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Background: Chronic obstructive pulmonary disease (COPD) is a progressive pulmonary 

disease caused by harmful gases or particles. Recent studies have shown that 2% hydrogen 

or hydrogen water is effective in the treatment and prevention of a variety of diseases. This 

study investigated the beneficial effects and the possible mechanisms of different hydrogen 

concentrations on COPD.

Methods: A rat COPD model was established through smoke exposure methods, and inhalation 

of different concentrations of hydrogen was used as the intervention. The daily condition of 

rats and the weight changes were observed; lung function and right ventricular hypertrophy 

index were assessed. Also, white blood cells were assessed in bronchoalveolar lavage fluid. 

Pathologic changes in the lung tissue were analyzed using light microscopy and electron micros-

copy; cardiovascular structure and pulmonary arterial pressure changes in rats were observed 

using ultrasonography. Tumor necrosis factor alpha, interleukin (IL)-6, IL-17, IL-23, matrix 

metalloproteinase-12, tissue inhibitor of metalloproteinase-1, caspase-3, caspase-8 protein, and 

mRNA levels in the lung tissue were determined using immunohistochemistry, Western blot, 

and real-time polymerase chain reaction.

Results: The results showed that hydrogen inhalation significantly reduced the number of 

inflammatory cells in the bronchoalveolar lavage fluid, and the mRNA and protein expression 

levels of tumor necrosis factor alpha, IL-6, IL-17, IL-23, matrix metalloproteinase-12, caspase-3, 

and caspase-8, but increased the tissue inhibitor of metalloproteinase-1 expression. Furthermore, 

hydrogen inhalation ameliorated lung pathology, lung function, and cardiovascular function 

and reduced the right ventricular hypertrophy index. Inhalation of 22% and 41.6% hydrogen 

showed better outcome than inhalation of 2% hydrogen.

Conclusion: These results suggest that hydrogen inhalation slows the development of COPD-

like lung disease in a cigarette smoke-induced rat model. Higher concentrations of hydrogen 

may represent a more effective way for the rat model.
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Introduction
Chronic obstructive pulmonary disease (COPD) is an inflammatory pulmonary disease 

caused by harmful gases or particles.1 It is primarily characterized by airway remodeling 

and airflow obstruction that shows progressive development.2 COPD is the world’s 

fourth major cause of death that exhibits high incidence and mortality.3 COPD can 

be caused by many factors,4 among which smoking is a major risk factor. Smoking-

derived substances and chemicals can cause airway and vasculature inflammatory 
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responses, which ultimately result in endothelial cell damage, 

pulmonary vascular remodeling, and emphysema.

It has been shown that the main mechanisms underlying 

COPD include airway and lung inflammation, an imbalance 

in the protease/antiprotease system, and oxidative stress. 

Increased expression of the inflammatory cytokines, tumor 

necrosis factor alpha (TNF-α) and interleukin-6 (IL-6), 

has been demonstrated in COPD lung tissue,5–7 whereas an 

imbalance of the matrix metalloproteinase-12/tissue inhibi-

tor of metalloproteinase-1 (MMP-12/TIMP-1) ratio has been 

confirmed as a contributor to the pathogenesis of COPD in a 

number of studies.8,9 Multifunctional cytokine TNF-α can 

enhance airway inflammation and airway smooth muscle 

regeneration, change airway smooth muscle function, and 

be involved in airway reconstruction, suggesting that TNF-α 

plays an important role in the development and progression of 

COPD.5 In patients with acute exacerbation of chronic obstruc-

tive pulmonary disease (AECOPD), TNF-α, derived from 

activated alveolar macrophages stimulated with some antigens 

such as bacteria or virus, in turn, elicits alveolar macrophages 

and bronchial epithelial cells to generate IL-8.7 Although IL-8 

is an important inflammatory factor, TNF-α, obviously, is 

significant in the development of COPD. Apoptosis has also 

recently been found to be involved in COPD development, 

as indicated by increased expression of apoptosis-related 

proteins, such as caspase-3 and caspase-8.10,11 Up to now, the 

mechanism of apoptosis with COPD has been unclear, but it 

may be associated with abnormal levels of apoptosis regula-

tory factors in blood. Mitochondria, the key factor in COPD 

apoptosis, regulate apoptosis and release apoptotic mediators, 

such as cytochrome c, which can combine apoptotic protease-

activating factor 1 and caspase-9 to activate caspase-9, and 

the latter in turn activates subsequent caspase-3 and cell 

apoptosis.12 Thus, the level of caspase-3 activation is positively 

correlated with caspase-9 activation. Therefore, we evaluated 

caspase-3 as a biomarker of COPD apoptosis.

In the past 30 years, research in COPD has dramati-

cally increased the quality of life for patients with COPD. 

However, there remains no cure despite major advances 

in understanding of the pathogenesis of COPD. COPD is 

mainly treated with drugs, such as bronchodilators and cor-

ticosteroids. In addition, the use of antioxidants and vitamin 

D is currently being investigated clinically, but the results 

have not been satisfactory to date.13,14 Recent basic and 

clinical studies have revealed that hydrogen is an important 

physiologic regulatory molecule. An early study from Dole 

et al in 1975 has shown that hydrogen can suppress tumor 

formation on animal skin through its antioxidant effect,15 

but this notion did not attract academic attention until 2007. 

