
This is a self-archived version of an original article. This version 
may differ from the original in pagination and typographic details. 

Author(s): 

Title: 

Year: 

Version:

Copyright:

Rights:

Rights url: 

Please cite the original version:

CC BY 4.0

https://creativecommons.org/licenses/by/4.0/

High-intensity interval training and moderate intensity training with exogenous
adenosine counteract development of obesity in rats

© 2022 the Authors

Published version

Mirghani, S.J.; Sharifian, S.; Rafiei, M.M.; Eslami, Z.; Ghaderi, M.; Moghanlou,
A.E.; Jaghoori, A.; Mirghani, S.A.; Pekkala, S.

Mirghani, S.J., Sharifian, S., Rafiei, M.M., Eslami, Z., Ghaderi, M., Moghanlou, A.E., Jaghoori, A.,
Mirghani, S.A., & Pekkala, S. (2022). High-intensity interval training and moderate intensity
training with exogenous adenosine counteract development of obesity in rats. Science and
Sports, 37(5-6), 477-485. https://doi.org/10.1016/j.scispo.2021.11.001

2022



S

O

H
m
a
o
L
l
d
l

S
M
S

a

b

c

d

e

f

g

h

U
i

R

h
0
c

ARTICLE IN PRESSModele +
CISPO-3613; No. of Pages 9

Science & Sports xxx (xxxx) xxx—xxx

Disponible  en  ligne  sur

ScienceDirect
www.sciencedirect.com

RIGINAL ARTICLE

igh-intensity  interval  training  and
oderate  intensity  training  with  exogenous

denosine  counteract  development  of
besity  in  rats

’entraînement  par  intervalles  à  haute  intensité  et
’entraînement  à  intensité  modérée  avec  un  apport
’adénosine  exogène  préviennent  le  développement  de
’obésité  chez  le  rat

.J.  Mirghanih,i,  S.  Sharifianf,  M.M.  Rafieib,  Z.  Eslamic,
.  Ghaderid,  A.E.  Moghanloue,  A.  Jaghoori g,  S.A.  Mirghanih,
.  Pekkalaa,∗

Faculty  of  Sport  and  Health  Sciences,  University  of  Jyväskylä,  Jyväskylä,  Finland
Department  of  Exercise  Physiology,  Kish  International  Campus  of  Tehran  University,  Kish,  Iran
Department  of  Clinical  Biochemistry,  Hamadan  University  of  Medical  Sciences,  Hamadan,  Iran
Department  of  Sport  Sciences,  Nahavand  Higher  Education  Complex,  BU-Ali  Sina  University,  Hamadan,  Iran
Istanbul  Esenyurt  University,  Physical  Education  and  Sports  high  School,  Coaching  Education  Department
Department  of  Sport  Studies  and  Planning,  Central  Organization,  Islamic  Azad  University,  Tehran,  Iran
Research  Committee,  Golestan  University  of  Medical  Sciences,  Gorgan,  Golestan  province,  Iran
Department  of  Exercise  Physiology,  Faculty  of  Physical  Education  and  Sports  Science,  Islamic  Azad
niversity, Central  Tehran  Branch,  Tehran,  Iran
Shahid  Mirghani  Research  Institute,  Golestan,  Gorgan,  Iran

eçu le  19  août  2021  ;  accepté  le  16  novembre  2021
KEYWORDS
Exogenous
adenosine  ;

