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Hydrogen  saline  is  protective  for  acute  lung
ischaemia/reperfusion  injuries  in  rats

Jianxin Shi 1, Feng Yao 1, Chenxi Zhong, Xufeng Pan, Yu Yang and Qiang Lin ∗

Department of Thoracic Surgery, Shanghai Chest Hospital, Shanghai Jiao Tong University, Shanghai 200030, People’s Republic of China

Background: Protective effects of saturated hydrogen (H2) saline on cardiac ischaemia–reperfusion (I/R) injury have
been  demonstrated previously. This study was designed to  show that hydrogen-rich saline is protective in  preventing
lung  I/R injury in  rats.

Methods: Adult male Sprague-Dawley rats underwent 45 min occlusion of the right lung roots and 120 min reperfusion.
Rats were divided randomly into three groups: sham-operated control group, I/R plus saline treatment, and I/R plus
hydrogen-rich saline treatment (0.6 mmol/L, 0.5 ml/kg/d). Three days of intraperitoneal injection of hydrogen-rich saline
before  the reperfusion combined with immediate administration of hydrogen-rich saline after the reperfusion were
performed.  Following reperfusion, the lung tissue and the pulmonary artery was immediately obtained and  the W/D
ratio,  pulmonary artery contraction and relaxation ability, H–E staining, TUNEL staining, caspase-3, MDA, 8-OHdG
content and measurement of such biomarkers as WBC, CRP were measured or carried out.

Results: Hydrogen saline significantly protected vasoactivity of the pulmonary artery, reduced pulmonary oedema,
decreased lung malondialdehyde (MDA), 8-OHdG concentration, alleviated lung epithelial cell apoptosis and lowered
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the  level of such biomarkers as WBC, CRP, ALT and TBiL.
Conclusions:  It is concluded that hydrogen-rich saline is a novel, simple, safe and effective method to attenuate

pulmonary  I/R injury.
(Heart, Lung and Circulation 2012;21:556–563)

©  2012 Published by Elsevier Inc on behalf of Australian and New Zealand Society of Cardiac and Thoracic Surgeons
(ANZSCTS)  and the Cardiac Society of Australia and New Zealand (CSANZ).
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Introduction

n  recent  years,  with  the  development  of  complicated
lung  transplantation,  major  cardiac  surgeries,  lung

ischaemia/reperfusion  (I/R)  injury  has  become  an  impor-
tant  factor  affecting  the  outcomes  [1].  Due  to  the  dual  blood
supply  system  and  the  availability  of  oxygen  from  alveo-
lar  ventilation,  the  mechanisms  of  ischaemia–reperfusion
injury  in  the  lungs  are  more  complicated  than  in  other
organs.  The  lung  is  especially  susceptible  to  I/R  injury
and  effective  preventive  measures  prior  to  the  surgery
could  significantly  improve  the  outcomes.  One  of  the
most  important  mechanisms  of  I/R  injury  is  oxidative
stress  caused  by  excess  accumulation  of  reactive  oxygen
species  (ROS),  such  as  superoxide  anion,  hydrogen  per-
oxide,  and  hydroxyl  radical,  which  will  severely  damage
vital  macromolecules  like  DNA  and  proteins,  leading  to
cell  apoptosis,  necrosis  and  severe  organ  dysfunction  [2].
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Among  all  the  ROS, •OH  and  ONOO−,  in  particular  are
highly  unstable  and  react  with  the  first  structure  they
encounter,  usually  the  lipid  component  of  the  cell,  causing
cell  dysfunction  or  death.

A  recent  article  demonstrated  that  molecular  hydrogen
(H2)  is  a  novel  antioxidant  agent  which  selectively  neu-
tralises •OH  and  ONOO−,  the  most  cytotoxic  ROS,  and
alleviates  I/R  injury  [3].  After  the  major  breakthrough,  a
number  of  innovative  researches  were  performed,  demon-
strating  that  hydrogen  is  highly  effective  in  prevention  of
I/R  injury  [4–7],  transplantation  injury  [8,9],  atheroscle-
rosis  [10],  hyperoxic  lung  injury  [11]  and  other  injuries
related  to  oxidative  stress.