Ohsawa et al reported that hydrogen could improve a cerebral 

ischemia–reperfusion model.16 Hydrogen can also relieve the 

inflammatory response in the brain tissue of Alzheimer’s dis-

ease model rats, inhibit the activation of mast cells, improve 

the conditions of cerebral hemorrhage, inhibit the inflamma-

tory response in general, heal intestinal injury, and so on.17–19 

Moreover, a growing number of studies have demonstrated 

that hydrogen or hydrogen water has therapeutic effects on 

multisystem diseases, such as diabetes, and diseases of the 

cardiovascular system, skin, and intestines.

Recent studies have shown that 2% hydrogen can mitigate 

lung injury through an antiapoptotic effect and by inhibit-

ing the expression of inflammatory cytokines.20–22 In 2011, 

Liu et al proposed that hydrogen treatment might become a 

new and effective method for COPD,23 but there have been 

a few studies that experimentally determined this therapy 

for COPD. It is still uncertain whether hydrogen has effects 

on COPD, or whether different concentrations of hydrogen 

could have different effects on COPD. In this study, therefore, 

a cigarette smoke-induced rat model was established, and the 

effects of hydrogen in a cigarette smoke-induced rat model 

were investigated.

Materials and methods
Instruments and reagents
A smoking device (JY-01 model; Shijiazhuang Jinyang 

Science and Technology Development Co., Ltd.), a hydroxide 

atomizer (AMS-H-01; Shanghai Asclepius Meditec Co., Ltd., 

Shijiazhuang, People’s Republic of China), an AniRes2005 

lung function system (Peking Biolab Tech Co., Beijing, 

People’s Republic of China), scanning electron microscope 

(SEM; S-3500N; Hitachi Ltd., Tokyo, Japan), transmission 

electron microscope (TEM; H-3500; Hitachi Ltd.), and Vevo 

ultra-high-resolution ultrasound imaging system for small 

animals (Vevo2100; VisualSonics,Toronto, Canada) were 

used in this study. Fluorescence quantitative polymerase 

chain reaction (PCR) was performed with an ABI7500 

(Applied Biosystems). Diamond brand cigarettes (tar: 13 mg, 

nicotine: 1.2 mg, flue gas carbon monoxide: 14 mg; Hebei 

Tobacco Company, Zhangjiakou, People’s Republic of 

China) were used for producing the COPD model. Nitrogen 

(15% O
2
+85% N

2
) was purchased from Shijiazhuang Cen-

tral Plains Specialty Gases Ltd., and a 2% H
2
 gas mixture 

(21% O
2
+2% H

2
+77% N

2
) was purchased from Guangzhou 

Puyuan Gas Company Ltd. Anti-TNF-α (rat, ab6671, 1:100 

in immunohistochemistry [IHC], 1:200 in Western blot [WB]; 

Abcam), anti-IL-6 (rat, ab9324, 1:2,000 in IHC, 1:2,000 in 
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WB; Abcam), anti-IL-17 (rat, ab79056, 1:1,000 in IHC, 

1:1,500 in WB; Abcam), anti-IL-23 (rat, ab175072, 1:400 in 

IHC, 1:1,500 in WB; Abcam), anti-MMP-12 (rat, ab66157, 

1:500 in IHC, 1:3,000 in WB; Abcam), anti-caspase-3 (rat, 

ab44976, 1:500 in IHC, 1:500 in WB; Abcam), anti-caspase-8 

(rat, ab25901, 1:1,000 in IHC, 1:2,000 in WB; Abcam), anti-

TIMP-1 (mouse, 10753-1-AP, 1:20 in IHC, 1:800 in WB; Bei-

jing Biosynthesis Biotechnology Co., Ltd, Beijing, People’s 

Republic of China) primary antibodies, and anti-rabbit and 

anti-mouse secondary antibodies (Abbkine, Reddlands, CA, 

USA) were used to determine protein expression levels. 

A bicinchoninic acid protein assay kit was obtained from 

Shanghai BestBio Beibo Biological. Redzol (Beijing SBS 

Genetech Co., Ltd., Beijing, People’s Republic of China), a 

reverse transcription kit (RR040A; Takara ClonTech Inc.), 

and real-time PCR (RT-PCR) kit (RR820A; Takara ClonTech 

Inc.) were used for monitoring mRNA expression levels.

Animal grouping and model establishment
Healthy male Sprague–Dawley rats (7 weeks old, body 

weight 180±20 g) were selected for the experiments (Cer-

tificate ID 1503119; Hebei Medical University Animal 

Experimental Center, Shijiazhuang, People’s Republic of 

China). The animals were accommodated for 1 week before 

the experiment. The care of laboratory animals and the animal 

experimental operation conformed to Beijing Administra-

tion Rule of Laboratory Animals. The study protocol was 

approved by the Institutional Animal Care and Use Com-

mittee, Hebei Medical University. The rats were given a 

standard diet and water ad libitum.