Summary
Objectives.  —  High-Intensity  Interval  Training  (HIIT)  and  Moderate  Intensity  Training  (MIT)  can
combat the  obesity  epidemic.  However,  studies  comparing  their  effects  on  obesity  show  contro-
versial findings  regarding  weight  loss.  Adenosine  has  emerged  as  a  possible,  novel  therapeutic
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agent  to  treat  obesity,  but  more  preclinical  studies  on  its  efficacy  are  needed.  Therefore,  the
objectives  of  this  study  were  to  compare  the  effects  of  HIIT  and  MIT  on  obesity,  and  further  to
determine  the  dose-dependent  effects  of  adenosine  on  body  weight.
Equipment  and  methods.  —  We  induced  obesity  in  male  Wistar  rats  with  high-fat  diet  (HFD)
and monitored  development  of  obesity  by  comparing  the  weight  to  rats  on  normal  diet  (ND).
After 13  weeks  of  feeding,  exercise  training  and  intraperitoneal  adenosine  or  placebo  injections
started. The  animals  were  divided  into  the  intervention  groups  based  on  equal  average  weight:
(1) ND-1,  2)  ND-2,  (3)  HFD,  (4)  HFD  +  placebo,  (5)  HFD  +  adenosine,  (6)  HFD  +  adenosine  +  HIIT,
(7) HFD  +  placebo  +  HIIT,  (8)  HFD  +  adenosine  +  MIT,  and  (9)  HFD  +  placebo  +  MIT.  During  the  first
six weeks  of  interventions,  adenosine  was  injected  at  a  dose  of  0.2  mg/ml/kg  and  the  following
six weeks  at  0.4  mg/ml/kg.  Weight  and  feed  consumption  were  determined,  and  energy  intake
was calculated  as  kJ/day.
Results.  —  The  HFD  started  to  cause  obesity  after  19  weeks  of  feeding.  Both  HIIT  and  MIT  were
equally effective  in  counteracting  the  HFD-induced  weight  gain,  while  no  differences  in  the
effects were  found  between  the  two  exercise  modes.  Adenosine,  independent  of  the  dose,  also
prevented  weight  gain  but  did  not  enhance  the  effects  of  HIIT  or  MIT  on  weight.  The  obesity-
counteracting  effects  of  the  treatments  were  not  due  to  lower  energy  intake.  In  conclusion,
our study  shows  that  HIIT  and  MIT  are  equally  effective  to  combat  obesity,  and  further,  provide
preclinical  evidence  of  that  adenosine  injections  could  be  used  to  treat  obesity.
© 2022  The  Author(s).  Publié  par  Elsevier  Masson  SAS.  Cet  article  est  publié  en  Open  Access
sous licence  CC  BY  (http://creativecommons.org/licenses/by/4.0/).
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Résumé
Objectifs.  —  L’entraînement  par  intervalles  à  haute  intensité  (HIIT)  et  l’entraînement  à  intensité
modérée (MIT)  peuvent  lutter  contre  l’  épidémie  d’obésité.  Cependant,  les  études  comparant
leurs effets  sur  l’obésité  montrent  des  résultats  controversés  concernant  la  perte  de  poids.
L’adénosine  est  apparue  comme  un  nouvel  agent  thérapeutique  possible  pour  traiter  l’obésité,
mais davantage  d’études  précliniques  sur  son  efficacité  sont  nécessaires.  Par  conséquent,  les
objectifs de  cette  étude  étaient  de  comparer  les  effets  du  HIIT  et  du  MIT  sur  l’obésité,  et  de
déterminer  en  outre  les  effets  dose-dépendants  de  l’adénosine  sur  le  poids  corporel.
Équipement  et  méthodes.  —  Nous  avons  induit  l’obésité  chez  des  rats  Wistar  mâles  avec
un régime  riche  en  graisses  (HFD)  et  surveillé  le  développement  de  l’obésité  en  com-
parant leurs  poids  à  ceux  des  rats  suivant  un  régime  normal  (ND).  Après  13  semaines
d’alimentation,  l’entraînement  physique  et  les  injections  intrapéritonéales  d’adénosine  ou
de placebo  ont  commencé.  Les  animaux  ont  été  divisés  en  groupes  d’intervention  sur  la
base d’un  poids  corporel  moyen  égal:  (1)  ND-1,  2)  ND-2,  (3)  HFD,  4)  HFD  +  placebo,  (5)
HFD +  adenosine,  (6)  HFD  +  adenosine  +  HIIT,  (7)  HFD  +  placebo  +  HIIT,  (8)  HFD  +  adenosine  +  MIT,
and (9)  HFD  +  placebo  +  MIT.  Au  cours  des  six  premières  semaines  d’intervention,  l’adénosine  a
été injectée  à  une  dose  de  0,2  mg/ml/kg  et  les  six  semaines  suivantes  à  0,4  mg/ml/kg.  Le  poids
et la  consommation  d’aliments  ont  été  déterminés,  et  l’apport  énergétique  a  été  calculé  en
kJ/jour.
Résultats.  —  Le  HFD  a  commencé  à  provoquer  l’obésité  après  19  semaines  d’alimentation.  Le
HIIT et  le  MIT  étaient  tous  deux  aussi  efficaces  pour  contrer  le  gain  de  poids  induit  par  le  HFD,
alors qu’aucune  différence  dans  les  effets  n’a  été  trouvée  entre  les  deux  modes  d’exercice.
L’adénosine,  indépendamment  de  la  dose,  a  également  empêché  la  prise  de  poids  mais  n’a  pas
renforcé les  effets  du  HIIT  ou  du  MIT  sur  le  poids.  Les  effets  des  traitements  contre  l’obésité
n’étaient pas  dus  à  un  apport  énergétique  plus  faible.  En  conclusion,  notre  étude  montre  que
le HIIT  et  le  MIT  sont  tout  aussi  efficaces  pour  lutter  contre  l’obésité  et,  en  outre,  fournissent
des preuves  précliniques  que  les  injections  d’adénosine  pourraient  être  utilisées  pour  traiter
l’obésité.
© 2022  The  Author(s).  Publié  par  Elsevier  Masson  SAS.  Cet  article  est  publié  en  Open  Access
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. Introduction

besity  has  become  a  global  health  burden;  the  worldwide
umber  of  obese  adults  is  already  reaching  2  billions,  and

he  prevalence  is  constantly  increasing  (WHO,  2017).  Obe-
ity,  which  is  defined  by  body  mass  index  (BMI)  >  30,  is  a
ondition  in  which  excess  body  fat  has  accumulated  to  the
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xtent  that  it  can  have  adverse  effects  on  metabolic  health
nd  increase  the  risk  for  cardiovascular  diseases.  To  date,
ffective  long-term  treatment  strategies  for  obesity  remain
xtreme  lifestyle  changes  and  diets  that,  unfortunately,
nly  a  minority  of  patients  are  able  to  follow,  thus  leaving
he  problem  unresolved  [2,3]. Therefore,  it  is  important  to
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nd  several  effective  and  easy  to  implement  ways  to  treat
besity.

