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Summary
Objective:  Non-alcoholic  fatty  liver  disease  (NAFLD)  refers  to  an  accumulation  of  excess  fat  in
liver due  to  causes  other  than  alcohol  use.  The  relationship  between  vitamin  D  (VD)  and  NAFLD
has been  previously  studied.  Therefore,  we  aimed  to  explore  the  mechanism  involved  active
VD regulating  the  progression  of  NAFLD  by  inhibiting  cell  senescence  and  to  provide  a  potential
approach  for  further  nutritional  treatment  of  NAFLD.
Methods:  Following  the  induction  with  high-fat  diet  and  intraperitoneal  injection  of  corn  oil,
the successfully  established  NAFLD  rat  models  were  treated  with  1,25(OH)2D3 at  1  �g/kg,
5 �g/kg  or  10  �g/kg.  Meanwhile,  the  levels  of  factors  related  to  oxidative  stress,  cell  senes-
cence, the  p53-p21  signaling  pathway  and  inflammation  in  liver  were  determined.  Then,  cell
senescence  was  also  measured  by  using  senescence-associated  �-galactosidase  (SA�-gal)  stain-
ing.
Results:  It  was  also  found  that  active  VD  increased  the  concentration  of  VD  in  serum  and  VDR
in liver  of  NAFLD  rats,  and  alleviated  hepatic  fibrosis.  Besides,  treatment  of  1,25(OH)2D3 at
1 �g/kg,  5  �g/kg  or  10  �g/kg  reduced  oxidative  stress  and  inflammation,  inhibited  the  p53-p21
signaling  pathway  and  consequent  cell  senescence.  Furthermore,  treatment  of  1,25(OH)2D3 at
a dosage  of  5  �g/kg  made  the  most  impact  on  these  factors.
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ntroduction

emarkably,  the  overall  prevalence  of  non-alcoholic  fatty
iver  disease  (NAFLD)  in  children  has  reached  approxi-
ately  10%,  including  up  to  17%  in  teenagers  and  40—70%

mong  obese  children  [1].  NAFLD  can  also  result  in  var-
ous  complications  like  cirrhosis,  steatohepatitis,  fibrosis,
dvanced  liver  failure  and  hepatocellular  cancer,  all  of
hich  contribute  to  worse  prognoses  [2].  As  a  type  of

atty  liver  disease,  NAFLD  is  usually  correlated  with  sev-
ral  metabolic  comorbidities  such  as  diabetes,  dyslipidemia
nd  obesity,  and  the  two  known  extremes  of  NAFLD  include:
on-alcoholic  fatty  liver  (NAFL)  and  non-alcoholic  steato-
epatitis  (NASH)  [3,4].  The  risk  factors  of  NAFLD  comprise
f  diabetes,  obesity,  high-carbohydrate  diet  and  older  age
5].  Currently,  the  general  treatments  for  NAFLD  are  weight
oss  through  healthy  diet  and  exercise,  and  pharmacological
ptions  such  as  vitamin  E,  pioglitazone  and  pentoxifylline
hows  tentative  efficiency,  which  also  indicated  that  novel
nd  more  effective  treatment  is  to  be  explored  [6]. Interest-
ngly,  vitamin  D  (VD)  has  been  previously  demonstrated  to
e  correlated  with  NAFLD,  which  caught  our  attention  [7].

VD  is  one  of  the  vitamins  that  are  usually  deficient  in
bese  children  and  adolescents  [8].  Recently,  the  thera-
eutic  status  of  VD  has  been  uplifted  since  being  regarded
s  a  crucial  agent  in  immunoregulation  and  anti-fibrosis
9].  Furthermore,  the  importance  of  VD  in  the  occurrence
nd  pathogenesis  of  liver-related  disease  has  been  proved
n  several  former  studies.  For  instance,  VD  was  found  to
isplay  function  in  fatty  liver-  and  alcoholic  liver-related  dis-
ases  [10],  and  the  lack  of  25-hydroxyvitamin  D  [25(OH)D],
ne  form  of  VD,  exhibited  correlations  with  unfavorable
rognosis  in  alcoholic  liver  disease  patients  [11].  Also,  1,25-
ihydroxyvitamin  D3[1,25(OH)2D3],  one  form  of  active  VD,
as  been  involved  in  various  cell  activities  such  as  cell
rowth,  apoptosis  and  immunoregulation  [12].  In  addition,
,25(OH)2D3 has  been  demonstrated  to  diminish  oxidative
tress  in  high-fat  diet-induced  NAFLD,  decrease  the  genera-
ion  of  inflammatory  factors,  inhibit  the  cell  senescence  of
ascular  smooth  muscle  cells  (VSMCs),  and  suppresses  the
iver  fibrosis,  indicating  promising  nutrition  supplemental
herapeutic  insight  for  liver  disease  [13—16].  Additionally,
,25(OH)2D3 suppresses  proliferation  of  gastric  cancer  cells
hrough  vitamin  D  receptor  (VDR)  and  mutant  p53  interac-
ion  by  regulating  p21/CDK2  [17].  Moreover,  VD  also  has
een  reported  to  improve  cell  growth  of  adipose-derived
tem  cells  by  regulating  the  p53-p21  signaling  pathway,
uggesting  that  pathway  modulation  with  VD  may  offer
ome  new  insight  with  NAFLD  as  well  [18].  In  former
esearches,  the  p53-p21  signaling  pathway  has  been  proved
o  participate  in  several  biological  processes  including  cell
enescence.  For  example,  caveolin-1  regulated  the  nucleus
ulposus  cells  senescence  induced  by  oxidative  stress  via
he  p53-p21  signaling  pathway  [19],  and  silenced  B-myb
nhanced  senescence  of  vascular  endothelial  cells  through
OS-regulated  p53-p21  signaling  pathway  [20]. From  the
forementioned  findings,  we  hypothesized  that  active  VD
ould  protect  against  NAFLD  by  regulating  oxidative  stress,
Please  cite  this  article  in  press  as:  Ma  M,  et  al.  Active
fatty  liver  disease  by  inhibiting  cell  senescence  in  a  
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ell  senescence  and  inflammation  via  mediation  of  the  p53-
21  signaling  pathway.  Therefore,  the  current  study  aims  to
emonstrate  the  mechanism  that  active  VD  inhibited  NAFLD
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y  repressing  cell  senescence,  thus  providing  a  novel  nutri-
ional  therapeutic  insight  for  NAFLD.