The rats with COPD-like lung disease were established 

by the smoking method.24 Animals were randomized into the 

following five groups (10 rats in each group): control group, 

COPD group, low-hydrogen group (Hl group), intermedi-

ate hydrogen group (Hm group), and high-hydrogen group 

(Hh group). Cigarette smoke and hydrogen were actually 

coadministered during a 4-month period. Except for the con-

trol group, the other groups of rats were given passive smoke 

exposure in a fumigation chamber twice per day, with 10 

cigarettes in each group, and with each exposure session for 

1 hour and .4 hours between two cigarette smoke exposures, 

which was performed for a total of 4 months. After exposure 

to cigarette smoke for two times every day in the 4-month 

period, the Hl group was also given 21% O
2
+2% H

2
 by 

inhalation and the Hm group was given 21% O
2
+22% H

2
 by 

inhalation using a hydrogen atomizer and 15% O
2
+85% N

2
 

at a flow rate of 1:2, whereas the Hh group was given 

21% O
2
+41.6% H

2
 by inhalation with a hydrogen atomizer 

and 100% N
2
 at a flow rate of 5:3. Hydrogen inhalation with 

oxygen meter and real-time monitoring of the concentration 

of hydrogen meter occurred once a day for 2 hours in a total 

of 4 months of cigarette exposure. The rats in the control 

group received no intervention over the 4  months of the 

experimental period.

Lung function
Lung function was evaluated by endotracheal intubation 

under sterile conditions, according to each rat’s body weight, 

after administering anesthesia by intraperitoneal injection of 

2% sodium pentobarbital (3 mL/kg). Six continuous sponta-

neous breathing cycles were observed, forced vital capacity 

(FVC) and forced expiratory volume in 0.2 second (FEV0.2) 

were measured, and FEV0.2/FVC was calculated.25

Bronchoalveolar lavage fluid (BALF) and 
tissue sample collection
Bronchoalveolar lavage was performed using a three-in/

three-out pattern of intratracheal instillation. The rats were 

anesthetized by an intraperitoneal injection of 2% pento-

barbital sodium (3 mL/kg). Tracheal intubation in aseptic 

conditions was then performed, and then 2 mL normal 

saline in syringe slowly into the lung through trachea. 

BALF was placed into sterile centrifuge tubes for total and 

differential white blood cell counts. The red blood cells in 

lung blood vessels were washed with ice-cold saline at room 

temperature. The anterior lobe of the right lung was placed 

into paraformaldehyde for fixation, and the remaining three 

right lung lobes were frozen in liquid nitrogen. It was done 

according to the method described previously.24

Hematoxylin and eosin (HE) staining
HE staining was done according to the method described 

previously.25 The lungs were fixed with buffered 4% para-

formaldehyde for 24 hours and embedded into paraffin. The 

4 μm sections were stained with HE for routine histologic 

examination. Lung tissue pathologic changes were observed 

under a light microscope, and the mean linear interval, mean 

alveolar number (MAN), and bronchial wall thickness/

diameter (BWT/D) ratio were determined.

Electron microscope
Rats were sacrificed and samples of about 1×1×1 mm of the 

left lung tissue and 1×1×3 mm of the right ventricular (RV) 

wall tissue were obtained. The samples were immediately 

placed in 4% glutaraldehyde for front fixation and washed 

with phosphate buffer and osmium tetroxide for postfixation. 
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The samples were exposed to gradient dehydration with 

acetone after a second wash step and embedded in epoxy 

resins. After polymerization, ultrathin sections were pre-

pared, stained with uranyl acetate lead citrate staining, and 

observed under TEM.26 A sample of about 5×5×5 mm of the 

left lung tissue was fixed with 2.5% glutaraldehyde. After 

dehydration, the samples were embedded in epoxy resins, cut 

into ultrathin sections, and observed using SEM.27

Ultrasound
After the rats in each group were anesthetized and chest skin 

preparation was done, the mean pulmonary arterial pressure 

(mPAP) values, left ventricular ejection fraction (LVEF), 

end-diastolic RV anterior wall thickness (RVAWd), end-

diastolic left ventricular anterior wall thickness, and end-

diastolic left ventricular posterior wall thickness (LVPWd) in 

each group were measured using Vevo ultra high-resolution 

small animal ultrasound imaging system.

Right ventricular hypertrophy index
This was done by detaching and weighing the RV free 

wall followed by calculating the RV hypertrophy index 

(RVHI) = (RV/[LV + S]),24 where LV is left ventricular and 

S refers to the ventricular septum. This factor was used as 

an indicator of the state of RV infarction and as an indirect 

indicator of pulmonary artery pressure.

Immunohistochemistry
The protein expression levels of TNF-α, IL-6, IL-17, IL-23, 

MMP-12, TIMP-1, caspase-3, and caspase-8 were assessed 

by IHC.24 The lungs were fixed with buffered 4% paraformal-

dehyde for 24 hours and embedded into paraffin. Phosphate-

buffered saline was used to replace the primary antibody as a 

negative control. Primary antibodies and secondary antibody 

were added, with diaminobenzidine as the chromogenic, 

and then hematoxylin dyeing was performed. Staining was 

observed under an optical microscope.