High  intensity  exercise  with  reduced  training  time  could
e  an  effective  and  time-saving  way  to  combat  obesity,  but
requently  obese  individuals  are  unable  to  perform  it  due  to
hysiological  restrictions.  Therefore,  High-Intensity  Interval
raining  (HIIT),  which  consists  of  alternating  short  bursts  of
igh-intensity  exercise  and  light  exercise  or  passive  recovery
eriods,  has  been  considered  as  a  more  suitable  alternative
or  obese  individuals.  Another  better  choice  for  obese  could
e  Moderate  Intensity  Continuous  Training  (MICT),  which
sually  consists  of  30—60  min  of  aerobic  exercise  at  64—76%
eak  heart  rate.  The  effects  of  HIIT  and  MICT  on  weight
oss  have  been  intensively  studied  separately,  and  also  com-
ared  with  each  other  in  their  effectiveness  in  reducing
ody  weight  and  fat.  However,  the  results  have  been  rather
ontroversial.  One  randomized  controlled  trial  showed  no
ffects  of  HIIT  or  Medium  Intensity  Training  (MIT)  on  the  body
eight  of  obese  participants,  while  both  exercise  modes,
owever,  transiently  decreased  body  fat  percentage  [4]. A
tudy  by  Keating  and  et  al,  also  failed  to  show  effects  of  HIIT
nd  MIT  on  the  body  mass,  but  reported  that  MIT  reduced
ody  fat,  while  HIIT  did  not  [5].  Similarly,  Sawyer  et  al  did
ot  find  effects  of  HIIT  or  MIT  on  the  body  weight  [6]. Howe-
er,  HIIT  but  not  MICT  decreased  body  fat  percentage.  On

 contrary,  Martins  et  al  showed  that  both  HIIT  and  MICT
educed  body  weight  of  obese  participants  being  equally
ffective  [7].  A  randomized  controlled  trial  conducted  by
ong  and  et  al,  reported  that  MICT,  but  not  HIIT  significan-
ly  decreased  body  weight  and  fat  percentage  [8]. These
ontradictory  findings  might  be  partly  due  to  environmental
r  lifestyle  factors,  such  as  diet.  Yet,  in  most  of  the  above-
entioned  studies  the  diet  was  not  monitored,  though  it  is
ell  known  that  when  physical  activity  is  increased,  often

pontaneous  changes  in  diet  occur.  Therefore,  we  aimed
o  compare  the  effects  of  HIIT  and  MIT  on  obesity  using
ats  that  allow  minimizing  environmental  factors  and  diet  as
onfounding  factors  as  the  animals  are  kept  in  a  controlled
nvironment  and  fed  with  standardized  diets.

In  addition  to  exercise  studied  widely  as  a  treatment  for
besity,  adenosine  and  inhibition  of  adenosine  monophos-
hate  (AMP)  deaminase  have  emerged  as  possible,  novel
herapeutic  agent  and  target,  respectively,  in  the  mana-
ement  of  obesity  and  cardiovascular  diseases.  Adenosine
s  produced  by  the  degradation  of  adenosine  triphosphate
ATP),  adenosine  diphosphate  (ADP)  and  AMP.  Adenosine
xerts  its  effects  through  the  receptors  A1,  A2A,  A2B and
3 that  are  shown  to  be  involved  in  glucose  homeosta-
is  and  type  2  diabetes  [9],  insulin  resistance  [10]  as  well
s  adipose  tissue  browning  [11],  for  instance.  While  many
tudies  have  investigated  the  effects  of  activation  and  blo-
kage  of  adenosine  receptors  with  agonists  and  antagonists
for  review  [12]),  the  studies  describing  the  effects  of  ade-
osine  injections  on  systemic  bodily  functions  are  scarce.
xogenous  adenosine  infusion  has  been  shown  to  increase
lucose  uptake  in  human  skeletal  muscle,  while  endogenous
denosine  did  not  [13].  A  study  in  obese  rats  showed  that
ntravenous  injection  of  adenosine  at  a  dose  of  0.2  mg/ml/kg

educed  the  expression  of  A1 receptor  in  the  heart,  while  the
ffects  on  weight  were  not  reported  [14].  The  A1 receptor
as  been  shown  to  regulate  lipolysis  and  lipogenesis  in  the
dipose  tissue  of  mice  [15],  suggesting  that  it  plays  a  role  in
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besity.  Another  study  in  rats  detected  no  effects  of  intra-
enous  injection  of  adenosine  at  a  dose  of  0.2  mg/ml/kg
n  body  weight,  but  found  an  increase  in  the  expression
f  uncoupling  protein  1  (UCP1)  in  the  visceral  adipose  tis-
ue  [16]. It  has  been  shown  that  UCP1  knockout  mice  are
besity-resistant  [17]. To  our  knowledge,  intraperitoneal
njections  of  adenosine  have  not  been  studied,  and  thus,
e  aimed  at  studying  them  to  increase  the  knowledge  on

he  effects  of  adenosine  injections  on  obesity.  Based  on  two
revious  existing  works  showing  synergistic  effect  of  ade-
osine  and  exercise  [13,14], we  also  wanted  to  study  the
ffects  of  their  combination  and  their  sole  effects  on  obe-
ity.  To  this  end,  we  determined  whether  intraperitoneal
denosine  injections  alone  and/or  combined  with  HIIT  or  MIT
ould  reduce  HFD-induced  obesity  in  rats.  Moreover,  as  we
id  not  find  studies  on  the  dose-dependent  effects  of  adeno-
ine,  we  also  determined  whether  increasing  the  dosage  of
denosine  injection  from  0.2  to  0.4  mg/ml/kg  would  cause
ore  pronounced  effects  on  the  body  weight  of  the  rats.