In  the  current  study,  we  studied  whether  hydrogen-rich
saline,  which  is  safe  and  economic,  confers  lung  protection
against  I/R  injury  in  rats.

Materials  and  Methods

All  the  protocols  were  approved  by  the  Second  Mili-
tary  Medical  University,  China  in  accordance  with  the
Guide  for  Care  and  Use  of  Laboratory  Animals  pub-
lished  by  the  US  NIH  (Publication  No.  96-01).  Adult  male
Sprague-Dawley  rats  weighing  250–280  g  were  used  in  all
These authors contributed equally to this work. experiments.  The  animals  were  housed  in  individual  cages
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in  a  temperature-controlled  room  with  a  12  h  light/dark
cycle  and  free  access  to  food  and  distilled  water.

Hydrogen-rich  Saline  Production
Hydrogen  was  dissolved  in  physiological  saline  for  6  h
under  high  pressure  (0.4  MPa)  to  a  supersaturated  level.
The  saturated  hydrogen  saline  was  stored  under  the  atmo-
spheric  pressure  at  4 ◦C  in  an  aluminium  bag  with  no  dead
volume.  Hydrogen-rich  saline  was  sterilised  by  gamma
radiation  and  freshly  prepared  every  week,  which  ensured
that  a  concentration  of  0.6  mmol/L  was  maintained.  Gas
chromatography  was  used  to  confirm  the  content  of  hydro-
gen  in  saline  by  the  method  described  by  Ohsawa  et  al.
[3].

Experimental  Protocol
Animals  were  randomly  assigned  to  three  groups  with  10
rats  in  each  group:  (1)  Control  group:  the  rats  received
peritoneal  injection  of  normal  saline  and  the  surgery  with-
out  right  lung  roots  being  occluded.  (2)  I/R  group:  lung
injury  group,  the  rats  received  the  surgery.  The  right  lung
roots  were  occluded  for  45  min  and  then  were  released
for  120  min.  In  the  end,  the  same  amount  of  normal
saline  as  the  hydrogen-rich  saline  in  the  treatment  group
was  injected  into  the  rats  intraperitoneally.  (3)  I/R  +  H2
group:  hydrogen  administration  group,  the  rats  received
intraperitoneal  injection  of  hydrogen  saline  0.5  ml/kg/d
f
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protocol  was  used.  Then  tissues  were  stained  with
haematoxylin–eosin.  Slides  were  then  assessed  in  a
blinded  fashion  by  a  pathologist  based  on  the  following:
neutrophilic  infiltrate,  haemorrhage,  lymphohistiocytic
infiltrate  and  apoptosis  of  pulmonary  epithelial  cells.

In  Situ  Apoptosis  Assay
TUNEL  staining  was  performed  on  paraffin-embedded
sections  by  using  the  in  situ  cell  death  detection  kit
(Roche).  According  to  standard  protocols,  the  sections
were  dewaxed  and  rehydrated  at  60 ◦C.  Then  the  sec-
tions  were  incubated  in  20  �g/ml  proteinase  K  working
solution  for  15  min  at  room  temperature.  The  slides  were
rinsed  three  times  with  PBS  and  then  were  incubated  in
TUNEL  reaction  mixture  for  1  h  at  37 ◦C.  Filter  paper  was
used  to  dry  the  area  around  sample  and  converter-AP
was  added  on  samples  for  1  h  at  37 ◦C.  After  being  rinsed
with  PBS  (5  min,  three  times),  sections  were  coloured  in
dark  with  nitroblue  tetrazolium  (NBT)  and  5-bromo-4-
chloro-3-indolylphosphate  (BCIP).  Four  slide  fields  were
randomly  examined  using  a  defined  rectangular  field
area  with  magnification  (20×).  One  hundred  cells  were
counted  in  each  field.  The  data  were  represented  as  the
percentage  of  TUNEL-positive  cells  of  total  cell  nuclei  per
field.
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or  3  d  before  the  surgery  and  after  the  reperfusion,
ydrogen-rich  saline  0.5  ml/kg  was  given  immediately  into
he  abdominal  cavity.