ethods and materials

thics  statement

ll  animal  experiments  were  carried  out  in  accordance  with
he  principles  and  procedures  of  Guide  for  the  Care  and  Use
f  Laboratory  Animal  by  the  National  Institutes  of  Health  and
nder  a  protocol  approved  by  the  Laboratory  Animal  Care
nd  Use  Committee  of  the  Zhejiang  University.  All  efforts
ere  made  to  minimize  of  the  suffering  of  the  included
nimals.

nimal  treatment

he  male  Sprague-Dawley  rats  of  specific  pathogen  free
SPF)  grade  (aged  8  weeks)  were  purchased  from  Zhejiang
niversity  Laboratory  Animal  Center  (Hangzhou,  China).  The
ats  were  fed  in  SPF  animal  laboratory  individually  under

 12:12-h  light/dark  cycle  in  a  room  with  constant  tem-
erature  of  21 ◦C  ±  3 ◦C  with  a  humidity  of  60—65%  and
ad  free  access  to  food  and  water.  The  rats  were  ran-
omly  divided  into  following  5  groups  with  10  in  each
roup:  normal  group  (rats  were  fed  with  the  standard  diet),
AFLD  group  (rats  were  fed  with  the  high-fat  diet  contain-

ng  72%  standard  diet,  20%  lard,  2%  cholesterol,  5%  egg
olk  powder  and  1%  bile  salt,  and  then  intraperitoneally
njected  with  corn  oil  at  1  mL/kg  from  the  4th  week  [2  times
er  week]),  NAFLD  +  VD1  group  (NAFLD  rats  were  intraperi-
oneally  injected  with  1,25[OH]2D3 at  1  �g/kg  from  the
th  week  [2  times  per  week]),  NAFLD  +  VD5  group  (NAFLD
ats  were  intraperitoneally  injected  with  1,25[OH]2D3 at

 �g/kg  from  the  4th  week  [2  times  per  week]),  and
he  NAFLD  +  VD10  group  (NAFLD  rats  were  intraperitoneally
njected  with  1,25[OH]2D3 at  10  �g/kg  from  the  4th  weeks
2  times  per  week]).  The  serum  of  rats  was  collected  at  the
th,  8th,  and  12th  week,  respectively.  At  the  end  of  the
2th  weeks,  the  rats  were  euthanized  following  12—13  h  of
asting  food  and  water.  Next,  the  body  weight,  body  length
nd  liver  wet  weight  of  rats  were  measured,  and  the  rat  liver
ndex  (%)  =  liver  wet  weight/the  body  weight  ×  100%  was  cal-
ulated.  The  blood  and  liver  tissues  were  collected  for  serum
nd  liver  histopathologic  detection.

ematoxylin-eosin  (HE)  staining

he  tissue  sections  were  dewaxed,  hydrated,  stained  with
ematoxylin  (PT001,  Shanghai  Bogoo  Biotechnology  Co.,
td.,  Shanghai,  China)  at  room  temperature  for  10  min,
nd  differentiated  by  1%  hydrochloric  ethanol  for  30  s.
fterwards,  the  sections  were  stained  with  eosin  (0001-H,
eijing  CinHuaLvYuan  Science  and  Technology  Ltd.,  Beijing,
hina)  at  room  temperature  for  1  min  and  then  dehydrated
ith  gradient  alcohol  (70%,  80%,  90%,  95%  and  100%,  each
 vitamin  D  impedes  the  progression  of  non-alcoholic
rat  model.  Clin  Res  Hepatol  Gastroenterol  (2019),

oncentration  for  1  min).  Next,  the  sections  were  cleared
ith  xylene  carbonate  for  2  min  and  with  xylene  I  and

I  (GD-RY1215-12,  Shanghai  Guduo  Biotechnology  Co.,  Ltd,
hanghai,  China)  two  times  respectively  (each  time  for

https://doi.org/10.1016/j.clinre.2019.10.007
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Effect  of  active  VD  on  NAFLD  

1  min),  mounted  by  neutral  balsam,  photographed  under
a  light  microscope  to  observe  the  morphologic  changes  of
the  liver  tissues  (400  ×  ).  Each  experiment  was  repeated  3
times.

Immunohistochemistry

The  tissue  sections  were  dewaxed,  dehydrated  by  gradi-
ent  alcohol,  immersed  in  3%  methanol  H2O2 for  20  min,
and  repaired  by  antigen  repair  solution  in  a  water-bath.
Next,  the  sections  were  cooled  down  under  tap  water,
incubated  with  normal  goat  serum  blocking  solution  (C-
0005,  Shanghai  Haoran  Bio  Technologies  Co.,  Ltd.,  Shanghai,
China)  at  room  temperature  for  20  min  and  incubated
with  rabbit  antibody  to  �-gal  (ab4761,  1:  200;  Abcam
Inc.,  Cambridge,  UK)  at  4 ◦C  overnight.  The  next  day,  the
sections  were  incubated  with  secondary  antibody,  goat  anti-
rabbit  antibody  to  immunoglobulin  G  (IgG;  ab9361,  1:  1000,
Abcam  Inc.,  Cambridge,  UK)  at  37 ◦C  for  20  min,  and  with
horse  radish  peroxidase  (HRP)-labeled  streptomycin  avidin
protein  working  solution  (0343-10000U,  Imunbio,  Beijing,
China)  at  37 ◦C  for  20  min.  Then,  the  sections  were  devel-
oped  with  diaminobenzidine  (DAB;  ST033,  Whiga  Biosmart
Co.,  Ltd.,  Guangzhou,  Guangdong,  China),  counterstained
with  hematoxylin  (PT001,  Shanghai  Bogoo  Biotechnology
Co.,  Ltd.,  Shanghai,  China)  for  1  min,  and  returned  to
blue  by  1%  ammonia.  The  sections  were  dehydrated  with
gradient  alcohol,  cleared  with  xylene  and  mounted  with
neutral  balsam.  Lastly,  the  sections  were  observed  and
photographed  under  a  microscope,  with  5  high-power
fields  randomly  selected  in  each  section  and  100  cells
counted  in  each  field.  Each  experiment  was  repeated
3  times.

