- and HbV-treated mice than the corresponding 

values in the CO-HbV-treated mice (Figure 5A). Livers 

obtained from the saline- and HbV-treated mice exhibited 

extensive hepatic necrosis (Figure 5B). Furthermore, immu-

nostaining the liver sections for MPO and NO
2
-Tyr showed 

that the CO-HbV treatment suppressed the accumulation of 

MPO and subsequent oxidative injury in the liver compared 

to the saline and HbV treatments (Figure 5C and D).

In the kidneys, it was observed that the CO-HbV treat-

ment attenuated the extent of renal injury in CDE-fed mice 

based on the results of serum BUN levels (Figure 6A) 

Figure 3 Immunological staining of pancreatic sections in CDE diet-induced acute pancreatitis mice.
Notes: (A) Neutrophil infiltration was evaluated by immunostaining of MPO (red) in the pancreatic slices at 3 days after the start of the CDE diet; (B) immunostaining of 
pancreatic sections for the oxidative stress markers of amino acid, NO2-Tyr (red), at 3 days after the start of the CDE diet. DAPI (blue) was used to counterstain the nuclei. 
Scale bars represent 100 µm.
Abbreviations: CDE, choline-deficient ethionine-supplemented; CO-HbV, carbon monoxide-bound hemoglobin vesicle; DAPI, 4′,6-diamidino-2-phenylindole; MPO, myeloper
oxidase; NO2-Tyr, nitrotyrosine.

α

Figure 4 Effect of saline, HbV, and CO-HbV administration on systemic inflammation in CDE diet-induced acute pancreatitis mice.
Notes: The levels of cytokines (TNF-α and IL-1β) in serum at 3 days after the start of the CDE diet were measured by means of an ELISA kit. Each value represents the 
mean ± standard deviation (n=6). **P0.01 versus control.
Abbreviations: CDE, choline-deficient ethionine-supplemented; CO-HbV, carbon monoxide-bound hemoglobin vesicle; ELISA, enzyme-linked immunosorbent assay; 
TNF-α, tumor necrosis factor-α.
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and histological evaluations (Figure 6B). In the lungs, the 

wet-to-dry ratio, which reflects edema, in the CO-HbV-treated 

mice was significantly lower than that in saline- and HbV-

treated mice (Figure 7A). In addition, HE staining of lung 

sections exhibited alveolar membrane thickening in both the 

saline- and HbV-treated mice, but it was suppressed in CO-

HbV-treated mice (Figure 7B). Similar to the immunostaining 

of liver sections, as shown in Figure 5C and D, the CO-HbV 

treatment clearly suppressed the accumulation of MPO and 

NO
2
-Tyr in the kidneys and lungs compared to the saline and 

HbV treatments (Figures 6C and D and 7C and D).

Discussion
Acute pancreatitis is one of the most frequent gastrointestinal 

diseases, and mild cases require 2- to 5-day hospital stays. 

In more severe cases, such as the development of compli-

cations including MOF, hospitalization can be prolonged 

considerably, with a much cost.30 Although worldwide guide-

lines have been established for managing acute pancreatitis, 

including rehydration, early nutrition, acceptable analgesia, 

oxygenation, and the use of antibiotics, when infections are 

confirmed,31−34 there is no recommended drug protocol for 

preventing the progression of pancreatitis itself. Therefore, 

Figure 5 Evaluation of hepatic injury and immunological staining of liver sections after the administration of saline, HbV, and CO-HbV to CDE diet-induced acute pancreatitis mice.
Notes: (A) Serum AST and ALT levels and (B) representative HE-stained liver sections at 3 days after the start of the CDE diet. Each value represents the mean ± standard 
deviation (n=6). **P0.01 versus control. Immunostaining of (C) MPO (red) and (D) NO2-Tyr (red) in the liver slices was performed at 3 days after beginning of CDE diet. 
DAPI (blue) was used to counterstain the nuclei. Scale bars represent 100 µm.
Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; CDE, choline-deficient ethionine-supplemented; CO-HbV, carbon monoxide-bound hemoglobin 
vesicle; DAPI, 4′,6-diamidino-2-phenylindole; HE, hematoxylin and eosin; MPO, myeloperoxidase; NO2-Tyr, nitrotyrosine.
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developing safe and effective therapeutics that are able to 