Western blotting
The protein expression levels of TNF-α, IL-6, IL-17, IL-23, 

MMP-12, TIMP-1, caspase-3, and caspase-8 in the tissues 

were measured using WB.28 Protein concentrations were 

determined by the method of bicinchoninic acid. In brief, 

equal amounts of protein samples (10 μg) from different sam-

ples were loaded on sodium dodecyl sulfate-polyacrylamide 

gels. Proteins were then electrophoresed and transferred to a 

nitrocellulose membrane. After blocking nonspecific bind-

ing with nonfat dry milk, the membranes were incubated 

overnight with the primary antibodies. The membrane was 

probed with the corresponding secondary antibody for 1 hour 

at room temperature. A two-color infrared laser imaging 

analysis system was used for development and recording of 

results. Each experiment was repeated five times, and similar 

results were obtained.

Real-time PCR
RT-PCR was performed according to the method described 

previously.24 Primers for determining mRNA expression 

of genes encoding TNF-α, IL-6, IL-17, IL-23, MMP-12, 

TIMP-1, caspase-3, and caspase-8 are listed in Table 1. Total 

RNA was extracted from rat lung tissues. After RNA quantifi-

cation, 1 μg total RNA was used for reverse transcription. The 

PCR mixture included SYBR Green (10 μL), distilled H
2
O 

(7 μL), PCR forward primer (10 μM; 0.8 μL), PCR reverse 

primer (10 μM; 0.8 μL), cDNA 1 μL, and 50× ROX II (0.4 

μL). The cycling conditions were as follows: 95°C for 30 s 

as an initial denaturation step, followed by 40 cycles, each 

consisting of 95°C for 5 s and 60°C for 34 s. β-actin was used 

as the internal control. Data were expressed as fold change 

versus control using 2(−ΔΔCt) method.

Statistical analysis
All data were analyzed by SPSS 21.0 statistical software and 

presented as mean ± standard deviation (SD). Comparison 

of the mean among groups was made by one-way analysis 

of variance. Pairwise comparisons with homogeneity of 

variance were performed using the Student–Newman–Keuls 

method. P,0.05 was considered to indicate statistically 

significant differences.

Table 1 Primers of reverse transcription PCR analysis for genes

Primer Primer sequence (5′–3′) Product 
length (bp)

GADPH-F TGAACGGGAAGCTCACTG 119
GADPH-R GCTTCACCACCTTCTTGATG
TNF-α-F CCTCTTCTCATTCCTGCTC 124
TNF-α-R CTTCTCCTCCTTGTTGGG
IL-6-F ATCTGCTCTGGTCTTCTGG 78
IL-6-R TCTGGCTTTGTCTTTCTTGT
IL-17-F TCATCCCTCAAAGCTCAGCG 167
IL-17-R TTCATTGCGGTGGAGAGTCC
IL-23-F AAAGGAGGTTGATAGAGGGT 241
IL-23-R TCTTAGTAGATCCATTTGTCCC
MMP-12-F GTGCCCCAGAGGTCAAGATG 245
MMP-12-R GCATGGGCTAGTGTACCACC
TIMP-1-F CCTCTGGCATCCTCTTGTTG 161
TIMP-1-R ATAACGCTGGTATAAGGTGGTC
Caspase-3-F TGGCATTGAGACAGACAG 150
Caspase-3-R CAAAGGGACTGGATGAAC
Caspase-8-F CTGACTGGAGTGAACTATG 267
Caspase-8-R GTGTGAAGATGGGCTGTG
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Results
Hydrogen coadministration slows 
weight loss in a cigarette smoke-induced 
rat model
There was no difference in baseline body weight among the 

five groups. After smoking, compared with the control group, 

the body weight of the COPD group was reduced (P,0.05). 

Compared with the COPD group, the body weights of rats in 

the Hl and Hh groups were increased (P,0.05), but that of 

the Hm group showed no change (Figure 1A). These results 

suggest that hydrogen coadministration slows weight loss in 

a cigarette smoke-induced rat model.

Hydrogen coadministration ameliorates 
lung functions in a cigarette smoke-
induced rat model
FEV0.2 and FEV0.2/FVC in the COPD group were sig-

nificantly lower; however, FVC was higher than that in 

the control group (all P,0.01). Compared with the COPD 

group, these were significantly increased; however, FVC 

was reduced in the Hl, Hm, and Hh groups (all P,0.01). 

FVC in the Hl group was significantly lower than that in the 

Hh group (P,0.01, Figure 1B). These results suggest that 

hydrogen coadministration ameliorates the lung functions in 

a cigarette smoke-induced rat model.

Hydrogen coadministration reduces the 
infiltration of inflammatory cells in a 
cigarette smoke-induced rat model
As expected, the number of total white blood cells, neu-

trophil granulocytes, and macrophages were significantly 

increased in the BALF of the COPD group (all P,0.01). 

Compared with the COPD group, these cells were decreased 

in the Hl, Hm, and Hh groups (P,0.01 or P,0.05). There 

was no significant difference between the Hm and Hh 

groups in these cell numbers, but the Hl group showed a 

significant increase (all P,0.01; Figure 2). These results 

suggest that hydrogen coadministration reduces the infil-

tration of inflammatory cells in a cigarette smoke-induced 

rat model.