stablishment  of  Animal  Models
fter  intraperitoneal  injection  of  ketamine  100  mg/kg

o  anaesthetise  the  rats,  heparin  100  U/kg  was  injected
hrough  the  tail  vein.  Then  tracheotomy  and  endotracheal
ntubation  were  performed  and  mechanical  ventilation
or  small  animals  (tidal  volume  20  ml/kg,  frequency  of
0  times/min)  was  given.  Thoracotomy  was  performed  at
he  4th  intercostal  space  at  the  right  edge  of  the  sternum.
ight  lung  roots  (including  the  right  main  bronchus,  right
ulmonary  artery  and  vein)  were  ligatured  with  a 2  mm-
iameter  thread.  Ischaemia  was  sustained  for  45  min.  After
5  min,  the  lung  roots  were  released  so  that  the  lung  was
efilled  for  120  min  reperfusion.  Then  the  rats  were  sacri-
ced  for  further  experiments.

ung  Tissue  Wet  Dry  Ratio  (W/D)  Measurement
fter  the  rat  was  sacrificed,  1/3  of  the  left  lung  tissue
as  taken  with  a  sharp  blade.  After  surface  liquid  was

bsorbed  with  filter  paper,  wet  weight  was  recorded  with
n  analytical  balance.  And  then  the  tissue  was  put  into  the
ven  (80 ◦C,  48  h)  and  dry  weight  was  recorded.  The  ratio
f  W/D  was  calculated.

aematoxylin–Eosin  (HE)  Staining
fter  120  min  reperfusion,  the  lungs  were  harvested,

ectioned,  and  immersion-fixed  in  4%  buffered
araformaldehyde.  The  paraffin  was  cut  into  4  �m

hick  serial  sections.  The  standard  deparaffinisation
ulmonary  Artery  Preparation  and  Examination
fter  the  rat  was  anaesthetised,  the  main  pulmonary
rtery  was  taken  and  put  into  an  oxygen  saturated
rebs  solution  (pH  7.4)  immediately.  Then  the  vessel  ring

egments  of  a  length  of  3  mm  were  prepared  and  sus-
ended  in  organ  bath.  Each  ring  was  connected  to  a

orce–displacement  transducer  for  isometric  recording  at
 preload  of  1  g.  The  rings  were  equilibrated  for  1  h  with
hree  washouts  in  normal  Krebs  solution  (pH  7.4,  37 ◦C,
5%  O2,  5%  CO2).  After  equilibration,  norepinephrine
NE,  10−10,  10−9, 10−8,  10−7, 10−6, 10−5 mol/L)  was  added
o  the  bath.  Once  the  stable  contraction  was  reached,  a
oncentration  response  curve  to  NE  was  constructed.  Then
he  vessels  were  managed  with  10−7 mol/L  NE  and  differ-
nt  concentrations  of  acetylcholine  (10−9, 10−8,  10−7,  10−6,
0−5,  10−4 mol/L)  were  added  to  the  bath.  Once  the  stable
elaxation  was  reached,  a  concentration  response  curve  to
cetylcholine  was  constructed  [12,13].

aspase-3  Activity
aspase-3  activity  was  determined  with  a  Fluorometric
ssay  Kit  (BIOVISION  Research  Products  980  Linda  Vista
venue,  Mountain  View,  CA  94043,  USA),  according  to  the
anufacturer’s  instructions.  In  brief,  20–200  �g  cell  lysates

f  AAR  were  incubated  in  a  96-well  plate  with  2×  Reaction
uffer  (50  �l).  The  reaction  was  initiated  by  adding  1  mM
EVD–APC  substrate  (5  �l).  After  being  incubated  in  the
ark  at  37 ◦C,  the  plate  was  read  in  a  fluorometer  equipped
ith  a  400-nm  excitation  filter  and  a  505-nm  emission
lter.  Fold-increase  in  caspase-3  activity  was  deter-
ined  by  comparing  these  results  with  the  level  of  the