protect both the pancreas and distal organs under conditions 

of severe pancreatitis would be highly desirable. The findings 

reported in the present study strongly indicate that CO-HbV 

significantly improves the survival rate of mice with CDE 

diet-induced acute pancreatitis through the reduction of severe 

acute pancreatitis and by reducing the extent of secondary dis-

tal organ injuries (Figures 1 and 2). Clinical studies have clari-

fied that a severe condition of acute pancreatitis is associated 

with a mortality reaching 30%, even when the recommended 

medical and surgical therapies are performed.34 Based on the 

present findings, it appears that CO-HbV represents a novel 

and effective therapeutic strategy for reducing severe pancrea-

titis in patients and subsequently improves their mortality.

It is well known that ROS play an essential role in the 

progression of acute pancreatitis35–37 because it directly inter-

acts with biological molecules in the body and impairs their 

function. Although ROS are produced by multiple pathways in 

pathological conditions, neutrophils are important ROS genera-

tors and are responsible for local tissue damage.38 Cunha et al 

previously reported that a CO donor (dimanganese decacar-

bonyl) inhibited the adhesion and migration of the neutrophils 

during the inflammatory response.39,40 In this study, it was 

found that the administration of CO-HbV attenuated MPO 

accumulation, which is frequently used to estimate the extent 

of accumulation of tissue neutrophils in inflamed tissue,41,42 in 

pancreatic tissue under conditions of severe acute pancreatitis 

(Figure 3A). Furthermore, corresponding to MPO accumula-

tion, CO-HbV efficiently inhibited the accumulation of NO
2
-

Tyr, a marker of oxidative stress for proteins (Figure 3B). Thus, 

it appears that CO-HbV inhibits the infiltration of neutrophils 

and subsequent ROS injuries in pancreatic tissue, resulting in 

the suppression for the progression of acute pancreatitis.

Proinflammatory cytokines, such as TNF-α and IL-1β, 

are mainly produced and released during severe acute 

pancreatitis and are thought to significantly contribute to 

Figure 6 Evaluation of renal injury and immunological staining of kidney sections after the administration of saline, HbV, and CO-HbV to CDE diet-induced acute pancreatitis 
mice.
Notes: (A) Serum BUN levels and (B) representative HE-stained kidney sections at 3 days after the start of the CDE diet. Each value represents the mean ± standard 
deviation (n=6). **P0.01 versus control. *P0.05 versus control. Immunostaining of (C) MPO (red) and (D) NO2-Tyr (red) in the kidney slices was performed at 3 days 
after the start of the CDE diet. DAPI (blue) was used to counterstain the nuclei. Scale bars represent 100 µm.
Abbreviations: BUN, blood urea nitrogen; CDE, choline-deficient ethionine-supplemented; CO-HbV, carbon monoxide-bound hemoglobin vesicle; DAPI, 4′,6-diamidino-
2-phenylindole; HE, hematoxylin and eosin; MPO, myeloperoxidase; NO2-Tyr, nitrotyrosine.
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Figure 7 Evaluation of lung injury and immunological staining of lung sections after the administration of saline, HbV, and CO-HbV to CDE diet-induced acute pancreatitis 
mice.
Notes: (A) Lung wet-to-dry ratio and (B) representative HE-stained lung sections at 3 days after the start of the CDE diet. Each value represents the mean ± standard 
deviation (n=6). *P0.05 versus control. Immunostaining of (C) MPO (red) and (D) NO2-Tyr (red) in the lung slices was performed at 3 days after the start of the CDE diet. 
DAPI (blue) was used to counterstain the nuclei. Scale bars represent 100 µm.
Abbreviations: CDE, choline-deficient ethionine-supplemented; CO-HbV, carbon monoxide-bound hemoglobin vesicle; DAPI, 4′,6-diamidino-2-phenylindole; HE, hematoxylin 
and eosin; MPO, myeloperoxidase; NO2-Tyr, nitrotyrosine.

