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A  B  S  T  R  A  C  T 
Enhanc  ing  antiox  idant  f  unction  i  s  a  key  strateg  y  for  preventing  and  treating  ox  idative  stress  -related  di  seases.  R  adon

 inhalation  and  ther  mal  treatment  (TT)  increase  the  level  s  of  antiox  idant  enz  y  mes,  such  as  superox  ide  di  smutase
 (SOD).  The  positive  effects  of  thi  s  combination  on  pain-related  di  seases  have  been  repor  ted  ;  however,  few  studies
 have  eluc  idated  the  underly  ing  mechani  sms.  In  thi  s  study,  we  ex  amined  the  enhancement  of antiox  idant  f  unction  in
 var  ious  organs  of  mice  subjected  to  combined  TT  and  radon  inhalation.  The  mice  were  placed  in  an  incubator  once
 dai  ly  for  40  min  at  38.5  ±  0.5  ◦  C  and  treated  for  1,  3  and  7  days.  The  mice  then  inhaled  radon  at  a  concentration  of
 2000  Bq/m  3  for  24  h.  The  character  i  stic  changes  in  antiox  idant  f  unction  fol  low  ing  combined  TT  and  radon  inhalation
 could  be  categor  ized  into  four  groups:  (i)  increased  antiox  idant  f  unction  in  the  brain  and  colon;  (ii)  increased  or
 decreased  antiox  idant  f  unction,  as  obser  ved  in the  k  idney;  (iii)  decreased  antiox  idant  f  unction,  such  as  in  the  lungs
 and  (iv)  no  changes,  such  as  in  the  smal  l  intestine,  spleen,  pancreas,  hear  t  ,  liver  and  stomach.  Additional  ly,  SOD  may
 be  the  antiox  idant  enz  y  me  most  sensitive  to  combined  TT  and  radon  treatment.  Col  lectively,  the  combined  treatment
 may  be  the  most  effective  in  activating  antiox  idative  f  unctions  in  the  brain  and  colon.  Thi  s  study  prov  ides  new  insights
 into  the  effects  of  combined  TT  and  radon  inhalation.  
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IN  TRODUCTION 
R  eactive  ox  ygen  spec  ies  (ROS)  are  constantly  produced  in  the
 body  dur  ing  aerobic  metabolic  processes  and  are  tightly  reg  ulated
 by  antiox  idant  defense  mechani  sms,  such  as  superox  ide  di  smutase
 (SOD),  catalase  (CAT)  and  glutathione  (GSH).  However,  di  sr  uption
 of  thi  s  redox  balance  lead  s  to  lipid  perox  idation,  protein  denaturation
 and  DNA  damage,  thereby  contr  i  buting  to  the  onset  and  progression
 of  numerous  di  seases,  including  cerebral  i  schemia  [ 1],  diabetes  [ 2]
 and  liver  damage  [ 3].  Therefore,  enhanc  ing  antiox  idant  f  unction  i  s
 considered  a  key  strateg  y  for  preventing  and  treating  ox  idative  stress  -

 related  di  seases.
 

R  adon  i  s  a  radioactive  noble  gas  that  emits  α  -rays.  R  adon  therapy
 i  s  t  y  pical  ly  per  for  med  in  spas  or  radon  gal  ler  ies.  Spa  therapy  al  lev  iates
 sy  mptoms  of  pain-related  di  seases,  such  as  rheumatism  [ 4– 7]  and
 

osteoar  thr  itis  [ 7,  8],  as  wel  l  as  respirator  y  di  seases,  such  as  bronchial
 asthma  [ 9].  Because  these  di  seases  are  assoc  iated  w  ith  ROS,  we
 hy  pothesized  that  radon  inhalation  enhances  antiox  idant  f  unction
 and  prev  iously  confir  med  thi  s  through  animal  ex  per  iments.  R  adon
 inhalation  enhanced  antiox  idant  f  unction  in  var  ious  mouse  organs
 [ 10],  suggesting  that  it  suppresses  var  ious  di  seases,  including  pain-

 related  and  respirator  y  di  seases.  For  ex  ample,  radon  inhalation
 suppressed  hippocampal  neuronal  damage  assoc  iated  w  ith  transient
 cerebral  i  schemia  in  gerbi  l  s  [ 11],  alcohol-induced  liver  damage
 [ 12]  and  streptozotoc  in-induced  t  y  pe  I  diabetes  [ 13]  by  enhanc  ing
 antiox  idant  f  unction  in  the  brain,  liver  and  pancreas.
 