. Materials and methods

.1.  Animals

he  study  was  approved  by  the  ethics  committee  of  sports
cience  research  institute,  Tehran,  Iran  (Document  no.
R.SSRI.REC.1395.115).  The  EU  Directive  2010/63/EU  and
he  European  Convention  for  Protection  of  Vertebrate  Ani-
als  used  for  Experimental  and  other  Scientific  Purposes

Council  of  Europe  No123,  Strasbourg  1985)  were  followed.
he  complete  study  protocol  has  been  previously  published
18].  Seventy-seven  male  Wistar  rats  were  purchased  from
he  Shahid  Mirghani  Research  institute  (Golestan,  Gorgan,
ran).  The  rats  were  not  genetically  modified  and  were
ealthy.  The  sample  size  was  calculated  using  G*Power
University  of  Dusseldorf,  Germany)  using  ANOVA  repeated
easures  as  the  statistical  test.  The  statistical  power  was

2%.  All  rats  were  kept  in  similar  laboratory  environmental
onditions  at  22  ±  3 ◦C,  housed  four  rats  per  cage  and  were
ept  in  12-hour  light/dark  cycle.  During  the  study  the  cage
ocations  were  not  changed  to  avoid  causing  extra  stress  to
he  animals.

All  rats  were  fed  with  a normal  diet  (ND)  until  ∼6  weeks
f  age  (Phase  1).  The  diets  were  purchased  from  the  Shahid
irghani  Research  institute  (Golestan,  Gorgan,  Iran).  The
D  contained  4.30  kcal  per  gram  consisting  of  3.87%  fat  (soy
il),  17.46%  casein  protein,  68.7%  carbohydrates,  8.97%
inerals  and  1%  vitamins.  After  the  6-weeks  of  ND,  the

nimals  were  divided  into  the  intervention  groups  based  on
qual  average  weight  (and  not  randomized).  This  was  done
o  ensure  that  all  groups  had  the  same  average  weight  at
he  beginning  of  the  intervention,  which  allows  a  faithful
omparison  of  the  groups  in  terms  of  the  development  of
besity.  The  groups  were  as  follows:  (1)  ND-1,  (2)  ND-2,  (3)
igh-fat  diet  (HFD),  (4)  HFD  +  placebo,  (5)  HFD  +  adenosine,

6)  HFD  +  adenosine  +  HIIT,  7)  HFD  +  placebo  +  HIIT,  (8)
FD  +  adenosine  +  MIT,  and  (9)  HFD  +  placebo  +  MIT  (Fig.  1).

he  composition  of  the  ND  was  as  described  above.  The
nergy  content  of  the  HFD  was  5.81  kcal  per  gram,  and  it
ontained  40%  fat  (20%  soy  oil  and  20%  animal  subcutaneous
at  oil),  14.1%  casein  protein,  36.58%  carbohydrates,  8.4%
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Figure  1  The  experimental  design,  treatments,  and  interventions.  The  number  of  the  animals  (n)  in  each  group  corresponds  to
the n  that  finalized  the  phase.  In  the  HFD  groups,  the  number  of  animals  decreased  during  the  experiment  because  some  of  the
animals needed  to  be  euthanized  because  of  digestive  problems  and  infection.  In  the  exercising  groups,  the  number  of  animals
decreased during  the  experiment  because  some  of  the  animals  needed  to  be  euthanized  because  of  skeletal  muscle  injuries.  These
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xclusion criteria  were  established  a  priori.  HFD:  high-fat  diet;  N
ntensity training;  i.p.:  intraperitoneal.  The  complete  study  pro

inerals  and  0.72%  vitamins.  This  feeding  phase  (Phase  2)
hat  aimed  at  inducing  obesity  in  the  HFD  groups  (Phase  2),
ontinued  for  13  weeks.

.2.  Exercise  interventions  and  treatments

fter  the  13  weeks  of  feeding  with  the  high-fat  diet  (HFD)
nd  normal  diet  (ND),  the  exercise  interventions  as  well
s  adenosine  or  placebo  injections  started  for  the  first  six
eeks  (Phase  3).  At  the  Phase  3,  adenosine  was  injected

ntraperitoneally  at  a  daily  dose  of  0.2  mg/ml/kg.  The  ade-
osine  was  purchased  from  the  College  of  Pharmacy,  Tehran
niversity  of  Medical  Sciences  and  was  dissolved  in  saline
olution.  Adenosine  doses  were  based  on  LD50  and  intra-
enous  injection.  We  tried  to  reduce  the  mortality  of  the
ats  and  side  effects  by  using  intraperitoneal  injection,  and
herefore,  we  needed  to  use  higher  doses  of  adenosine  com-
ared  to  intravenous  injection  because  of  metabolization.
he  placebo-injected  groups  received  daily  the  same  volume
f  saline  solution.  Adenosine  and  placebo  were  always  injec-
ed  three  hours  prior  to  the  exercise  training.  Before  the
xercise  interventions  started,  the  rats  in  the  exercising
roups  were  first  habituated  to  the  exercise.  To  this  end,
he  rats  were  placed  on  animal  treadmills  to  run  at  various
peeds  for  one  week  daily  as  explained  in  the  following
entences.  First,  the  animals  were  running  at  a  speed  of  6
eters  per  min  during  the  first  session  that  lasted  for  10  min.

hen,  the  second  session  was  performed  at  a  speed  of  8
eters  per  minute  for  12  min.  The  third  session  was  at  a

peed  of  10  meters  per  minute  for  12  min,  and  finally,  the
ourth  session  was  performed  at  a  speed  of  10  kettles  per

T
a
p

4

ormal  diet;  HIIT:  high  intensity  interval  training;  MIT,  moderate
l  has  been  previously  published  [18].

inute  for  15  min  without  a  slope.  After  the  last  habituation
ession,  every  rat  was  placed  on  the  treadmill  to  continue
unning  at  maximum  speed  until  exhaustion  point.  Following
he  recording  of  the  maximum  speed  during  exhaustion  for
very  rat,  the  mean  value  of  speed  of  the  exercising  rats  was
alculated.  The  exhaustion  test  was  repeated  after  every
our  weeks  to  obtain  the  new  maximum  speed  to  be  used  in
he  exercise  training.  Based  on  the  results,  the  exercise  pro-
ocols  were  designed  and  followed  as  shown  in  Table  1.  The
igh  intensity  interval  training  (HIIT)  was  set  at  85  to  90%
ntensity,  whereas  the  moderate  intensity  training  program
MIT)  was  set  at  60  to  65%  intensity.  In  each  exercise  session
f  HIIT  and  MIT,  the  warm-up  period  was  3  min  of  running  at

 speed  of  10  m/min  followed  by  a  cool  down  period  of  2  min
f  running  at  a  speed  of  15  m/min.  The  exercise  training  ses-
ions  and  adenosine  injections  were  always  done  daily  in  the
ame  order  for  each  cage  and  group.