Figure 1 Effect of hydrogen on body weight and lung function in a cigarette smoke-induced rat model.
Notes: (A) Rats’ body weights before and after smoking. (B) Lung function in rats. (n=10 for each group; ##P,0.01 compared with COPD group; *P,0.05, 
**P,0.01).
Abbreviations: COPD, chronic obstructive pulmonary disease; FEV0.2, forced expiratory volume in 0.2 second; FEV0.2/FVC, forced expiratory volume in 0.2 second/forced 
vital capacity; FVC, forced vital capacity.
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Figure 2 Impact of hydrogen on inflammatory cells in rats with COPD-like lung disease.
Notes: The inflammatory cells in BALF were measured to compare the effect of hydrogen in rats with COPD-like lung disease. (n=10 for each group; #P,0.05, ##P,0.01 
compared with COPD group;  **P,0.01).
Abbreviations: BALF, bronchoalveolar lavage fluid; COPD, chronic obstructive pulmonary disease.

Hydrogen coadministration ameliorates 
pathologic changes of lung in a cigarette 
smoke-induced rat model
Compared with the control group, the lung volume in the 

COPD group was increased; on gross morphology, it was 

white and uneven, rather than smooth, and had poor flexibility. 

The alveolar ducts, alveolar sacs, and pulmonary alveoli of 

rats in the COPD group were significantly expanded; the 

alveoli were structurally disordered, the alveolar wall showed 

signs of thinning and breaking, and some had fused into 

bullae. The ciliated cells showed degeneration and necrosis. 

The pulmonary artery wall was thickened, and the lumen 

narrowed, with varying degrees of peripheral neutrophil, 

lymphocyte, and mononuclear macrophage infiltration. The 

lungs in rats of the Hl, Hm, and Hh groups were slightly 

reduced compared to those of rats in the COPD group, and the 

appearance of the lungs was also improved. The pulmonary 

artery walls showed mild thickening; the alveolar wall was 

relatively thin, inflammatory cells were decreased, and the 

fracture conditions were improved, compared with those in 

the COPD group (Figure 3A).

Compared with the control group, the mean linear 

interval and BWT/D in the COPD group were significantly 

increased (P,0.01), and the MAN was significantly reduced 

(P,0.01). Compared with the COPD group, these were 

reduced, but MAN was increased in the Hl, Hm, and Hh 

groups (Figure 3B). These results suggest that hydrogen 

coadministration ameliorates the pathologic changes of lung 

in a cigarette smoke-induced rat model.

Hydrogen coadministration ameliorates 
ultrastructural changes of lung in a 
cigarette smoke-induced rat model
SEM observations showed alveolar septa with a smooth 

surface with no fracture in the control group. The alveolar 

wall showed structural integrity; also, the alveolar epithe-

lial cells were arranged in an orderly manner with clear 

boundaries. The alveoli were well inflated; there was no 

alveolar hemorrhage, exudation, or inflammatory cell 

infiltration present. Compared with the control group, the 

alveolar septum in the COPD group was thinner and showed 

subsequent fracture. The structural integrity of the alveolar 
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Figure 4 Effect of hydrogen on changes in the ultrastructure of COPD-like lung disease rats.
Notes: (A) Lung tissue observation of five groups under SEM. (B) Lung tissue observation of five groups under TEM. (C) Cardiac tissue observation of five groups 
under TEM.
Abbreviations: COPD, chronic obstructive pulmonary disease; SEM, scanning electron microscope; TEM, transmission electron microscope.

Figure 3 Effect of hydrogen on the pathologic lung changes in rats with COPD-like lung disease.
Notes: (A) Rat lung pathologic observations (HE ×400). (B) MLI, MAN, and BWT/D were measured to compare the effect of hydrogen in rats with COPD-like lung disease. 
(n=10 for each group. ##P,0.01 compared with the COPD group, *P0.05, **P0.01).
Abbreviations: BWT/D, bronchial wall thickness/diameter; COPD, chronic obstructive pulmonary disease; HE, hematoxylin and eosin; MAN, mean alveolar number; 
MLI, mean linear intercept.

wall was damaged, and the alveolar epithelial cells were 

disorganized. Alveolar hyperinflation occurred, and lym-

phocytes and cell shed debris were present in the alveoli. 

The alveolar septum was thinner, occasionally ruptured, and 

a small amount of inflammatory cells in the Hl group. The 

alveolar septum showed a smooth surface in the Hm and 

Hh groups, and no fracture was present. The alveolar wall 

showed structural integrity and the alveolar epithelial cells 

were arranged in an orderly manner. There was no alveolar 

bleeding or exudation, and only occasional inflammatory 

cell infiltration was seen. Thus, the alveolar condition 

was improved in the Hm and Hh groups, compared to the 

Hl group (Figure 4A).

The ultrastructural changes of alveolar type II epithelial 

cells were also observed under TEM for each group. The 

microvilli on the surface of alveolar type II epithelial cells 
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were uncompromised in the control group, the cristae and 

membrane of mitochondria showed a clear structure, the 

rough endoplasmic reticulum was regular in structure, and 

the nucleus had clear boundaries. Compared with the con-

trol group, the microvilli on the surface of alveolar type II 

epithelial cells were reduced in the COPD group, the cristae 

and membrane of the mitochondria were markedly fused, 

and giant mitochondria were visible. The rough endoplasmic 

reticulum was expanded and the perinuclear gap was wid-

ened. However, in the Hl, Hm, and Hh groups, these showed 

significant improvement (Figure 4B).