Changes  in  antiox  idant  f  unction  in  rat  er  y  throc  y  tes  fol  low  ing
 ther  mal  treatment  (TT)  var  y  w  ith  age.  For  ex  ample,  after  seven  TTs,
 Cu/Zn-  SOD  activ  it  y  decreased  in  1-month-old  rats  but  increased  in
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6-  and  12-month-old  rats  [ 14].  Heat  stress  in  an  incubator  increased
 SOD  activ  it  y  in  the  liver  and  lipid  perox  ide  level  s  in  the  k  idney,
 w  hereas  heat-wave  ex  posure  did  not  alter  SOD  activ  it  y  in  the  liver  or
 k  idney  [ 15].
 

Fur  ther  more,  in  comparative  ex  per  iments  ex  amining  the  effects  of
 radon  and  TT  in  healthy  humans,  radon  inhalation  alone  signi  ficantly
 increased  level  s  of  β  -endor  phin  (an  endogenous  peptide  involved  in
 pain  inhi  bition)  and  adrenocor  ticotropic  hor  mone  after  5  and  10  days
 of  treatment  compared  w  ith  TT  alone.  Thi  s  finding  suggests  that  radon
 inhalation  i  s  effective  in  reliev  ing  pain  [ 16].  R  adon  inhalation  and  TT
 have  di  stinct  stimulus  character  i  stic  s  and  mechani  sms  of  action;  there-
 fore,  their  combination  may  effectively  enhance  antiox  idant  f  unction.
 

Many  clinical  studies  have  repor  ted  sy  mptom  relief  w  ith  radon
 ther  motherapy  [ 4– 9];  however,  few  studies  have  ex  amined  the
 enhancement  of  antiox  idant  f  unction  through  the  combined  use  of
 TT  and  radon  inhalation,  and  the  underly  ing  mechani  sms  remain
 unclear.  Therefore,  thi  s  study  aimed  to  comprehensively  ex  amine  the
 effects  of  combined  TT  and  radon  inhalation  on  antiox  idant  f  unction
 in  mouse  organs.  The  rationale  was  to  prov  ide  f  undamental  insights
 into  the  mechani  sms  underly  ing  radon  spa  therapy  and  contr  i  bute  to
 the  development  of  new  strateg  ies  for  enhanc  ing  antiox  idant  f  unction. 

M  ATER  I  A  L  S  A  ND  M  ETHODS 
A  nimal  s 

Eight-week-old  male  BA  LB/cJ  mice  (  Jack  son  L  aborator  y,  Yokohama  ,
 Japan)  were  used  in  thi  s  study.  They  were  acclimated  for  1  day  under  a
 12-h  light/dark  c  ycle  (  lights  on  at  8:00  A  M),  w  ith  f  ree  access  to  solid
 feed  and  tap  water.  Each  group  compr  i  sed  si  x  mice.  Ethical  approval
 was  obtained  f  rom  the  A  nimal  Care  and  Use  Committee  of  Ok  ayama
 Universit  y  (OKU-2024613). 

Ther  mal  treatment 
Ther  mal  treatment  conditions  were  deter  mined  based  on  a  rev  iew
 of  publi  shed  literature  and  preliminar  y  ex  per  iments,  w  ith  parameters
 selected  based  on  prev  ious  repor  ts  demonstrating  enhanced  antiox  i-
 dant  activ  it  y  in  rodents.
 

TT  and  non-TT  procedures  were  conducted  in  an  incubator  (EI-
 300V;  A  z  ,  Osak  a  ,  Japan).  The  incubator  was  preheated  to  38.5 ◦  C  for  1  h
 before  treatment  initiation.  The  mice  were  placed  in  the  incubator  once
 dai  ly  for  40  min.  TT  was  admini  stered  for  1,  3  or  7  days.  Empt  y  mouse
 cages  were  preheated  to  prevent  the  temperature  inside  the  incubator
 f  rom  dropping.  If  the  temperature  inside  the  incubator  for  the  TT
 group  reached  39.0 ◦  C,  heating  was  temporar  i  ly  halted  and  resumed
 after  the  temperature  stabi  lized.  The  non-TT  group  was  placed  inside
 the  incubator  w  ith  the  power  tur  ned  off.  To  monitor  the  mice  for
 signs  of  di  stress,  the  outer  door  of  the  incubator  was  left  open,  and
 the  inter  ior  door  was  closed  dur  ing  TT.  The  temperature  inside  the
 incubator  was  recorded  ever  y  5  min  in  the  non-TT  group  and  ever  y
 minute  in  the  TT  group.  R  ectal  temperature  was  measured  before  and
 after  TT  using  a  dig  ital  ther  mometer  (TK-60,  R  i  X  EN,  New  Taipei  Cit  y,
 Taiwan).  Changes  and  rates  of  change  in  rectal  temperature  over  the  3-
 and  7-day  TT  per  iod  s  were  averaged. 