After  the  first  six  weeks  of  exercise,  the  exercise  conti-
ued  with  the  same  intensity  levels  and  as  otherwise
pecified  in  Table  1  (Phase  4)  for  additional  six  weeks.  At  this
hase  4,  the  daily  dose  of  adenosine  injections  was  increased
nto  0.4  mg/ml/kg.  Again,  adenosine  was  dissolved  in  saline
olution  and  the  placebo-injected  groups  received  the  same
olume  as  the  adenosine-injected  groups.

.3.  Measurement  of  food  consumption  and
nergy intake
he  weight  and  amount  of  feed  were  monitored  daily  using
n  electronic  scale.  After  measuring  the  quantity  of  feed
laced  at  6  pm,  the  amount  of  uneaten  food  was  measured
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Table  1  Exercise  intervention  protocols.  The  complete  study  protocol  has  been  previously  published  [18].

High  Intensity  Interval  Training  Protocol  (HIIT)

Weeks  Bouts  Speed  of
running
m/min

Time  Active  Rest  Bouts  Speed  of
running
m/min

Distance  m

1st  7  31  1  min  1  min  6  15  402
2nd 8  31  1  min 1  min  7  15  448
3rd 8  35  1  min 1  min 7  17  494
4th 9  36  1  min 1  min 8  17  555
5th 9  41  1  min  1  min  8  19  616
6th 9  45  1  min  1  min  8  20  660
7th 10  45  1  min  1  min  9  22  743
8th 10  47  1  min  1  min  9  22  763
9th 10  49  1  min  1  min  9  23  792
10th 10  50  1  min  1  min  9  24  811
11th 10  52  1  min  1  min  9  24  831
12th 10  55  1  min  1  min  9  25  870

Moderate Intensity  Training  Protocol  (MIT)

Weeks Bouts  Speed  of  running  m/min Time Active  Rest

1st  1  20  15:21  402
2nd 1  20  17:39  448
3rd 1  21  19  494
4th 1  21  21:54  555
5th 1  22  23:41  616
6th 1  23  24:34  660
7th 1  24  27  743
8th 1  24  27:50  763
9th 1  24  29:3  792
10th 1  24  29:50  811
11th 1  24  30:38  831
12th 1  25  31  870

m: meters; min: minutes.
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fter  the  next  24  hours,  and  the  amount  of  the  remaining
eed  was  deduced  from  the  total  initial  feed  that  was  put
nto  the  cage.  The  energy  intake  was  calculated  by  mul-
iplying  the  amount  of  consumed  feed  during  24  hours  in
rams  by  the  kcal/g  that  the  diet  contained,  and  further
y  4.184  to  convert  the  results  into  kJ  per  day.  All  rats  in
he  HFD  and  ND  groups  were  provided  with  feed  and  water
d  libitum  during  the  first  13  weeks  of  the  obesity-inducing
or  not)  feeding,  and  the  first  six  weeks  of  exercise  trai-
ing.  After  that,  all  groups  of  rats  (HFD  and  ND)  were  fed
ith  the  same  amount  of  food  (the  grams  of  food  were
easured  with  an  electronic  scale  daily)  during  the  second

ix  weeks  of  the  exercise  (or  not)  training  phase  based
n  the  amount  of  food  consumed  by  the  two  HFD  control
roups.

.4.  Statistical  analyses
he  statistical  analyses  were  made  using  IBM  SPSS  Statis-
ics  26  (Armonk,  NY,  USA).  The  normal  distribution  was
etermined  using  Shapiro  Wilks  test.  The  differences  in

c
w
w
r

5

he  variables  between  the  time  points  were  studied  with
epeated  measures  analysis  of  variance  (ANOVA)  using  the
LM  procedure.  In  addition,  the  interactive  effects  of
he  variables  and  group  were  analyzed.  The  differences
n  the  variables  between  the  groups  at  one  time  point
ere  analyzed  using  ANOVA  and  Bonferroni  as  the  post-hoc

est.

. Results

.1.  High-fat  diet  induced  obesity  in  rats
ndependent  of  energy  intake  in  the  groups  of  rats
hat were  not  exercising  and/or  injected  with
denosine

o  induce  obesity  in  rats,  we  fed  them  with  a  HFD  that

ontained  40%  of  energy  fat.  After  the  13  weeks  of  feeding
ith  the  HFD  and  ND  (Phase  2),  all  groups  of  rats  gained
eight  (p  <  0.05  for  all),  which  was  expected  because  the

ats  were  aging  and  growing  (Fig.  2).  However,  there  was
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Figure  2  Body  weight  (grams)  and  energy  intake  (kJ/day)  after  the  different  phases  in  the  experimental  groups.  The  letters  a,
b and  c  indicate  a  p-value  <  0.05,  and  the  letter  meanings  are  as  follows:  a=  compared  to  Phase  1,  b=  compared  to  Phase  2,  c=
compared to  Phase  3.  HFD:  high-fat  diet;  ND:  normal  diet;  HIIT:  high  intensity  interval  training;  MIT:  moderate  intensity  training.
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did  not  change  in  the  exercising  groups,  suggesting  that
nergy intake  is  the  average  value  of  all  days  of  the  phase.  No  e