ontrol.
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Determination  of  Malondialdehyde  (MDA)
Concentration  in  the  Lung
Lung  tissue  MDA  concentration,  a  presumptive  marker
of  oxidant-mediated  lipid  peroxidation,  was  quantified  to
estimate  the  extent  of  lipid  peroxidation.  Lung  tissues
were  harvested  2  h  after  the  reperfusion,  snap  frozen,
and  kept  at  −80 ◦C  until  analysis  [9].  The  tissue  was
homogenised,  and  tissue  MDA  concentration  was  deter-
mined  using  the  manufacturer’s  kit  direction  (Jiancheng
Company,  Nanjing).

Determination  of  8-Hydroxy-desoxyguanosine
(8-OhdG)  Concentration  in  the  Lung
After  DNA  was  extracted  from  the  cells  with  a  DNA
Extraction  Kit  (DNA  Extractor  Wb  Kit,  Wako  Chemi-
cal;  Osaka,  Japan),  it  was  digested  by  the  method  of
Victoria  et  al.  The  samples  were  added  to  plate  wells
precoated  with  mouse  monoclonal  anti-8-OHdG  anti-
body  (Japan  Institute  for  the  Control  of  Aging,  Fukuroi,
Japan),  then  they  were  incubated  for  45  min  at  37 ◦C.
Similarly  with  the  method  described  by  Qian  LR  et  al.,
after  washed  for  three  times,  the  wells  were  sequen-
tially  treated  with  Biotinylated  rabbit-anti-mouse  IgG  for
30  min  at  37 ◦C  and  Streptavidin-Horseradish  Peroxidase
(HRP)  for  30  min  at  37 ◦C.  A  substrate  containing  3,3′,5,5′-
tetramethylbenzidine  (TMB)  was  added  and  the  wells
were  incubated  for  15  min  at  37 ◦C.  Then  reaction  was  ter-

alanine  aminotransferase  (ALT),  total  bilirubin  (TBiL),  cre-
atinine  (Cr),  blood  urea  nitrogen  (BUN).

Statistical  Analysis
All  results  were  expressed  as  means  ±  SEM.  For  com-
parison  of  differences  between  groups,  one-way  ANOVA
followed  by  Student-Newman–Keuls  test  was  utilised.  A
value  of  P  <  0.05  was  considered  to  denote  statistical  sig-
nificance.

Results

Histopathological  Examination  by  HE  Staining
Pathological  staining  results  showed  that  under  light
microscopy,  lung  tissues  in  the  control  group  only  showed
a  few  inflammatory  cells  as  the  time  went  by,  lung  tissues
in  the  I/R  group  manifested  as  alveolar  wall  destruc-
tion,  capillary  congestion,  alveolar  septal  infiltration  of
inflammatory  cells,  a  large  number  of  inflammatory  cells
infiltration,  alveolar  exudation,  haemorrhage  and  inflam-
matory  exudate  accumulation  and  lung  tissues  in  the
I/R  +  H2 group  showed  mild  alveolar  septal  infiltration  of
inflammatory  cells,  emergence  of  a  few  red  blood  cells  and
inflammatory  cells  in  the  alveolar  cavity  and  no  inflamma-
tory  exudate  and  bleeding  (Fig.  1).

Lung  Tissue  Wet  Dry  Ratio  (W/D)

oup s
eptal

ulat
d infl
minated  by  the  addition  of  a  sulphuric  acid.  Finally  the
absorbance  was  read  at  a  wavelength  of  450  nm.  Based  on
the  previously  established  absorbance  curve,  the  concen-
tration  of  8-OHdG  was  calculated.