R  adon  inhalation 
R  adon  inhalation  was  initiated  w  ithin  30  min  after  TT,  fol  low  ing  the
 measurement  of  body  temperature  and  body  weight.  The  sham  group
 

Table  1.  Temperature  changes  inside  the  incubator  ( ◦  C) 

Group  1  day 3  days 7  days 

Non-TT  +  Sham 25.5  ±  0.15 25.5  ±  0.08 25.5  ±  0.05 
Non-TT  +  R  n 25.6  ±  0.21 25.5  ±  0.10 25.2  ±  0.08 
TT  +  Sham 38.0  ±  0.16 38.0  ±  0.06 38.0  ±  0.04 
TT  +  R  n 37.7  ±  0.16 38.0  ±  0.05 37.9  ±  0.05 

under  went  24-h  sham  inhalation,  w  hereas  the  radon  inhalation  group
 was  ex  posed  to  an  average  concentration  of  2000  Bq/m 3  w  ithin  the
 cage  for  24  h.  Immediately  after  radon  inhalation,  the  animal  s  were
 euthanized  by  excessive  ex  posure  to  carbon  diox  ide,  and  the  organs
 were  col  lected.  The  target  organs  (  brain,  spleen,  smal  l  intestine,  liver,
 colon,  pancreas,  stomach,  lung  ,  hear  t  and  k  idney)  were  removed  and
 stored  at  −  80 ◦  C  unti  l  analysi  s.
 

Biochemical  assays 
For  SOD,  CAT  and  total  glutathione  (t-  GSH)  assays,  the  samples  were
 homogenized  in  10  mM  phosphate-bu  ffered  saline  (  pH  7.4),  and  the
 homogenates  were  used  for  the  analysi  s.  SOD  and  CAT  activ  ities  and
 t-  GSH  content  were  measured  as  prev  iously  descr  i  bed  [ 17,  18].
 

Data  inter  pretation  and  stati  stical  analyses 
Data  are  ex  pressed  as  the  mean  ±  standard  er  ror  of  the  mean.  To
 ex  amine  signi  ficant  di  fferences  bet  ween  groups,  t  wo  -way  analysi  s
 of  var  iance  (A  NOVA)  fol  lowed  by  Tukey’s  post  hoc  test  was
 per  for  med,  and  di  fferences  were  considered  statistical  ly  signi  ficant  at
 P  <  0.05.
 

R  E  SULTS 
Temperature  changes  inside  the  incubator  

Table  1  show  s  temperature  changes  inside  the  incubator.  Temperature
 var  iations  occur  red  because  heating  was  inter  mittently  stopped  and
 reinitiated,  as  wel  l  as  slight  di  fferences  in  incubator  operation  dur  ing
 each  r  un. 

Changes  in  the  rectal  temperature  before  and  after
 ther  mal  treatment 

A  fter  a  single  TT  session,  the  rectal  temperatures  in  the  TT  +  sham  and
 TT  +  radon  inhalation  groups  were  signi  ficantly  higher  than  those  in
 the  non-TT  +  radon  inhalation  group.  Simi  larly,  the  rectal  temperature
 change  rates  in  the  TT  +  radon  inhalation  group  were  signi  ficantly
 higher  than  those  in  the  non-TT  +  radon  inhalation  group  ( Fig.  1a
and  d).
 

A  mong  the  three  TT  groups,  rectal  temperature  and  rectal  tempera-
 ture  change  rates  were  signi  ficantly  higher  in  the  TT  + sham  inhalation
 and  TT  +  radon  inhalation  groups  than  in  the  non-TT  +  sham  inhala-
 tion  and  non-TT  +  radon  inhalation  groups  ( Fig.  1b  and  e).
 

For  TT,  the  rectal  temperature  and  rectal  temperature  change  rates
 were  signi  ficantly  higher  in  the  TT  +  sham  inhalation  and  TT  +  radon
 inhalation  groups  than  in  the  non-TT  +  sham  inhalation  and  non-

 TT  +  radon  inhalation  groups.  Fur  ther  more,  the  rate  of  change  in
 

D
ow

nloaded from
 https://academ

ic.oup.com
/jrr/article/67/4/538/8733216 by O

kayam
a U

niversity user on 07 August 2026



540 • S.  Miyanaga  et  al. 