o  interactive  effect  of  weight  and  group  [F  (7,  46)  =  2.127,
 =  0.056)],  indicating  that  the  groups  did  not  differ  from
ach  other  in  weight  at  that  point  (Table  2),  indicating  that
he  HFD  had  not  yet  caused  significant  obesity.  After  the
3  weeks  of  feeding  (Phase  2),  the  ND-1  group  had  higher
nergy  intake  than  all  HFD  groups  (P  =  0.000  for  all),  while
o  differences  between  the  HFD  groups  were  found  in  the
nergy  intake.

After  continuing  for  six  weeks  more  on  the  HFD  (Phase
),  the  weight  increased  in  all  groups  [F  (1,  46)  =  48.747,

 =  0.000)]  (Fig.  2).  In  addition,  there  was  an  interactive
ffect  of  weight  and  group  [F  (7,  46)  =  10.78,  P  =  0.000)].
t  the  Phase  3,  the  HFD  and  HFD  +  placebo  groups  weighed
ore  than  the  ND-1  group  (P  =  0.000  for  both)  (Table  2).  The
D-1  group  continued  to  have  higher  energy  intake  than  all
FD  groups  (P  =  0.000  for  all)  (Fig.  2).

At  the  final  of  the  intervention  and  13  weeks  on  the  HFD
lus  12  weeks  of  exercise  or  not,  the  HFD,  HFD  +  placebo
nd  HFD  +  adenosine  groups  weighed  more  than  the  ND-1
roup  (P  =  0.000  for  all)  (Table  2).  During  the  last  six  weeks  of
he  intervention  (Phase  4),  there  was  an  interactive  effect
f  weight  and  group  [F  (7,  46)  =  18.635,  P  =  0.000)].  At  the
hase  4,  the  weight  decreased  in  the  ND-1  group  [F  (1,
)  =  10.469,  P  =  0.014)],  and  increased  in  the  HFD  [F  (1,
)  =  68.397,  P  =  0.000)]  and  HFD  +  placebo  [F  (1,  5)  =  55.062,

 =  0.000)]  groups  (Fig.  2).  At  the  final  of  the  interventions,
here  was  an  interactive  effect  of  weight  and  energy  intake
F  (7,  48)  =  90.137,  P  =  0.000)].  The  energy  intake  decrea-
ed  in  the  ND-1  group  [F  (1,  7)  =  5171.851,  P  =  0.000)]  and
ncreased  in  the  HFD  +  adenosine  +  HIIT  [F  (1,  5)  =  14.688,

 =  0.012)],  HFD  +  placebo  +  HIIT  [F  (1,  6)  =  22.196,  P  =  0.003)]
roups,  but  not  in  the  non-exercising  HFD  groups  (Fig.  2).
o  summarize  the  longitudinal  results,  during  the  interven-
ions  the  HFD-induced  increase  in  weight  was  not  seen  in  the

FD  +  adenosine,  HFD  +  placebo  +  HIIT,  HFD  +  adenosine  +  MIT
r  HFD  +  placebo  +  MIT  groups.

b
i

6

imental  data  points  or  units  were  excluded  from  the  analyses.

.2.  Both  HIIT  and  MIT  counteracted  the  high-fat
iet-induced  increase  in  body  weight,  which  was
ot due  to  lower  energy  intake

ext,  we  analyzed  whether  the  exercise  training  pro-
rams  were  able  to  reduce  the  HFD-induced  obesity.  After
he  first  six  weeks  of  exercise  training  (Phase  3),  the
FD  +  placebo  +  HIIT  and  HFD  +  placebo  +  MIT  groups  weighed

ess  than  the  HFD  and  HFD  +  placebo  groups  (P  =  0.000  for
ll)  (Table  2).  Further,  the  longitudinal  analyses  showed
hat  there  was  an  interactive  effect  of  weight  and  group
F  (7,  46)  = 10.784,  P  =  0.000)].  The  weight  increased  in  the
D-1  [F  (1,  7)  =  13.464,  P  = 0.008)],  HFD  [F  (1,  6)  =  100.842,

 =  0.000)]  and  HFD  +  placebo  [F  (1,  6)  =  74.768,  P  =  0.000)]
roups,  but  not  in  the  exercising  groups  (Fig.  1).  At  this
oint,  the  HFD  +  placebo  +  HIIT  group  (P  =  0.000)  had  lower
nergy  intake  than  the  HFD  group  (Table  2).  However,  the
ongitudinal  analyses  showed  that  during  the  first  six  weeks
nergy  intake  decreased  in  all  groups  [F  (1,  57)  =  7751.975,

 =  0.000)]  (Fig.  2).  In  addition,  there  was  an  interac-
ive  effect  of  group  and  energy  intake  [F  (7,  57)  =  41.596,

 =  0.000)].
After  the  second  six  weeks  of  exercise  training  (Phase

),  the  HFD  +  placebo  +  HIIT  and  HFD  +  placebo  +  MIT  groups
ontinued  to  weigh  less  than  the  HFD  and  HFD  +  placebo
roups  (P  =  0.000  for  all)  (Table  2).  According  to  the  longi-
udinal  analyses,  there  was  an  interactive  effect  of  group
nd  weight  [F  (7,  46)  =  18.635,  p  =  0.000)].  At  the  Phase  4,
he  weight  decreased  in  the  ND-1  group  [F  (1,7)  =  10,469,