The ultrastructural changes of the myocardial cells were 

also observed under TEM in each group. In the control group, 

the sarcomere had an orderly arrangement, the nucleus had clear 

boundaries, and the mitochondrial cristae and membrane had a 

clear structure. Compared with the control group, the sarcomere 

arrangement was disorganized in the COPD group, and the 

perinuclear gap in the cardiomyocytes was widened. The cristae 

and membrane of their mitochondria showed signs of fusion; 

giant mitochondria were visible, and some mitochondria had 

herniated. Compared with the COPD group, the sarcomere 

arrangement was orderly in the Hl, Hm, and Hh groups; the 

perinuclear gap was widened slightly, whereas the mitochon-

dria showed slight edema and mild fusion (Figure 4C).

Hydrogen coadministration ameliorates 
mPAP, LVEF, RVAWd, and LVAWd
The mPAP was significantly higher in the COPD group 

(P,0.01) and significantly lower in each hydrogen inhalation 

group (P,0.01), compared to the control group; this value 

was also lower in the Hm group than in the Hl and Hh groups 

(P,0.05). The LVEF in the COPD group was significantly 

lesser than that in the control group (P,0.01); compared to 

the COPD group, the LVEF in the Hl group was reduced 

(P,0.05), but there were no differences in the LVEF in the 

Hm and Hh groups. LVEF in the Hl group was significantly 

lesser than in the Hm (P,0.05) and Hh groups (P,0.01). 

The RVAWd in the COPD group was significantly greater 

than that in the control group (P,0.01); compared with 

the COPD group, a significant decrease was seen in each 

hydrogen inhalation group (all P,0.01), but there was no 

significant difference among the hydrogen inhalation groups. 

There was no significant difference in the end-diastolic 

left ventricular anterior wall thickness between the COPD 

group and the control group; compared to the COPD group, 

there was  no difference in each of the hydrogen inhalation 

groups. There was also no difference in LVPWd between the 

COPD group and the control group; a significant decrease 

was seen in this value for the Hl group (P,0.01), but not for 

the Hm or Hh group compared to the control group. LVPWd 

in the Hl group was also smaller than that in the Hm group 

(P,0.05; Figure 5).

Hydrogen coadministration reduces RVHI 
in a cigarette smoke-induced rat model
The RVHI in the COPD group was significantly increased 

than that in the control group (P,0.01). Compared with the 

COPD group, the RVHI in each hydrogen inhalation group was 

significantly reduced (all P,0.01); the values in the Hm and 

Hh groups were also lower than that in the Hl group (P,0.01; 

Figure 5). These results suggest that hydrogen coadministra-

tion reduces RVHI in a cigarette smoke-induced rat model.

Hydrogen coadministration reduces the 
mRNA and protein expression of TNF-α, 
IL-6, IL-17, IL-23, MMP-12, caspase-3, 
and caspase-8, but increases TIMP-1 
expression
Expression of proteins such as TNF-α, IL-6, IL-17, 

IL-23, MMP-12, TIMP-1, caspase-3, and caspase-8 (IHC, 

Figures 6 and 7; WB, Figure 8) was detected by IHC and 

WB of the lung tissue. Expression of TNF-α, IL-6, IL-17, 

IL-23, MMP-12, TIMP-1, caspase-3, and caspase-8 was vis-

ible in the bronchi of all sizes, as well as in the cytoplasm of 

the alveolar infiltrated inflammatory cells. Compared with 

the control group, the expression levels of all these proteins 

were increased in the COPD group. The expression levels 

of TNF-α, IL-6, IL-17, IL-23, MMP-12, caspase-3, and 

caspase-8 were reduced; however, the expression level of 

TIMP-1 was increased in each of the hydrogen inhalation 

groups, compared with the COPD group. There was no sig-

nificant difference in the expression levels of these proteins 

between the Hm group and the Hh group, but except for 

TIMP-1, the expression levels in both groups were lower 

than that in the Hl group. These results suggest that hydro-

gen coadministration reduces the protein expression levels 

of TNF-α, IL-6, IL-17, IL-23, MMP-12, caspase-3, and 

caspase-8, but increases TIMP-1 expression.

Gene expression of TNF-α, IL-6, IL-17, IL-23, MMP-12, 

TIMP-1, caspase-3, and caspase-8 (Figure 9) in the lung 

was assessed by RT-PCR. In the COPD group, the mRNA 

expression levels of genes encoding TNF-α, IL-6, IL-17, 

IL-23, MMP-12, TIMP-1, caspase-3, and caspase-8 were 

significantly increased, compared with those in the control 

group (P,0.01). Compared with the COPD group, the gene 
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expression levels of TNF-α, IL-6, IL-17, and IL-23 were 