Fig.  1.  Changes  in  rectal  temperature  recorded  before  and  after  ther  mal  treatment  (TT).  (a  ,  d)  day  1;  (  b,  e)  day  3  and  (c,  f  )  day  7.
 Mean  ±  standard  er  ror  of  the  mean  (SE  M),  n  =  6,  ∗∗∗

 P  <  0.001  vs.  non-TT  +  sham;  #  P  <  0.05,  ##
 P  <  0.01,  ###

 P  <  0.001  vs.
 non-TT  +  radon  (R  n);  ++

 P  <  0.01,  +++
 P  <  0.001  vs.  TT  +  R  n.  

rectal  temperature  in  the  TT  +  radon  inhalation  group  was  signi  fi-
 cantly  lower  than  that  in  the  TT  +  sham  inhalation  group.  However,
 before  TT,  rectal  temperatures  in  the  non-TT  +  radon  inhalation  and
 TT  +  radon  inhalation  groups  were  signi  ficantly  higher  than  those  in
 the  TT  +  sham  inhalation  group  ( Fig.  1c  and  f).  These  results  confir  m
 the  effectiveness  of  TT. 

Changes  in  the  body  weight  before  and  after
 ther  mal  treatment 

Body  weight  signi  ficantly  decreased  in  the  three-  session  TT  +  sham
 inhalation,  three-  session  TT  +  radon  inhalation,  seven-  session  TT  +
 sham  inhalation  and  seven-  session  TT  +  radon  inhalation  groups
 ( Fig.  2).
 

Changes  in  antiox  idative  f  unctions  in  the  brain  and
 colon  after  TT  and  radon  inhalation 

In  the  brain,  SOD  activ  it  y  was  signi  ficantly  increased  in  the  group
 receiv  ing  combined  7-day  TT  and  radon  inhalation  compared  w  ith
 

that  in  the  non-TT  +  sham  inhalation,  non-TT  +  radon  inhala-
 tion  and  TT  +  sham  inhalation  groups  ( Fig.  3).  SOD  activ  it  y  in
 the  colon  was  signi  ficantly  higher  in  the  TT  +  radon  inhalation
 group  than  in  the  non-TT  +  radon  inhalation  and  TT  +  sham
 inhalation  groups  after  a  day  and  was  signi  ficantly  higher  in  the
 TT  +  radon  inhalation  group  after  3  days  than  in  the  TT  +  sham
 inhalation  group  ( Fig.  4).  These  findings  suggest  that  the  combi-
 nation  treatment  activates  antiox  idative  f  unctions  in  the  brain  and
 colon.
 

Changes  in  the  antiox  idative  f  unctions  in  the  k  idney
 after  TT  and  radon  inhalation 

In  the  k  idneys,  SOD  activ  it  y  was  signi  ficantly  higher  in  the  single-
 session  TT  +  radon  inhalation  group  than  in  the  non-TT  +  sham

 inhalation,  non-TT  +  radon  inhalation  and  TT  +  sham  inhalation
 groups;  however,  t-  GSH  level  s  were  signi  ficantly  decreased.  SOD
 activ  it  y  was  signi  ficantly  higher  in  the  three-  session  TT  +  radon
 inhalation  group  than  in  the  non-TT  +  sham  inhalation  and
 non-TT  +  radon  inhalation  groups.  CAT  activ  it  y  was  signi  ficantly
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Fig.  2.  Changes  in  body  weight  before  and  after  ther  mal  treatment  (TT).  (a)  1  day;  (  b)  3  days  and  (c)  7  days.  Mean  ±  SE  M  ,  n  =  6,
 ∗∗

 P  <  0.01,  ∗∗∗
 P  <  0.001,  vs. non-TT  +  sham;  ###

 P  <  0.001  vs.  non-TT  +  radon  (R  n),  +  P  <  0.05  vs.  TT  +  sham.  