Determination  of  Biochemistry  Markers  in  the  Plasma
Blood  samples  were  taken  for  biochemical  analysis,
including  white  blood  cell  count  (WBC),  C-reactive  pro-
tein  (CRP),  prothrombin  time  (PT),  serum  amylase  (Amy),

Figure 1. HE staining of the lung tissues. Lung tissues in the control gr
manifested as alveolar wall destruction, capillary congestion, alveolar s
cells, alveolar exudation, haemorrhage and inflammatory exudate accum
infiltration of inflammatory cells, emergence of a few red blood cells an
and bleeding.
As  shown  in  Fig.  2,  for  the  control,  I/R,  and  I/R  +  H2 group,
the  ratios  were  4.18  ±  0.40,  5.58  ±  0.48,  4.75  ±  0.32  respec-
tively.  The  ratio  in  I/R  group  was  significantly  higher  than
that  in  the  control  group  (*P  <  0.05)  and  the  I/R  +  H2 group
(#P  <  0.05)  (Fig.  2).

Detection  of  Apoptotic  Cells
As  shown  in  Fig.  3,  the  number  of  TUNEL-positive  cells
were  significantly  increased  in  the  I/R  group.  Hydrogen

howed a few inflammatory cells. Lung tissues in the I/R group
 infiltration of inflammatory cells, a large number of inflammatory
ion. Lung tissues in the I/R + H2 group showed mild alveolar septal
ammatory cells in the alveolar cavity and no inflammatory exudate
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Figure 2. Lung tissue W/D  ratio. Data are expressed as mean ± SEM.
No statistical difference was found between the control group
(4.18 ± 0.40) and the I/R + H2 group (4.75 ± 0.32). *P < 0.05 vs.
control; #P < 0.05 vs. I/R + H2 group.

saline  comparably  decreased  the  frequency  of  TUNEL-
positive  cells  compared  with  that  of  the  I/R  group  (*P  <  0.05
vs.  control  group; #P  <  0.05  vs.  I/R  +  H2 group).

Pulmonary  Artery  Contraction  and  Relaxation  Ability
Test
Generally,  pulmonary  artery  contractility  in  the  control
group  was  superior  to  that  in  the  I/R  group  and  I/R  +  H2
group.  Pulmonary  artery  contraction  curve  showed  that
under  the  NE  concentration  of  10−9, 10−8,  10−7,  10−6,
the  vascular  contraction  ability  in  I/R  +  H2 group  was

significantly  greater  than  that  in  the  I/R  group  (*P  <  0.05)
(Fig.  4A).  Pulmonary  artery  relaxation  curve  showed
that  under  the  acetylcholine  concentration  of  10−7,  10−6,
10−5,  10−4,  the  vascular  relaxation  ability  in  the  I/R  +  H2
group  was  significantly  greater  than  that  in  the  I/R  group
(*P  <  0.05)  (Fig.  4B).

Determination  of  8-OHdG  Concentration
As  shown  in  Fig.  5,  the  concentration  of  8-OHdG  was
increased  in  the  lung  tissues  in  the  I/R  group.  Hydrogen
comparably  decreased  the  8-OHdG  concentration  relative
to  the  control  group  (78  ±  25  vs.147  ±  43,  *P  <  0.05  vs.  control
group)  (Fig.  5).

Lung  Tissue  MDA  Concentration  After  Reperfusion
The  lung  MDA  concentration  was  measured  at  2  h  of
reperfusion  (Fig.  6).  Lung  MDA  concentration  at  2  h  of
reperfusion  in  the  I/R  +  H2 group  was  significantly  lower
than  that  of  the  I/R  group  (#P  <  0.05).  *P  <  0.05  vs.  control
group.

Caspase-3  Activity
The  caspase-3  activity  is  shown  in  Fig.  7.  I/R  signif-
icantly  increased  caspase-3  activity  compared  to  the
non-ischaemic  lung.  Saturated  hydrogen  saline  compara-
b
(
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igure 3. Tunel staining of the lung tissues. (A) The number of TUNEL-pos
roup. (B) Apoptotic cell counting showed that hydrogen saline significantly 