Masson  staining

Paraffin-embedded  sections  were  heated  at  65 ◦C  for  3  h,
dewaxed,  dehydrated  and  immersed  in  10%  trichloroacetic
acid  solution  and  10%  potassium  bichromate  solution  for
40  min,  respectively.  Next,  sections  were  stained  with  hema-
toxylin  (PT001,  Shanghai  Bogoo  Biotechnology  Co.,  Ltd.,
Shanghai,  China)  for  8  min,  immersed  in  the  mixed  solution
of  1%  ponceau  (HL12202,  Shanghai  Haling  Biotechnology  Co.,
Ltd.,  Shanghai,  China)  and  1%  fuchsin  (HPBIO-SJ820,  Shang-
hai  HePeng  Biotechnology  Co.,  Ltd.,  Shanghai,  China)  for
40  min,  and  then  successively  added  with  1%  glacial  acetic
acid  and  1%  molybdic  acid  liquid  to  terminate  the  reaction.
Then,  sections  were  added  with  the  mixture  of  1%  brilliant
green,  1%  phosphomolybdic  acid  and  running  water  to  ter-
minate  the  reaction,  dehydrated,  mounted  with  transparent
neutral  balsam  and  placed  under  an  optical  microscope  to
observe  the  morphologic  changes  of  the  musculi  multifidus.
With  5  high-power  fields  randomly  observed  in  each  section
(200  ×  ),  it  could  be  found  that  musculature  was  presented
in  red,  nucleus  in  purple  and  collagenous  fiber  in  blue.  Each
Please  cite  this  article  in  press  as:  Ma  M,  et  al.  Active
fatty  liver  disease  by  inhibiting  cell  senescence  in  a  
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experiment  was  repeated  3  times.  Each  iamge  was  evaluated
according  to  semi-quantitative  scoring  standard:  1  score,
not  seen;  2  scores,  occasional;  3  scores,  scattered  visible;  4
scores,  more  common;  5  scores,  large  pieces  of  fusion.
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ulture  of  primary  hepatocytes  and  cell  suspension
reparation

he  primary  hepatocytes  were  obtained  by  Seglen’s  two-
tep  collagenase  perfusion  from  rats  after  fasting  for  14  h.
he  liver  was  perfused  with  calcium-free  perfusion  solution

 at  30  mL/min  for  15  min  and  with  perfusion  solution  II con-
aining  collagenase  at  20  mL/min  for  7  min,  then  washed
wo  times  with  ice-cold  Hanks’  buffered  salt  solution  and
entrifuged  at  60  ×  g  for  3  min  at  4 ◦C  to  harvest  primary
epatocytes.  The  cells  were  seeded  in  a  cell  culture  plate
oated  with  type  I  collagen.  Finally,  the  cells  were  cen-
rifuged  with  Dulbecco’s  modified  Eagle’s  medium  (DMEM)
nd  centrifuged  at  50  ×  g  for  3  min  at  4 ◦C.  The  cells  were
ultured  at  37 ◦C  under  5%  CO2 with  DMEM  containing  5%  fetal
ovine  serum  (FBS)  and  100  U/mL  penicillin/streptomycin.
fter  perfusion,  the  hepatocyte  suspension  was  first  passed
hrough  a  100  meshes  stainless  steel  filter  to  remove  con-
ective  tissues  and  cell  masses,  centrifuged  at  300  rpm  for

 min.  The  cell  suspension  was  then  filtered  by  a  200  meshes
tainless  steel  filter,  and  then  centrifuged  with  300  rpm  for

 min.  The  above  procedure  was  repeated  two  times.  The
recipitated  hepatocytes  were  dispersed  evenly  with  50  mL
epatocytes  cleaning  solution,  added  to  a  pre-prepared  dis-
ontinuous  density  gradient  of  Percoll  and  centrifuged  at
00  rpm  for  5  min.  The  hepatocytes  were  suspended  because
he  density  was  close  to  the  Percoll  solution,  the  tissue  frag-
ents  were  precipitated  at  the  bottom,  while  the  hepatic

on-parenchymal  cells,  broken  hepatocytes  and  red  blood
ells  were  drifting  at  the  top.  The  hepatocytes  were  dis-
ersed  into  cell  suspension  with  hepatocyte  culture  medium
ontaining  10%  FBS.

enescence-associated  �-galactosidase  (SA�-gal)
taining

he  hepatocytes  were  cultured  with  the  cell  culture  medium
n  a  6-well  plate.  After  the  cell  culture  medium  was  dis-
arded,  the  hepatocytes  were  fixed  with  1  mL  SA�-gal
taining  fixative  at  the  room  temperature  for  20  min,  rinsed

 times  with  phosphate  buffer  saline  (PBS)  (each  time  for
 min),  and  then  incubated  with  1  mL  staining  working  solu-
ion  at  37 ◦C  overnight.  Cells  were  observed  and  counted
nder  a  microscope  with  blue  cells  deemed  as  senescent
ells.  Each  experiment  was  repeated  3  times.

low  cytometry

he  prepared  hepatocyte  suspension  was  treated  with
lueberry  anthocyanins  and  hydrogen  peroxide,  and
hen  incubated  with  dichlorofluorescein-diacetate  (DCF-DA;
igma-Aldrich  Chemical  Company,  St  Louis,  MO,  USA).  Upon
ntering  into  the  cells,  DCF-DA  could  be  oxidized  by  reactive
xygen  species  (ROS)  and  then  generate  into  fluorescigenic
’,  7’-DCF52.  Subsequently,  a  flow  cytometer  (BD  FACSCal-
 vitamin  D  impedes  the  progression  of  non-alcoholic
rat  model.  Clin  Res  Hepatol  Gastroenterol  (2019),

bur,  Becton,  Dickinson  and  Company,  Franklin  L.,  New
ersey,  USA)  was  applied  in  order  to  examine  the  fluores-
ent  level  of  DCF,  with  negative  control  (NC)  and  positive
ontrol  set.