Fig.  3.  Changes  in  antiox  idative  f  unctions  in  the  brain  after  ther  mal  treatment  (TT)  and  radon  inhalation  (R  n).  Mean  ±  SE  M  ,
 n  =  6,  ∗  P  <  0.05,  vs.  non-TT  sham;  #  P  <  0.05  vs.  non-TT  +  radon  (R  n);  ++

 P  <  0.01  vs.  TT  +  sham.  

reduced  in  the  seven-  session  TT  +  sham  inhalation  and  seven-
 session  TT  +  radon  inhalation  groups  compared  w  ith  that  in  the  non-

 TT  +  radon  inhalation  group  ( Fig.  5).  These  results  indicate  that  the
 

effect  of  the  combination  treatment  on  renal  antiox  idant  f  unction  i  s
 contex  t-dependent  ,  show  ing  either  increased  or  decreased  antiox  idant
 f  unction  depending  on  the  ex  per  imental  conditions  and  parameters.
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Fig.  4.  Changes  in  antiox  idative  f  unctions  in  the  colon  after  ther  mal  treatment  (TT)  and  radon  inhalation  (R  n).  Mean  ±  SE  M  ,
 n  =  6,  ∗  P  <  0.05  vs.  non-TT  +  sham;  #  P  <  0.05  vs.  ##

 P  <  0.01  vs.  non-TT  +  R  n;  +  P  <  0.05  vs.  TT  +  sham;  +++
 P  <  0.001  vs.

 TT  +  sham.  

Fig.  5.  Changes  in  antiox  idative  f  unctions  in  the  k  idney  after  ther  mal  treatment  (TT)  and  radon  inhalation  (R  n).  Mean  ±  SE  M  ,
 n  =  6,  ∗  P  <  0.05,  ∗∗

 P  <  0.01,  ∗∗∗
 P  <  0.001  vs.  non-TT  +  sham;  #  P  <  0.05,  ##

 P  <  0.01,  ###
 P  <  0.001  vs.  non-TT  +  R  n;  +  P  <  0.05,

 +++
 P  <  0.001  vs. TT  +  sham.  
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Fig.  6.  Changes  in  antiox  idative  f  unctions  in  the  lung  after  ther  mal  treatment  (TT)  and  radon  inhalation  (R  n).  Mean  ±  SE  M  ,
 n  =  6,  ∗  P  <  0.05,  ∗∗

 P  <  0.01  vs.  non-TT  +  sham;  ##
 P  <  0.01  vs.  non-TT  +  R  n;  ++

 P  <  0.01  vs.  TT  +  sham.  

Changes  in  the  antiox  idative  f  unctions  in  the  lung  after
 TT  and  radon  inhalation 

In  the  lungs,  SOD  activ  it  y  was  signi  ficantly  decreased  in  the  group
 receiv  ing  combined  7-day  TT  and  radon  inhalation  compared  w  ith
 that  in  the  non-TT  +  sham  inhalation,  non-TT  +  radon  inhalation
 and  TT  +  sham  inhalation  groups.  The  t-  GSH  level  was  signi  ficantly
 reduced  in  the  1-  and  3-day  TT  +  radon  inhalation  groups  compared
 w  ith  that  in  the  non-TT  +  sham  inhalation  group  ( Fig.  6).  These  find-
 ings  suggest  that  the  combination  treatment  decreases  antiox  idative
 f  unction  in  the  lungs.
 

Changes  in  the  antiox  idative  f  unctions  in  the  smal  l
 intestine,  spleen,  pancreas,  hear  t  ,  liver  and  stomach

 after  TT  and  radon  inhalation 
The  smal  l  intestine,  spleen,  pancreas,  hear  t  ,  liver  and  stomach  showed
 no  signi  ficant  effects  f  rom  the  combination  treatment.  A  lthough
 t  wo  -way  A  NOVA  showed  signi  ficant  main  effects,  no  signi  ficant
 interactions  were  obser  ved.
 

In  the  smal  l  intestine,  CAT  activ  it  y  was  signi  ficantly  higher
 in  the  7-day  TT  +  sham  inhalation  and  TT  +  radon  inhalation
 groups  than  in  the  non-TT  +  radon  inhalation  group  ( Fig.  7).
 In  the  spleen,  CAT  activ  it  y  was  signi  ficantly  increased  in  the
 seven-  session  non-TT  +  radon  inhalation  group  compared  w  ith  that
 in  the  non-TT  +  sham  inhalation  group  ( Fig.  8).  In  the  pancreas,
 SOD  and  CAT  activ  ities  were  signi  ficantly  reduced  in  the  3-day
 combination  treatment  group  compared  w  ith  those  in  the  non-

 TT  +  sham  inhalation  and  non-TT  +  radon  inhalation  groups.
 