/R group (*P < 0.05 vs. control group; #P < 0.05 vs. I/R + H2 group). (For inte
eferred to the web version of this article.)
ly  inhibited  caspase-3  activity  compared  to  the  I/R  group
Fig.  7, #P  <  0.05).
itive cells (brown) in H2 group were significantly greater in the I/R
decreased the percentage of TUNEL-positive cells compared with the
rpretation of the references to colour in this figure legend, the reader is
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Figure 4. Pulmonary artery contraction and relaxation test. (A) Pulmonary artery contraction curve showed that under the NE  concentration of
10−9, 10−8, 10−7, 10−6, the vascular contraction ability in the I/R + H2 group was significantly greater than that in the I/R group (* P < 0.05). (B)
Pulmonary artery relaxation curve showed that under the acetylcholine concentration of 10−7, 10−6, 10−5, 10−4, the vascular relaxation ability in
the I/R + H2 group was significantly greater than that in the I/R group (*P < 0.05).

Changes  of  Biochemistry  Markers  in  the  Plasma
In  this  study,  we  evaluated  WBC,  CRP,  Amy,  ALT,  TBiL  and
BUN  in  the  plasma  after  the  reperfusion  as  it  is  shown  in
Table  1  and  Fig.  8.  We  found  that  hydrogen  saline  could
significantly  lower  the  level  of  WBC,  CRP,  ALT  and  TBiL.
The  differences  were  statistically  significant  (#P  <  0.05  vs.
I/R  +  H2 group).

Discussion

In  this  study,  we  successfully  established  the  animal  model
of  lung  ischaemia/reperfusion  injury,  and  demonstrated

Figure 5. 8-OHdG concentration in the lung tissue. Lung 8-OHdG
concentration at 2 h of reperfusion in the I/R + H2 group was

Figure 6. MDA concentration in the lung tissues. Lung MDA
concentration at 2 h of reperfusion in the I/R group was significantly
higher than that of the I/R + H2 group (#P < 0.05). *P < 0.05 vs. control
group.

that  saturated  hydrogen  saline  was  highly  effective  to
protect  the  lung  from  I/R  injury  and  improve  the  gen-
eral  conditions  by  alleviating  oxidative  stress  state  and

Table  1.  Biochemistry  Markers  Changes.

Index Control I/R I/R + H2

WBC  (109/L) 12.0 ± 4.6 22.2 ± 8.4* 16.4 ± 9.7
CRP (mg/L) 3.6 ± 3.4 12.0 ± 9.8* 5.0 ± 2.8
ALT (U/L) 26.4 ± 5.5 53.6.6 ± 10.6* 38.8 ± 9.7
TBil (�mol/L) 18.1 ± 8.3 55.7 ± 9.4* 21.7 ± 11.6

∗ P < 0.05 vs. I/R + H2 group.
significantly lower than that of the I/R group (#P < 0.05). Lung
8-OHdG concentration at 2 h of reperfusion in the I/R group was
significantly higher than that of the control group(*P < 0.05).
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Figure 7. Caspase-3 activity of the lung tissues. Caspase-3 activity
significantly increased 24 h after the I/R injury. Hydrogen-rich saline
significantly lowered the caspase-3 activity in the lung (#P < 0.05).
*P < 0.05 vs. control group.

ameliorating  damages  caused  by  excessive  ROS.  Hydro-
gen  saline  significantly  reduced  pulmonary  oedema
demonstrated  by  lung  tissue  W/D  ratio,  protected  pul-
monary  artery  vasoactivity  showed  by  improved  artery
contraction  and  relaxation  abilities,  reduced  pulmonary
epithelial  cell  apoptosis  displayed  by  HE  and  TUNEL
staining  and  caspase-3  inactivity,  improved  oxidative
stress  showed  by  lowering  MDA  and  8-OHdG  and
improved  general  conditions,  alleviated  the  injury  to  other
remote  organs  best  demonstrated  by  such  biochemistry
biomarkers  as  WBC,  CRP,  ALT  and  TBiL.

Oxidative  stress  is  characterised  by  the  formation
of  reactive  oxygen  species  such  as  superoxide  anion,
hydrogen  peroxide  and  hydroxyl  radical  [2].  During
ischaemia/reperfusion  process,  a  series  of  changes  bring
about  excessive  ROS.  Among  all  the  ROS, •OH  and
ONOO−,  regarded  as  the  most  toxic  to  the  cell,  can  cause
enormous  damages  to  the  cell,  leading  to  the  final  organ
dysfunction  or  even  failure.