https://doi.org/10.1016/j.clinre.2019.10.007
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,  2’-azino-bis  (3-ethylbenzothiazoline-6-sulfonic
cid)  (ABTS)  method

he  protein  concentration  of  liver  homogenate  was  deter-
ined,  and  the  ABTS  working  solution  was  prepared  and

tore  at  room  temperature  for  24  h  in  the  dark.  Each  detec-
ion  well  of  the  96-well  plate  was  added  with  200  uL  of
BTS  working  solution.  Meanwhile,  the  blank  well  was  added
ith  10  uL  of  PBS,  while  the  standard  curve  detection  well
as  added  with  10  uL  of  Trolox,  and  the  sample  detection
ell  was  added  with  10  uL  of  sample.  After  being  com-
letely  mixed,  the  plate  was  incubated  at  room  temperature
or  5 min.  Then,  A734  was  determined  using  an  excitation
avelength  of  740  nm,  and  then  the  total  antioxidant  capac-

ty  (TAOC)  value  was  calculated  according  to  the  standard
urve,  as  expressed  by  the  ratio  of  the  TAOC  concentration
f  samples  to  the  protein  concentration  of  samples.

iochemical  analysis

he  total  cholesterol  (TC),  triglyceride  (TG),  alanine  amino-
ransferase  (ALT)  and  aspartate  aminotransferase  (AST)
evels  in  serum  samples  were  detected  using  a  biochemistry
nalyzer  (7020,  HITACHI,  Tokyo,  Japan).

nzyme-linked  immunoassay  (Elisa)

he  serum  collected  from  rats  in  each  group  at  the
2th  week  was  centrifuged  at  3000  rpm  for  5-10  min
ith  the  supernatant  collected  for  detection.  The  serum
5-hydroxyvitamin  D  (25-OH-D)  antibody  levels  were  deter-
ined  in  strict  accordance  with  the  instructions  of  human

5-OH-D  Elisa  kit  (JKSJ-2537,  Shanghai  gelatins  Biotech  Co.,
td.,  Shanghai,  China).  The  liver  homogenate  of  rats  in
ach  group  was  centrifuged  at  3000  rpm  for  5  min  with  the
upernatant  collected  for  detection.  Then,  the  contents
f  interleukin-6  (IL-6),  IL-2,  tumor  necrosis  factor  (TNF)-�,
hiobarbituric  acid-reactive  substance  (TBARS)  and  malon-
ldehyde  (MDA)  were  determined  respectively  using  the  IL-6
it  (JLC1236),  IL-2  kit  (JLC1706),  TNF-� kit  (LC2062),  TBARS
it  (JLC1752)  (all  provided  by  Shanghai  gelatins  Biotech
o.,  Ltd.,  Shanghai,  China)  and  MDA  kit  (A003-1,  Nan-
ing  JianCheng  Bioengineering  Institute,  Nanjing,  Jiangsu,
hina).

estern  blot  analysis

he  liver  tissues  at  the  12th  week  were  lysed  by  protein
ysis  buffer  at  4 ◦C  for  30  min,  centrifuged  at  12,000  r/min
or  20  min  at  4 ◦C.  Next,  the  supernatant  was  extracted,
nd  the  protein  concentration  was  determined  using  a
icinchoninic  acid  (BCA)  kit  (20201ES76,  Yeasen  Company,
hanghai,  China).  Then,  the  protein  was  separated  with
olyacrylamide  gel  electrophoresis  (PAGE)  and  transferred
nto  a  polyvinylidene  fluoride  (PVDF)  membrane  using  the
et-transferring  method.  The  membrane  was  blocked  with
Please  cite  this  article  in  press  as:  Ma  M,  et  al.  Active
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%  bovine  serum  albumin  (BSA)  at  room  temperature  for
 h,  and  incubated  with  diluted  primary  antibody,  rab-
it  anti-rat  antibodies  against  VDR  (ab109234,  1:  1000),
53  (ab131442,  1:  1000),  p21  (ab109199,  1:  1000)  and

t
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ysteine-rich  61  (CYR61  or  CCN1;  ab24448,  1:  500)  at
◦C  overnight.  The  next  day,  the  membrane  was  incu-
ated  with  HRP-labeled  goat  anti-rabbit  antibody  against
gG  (ab205718,  1:  20000)  at  room  temperature  for  1  h.
ll  aforementioned  antibodies  were  purchased  from  Abcam

nc.  (Cambridge,  UK).  After  that,  the  membrane  was
eveloped  and  analyzed  by  the  ImageJ  1.48u  software
National  Institutes  of  Health,  Bethesda,  MA,  USA)  with
lyceraldehyde-3-phosphate  dehydrogenase  (GAPDH)  used
s  internal  reference.  The  relative  protein  expression  was
xpressed  as  the  gray  value  of  the  ratio  of  protein  to  GAPDH.
ach  experiment  was  repeated  3  times.

tatistical  analysis

tatistical  analyses  were  processed  using  the  SPSS  21.0
tatistical  software  (IBM  Corp.,  Armonk,  NY,  USA).  Measure-
ent  data  were  expressed  as  mean  ±  standard  deviation.
ll  data  were  tested  for  normal  distribution  and  homo-
eneity  of  variance  were  tested.  If  conforming  to  normal
istribution  and  homogeneity  of  variance,  data  among  mul-
iple  groups  were  compared  by  one-way  analysis  of  variance
Anova)  or  repeated  measure  Anova,  and  the  pairwise  com-
arison  within  group  was  analyzed  by  post  hoc  test.  Data
ith  skewed  distribution  or  heterogeneity  of  variance  were
nalyzed  by  rank-sum  test.  A  value  of  P  <  0.05  was  consid-
red  to  be  statistically  significant.

esults

ctive  VD  alleviates  the  progression  of  NAFLD  in
ats

irstly,  we  measured  the  body  weight,  liver  wet  weight  and
iver  index  of  rats  in  each  group.  As  shown  in  Table  1,  the
ats  in  the  NAFLD  group  exhibited  higher  liver  index  and
iver  wet  weight  compared  to  the  normal  group  (P  <  0.05),
hile  there  were  no  significant  differences  in  terms  of
ody  weight  and  body  length.  NAFLD  rats  treated  with
,25(OH)2D3 at  1  �g/kg,  5  �g/kg  and  10  �g/kg  presented
ith  obviously  decreased  liver  index  and  liver  wet  weight,
hich  were  especially  lower  in  NAFLD  rats  injected  with

 �g/kg  1,25(OH)2D3 than  NAFLD  rats  injected  with  1  �g/kg
nd  10  �g/kg  (P  <  0.05).