A  fter  7  days  of  combined  treatment  ,  SOD  activ  it  y  was  signi  ficantly
 reduced  compared  w  ith  that  in  the  non-TT  +  sham  inhalation,  non-

 TT  +  radon  inhalation  and  TT  +  sham  inhalation  groups  ( Fig.  9).  In
 the  hear  t  ,  t-  GSH  level  s  were  signi  ficantly  lower  in  the  single-  session
 non-TT  +  radon  inhalation  and  TT  +  sham  inhalation  groups  than
 in  the  non-TT  +  sham  inhalation  group  ( Fig.  10).  In  the  liver,  SOD
 activ  it  y  was  signi  ficantly  higher  in  the  non-TT  +  radon  inhalation  and
 TT  +  radon  inhalation  groups  than  in  the  non-TT  +  sham  inhalation
 group  ( Fig.  11).  SOD  activ  it  y  in  the  stomach  was  signi  ficantly  lower
 in  the  combined  treatment  group  than  in  the  non-TT  +  radon
 inhalation  group  ( Fig.  12).  These  results  indicate  that  the  effects  of  the
 combination  treatment  on  antiox  idant  activ  it  y  in  these  organs  were
 limited  and  inconsi  stent.
 

DISCUSSION 
In  thi  s  study,  the  character  i  stic  changes  in  antiox  idative  f  unction  fol-
 low  ing  combined  TT  and  radon  inhalation  treatment  could  be  catego  -
 r  ized  into  four  groups:  (i)  increased  antiox  idant  f  unction  in  the  brain
 and  colon;  (ii)  increased  or  decreased  antiox  idant  f  unction,  such  as  in
 the  k  idney;  (iii)  decreased  antiox  idant  f  unction,  such  as  in  the  lungs
 and  (iv)  no  changes,  such  as  in  the  smal  l  intestine,  spleen,  pancreas,
 hear  t  ,  liver  and  stomach.
 

We  prev  iously  repor  ted  that  radon  inhalation  increased  SOD  activ-
 it  y  in  the  brain,  lung  ,  thy  mus,  hear  t  ,  liver,  stomach,  pancreas,  k  idneys
 and  smal  l  intestine  of  mice;  however,  thi  s  depended  on  radon  con-
 centration  and  inhalation  time  [ 10].  A  nother  repor  t  suggested  that
 changes  in  antiox  idant  f  unction  depended  on  the  total  antiox  idant
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Fig.  7.  Changes  in  antiox  idative  f  unctions  in  the  smal  l  intestine  after  ther  mal  treatment  (TT)  and  radon  inhalation  (R  n).
 Mean  ±  SE  M  ,  n  =  6,  #  P  <  0.05,  ##

 P  <  0.01  vs.  non-TT  +  R  n.  

Fig.  8.  Changes  in  antiox  idative  f  unctions  in  the  spleen  after  ther  mal  treatment  (TT)  and  radon  inhalation  (R  n).  Mean  ±  SE  M  ,
 n  =  6,  ∗  P  <  0.05  vs.  non-TT  +  sham;  #  P  <  0.05  vs.  TT  +  R  n.  
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Fig.  9.  Changes  in  antiox  idative  f  unctions  in  the  pancreas  after  ther  mal  treatment  (TT)  and  radon  inhalation  (R  n).  Mean  ±  SE  M  ,
 n  =  6,  ∗  P  <  0.05,  ∗∗

 P  <  0.01  vs.  non-TT  +  sham;  #  P  <  0.05  vs.  non-TT  +  R  n;  +  P  <  0.05  vs. TT  +  sham.  

Fig.  10.  Changes  in  antiox  idative  f  unctions  in  the  hear  t  after  ther  mal  treatment  (TT)  and  radon  inhalation  (R  n).  Mean  ±  SE  M  ,
 n  =  6,  ∗  P  <  0.05,  ∗∗

 P  <  0.01  vs.  non-TT  +  sham.  
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Fig.  11.  Changes  in  antiox  idative  f  unctions  in  the  liver  after  ther  mal  treatment  (TT)  and  radon  inhalation  (R  n).  Mean  ±  SE  M  ,
 n  =  6,  ∗  P  <  0.05,  ∗∗

 P  <  0.01  vs. non-TT  +  sham.  