the onset and progression of pancreatitis.43,44 For example, 

a marked attenuation of the severity of acute pancreatitis is 

observed when receptors for TNF-α and IL-1β are blocked, 

and the mortality is dramatically reduced in TNF-α and 

IL-1β knockout mice after the development of severe acute 

pancreatitis.45–47 Moreover, anti-cytokine therapies against 

TNF-α and IL-1β showed protective effects in experimental 

animal models with severe acute pancreatitis.48 Since the 

serum levels of TNF-α and IL-1β during the course of severe 

acute pancreatitis were decreased by a CO-HbV treatment 

(Figure 4), the therapeutic effect of CO-HbV could be modu-

lated by the production of systemic cytokines.

In order to emphasize this, CO-HbV was found to com-

prehensively ameliorate not only pancreatic injury but also 

secondary distal organ damage, including liver, kidneys, and 

lungs in the present acute pancreatitis model. This implies that 

CO-HbV could suppress the SIRS and MODS that accompany 

severe acute pancreatitis (Figures 5–7). Disease-related 

systemic responses, such as SIRS, are mediated by different 

inflammatory cytokines that are released during the course of 

primary organ injury. In particular, TNF-α and IL-1β play a 

pivotal role in the development of the SIRS and the subsequent 

distal organ failures in cases of severe acute pancreatitis.44 In 

the present study, CO-HbV was found to effectively inhibit 

TNF-α and IL-1β production in the circulation (Figure 4). In 

addition, neutrophils are also considered to play an important 

role in the onset and development of secondary distal organ 

damage in various diseases.49–51 As described previously, the 

infiltration of neutrophils into tissues causes substantial oxida-

tive injury to distal organs. Similar to the pancreas, CO-HbV 

suppressed neutrophil infiltration and subsequent ROS injuries 

in the liver, kidneys, and lungs of CDE mice (Figures 5–7) as 

judged by immunostaining for MPO and NO
2
-Tyr. These find-

ings indicate that both the anti-inflammatory and antioxidative 
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activities of CO-HbV not only play an important role in its 

protective effects against acute pancreatitis but also mediate 

multiple distal organ injuries.

In the present study, it was determined that CO directly 

contributed to the therapeutic effects of CO-HbV on both 

acute pancreatitis and its complications because HbV that was 

loaded with oxygen was ineffective. This indicates that HbV 

has the capacity to carry and release CO in vivo. Accumulating 

evidence has confirmed the safety and usefulness of HbV as an 

oxygen carrier such as its biological compatibility,22 the absence 

of toxicity,23 no accumulation in the body,52,53 and ability to 

transport oxygen.54,55 These beneficial properties of HbV can 

be retained, even in the form of CO-HbV.21 Moreover, HbV has 

been reported to have a good retention in the blood circulation of 

cynomolgus monkeys,56 and the half-life of HbV in humans was 

estimated to be ~3–4 days.57 Consequently, HbV is a promising, 

safe gas carrier for both CO and oxygen with long-acting prop-

erties. For the clinical application of CO-HbV, the characteriza-

tion of CO release from CO-HbV is an important issue. Thus, 

further investigation regarding this pharmacokinetic study will 

be necessary to develop a comprehensive understanding of the 

effect of CO-HbV on acute pancreatitis.

Conclusion
The findings of the present study show that 1) CO-HbV can 

significantly decrease mortality and prevent both pancreatic 

damage and severe complications (multiple organ injuries) 

via the anti-inflammatory and antioxidant activities of CO 

and that 2) CO-HbV functions as a CO donor, suggesting 

that CO-HbV could be a promising nanotechnology-based 

CO donor and has the potential for use as a therapy not only 

for acute pancreatitis but also for a wide range of ROS and 

inflammation-related diseases.
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