Subsequently,  serum  indicators  of  rats  in  each  group  were
ompared,  and  the  results  are  presented  in  Table  2.  At  the
th,  8th,  and  12th  weeks  after  successful  model  establish-
ent,  the  rats  in  the  NAFLD  group  exhibited  increased  levels

f  ALT,  AST,  TG  and  TC  in  serum  compared  to  those  in  the
ormal  group  (P  <  0.05).  As  the  time  of  1,  25(OH)2D3 treat-
ent  expanded,  the  levels  of  ALT,  AST,  TG  and  TC  in  serum
ere  found  to  exhibit  a  decrease  in  NAFLD  rats  injected  with
,25(OH)2D3 at  1  �g/kg,  5  �g/kg  and  10  �g/kg.  Notably,  the
evels  of  ALT,  AST,  TG  and  TC  in  serum  were  lower  in  NAFLD
ats  injected  with  5  �g/kg  of  1,25(OH)2D3 compared  to  those
njected  with  1  �g/kg  and  10  �g/kg  1,25(OH)2D3 (P  <  0.05).

Then,  HE  staining  was  conducted  in  order  to  observe
 vitamin  D  impedes  the  progression  of  non-alcoholic
rat  model.  Clin  Res  Hepatol  Gastroenterol  (2019),

he  morphologic  changes  of  the  liver  tissues  in  each  group.
he  normal  group  exhibited  no  degeneration  or  necrosis  of
epatocytes  and  no  inflammatory  cells  appeared  in  portal
rea.  Compared  with  the  normal  group,  the  NAFLD  group
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Table  1  The  effect  of  1,  25(OH)2D3 treatment  on  the  body  length,  body  weight,  liver  wet  weight  and  liver  index  of  rats  in  each
group.

Group  Body  length
(mm)

Body  weight
(g)

Liver  wet  weight
(g)

Liver  index
(%)

Normal  205.92  ±  4.35 338.67  ±  3.12 13.12  ±  0.48 3.87  ±  0.15
NAFLD 210.18  ±  5.24  334.58  ±  6.16  20.20  ±  0.66a 6.04  ±  0.24a

NAFLD  +  VD1  202.76  ±  3.69  335.55  ±  5.04  14.82  ±  1.67b 4.42  ±  0.49b

NAFLD  +  VD5  208.24  ±  4.88  337.17  ±  4.08  13.14  ±  0.58b,c 3.89  ±  0.17b,c

NAFLD  +  VD10  206.83  ±  4.05  336.40  ±  9.50  14.96  ±  1.36b 4.45  ±  0.45b

Liver index (%): liver wet weight/body weight × 100%. The data above were measurement data, which were expressed as
mean ± standard deviation.

a P < 0.05 compared with the normal group.
b P < 0.05 compared with the NAFLD group.
c P < 0.05 compared with the NAFLD + VD1 and NAFLD + VD10 groups. n = 10.

Table  2  Comparison  of  serum  indicators  of  rats  in  each  group.

Group  Normal  NAFLD  NAFLD  +  VD1  NAFLD  +  VD5  NAFLD  +  VD10

ALT  (U/L)
4w  42.43  ±  2.44  59.01  ±  4.23a 49.11  ±  4.67b 42.86  ±  4.71b,c 48.67  ±  4.10b

8w  46.20  ±  4.58  68.43  ±  4.33a 53.34  ±  4.36b 46.58  ±  3.30b,c 52.45  ±  5.67b

12w  42.80  ±  1.51  82.58  ±  6.44a 50.34  ±  3.44b 43.04  ±  3.46b,c 49.22  ±  5.34b

AST  (U/L)
4w  112.56  ±  5.36  150.64  ±  6.54a 124.45  ±  5.33b 113.94  ±  6.95b,c 123.34  ±  5.03b

8w  119.39  ±  8.39  169.54  ±  6.45a 133.43  ±  8.11b 120.61  ±  6.71b,c 130.35  ±  7.67b

12w  111.06  ±  5.44  187.78  ±  6.77a 125.34  ±  7.45b 112.55  ±  9.67b,c 124.52  ±  8.38b

TG  (mmol/L)
4w  0.98  ±  0.07  1.19  ±  0.07a 1.10  ±  0.07b 0.99  ±  0.05b,c 1.09  ±  0.06b

8w  0.93  ±  0.07  2.43  ±  0.08a 1.08  ±  0.06b 0.95  ±  0.08b,c 1.06  ±  0.08b

12w  0.94  ±  0.09  2.78  ±  0.08a 1.06  ±  0.06b 0.96  ±  0.05b,c 1.05  ±  0.06b

TC  (mmol/L)
4w  3.31  ±  0.20  4.14  ±  0.14a 3.72  ±  0.12b 3.39  ±  0.20b,c 3.71  ±  0.11b

8w  3.88  ±  0.13  6.54  ±  0.15a 4.12  ±  0.11b 3.90  ±  0.17b,c 4.10  ±  0.17b

12w  3.53  ±  0.19  6.78  ±  0.12a 3.84  ±  0.15b 3.62  ±  0.11b,c 3.81  ±  0.09b

ALT: alanine aminotransferase; AST: aspartate aminotransferase; TG: triglyceride; TC: total cholesterol. The data above were
measurement data, which were expressed as mean ± standard deviation.

a P < 0.05 compared with the normal group.
b
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P < 0.05 compared with the NAFLD group.
c P < 0.05 compared with the NAFLD + VD1 and NAFLD + VD10 grou

showed  obviously  increased  steatotic  hepatocytes,  which
presented  as  the  mixed  steatosis  of  large  and  small  vesicles,
increased  ballooning  degenerated  hepatocytes  and  visible
focal  necrosis.  Comparatively,  the  treatment  of  1,25(OH)2D3

at  1  �g/kg,  5  �g/kg  and  10  �g/kg  decreased  the  steatotic
hepatocytes,  ballooning  degenerated  hepatocytes  and  focal
necrosis  (Fig.  1A).