Fig.  12.  Changes  in  antiox  idative  f  unctions  in  the  stomach  after  ther  mal  treatment  (TT)  and  radon  inhalation  (R  n).  Mean  ±  SE  M  ,
 n  =  6,  ∗  P  <  0.05  vs.  non-TT  +  sham;  #  P  <  0.05  vs.  non-TT  +  R  n.  
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capac  it  y  of  the  organs  [ 18].  Thi  s  may  reflect  di  fferences  in  ox  idative
 stress  or  in  the  radiation  dose  (86  nGy  to  1.4  μ Gy)  absorbed  by
 each  organ  [ 19,  20].  One  repor  t  on  the  mechani  sms  of  SOD  induc-
 tion  revealed  that  radon  inhalation  produces  ROS  in  the  mouse  brain
 and  induces  Mn-  SOD,  but  not  Cu/Zn-  SOD,  production  [ 21].  Thi  s  i  s
 simi  lar  to  the  increase  in  Mn-  SOD  induced  by  heat  stress.  R  adon
 inhalation  increased  the  brain  nuclear  factor  (NF)- κ  B  content  ,  w  hich
 reg  ulates  the  induction  of  Mn-  SOD  production,  in  the  nuclear  com-
 par  tment.  The  inhi  bitor  of  κ  B  k  inase-β  ,  w  hich  activates  NF- κ  B,  was
 slightly  upreg  ulated  by  radon  inhalation  [ 21].  However,  TT  at  40 ◦  C
 increased  nuclear  factor  er  y  throid  2-related  factor  2  (Nr  f2)  transcr  ip  -
 tion  factor  ex  pression,  w  hich  in  tur  n  increased  the  level  s  of  the  Nr  f2  tar-
 get  proteins  Mn-  SOD,  catalase,  heme  ox  ygenase-1,  glutamate  c  ysteine
 ligase  and  Hsp70  [ 22].  However,  the  mechani  sms  underly  ing  these
 di  fferences  among  the  organs  remain  unknow  n.
 

Our  results  did  not  eluc  idate  w  hether  the  combined  effects  were
 additive  or  sy  nerg  i  stic.  However,  signi  ficant  interactions  were  obser  ved
 in  the  brain  (SOD,  7  days),  large  intestine  (SOD,  1  day)  and  k  id-
 neys  (SOD,  1  or  3  days),  suggesting  enhanced  antiox  idant  f  unction.
 Conversely,  signi  ficant  decreases  were  obser  ved  in  the  lungs  (t-  GSH,
 3  days)  and  k  idneys  (t-  GSH,  1  day).  These  findings  suggest  that  SOD
 activ  it  y  tend  s  to  increase  w  ith  the  combined  treatment  ,  w  hereas  t-  GSH
 level  s  decrease,  li  kely  because  the  sul  fhydr  y  l  (SH)  group  of  glutathione
 i  s  highly  suscepti  ble  to  ox  idation.
 

The  character  i  stic  changes  in  antiox  idant  f  unction  fol  low  ing  TT
 and  radon  inhalation  in  thi  s  study  did  not  cor  respond  to  those  we
 had  prev  iously  repor  ted  [ 18].  Thi  s  indicates  that  both  TT  and  radon
 inhalation  enhance  antiox  idant  f  unction  through  smal  l  amounts  of
 ROS.  However,  because  thi  s  study  did  not  clar  i  f  y  the  amount  of  ROS
 produced  by  the  combination  of  TT  and  radon  inhalation,  the  reason
 for  thi  s  finding  remains  unclear.  Given  that  the  mechani  sms  underly  ing
 the  enhancement  of  antiox  idant  f  unction  are  simi  lar,  the  effects  of  the
 combined  treatment  may  be  related  to  the  amount  of  ROS  produced.
 Based  on  our  results,  SOD  may  be  the  enz  y  me  most  sensitive  to  the
 combination  of  TT  and  radon.  Additional  ly,  the  combined  effects  of
 radon  inhalation  and  antiox  idant  v  itamins,  such  as  v  itamins  C  and  E,
 effectively  inhi  bited  alcohol-induced  liver  damage  in  mice  compared
 w  ith  radon  or  antiox  idant  v  itamins  alone  [ 23].  Our  results  showed
 findings  simi  lar  to  those  obser  ved  in  our  prev  ious  study  [ 23].  However,
 thi  s  study  did  not  ex  amine  the  protective  effects  against  ox  idative  stress
 in  indiv  idual  organs.
 