In  clinical  practice,  lung  transplantation  and  routine
open  heart  surgery  with  cardiopulmonary  bypass  will
cause  pulmonary  ischaemia  and  reperfusion,  which  can
lead  to  pulmonary  dysfunction,  resulting  in  a  high  morbid-
ity  and  mortality  [1,14].  Ischaemia–reperfusion-induced
lung  injury  is  characterised  by  vessel  endothelial  cell
damage,  increased  vessel  permeability  and  regulating
dysfunction,  alveolar  damage,  lung  oedema,  and  hypox-
aemia  occurring  within  72  h  after  lung  transplantation  [1].
Besides,  local  ischaemia  reperfusion  can  induce  remote
organ  injuries,  thus  worsening  the  general  conditions  [15].
Over  the  past  decade,  a  better  understanding  of  the  mech-
anisms  underlying  ischaemia–reperfusion  injury  and  the
development  of  new  agents  specifically  for  the  lung  pro-
tection  against  I/R  injury  have  attracted  great  attention
worldwide.  Several  strategies  have  also  been  introduced
into  clinical  practice  for  the  prevention  and  treatment  of
ischaemia–reperfusion-induced  lung  injury  with  various
degrees  of  success.

o
c

F  the level of WBC,  CRP, ALT and TBiL. *P < 0.05 vs. control group; #P < 0.05
v

igure 8. Biochemical markers. Hydrogen saline significantly lowered

s. I/R + H2 group.
Among  all  the  already  discovered  mechanisms  such  as
xidative  stress,  sodium  pump  inactivation,  intracellular
alcium  overload,  iron  release,  oxidative  stress  caused  by
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excessive  ROS  produced  during  ischaemia/reperfusion
was  considered  as  one  of  the  most  important  mechanisms
in  I/R  lung  injury.  When  ROS  produced  exceed  the  cell
antioxidant  abilities,  they  may  lead  to  mitochondrial  mem-
brane  damage  and  release  of  cytochrome  c  which  will
initiate  caspase-mediated  programmed  cell  apoptosis  [16].
During  the  early  reperfusion,  increased  ROS  up-regulate
inflammatory  mediators  expression  such  as  cytokines  and
adhesion  molecules,  which  may  cause  polymorphonu-
clear  neutrophils  infiltration,  leading  to  inflammation,
thrombosis,  complement  activation,  and  acute  tissue  dam-
ages  [17,18].

In  recent  years,  sufficient  experimental  evidences  have
documented  that  without  influencing  other  less  potent
ROS,  important  in  intracellular  signalling,  molecular
hydrogen  possesses  the  ability  to  selectively  neutralise
ONOO− and •OH,  the  most  cytotoxic  ROS,  which  can
damage  cellular  macromolecules  aggressively  and  indis-
criminately.  Thus,  H2 can  protect  cells  from  oxidative
stress  injuries.  The  therapeutic  effects  of  hydrogen  have
been  shown  in  various  types  of  oxidative  stress  related
injuries  such  as  ischaemia/reperfusion  injury  [3],  type  2
diabetes  [19],  neurodegeneration  [20],  atherosclerosis  [10],
Parkinson’s  disease  [21],  and  so  on.  In  particular,  hydrogen
has  ideal  protective  effects  against  ischaemia/reperfusion
injury  in  various  tissues  and  organs,  such  as  the  heart
[4,7,22],  liver  [18,23],  intestine  [8,24,25],  kidney  [6,26],  lung

study,  we  found  that  hydrogen  inhibited  cell  apoptosis
and  incapacitated  the  most  important  effect  enzyme  in
the  process  of  apoptosis,  caspase-3  [34].  Therefore,  it  is
highly  reasonable  to  speculate  that  hydrogen  may  directly
or  indirectly  inhibit  caspase-3  activity  to  achieve  apoptosis
inhibition  effects.  However,  based  on  the  already  involved
pathways,  hydrogen  seems  to  exert  its  protective  effects
nonspecifically  and  to  have  little  impact  on  the  normal
physiological  process.  We  suppose  that  hydrogen  may
have  a  significant  influence  on  the  key  link  in  the  whole
process  from  receiving  the  injury  to  the  final  cell  death.
Caspase-3  is  undoubtedly  an  important  element  which
needs  further  and  deeper  study  in  the  future.