Additionally,  Masson  staining  was  employed  to  observe
the  liver  fibrosis  in  tissues  from  each  group.  It  could  be
observed  in  Fig.  1B  that  the  normal  group  exhibited  no
fibrous  tissue  formation  in  the  hepatic  lobule,  while  the
NAFLD  group  showed  increased  blue  collagenous  fiber  infil-
tration.  Importantly,  injection  with  1,25(OH)2D3 at  1  �g/kg,
5  �g/kg  and  10  �g/kg  reduced  blue  collagenous  fiber  infil-
Please  cite  this  article  in  press  as:  Ma  M,  et  al.  Active
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tration  in  NAFLD  rats.
Moreover,  Elisa  was  applied  to  examine  the  expression

patterns  of  1,25(OH)2D3 in  serum  of  rats.  It  was  revealed

s
a
u

 = 10.

hat  the  expression  of  1,25(OH)2D3 in  serum  was  lower  in  the
AFLD  group  than  that  in  the  normal  group  (P  <  0.05).  Com-
aratively,  the  NAFLD  +  VD1,  NAFLD  +  VD5  and  NAFLD  +  VD10
roups  presented  with  increased  expressions  of  1,25(OH)2D3

n  serum  relative  to  the  NAFLD  group  (P  <  0.05).  Remark-
bly,  the  expression  of  1,25(OH)2D3 in  serum  was  higher
n  the  NAFLD  +  VD5  group  than  in  the  NAFLD  +  VD1  and
AFLD  +  VD10  groups  (P  <  0.05;  Fig.  1C).

Furthermore,  Western  blot  analysis  was  employed  to
etect  the  expression  of  VDR  in  liver  in  each  group.  Data  pre-
ented  in  Fig.  1D  revealed  that  the  NAFLD  group  exhibited
ignificantly  decreased  expression  of  VDR  in  liver  rela-
ive  to  the  normal  group  (P  <  0.05).  After  treatment  of
,25(OH)2D3 at  1  �g/kg,  5  �g/kg  and  10  �g/kg,  the  expres-
 vitamin  D  impedes  the  progression  of  non-alcoholic
rat  model.  Clin  Res  Hepatol  Gastroenterol  (2019),

ion  of  VDR  was  increased  in  liver,  especially  was  high
fter  the  treatment  of  1,25(OH)2D3 at  a  dosage  of  5
g/kg.
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Figure  1  The  progression  NAFLD  is  ameliorated  by  active  VD  in  rats.  A.  The  pathological  changes  of  liver  of  in  each  group  examined
by HE  staining  (×  400).  B.  The  liver  fibrosis  in  each  group  examined  by  Masson  staining  (×  200).  C.  The  expression  of  1,25(OH)2D3

in  serum  of  each  group  measured  by  Elisa.  D.  The  expression  of  VDR  in  liver  in  each  group  examined  by  western  blot  analysis.  *:
P <  0.05  compared  with  the  normal  group; #:  P  <  0.05  compared  with  the  NAFLD  group; &:  P  <  0.05  compared  with  the  NAFLD  +  VD1
a hich
b  =  10.
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nd NAFLD  +  VD10  groups.  All  data  were  measurement  data,  w
y one-way  analysis  of  variance,  followed  by  post  hoc  test.  n
ematoxylin-eosin;  TG:  triglyceride;  TC:  total  cholesterol;  Elisa

All  the  aforementioned  findings  led  us  to  the  conclusion
hat  the  NAFLD  rat  models  were  successfully  established,
,25(OH)2D3 treatment  could  impede  the  progression  of
AFLD,  and  1,25(OH)2D3 treatment  at  a  dosage  of  5  �g/kg
xhibits  the  best  therapeutic  efficiency.

ctive  VD  reduces  oxidative  stress

lisa,  ABTS  method  and  flow  cytometry  were  employed  in
rder  to  measure  the  contents  of  MDA  and  TBARS  in  liver,
he  TAOC  of  liver  and  the  level  of  ROS,  respectively.  The
ontents  of  MDA,  TBARS  and  ROS  level  were  found  to  be
igher,  while  the  content  of  TAOC  was  lower  in  the  NAFLD
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roup  compared  to  the  normal  group  (all  P  <  0.05),  but  oppo-
ite  trends  were  noted  after  treatment  of  1,25(OH)2D3 at

 �g/kg,  5  �g/kg  and  10  �g/kg,  and  were  strikingly  obvi-
us  after  being  treated  with  5  �g/kg  dosage  of  1,25(OH)2D3

P
N
c
P

 were  expressed  as  mean  ±  standard  deviation  and  analyzed
 NAFLD:  non-alcoholic  fatty  liver  disease;  VD:  vitamin  D;  HE:
zyme-linked  immunoassay;  VDR:  vitamin  D  receptor.

Fig.  2A—D).  Therefore,  it  could  be  concluded  that  active
D  could  ameliorate  NAFLD  through  suppressing  oxidative
tress.

ctive  VD  inhibits  the  p53-p21  signaling  pathway
nd cell  senescence

mmunohistochemistry  and  SA�-gal  staining  were  conducted
o  examine  the  positive  rates  of  �-gal  and  SA�-gal,  respec-
ively.  As  depicted  in  Fig.  3A  and  B,  compared  with
he  normal  group,  the  NAFLD  group  exhibited  significan-
ly  increased  positive  rates  of  �-gal  and  SA�-gal  (all
 vitamin  D  impedes  the  progression  of  non-alcoholic
rat  model.  Clin  Res  Hepatol  Gastroenterol  (2019),

 <  0.05).  Relative  to  the  NAFLD  group,  the  NAFLD  +  VD1,
AFLD  +  VD5  and  NAFLD  +  VD10  groups  all  exhibited  signifi-
antly  decreased  positive  rates  of  �-gal  and  SA�-gal  (all

 <  0.05),  which  were  especially  lower  in  the  NAFLD  +  VD5

https://doi.org/10.1016/j.clinre.2019.10.007
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Figure  2  Active  VD  inhibits  the  oxidative  stress.  A.  The  content  of  MDA  in  liver  of  each  group  examined  by  Elisa.  B.  The  content
of TBARS  in  liver  of  each  group  examined  by  Elisa.  C.  The  TAOC  in  liver  of  each  group  detected  by  ABTS  method.  D.  The  level  of  ROS
in each  group  detected  by  flow  cytometry.  *:  P  <  0.05  compared  with  the  normal  group; #:  P  <  0.05  compared  with  the  NAFLD  group;
&:  P  <  0.05  compared  with  the  NAFLD  +  VD1  and  NAFLD  +  VD10  groups.  All  data  were  measurement  data,  which  were  expressed  as
mean ±  standard  deviation  and  analyzed  by  one-way  analysis  of  variance,  followed  by  post  hoc  test.  n  =  10.  NAFLD:  non-alcoholic
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fatty liver  disease;  VD:  vitamin  D;  Elisa:  enzyme-linked  immun
antioxidant capacity;  ABTS,  2:  2’-azino-bis  (3-ethylbenzothiazo

group  than  that  in  the  NAFLD  +  VD1  and  NAFLD  +  VD10  groups
(all  P  <  0.05).