 =  0.014)]  and  increased  in  the  HFD  [F  (1,  6)  =  68.397,
 =  0.000)]  and  HFD  +  placebo  [F  (1,  5)  =  55.062,  p  =  0.001)]
roups  during  these  six  weeks  (Fig.  2).  Again,  the  weight
oth  exercise  modes  efficiently  counteracted  the  HFD-
nduced  increase  in  body  weight.  There  was  interactive
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ffect  of  group  and  energy  intake  [F  (7,  48)  =  90.137,
 =  0.000)].  The  energy  intake  decreased  in  the  ND-1
roup  [F  (1,  7)  =  5171.851,  p  =  0.000)],  and  increased  in
he  HFD  +  placebo  +  HIIT  group  [F  (1,  6)  =  22.196,  P  =  0.003)]
Fig.  2).

.3.  Adenosine  counteracted  high-fat  diet-induced
ncrease in  body  weight,  but  did  not  enhance  the
eight-decreasing  effects  of  exercise

ext,  we  analyzed  whether  the  intraperitoneal  ade-
osine  injections  also  prevented  HFD-induced  obesity
nd  enhanced  the  effects  of  exercise  on  weight.  After
he  first  13  weeks  on  the  HFD,  adenosine  was  injected
rst  at  a  dose  of  0.2  mg/ml/kg  for  six  weeks  to  five
roups  of  rats  as  specified  in  the  methods  section  (Phase
).  Placebo  was  injected  to  two  groups  that  were  on
he  HFD  and  performed  MIT  or  HIIT.  The  group-wise
omparisons  showed  no  differences  in  weight  bet-
een  the  HFD  and  HFD  +  adenosine,  HFD  +  adenosine
nd  HFD  +  adenosine  +  HIIT  or  HFD  +  adenosine  +  MIT,
FD  +  placebo  +  HIIT  and  HFD  +  placebo  +  MIT  groups  after
he  six  weeks  (Table  2),  suggesting  that  the  adenosine
ose  of  0.2  mg/ml/kg  did  not  enhance  the  effects  of
xercise  on  preventing  HFD-induced  weight  gain.  However,
he  longitudinal  analyses  showed  that  the  weight  did
ot  change  in  the  HFD  +  adenosine,  HFD  +  adenosine  +  HIIT
r  HFD  +  adenosine  +  MIT  groups  during  the  six  weeks  of
njections  (Fig.  2),  indicating  that  adenosine  at  the  dose
f  0.2  mg/ml/kg  alone  and  combined  with  exercise  was
ble  to  counteract  the  effects  of  the  HFD  on  weight.  In
ll  adenosine-injected  groups  the  energy  intake  decreased
uring  these  first  six  weeks  (P  =  0.000  for  all)  (Fig.  2).  Thus,
he  lack  of  body  weight  change  could  be  partly  due  to
ecreased  energy  intake.

After  the  first  six  weeks,  adenosine  was  injected  at  a
ose  of  0.4  mg/ml/kg  for  another  six  weeks  (Phase  4),  and
he  injections  were  combined  or  not  with  exercise.  After
he  second  six  weeks,  the  HFD  and  HFD  +  placebo  groups
ad  higher  body  weight  than  all  adenosine-injected  groups
P  =  0.000  for  all)  (Table  2).  These  results  suggest  that  ade-
osine  at  a  dose  of  0.4  mg/ml/kg  alone  or  combined  with
xercise  had  weight  lowering  effects.  These  suggestions
ere  further  confirmed  by  the  longitudinal  analyses  showing

hat  the  weight  did  not  change  in  the  adenosine-injected
roups  (Fig.  2).  At  the  Phase  4,  the  energy  intake  did  not
hange  in  the  adenosine-injected  groups  suggesting  that  the
ffects  of  adenosine  on  reducing  body  weight  gain  were  not
ependent  on  diet.

To  determine  whether  the  effects  of  adenosine  on  weight
ere  dose-dependent,  we  calculated  the  fold  changes  in
eight  after  the  first  and  second  six-weeks  of  injections,
nd  then  compared  the  fold  changes  inside  the  groups.  No
ose-dependent  effects  of  adenosine  on  weight  were  found.

. Discussion
n  this  study,  we  aimed  to  compare  the  effects  of  High  Inten-
ity  Interval  Training  (HIIT)  and  Moderate  Intensity  Training
MIT)  on  the  high-fat  diet  (HFD)-induced  obesity  in  rats.
e  further  determined  whether  intraperitoneal  adenosine
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njections  dose-dependently  alone  or  combined  with  exer-
ise  training  could  combat  obesity.  We  found  that  the  HFD
ffectively  induced  obesity  in  rats,  and  both  HIIT  and  MIT
ounteracted  HFD-induced  increase  in  body  weight.  Fur-
her,  independent  of  the  dose,  adenosine  alone  or  combined
ith  exercise  also  counteracted  HFD-induced  the  increase  in
ody  weight.  This  effect  was  independent  of  energy  intake
nd  food  consumption.  However,  adenosine  did  not  enhance
he  weight-decreasing  effects  of  HIIT  or  MIT.  The  HIIT  and
IT  were  equally  effective  to  prevent  the  onset  of  obesity