As  a  novel  antioxidant,  hydrogen  possesses  a  number  of
advantages.  (1)  Hydrogen  can  easily  penetrate  biomem-
branes  and  diffuse  into  the  cytosol,  mitochondria  and
nucleus,  where  it  exerts  its  antioxidant  effects.  (2)  It  is
nontoxic  to  the  organisms,  which  has  been  proven  by
hyperbaric  diving  for  decades.  (3)  Due  to  its  selectivity,
it  has  less  impact  on  other  less  active  but  very  important
ROS  within  the  cells.  However,  hydrogen  gas  is  highly
flammable,  which  may  easily  cause  explosion.  Therefore,
it  is  not  ideally  safe  and  convenient  to  preserve  and  use
in  clinical  practice.  We  dissolve  hydrogen  gas  into  normal
saline  to  produce  saturated  hydrogen  saline,  which  has  the
similar  protective  effects  of  hydrogen  gas,  but  is  safer  and
more  convenient  in  practice,  thus  being  highly  promising
[9],  brain  [27,28]  and  spinal  cord  [5,29].
In  2010,  a  study  showed  that  inhaled  hydrogen  gas

could  prevent  lung  transplantation  induced  I/R  injury  and
significantly  improve  the  function  of  lung  grafts  [9].  In
this  study,  orthotopic  left  LTxs  were  performed  in  syn-
genic  Lewis  rats.  Grafts  were  perfused  with  and  stored
in  low  potassium  dextran  solution  at  4 ◦C  for  6  h.  The
recipients  received  100%  O2 or  98%  O2 with  2%  N2,
2%  He,  or  2%  H2 during  surgery  and  1  h  after  reperfu-
sion.  Commonly,  ischaemia/reperfusion  corresponds  to
anoxia-reoxygenation  in  organ  transplantation.  However,
the  lung  is  different  because  it  contains  oxygen  in  the
alveoli  during  ischaemic  preservation.  In  the  lung,  the
oxidative  stress  resulting  from  ischaemia  should  be  distin-
guished  from  the  oxidative  stress  resulting  from  hypoxia
[1].  Therefore,  we  considered  that  different  inhaled  gas
would  have  some  unexpected  effects  in  the  experiment,
which  was  apparently  neglected.  Therefore,  in  order  to
exclude  the  gas  influence  in  the  process  of  ischaemia  and
reperfusion,  saturated  hydrogen  saline  becomes  an  ideal
option.  Besides,  saturated  hydrogen  saline  is  more  eco-
nomic  and  safe  compared  with  the  gas.

Up  to  now,  most  of  the  studies  which  demonstrated
the  antioxidant  effects  of  hydrogen  have  attributed  to  its
ability  of  scavenging  highly  toxic  ROS  as  was  evidenced
in  the  study  of  2007  [3].  However,  the  exact  underlying
mechanisms  are  still  not  very  clear.  Several  pathways  have
been  introduced.  Several  studies  have  demonstrated  that
hydrogen  could  inhibit  NF-kappa  B  activation,  thus  ame-
liorating  inflammatory  responses  and  protecting  the  cells
[30–32].  Another  study  showed  that  molecular  hydrogen
suppressed  Fc  epsilon  RI-mediated  signal  transduction
and  prevented  degranulation  of  mast  cells  [33].  In  our
in  the  future.
In  conclusion,  saturated  hydrogen  saline  is  highly  effec-

tive  in  preventing  the  lung  from  ischaemia/reperfusion
injury  possibly  by  inhibiting  caspase-3  activity,  and  is  a
very  promising  therapy  in  clinical  practice  in  the  future.
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