Subsequently,  Western  blot  analysis  and  Elisa  were  used
to  examine  the  expression  of  p53,  p21  and  CCN1  and  the
levels  of  IL-2,  IL-6  and  TNF-� in  liver,  respectively.  The
expression  of  p53,  p21  and  CCN1  and  the  levels  of  IL-2,
IL-6  and  TNF-� were  noted  to  be  significantly  increased
in  the  NAFLD  group  compared  with  the  normal  group  (all
P  <  0.05).  After  treatment  of  1,25(OH)2D3 at  1  �g/kg,  5  �g/kg
and  10  �g/kg,  the  expression  of  p53,  p21  and  CCN1  and  the
levels  of  IL-2,  IL-6  and  TNF-� were  decreased,  and  were  the
most  apparently  reduced  after  being  treated  with  5  �g/kg
dosage  of  1,25(OH)2D3 (Fig.  3C—D).

From  the  findings  above,  we  demonstrated  that  active  VD
could  alleviate  the  development  of  NAFLD  by  suppressing
cell  senescence  via  disrupting  the  p53-p21  signaling  path-
way.
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Discussion

NAFLD  is  a  metabolic  syndrome  characterized  by  the  pres-
ence  of  liver  fat  accumulation  of  excessive  hepatocytes

r
b
V
s

y;  TBARS:  thiobarbituric  acid-reactive  substance;  TAOC:  total
6-sulfonic  acid).

n  the  absence  of  significant  alcohol  intake  [21].  Com-
on  treatments  for  NAFLD  comprise  of  lifestyle  changes,
edication  and  operative  therapy;  however,  more  effec-

ive  therapeutic  regimens  for  NAFLD  are  still  required  for
ptimal  treatment  [22]. Interestingly,  VD  deficiency  is  cor-
elated  with  NAFLD  as  well  as  the  disease  severity,  and  a
revious  study  indicated  VD  supplementation  as  a  poten-
ially  effective  therapy  for  NAFLD  [9].  Thus,  the  current
tudy  hypothesized  that  active  VD  could  affect  the  progres-
ion  of  NAFLD.  Ultimately,  our  findings  demonstrated  that
ertain  dose  of  1,25(OH)2D3,  a  form  of  VD,  could  attenu-
te  oxidative  stress  and  inhibit  cell  senescence  as  well  as
nflammatory  response  by  suppressing  the  p53-p21  signaling
athway,  thus  delaying  the  development  of  NAFLD.

Initially,  the  results  obtained  from  the  current  study
emonstrated  that  active  VD  treatment  reduced  the  fibro-
is,  steatosis  and  necrosis  of  hepatocytes  of  rats  with  NAFLD.
mportantly,  it  was  revealed  that  active  VD  could  amelio-
 vitamin  D  impedes  the  progression  of  non-alcoholic
rat  model.  Clin  Res  Hepatol  Gastroenterol  (2019),

ate  oxidative  stress  in  NAFLD,  illustrated  by  increased  VDR
ut  decreased  expression  of  TBARS,  MDA,  TAOC  and  ROS.
D,  as  an  agent  for  inhibiting  fibrosis,  has  been  widely
tudied  in  nontumorous  chronic  diseases,  and  the  role  of
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Figure  3  Active  VD  suppresses  cell  senescence  by  blocking  the  p53-p21  signaling  pathway.  A.  The  positive  rate  of  �-gal  in  each
group examined  by  immunohistochemistry  (×  400).  B.  The  positive  rate  of  SA�-gal  in  each  group  examined  by  SA�-gal  staining
(× 400).  C.  The  expression  of  p53,  p21  and  CCN1  in  liver  of  each  group  examined  by  western  blot  analysis.  D.  The  levels  of  IL-2,  IL-6
and TNF-�  in  liver  of  each  group  detected  by  Elisa.  *:  P  <  0.05  compared  with  the  normal  group; #:  P  <  0.05  compared  with  the  NAFLD
group; &:  P  <  0.05  compared  with  the  NAFLD  +  VD1  and  NAFLD  +  VD10  groups.  All  data  were  measurement  data,  which  were  expressed
as mean  ±  standard  deviation  and  analyzed  by  one-way  analysis  of  variance,  followed  by  post  hoc  test.  n  =  10.  NAFLD:  non-alcoholic
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atty liver  disease;  VD:  vitamin  D;  SA�-gal:  senescence-associa
umor necrosis  factor;  Elisa:  enzyme-linked  immunoassay.

,25(OH)2D3 in  liver  disease  has  been  explored,  which  then
ffered  some  new  insights  [23].  In  line  with  our  findings,

 previous  study  also  highlighted  that  VD3 exert  its  effect
n  decreasing  the  metabolism  and  oxidative  stress  in  the
iver  of  rats  with  streptozotocin-induced  diabetes  [24].
oreover,  25(OH)D,  the  active  VD,  has  been  proved  to  pro-

oundly  reduce  the  expression  of  TBARS,  thus  alleviating
xidative  stress  in  atherosclerosis  [25].  In  addition,  VDR
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erves  as  the  means  for  VD  to  exhibit  an  immunoregula-
or  role  in  several  diseases,  and  calcitriol,  the  active  form
f  VD3,  could  inhibit  ROS-induced  cellular  damage,  thus

p
p
i

-galactosidase;  IL-2:  interleukin-2;  IL-6:  interleukin-6;  TNF-�:

reventing  the  oxidative  stress-induced  cell  death  in  nonma-
ignant  prostate  cells  [26]. VD  also  contributes  to  decreased
OS  in  different  lung  diseases  [27]. Moreover,  VD  was  pre-
iously  found  to  decrease  the  level  of  MDA  in  serum  and
iver  enzymes  and  then  reduced  oxidative  stress  in  NAFLD
13]. The  aforementioned  findings  are  consistent  with  our
esults  that  active  VD  impedes  the  progression  of  NAFLD
y  alleviating  oxidative  stress.  However,  El-Sherbiny  et  al.
 vitamin  D  impedes  the  progression  of  non-alcoholic
rat  model.  Clin  Res  Hepatol  Gastroenterol  (2019),

roposed  that  VD  nanoemulsion  has  more  prominent  hepato-
rotective  effect  against  high-fat  diet  (HFD)-induced  liver
njury  in  comparison  with  conventional  oral  VD,  thereby
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representing  a  more  efficient  formulation  [28],  which
needs  further  probing.  Others  studies  also  found  that
1,25(OH)2D3 protects  against  HFD-induced  rat  model  of
NAFLD  by  inducing  the  nuclear  translocation  of  nuclear
factor-erythroid-2-related  factor  2[13],  decreasing  toll-like
receptors  [29]  or  repressing  sirtuin[30].