n  rats.
Similar  to  our  previous  study  in  Wistar  rats  [19],  the  HFD

nduced  obesity  compared  to  the  normal  diet  (ND).  However,
n  the  present  study  obesity  developed  only  after  19  weeks
n  the  HFD,  while  in  the  earlier  study  the  HFD  rats  star-
ed  to  weigh  more  than  the  low-fat  diet  rats  already  after
round  four  weeks  of  diets  [19].  This  is  likely  due  to  the
mount  of  fat  in  the  feed,  which  was  40%  of  total  energy  in
he  present  study,  and  60%  in  the  earlier  [19].  In  this  study,
e  show  that  both  HIIT  and  MIT  equally  efficiently  counte-

acted  the  HFD-induced  increase  in  body  weight,  and  thus,
ere  able  to  combat  obesity.  This  effect  was  seen  after  the
rst  six  weeks  of  exercise  training,  and  it  continued  until
he  end  of  the  study,  i.e.,  12  weeks  of  exercise  training
n  total.  As  mentioned  in  the  introduction,  human  studies
omparing  the  effects  of  HIIT  and  MIT/MICT  on  weight  loss
ave  reported  controversial  outcomes.  However,  a recent
ystematic  review  and  meta-analysis  of  overweight/obese
umans  subjected  to  exercise  training  [20]  support  our  fin-
ings.  From  the  1,334  articles  initially  screened,  the  authors
nally  included  13  original  research  articles  to  their  study,
nd  concluded  that  both  HIIT  and  MICT  reduced  weight,  body
at  mass  and  waist  circumference  of  the  participants.  All
3  studies  were  conducted  for  around  ten  weeks  and  inclu-
ed  three  sessions  per  week  of  exercise  training.  In  that
aper,  similar  to  what  we  found  in  obese  rats,  there  were
o  significant  differences  between  the  HIIT  and  MICT  for  any
f  the  body  composition  measures  of  the  obese  participants
20].  In  a  Pubmed  search,  we  found  eight  studies  in  obese
ats  that  have  compared  the  effects  of  HIIT  and  MICT.  Only
ne  of  the  studies  reported  body  weight  after  the  exercise
raining  showing  no  effects  of  HIIT  or  MICT  on  obesity  [21].
t  is  not  clear  why  the  results  are  contrary  to  our  results
ecause  the  HIIT  protocol  was  very  similar  and  lasted  for  12
eeks.  Another  study  in  obese  rats  compared  the  physiolo-
ical  effects  of  HIIT  and  MIT.  In  agreement  with  our  results,
oth  exercise  modes  decreased  the  body  weight  compared
o  the  sedentary  HFD-fed  rats,  while  no  differences  in  weight
ere  observed  between  the  HIIT  and  MIT  groups  [22].

Several  animal  studies  have  investigated  the  effects  of
denosine  receptor  agonists  mimicking  adenosine  on  bodily
unctions,  but  studies  on  the  effects  of  adenosine  injections
re  scarce.  Studies  in  rats  have  reported  that  adenosine
njections  decreased  the  expression  of  A1 receptor  in  the
eart  tissue  [14],  and  that  adenosine  decreased  the  expres-
ion  of  UCP1  in  the  visceral  adipose  tissue  [16].  It  has
lso  been  shown  that  adenosine  dose-dependently  increa-
ed  lipolysis  in  cultivated  human  adipocytes  and  in  the

rown  adipose  tissue  of  mice,  similar  to  what  happened
hen  the  mice  were  treated  with  the  A2A and  A2B recep-

or  agonists  [11].  These  reported  effects  of  adenosine  and
denosine  receptor  agonists  are  likely  health  beneficial.
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owever,  despite  the  important  lack  of  clinical  and  pre-
linical  studies  using  adenosine,  we  found  at  least  one
rivate  medical  center  that  offers  adenosine  injections  to
heir  patients.  Therefore,  we  believe  that  it  is  important
o  provide  more  preclinical  data  on  the  safety  of  adeno-
ine  injections  as  well  as  on  the  obesity-reducing  effects
f  adenosine.  In  the  present  study,  we  show  that  intra-
eritoneally  injected  adenosine  alone  or  combined  with
xercise  counteracted  the  HFD-induced  increase  in  body
eight.  This  effect  of  adenosine  was  not  dose  dependent.
owever,  adenosine  did  not  enhance  the  weight-decreasing
ffects  of  HIIT  or  MIT.  Similar  to  our  results  on  ade-
osine,  5′-N-ethylcarboxamidoadenosine  (NECA),  a  potent
on-selective  adenosine  receptor  agonist  has  been  shown  to
educe  diet-induced  obesity  in  mice  [23].  The  NECA-treated
ice  exhibited  some  improvements  in  glucose  homeostasis

ssociated  with  the  observed  weight  loss  [23].  In  addi-
ion,  a  selective  and  high-affinity  A2B agonist  Bay  60-6583
as  been  reported  to  counteract  HFD-induced  obesity  [24].
he  AB2 agonist  also  increased  muscle  and  lean  mass  as
ell  as  improved  glucose  tolerance  [24]. To  summarize,
ccumulating  data  is  showing  that  adenosine  and  activa-
ion  of  adenosine  receptors  can  have  obesity-reducing  and
etabolism-improving  effects.
This  study  is  not  without  limitations.  Due  to  the  lack  of

esources,  we  studied  only  male  rats.  In  the  future,  it  would
e  important  to  determine  whether  HIIT,  MIT  and  adenosine
imilarly  counteract  HFD-induced  increase  in  body  weight
lso  in  female  rats.  While  it  has  been  shown  that  some  ade-
osine  receptor  agonists  increase  muscle  mass,  we  did  not
easure  the  weight  of  different  muscles  in  our  study.  Future

xperiments  should  be  conducted  to  study  more  in  detail  the
ffects  of  adenosine  on  body  composition.
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