decreased in all hydrogen inhalation groups (P,0.01 or 

P,0.05); there was no significant difference in the expres-

sion of these genes between the Hm group and the Hh group, 

both of which were lower than that in the Hl group (P,0.01 

or P,0.05). Compared with the COPD group, the mRNA 

expression levels of MMP-12, caspase-3, and caspase-8 were 

significantly decreased in all hydrogen inhalation groups (all 

P,0.01); no significant differences were found among the 

hydrogen inhalation groups. The mRNA expression level of 

TIMP-1 was significantly increased in the Hm and Hh groups 

(P,0.01), and in the Hl group (P,0.05), compared with the 

COPD group; no significant difference was found between 

the Hm group and the Hh group. These results suggest that 

Figure 5 Changes in cardiovascular indices and RVHI after hydrogen coadministration to COPD-like lung disease rats.
Notes: Comparisons of mPAP, LVEF, RVAWd, LVAWd, LVPWd, and RVHI. (n=10 for each group;  ##P,0.01 compared with COPD group, *P,0.05, **P,0.01).
Abbreviations: COPD, chronic obstructive pulmonary disease; LVAWd, end-diastolic left ventricular anterior wall thickness; LVEF, left ventricular ejection fraction; 
LVPWd, end-diastolic left ventricular posterior wall thickness; mPAP, mean pulmonary arterial pressure; RVAWd, end-diastolic right ventricular anterior wall thickness; 
RVHI, right ventricular hypertrophy index.
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hydrogen coadministration reduces the mRNA expression 

levels of TNF-α, IL-6, IL-17, IL-23, MMP-12, caspase-3, 

and caspase-8, but increases TIMP-1 expression.

Discussion
COPD is a common respiratory disease showing an annual 

increase in morbidity and mortality rates, which is associated 

with inflammation, protease/antiprotease system imbalance, 

and apoptosis.10,11

In this study, cigarette smoke exposure was used to 

establish COPD-like lung disease model in rats. These 

rats exhibited typical pathologic changes of COPD that 

were accompanied with decreased lung function. It was 

found that 2%, 22%, and 41.6% hydrogen improved the 

α
α

Figure 6 Effect of hydrogen on the expression of TNF-α, IL-6, IL-17, and IL-23 in the lung obtained from COPD-like lung disease rats, found by immunohis
tochemical staining.
Notes: (A) Immunohistochemical staining of the lung sections for TNF-α, IL-6, IL-17, and IL-23. (B) Quantitative analysis of the expression of TNF-α, IL-6, IL-17, and IL-23 
in the lung of COPD-like lung disease rats. (n=10 for each group. #P,0.05; ##P,0.01 compared with COPD group. *P,0.05; **P,0.01). Each experiment was repeated three 
times and similar results were obtained.
Abbreviations: COPD, chronic obstructive pulmonary disease; IL, interleukin; MOD, mean optical density; TNF-α, tumor necrosis factor alpha.
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lung pathology and function through inhibition of pul-

monary inflammatory cytokines and apoptotic proteins 

and restoration of protease/antiprotease balance; 22% and 

41.6% hydrogen showed enhanced beneficial effects over 

2% hydrogen.

Alveolar septum rupture, alveolar tissue-unrelated dis-

charge, and cell residue under SEM have been reported in an 

emphysema model generated in Wistar rats.29 In the COPD-

like lung disease model generated in this study, marked 

damage was also found in alveolar septa, alveolar walls, and 

Figure 7 Effect of hydrogen on the expression of MMP-12, TIMP-1, caspase-3, and caspase-8 in the lung obtained from COPD-like lung disease rats, found by 
immunohistochemical staining.
Notes: (A) Immunohistochemical staining of the lung sections for MMP-12, TIMP-1, caspase-3, and caspase-8. (B) Quantitative analysis of the expression of MMP-12, TIMP-1, 
caspase-3, and caspase-8 in the lung of COPD-like lung disease rats. (n=10 for each group; #P,0.05, ##P,0.01 compared with COPD group; *P,0.05, **P,0.01). Each 
experiment was repeated three times and similar results were obtained.
Abbreviations: COPD, chronic obstructive pulmonary disease; MMP, matrix metalloproteinase; MOD, mean optical density; TIMP, tissue inhibitor of metalloproteinase.
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Figure 8 Effect of hydrogen on the expression of TNF-α, IL-6, IL-17, IL-23, MMP-12, TIMP-1, caspase-3, and caspase-8 in the lung obtained from COPD-like lung disease 
rats, determined by Western blotting.
Notes: (A) Western blotting of the lung sections for TNF-α, IL-6, IL-17, IL-23, MMP-12, TIMP-1, caspase-3, and caspase-8. (B) The target protein bands were densitometrically 
analyzed normalized to β-actin. (#P,0.05, ##P,0.01 compared with COPD group; *P,0.05, **P,0.01). Each experiment was repeated three times and similar results were 
obtained.
Abbreviations: COPD, chronic obstructive pulmonary disease; IL, interleukin; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinase; TNF-α, tumor 
necrosis factor alpha.

alveolar epithelial cells. Alveolar structure was improved to 

some extent in each of the hydrogen inhalation groups. Recent 

studies demonstrated that the ultrastructure of intestinal epi-

thelial cells was improved in Wistar rats with septic shock 

after inhalation of 2% hydrogen;30 hydrogen also had a pro-

tective effect on hyperoxia-induced alveolar type II epithelial 

cell damage.31 In this study, we found that the ultrastructure 

of alveolar type II epithelial cells was improved in each of 

the hydrogen inhalation groups. Ohsawa et al discovered 

that hydrogen could pass through biologic membranes and 

diffuse into the cytoplasm, mitochondria, and nucleus.16 In 

this study, the cristae of myocardial mitochondria were not 

clear in the COPD group and appeared fractured or absent. 