Furthermore,  we  uncovered  that  active  VD  suppressed
cell  senescence  and  reduced  inflammation  of  NAFLD  through
inhibition  of  the  p53-p21  signaling  pathway,  evidenced  by
down-regulated  positive  expressions  of  SA�-gal,  and  dimin-
ished  levels  of  IL-2,  IL-6,  TNF-�, p21,  p53  and  CCN1.
Interestingly,  CCN1,  a  protein  linked  to  the  senescence
of  hepatic  stellate  cells,  was  found  to  be  remarkably
lower  in  Otsuka  Long-Evans  Tokushima  fatty  rats  relative
to  Long-Evans  Tokushima  Otsuka  rats  [31].  CCN1  expression
is  overexpressed  in  response  to  liver  injuries  and  has  the
potency  to  repress  liver  fibrogenesis  and  potentiate  fibro-
sis  regression  [32].  More  specifically,  CCN1  could  further
induce  the  generation  of  ROS,  resulting  in  dose-dependent
cell  senescence  [33],  which  was  in  line  with  the  results  of
the  present  study  that  CCN1  was  enhanced  in  NAFLD  rats  and
hindered  following  active  VD  treatments.  Upregulated  Sa�-
gal,  a  typical  marker  applied  for  senescence  discrimination,
was  found  to  lead  to  the  phonotypical  features  of  senes-
cence  cells  [34].  In  a  prior  study,  VD  was  found  to  repress
the  expression  of  SA�-gal  and  thus  inhibit  the  senescence  of
VSMCs  and  VDR-treated  VSMCs  [15].  Another  study  also  high-
lighted  the  involvement  of  1,25(OH)2VD3 in  various  processes
such  as  immunoregulation  and  suppression  of  apoptosis  [35].
Moreover,  administration  of  1,25(OH)2VD3 (calcitriol)  inhib-
ited  hepatic  lipogenesis  and  inflammation  of  non-alcoholic
steatohepatitis  (NASH)  [36].  Similarly,  VD  has  been  revealed
to  suppresses  inflammation  through  down-regulating  the
levels  of  TNF-� and  IL-6  in  the  ischemia-reperfusion  injury,
which  is  crucial  in  liver  dysfunction  [37].  In  addition,  the
anti-inflammatory  effect  of  VD  has  been  detected  in  cells
of  inflammatory  bowel  disease  [12].  Trovato  et  al.  believed
that  VD  restriction  promote  inflammatory  response  and
decreases  the  expression  of  IGF-1  in  the  liver,  contributing  to
worsening  the  fat-induced  symptoms  [38].  Also,  restoration
of  systemic  and  VD  deficiency  with  chronic  VD  treatment
could  effectively  diminish  TNF-�-modulated  immunological
abnormalities  correlated  to  the  intestinal/adipose  tissues
and  hepatic  steatosis  in  NASH  rats  [39].  In  both  liver  and  adi-
pose  tissues,  diminished  expression  of  70-kDa  family  of  heat
shock,  a  protein  associated  with  cell  senescence,  was  identi-
fied  to  be  correlated  with  insulin  resistance  and  with  NAFLD
progression  [40].  The  vital  role  of  the  tumor  suppressor  p53
in  the  initiation  and  preservation  of  cell  senescence  as  well
as  the  stimulative  function  of  p21,  as  a  downstream  gene
of  p53,  in  p53-induced  senescence  have  been  previously
described  [41].  It  was  established  that  liver  regeneration
could  be  impaired  in  p21  transgenic  mice  [42].  Addition-
ally,  p53  has  been  implicated  to  influence  the  activities
of  potential  anti-cancer  factors  including  1,25(OH)2D  [43].
Another  study  revealed  that  the  mammary  cells  treated  with
1,25(OH)2D3 exhibited  lower  expression  of  p21  [44].  Also,
the  p53-p21  signaling  pathway  inhibited  oxidative  stress  and
Please  cite  this  article  in  press  as:  Ma  M,  et  al.  Active
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senescence  of  congenital  dyskeratosis  cells  with  insufficient
telomerase  [45].  Meanwhile,  the  p53-p21  signaling  pathway
also  participated  in  the  senescence  of  bone  marrow-derived
mesenchymal  stem  cells  from  patients  with  systemic  lupus
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rythematosus  [46].  Hence,  these  results  and  findings  high-
ight  the  suppressive  role  of  VD  in  cell  senescence  and
nflammation  by  blocking  the  p53-p21  signaling  pathway  in
AFLD.

In  conclusion,  the  key  findings  of  the  current  study
emonstrated  the  inhibitory  effect  of  active  VD,
,25(OH)2D3,  on  the  progression  of  NAFLD  by  repress-
ng  oxidative  stress,  cell  senescence  and  inflammation
hrough  the  inhibition  of  the  p53-p21  signaling  pathway.
his  study  might  offer  some  insights  for  future  therapy
or  NAFLD.  However,  the  number  of  samples  in  present
ight  be  a  limitation,  and  the  correlation  between  active
D  and  p53-p21  required  to  be  further  elucidated  by
ore  investigations.  It  also  remains  necessary  to  identify

he  side-effects  of  1,25(OH)2D3 to  efficiently  incorporate
herapeutic  use.  Nevertheless,  the  unique  role  of  active
D  highlighted  in  the  current  study  still  serves  as  the  basis
or  novel  strategies  for  a  potential  nutritional  approach  to
reating  NAFLD.
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