The  relationship  bet  ween  heat  shock  proteins  (HSPs)  and
 ox  idative  stress  i  s  wel  l  establi  shed  [ 24];  therefore,  HSPs  were  not
 investigated  in  thi  s  study.  HSPs  are  multi  f  unctional  proteins  that
 closely  interact  w  ith  antiox  idants  [ 25].  Ox  idative  damage  to  proteins
 and  lipid  s  contr  i  butes  to  HSP  ex  pression,  and  ox  idative  stress  i  s
 considered  a  major  mediator  of  HSP  induction.  In  euk  ar  yotic  cel  l  s,
 the  heat  shock  factor  (HSF)  f  unctions  as  a  transcr  iptional  activator  of
 heat  shock  genes,  and  HSF1  i  s  activated  by  ox  idative  stress,  thereby
 increasing  the  sy  nthesi  s  of  protective  HSPs  [ 26,  27].  For  ex  ample,
 heat  stress  increases  hydrogen  perox  ide,  a  t  y  pe  of  ROS,  in  V79
 fi  broblasts.  A  single  heat  shock  ex  posure  (40  min)  resulted  in  the
 activation  of  p38  mitogen-activated  protein  k  inase  and  A  kt,  along
 w  ith  increased  ex  pression  of  HSP70  and  Mn-  SOD.  Simi  larly,  dur  ing
 chronic  heat  stress,  HSP70  and  the  antiox  idant  enz  y  me  Mn-  SOD  were
 overex  pressed.  These  induc  i  ble  responses  may  al  so  be  caused  by  ROS
 

generated  by  heat  stress  [ 28].  Fur  ther  more,  heat  stress  increases  the
 level  s  of  superox  ide  anion  radical  s  [ 29,  30],  hydrogen  perox  ide  [ 31,
 32]  and  hydrox  y  l  radical  s  [ 33].  The  inhi  bitor  y  effects  of  HSPs  on
 ox  idative  stress  -related  di  seases  have  al  so  been  repor  ted.  For  ex  ample,
 protective  effects  against  i  schemic  cardiac  injur  y  were  obser  ved  in
 mice  overex  pressing  HSP70  under  i  schemic  conditions  [ 34– 36].  Thi  s
 suggests  that  therapeutic  approaches  that  enhance  HSP70  ex  pression
 may  confer  cer  tain  benefits  [ 35].  Fur  ther  more,  HSPs  have  anti-
 inflammator  y  proper  ties,  and  these  effects  are  analogous  to  those
 of  radon.  These  biolog  ical  responses  are  simi  lar  to  those  obser  ved
 fol  low  ing  ex  posure  to  low-dose  ir  radiation,  including  radon  spa
 therapy.  These  di  fferences  may  be  due  to  the  var  iations  in  sensitiv  it  y  to
 TT  and  radon  inhalation.
 

Thi  s  study  had  some  limitations.  First  ,  we  did  not  investigate  HSPs;
 therefore,  we  may  not  have  accurately  evaluated  the  effects  of  TT.  Sec-
 ond,  the  mice  were  ex  posed  to  radon  at  a  concentration  of  2000  Bq/m 3

 for  24  h,  w  hich  may  not  reflect  moderate  inhalation  conditions.  Third,
 the  treatment  method  s  used  in  thi  s  study  were  slightly  di  fferent  f  rom
 those  used  in  clinical  studies.  Four  th,  the  combined  treatment  pro  -
 duced  organ-  spec  i  fic  antiox  idant  responses,  the  nature  (additive,  sy  n-
 erg  i  stic  or  antagoni  stic)  and  underly  ing  mechani  sms  of  w  hich  remain
 to  be  deter  mined.  Additional  ly,  the  limited  sample  size,  intentional  ly
 kept  to  a  minimum  in  accordance  w  ith  animal  wel  fare  pr  inc  iples,  may
 have  increased  the  r  i  sk  of  Ty  pe  II  er  rors  due  to  reduced  statistical
 power.  Thi  s  represents  an  inherent  limitation  of  ethical  animal  ex  per  i-
 mentation.  Final  ly,  concur  rent  treatment  w  ith  TT  and  radon  inhalation
 was  not  possi  ble  due  to  technical  constraints,  w  hich  may  have  influ-
 enced  the  findings.
 

In  conclusion,  combined  TT  and  radon  inhalation  treatment  acti-
 vated  antiox  idant  f  unction,  par  ticularly  SOD  activ  it  y,  in  the  brain  and
 colon.  However,  the  effects  var  ied  depending  on  the  organ  involved.
 Thi  s  may  be  due  to  di  fferences  in  sensitiv  it  y  to  TT  and  radon  inhala-
 tion.  Thi  s  study  prov  ides  new  insights  into  the  combined  effects  of  TT
 and  radon  inhalation.  Additional  research  i  s  required  to  character  ize
 these  combined  effects  in  spec  i  fic  organs  and  assess  their  potential  in
 mitigating  ox  idative  stress  -related  di  seases. 
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