The myocardial mitochondrial structure was improved in each 

of the hydrogen inhalation groups, which further confirmed 

that hydrogen has a protective effect on mitochondria.32 More-

over, among the three concentrations of hydrogen used in this 

study, 41.6% hydrogen possessed the optimal effect.

The expression levels of TNF-α and IL-6 have been shown 

to increase in the lungs of individuals with COPD.5–7 The 
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expression of IL-17 in bronchial tissues increases in patients 

with COPD.33 IL-23 could induce T-helper cell 17 (Th17) 

differentiation and release of TNF-α, IL-6, and IL-17,34,35 

whereas IL-17 could also induce TNF-α and IL-6 expression. 

Qiu et al found that 2% hydrogen could alleviate acute lung 

injury by reducing TNF-α and IL-6 expression.36 This study 

showed that hydrogen could reduce the number of inflamma-

tory cells in the BALF and reduce the expression of TNF-α, 

Figure 9 (Continued)

α
∆∆
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IL-6, IL-17, and IL-23; in this respect, 22% and 41.6% hydro-

gen yielded better outcome than 2% hydrogen. These results 

suggest that hydrogen inhalation alleviated inflammation 

through its inhibitory actions on the number of inflammatory 

cells, the expression of inflammatory factors, or both.

A protease/antiprotease imbalance plays an important 

role in the pathogenesis of COPD, and the adverse effect 

of imbalance of MMP-12/TIMP-1 in COPD has been 

demonstrated.8,9 It has not been reported to date whether 

hydrogen can affect the protease/antiprotease balance in 

the lungs with COPD. This study showed that hydrogen 

could reduce the expression of MMP-12 and increase the 

expression of TIMP-1, thereby restoring the balance of 

MMP-12/TIMP-1; in this respect, 22% and 41.6% hydrogen 

were again more effective than 2% hydrogen. It has been 

shown that there is an association between proteases and 

inflammatory cytokines; inflammatory cytokines release 

proteases by excessive recruitment of inflammatory cells,37 

aggravating tissue inflammation and causing the release 

of more inflammatory cytokines. It is likely that hydrogen 

can affect the protease/antiprotease balance by reducing the 

expression of inflammatory cytokines.

Apoptosis plays an important role in the development 

of COPD. Previous studies have shown that an increase in 

protease levels could induce apoptosis in lung parenchymal 

cells.38 Huang et al found that 2% hydrogen could alleviate 

lung injuries through reducing the expression of caspase-3 

and increasing the expression of B-cell lymphoma-xl,39 

whereas Kawamura et al found that 2% hydrogen could 

alleviate lung transplantation damage through reducing the 

expression of Bcl-2 Associated X protein and increasing the 

expression of B-cell lymphoma-2.40 This study demonstrated 

that hydrogen could reduce apoptosis in COPD by reducing 

the expression levels of caspase-3 and caspase-8, with 22% 

and 41.6% hydrogen performing better than 2% hydrogen, 

although there was no difference between the effects of 22% 

and 41.6% hydrogen.

There is no influence of hydrogen on the physiologic 

properties, such as temperature, blood pressure, blood pH, 

and PaO2.16 The use of a low concentration of hydrogen in 

clinical treatment is for the safety of vessel hemodynamic 

indexes, such as heart rate and left ventricular pressure.41 

Additionally, we have not found any abnormal condition with 

regard to the anatomy and pathology of all our rat models. 

Although there is no report about hydrogen’s adverse effect, 

we should pay attention to the safety aspects when there is an 

accident, such as firing or bombing, though it is a very rare 

event. In summary, inhalation of hydrogen can significantly 

reduce the level of inflammation and apoptosis, restore the 

protease/antiprotease balance, protect mitochondria, and 

ameliorate the pathologic structure of lung tissue, lung 

function, and cardiovascular function in a rat model. Thus, 

this intervention may slow the development of COPD; espe-

cially intermediate and high concentrations of hydrogen are 

more efficacious than low concentrations. There may still be 

many unknown medical applications of hydrogen, warranting 

Figure 9 Effect of hydrogen on the mRNA expression of TNF-α, IL-6, IL-17, IL-23, MMP-12, TIMP-1, caspase-3, and caspase-8 in the lung obtained from COPD-like lung 
disease rats, analyzed by RT-PCR.
Notes: The mRNA levels of TNF-α, IL-6, IL-17, IL-23, MMP-12, TIMP-1, caspase-3, and caspase-8 were analyzed with RT-PCR. (n=10 for each group; #P,0.05, ##P,0.01 
compared with COPD group; *P,0.05, **P,0.01).
Abbreviations: COPD, chronic obstructive pulmonary disease; IL, interleukin; MMP, matrix metalloproteinase; mRNA, messenger RNA; RT-PCR, real-time polymerase 
chain reaction; TIMP, tissue inhibitor of metalloproteinase; TNF-α, tumor necrosis factor alpha.
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further basic and clinical studies; also, future studies should 

be conducted in human patients.
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