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Abstract

Introduction:  Elimination  or  blocking  of  astrocytes  could  ameliorate  neuropathic  pain  in ani-

mal models.  MiR-125a-5p,  expressed  in  astrocyte  derived  extracellular  vesicles,  could  mediate

astrocyte function  to  regulate  neuron  communication.  However,  the  role  of miR-125a-5p  in DPN

(diabetic peripheral  neuropathy)  remains  elusive.

Materials  and  methods:  Type  2  diabetic  mouse  (db/db)  was  used  as  DPN  model,  which  was

confirmed by detection  of  body  weight,  blood  glucose,  mechanical  allodynia,  thermal  hyperal-

gesia, glial  fibrillary  acidic  protein  (GFAP)  and  monocyte  chemoattractant  protein-1  (MCP-1).

Astrocyte  was  isolated  from  db/db  mouse  and  then  subjected  to  high  glucose  treatment.  The

expression  of  miR-125a-5p  in  db/db  mice  and  high  glucose-induced  astrocytes  was  examined  by

qRT-PCR analysis.  Downstream  target  of  miR-125a-5p  was  clarified  by  luciferase  reporter  assay.

Tail vein  injection  of  miR-125a-5p  mimic  into  db/db  mice  was  then  performed  to  investigate

role  of  miR-125a-5p  on DPN.

Results:  Type  2  diabetic  mice  showed  higher  body  weight  and  blood  glucose  than  normal  db/m

mice.  Thermal  hyperalgesia  and mechanical  allodynia  were  decreased  in db/db  mouse  com-

pared  with  db/m  mouse,  while  GFAP  and  MCP-1  were  increased  in db/db  mouse.  High  glucose

treatment  enhanced  the  protein  expression  of  GFAP  and  MCP-1  in  astrocytes.  Sciatic  nerve

tissues in  db/db  mice  and  high  glucose-induced  astrocytes  exhibited  a  decrease  in  miR-125a-

5p. Systemic  administration  of  miR-125a-5p  mimic  increased  mechanical  allodynia  and  thermal

hyperalgesia,  whereas  it  decreased  GFAP  and  MCP-1.  TRAF6  (tumor  necrosis  factor  receptor

associated  factor  6) was  validated  as target  of  miR-125a-5p.
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Conclusion:  MiR-125a-5p  in  astrocytes  attenuated  DPN  in  db/db  mice  by  up-regulation  of  TRAF6,

which  indicated  the  potential  therapeutic  effect.

© 2021  SEEN  y  SED.  Published  by  Elsevier  España,  S.L.U.  All  rights  reserved.
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miR-125a-5p  en  los  astrocitos  atenúa  la  neuropatía  periférica  en  ratones  con

diabetes  tipo 2  al actuar  sobre  TRAF6

Resumen

Introducción:  La  eliminación  o el bloqueo  de los  astrocitos  podría  mitigar  el dolor  neuropático

en modelos  animales.  El miR-125a-5p,  expresado  en  vesículas  extracelulares  derivadas  de

astrocitos,  puede  mediar  en  la  función  de los  astrocitos  para  regular  la  comunicación  neuronal.

Sin embargo,  la  función  de  miR-125a-5p  en  la  neuropatía  periférica  diabética  (NPD)  sigue  sin

estar clara.

Pacientes  y  métodos:  Se  usó  como  modelo  de NPD,  al  ratón  con  diabetes  tipo  2  (db/db),  que

se confirmó  mediante  detección  de  peso  corporal,  la  glucemia,  la  alodinia  mecánica,  la  hiper-

algesia térmica,  la  proteína  ácida  fibrilar  glial  (GFAP)  y  la  proteína  quimiotáctica  de  monocitos

1 (MCP-1).  Se  aislaron  astrocitos  de  ratón  db/db  y  se  sometió  luego  a  tratamiento  con  glucosa

elevada. Se  determinó  la  expresión  de miR-125a-5p  en  ratones  db/db  y  en  astrocitos  inducidos

por  la  glucosa  elevada  mediante  análisis  qRT-PCR.  La  diana  de  miR-125a-5p  se  aclaró mediante

un ensayo  de  informador  de la  luciferasa.  Se procedió  luego  a  la  inyección  en  la  vena de  la  cola

de imitador  de  miR-125a-5p  en  ratones  db/db  para  investigar  la  función  de  miR-125a-5p  en  la

NPD.

Resultados:  Los  ratones  con  diabetes  tipo  2  mostraron  mayor  peso  corporal  y  una  glucemia  más

alta que  los ratones  db/m  normales.  La  hiperalgesia  térmica  y  la  alodinia  mecánica  dismin-

uyeron  en  los  ratones  db/db,  en  comparación  con  los db/m,  mientras  que  la  GFAP  y  la  MCP-1

aumentaban en  los  ratones  db/db.  El  tratamiento  con  glucosa  elevada  potenció  la  expresión

de las  proteínas  GFAP  y  MCP-1  en  los  astrocitos.  Los  tejidos  del nervio  ciático  de los  ratones

db/db y  los astrocitos  inducidos  por  glucosa  elevada  mostraron  un descenso  de miR-125a-5p.  La

administración  sistémica  de imitador  de miR-125a-5p  aumentaba  la  alodinia  mecánica  e  hiper-

algesia térmica,  mientras  que  disminuía  la  GFAP  y  la  MCP-1.  Se  validó  TRAF6  (factor  asociado

con el receptor  del  factor  de  necrosis  tumoral  6) como  diana  de miR-125a-5p.

Conclusión:  miR-125a-5p  en  los astrocitos  atenuó  la  NPD  en  ratones  db/db  mediante  regulación

al alza de  TRAF6,  lo  que  sugiere  su  posible  efecto  terapéutico.

© 2021  SEEN  y  SED.  Publicado  por  Elsevier  España,  S.L.U.  Todos  los  derechos  reservados.

Introduction

Diabetic  peripheral  neuropathy  (DPN)  is  a common  chronic
complication  of  diabetes  mellitus  and  one  of the most com-
mon  causes  of acute  or  chronic  pain  syndrome  in diabetic
patients.1 The  main manifestations  of  DPN  are spontaneous
pain,  hyperalgesia  and  allodynia,  and  autoimmune  disor-
ders,  oxidative  stress  vascular  injury,  metabolic  toxicity  or
neurotrophic  factor  deficiency  are the  main  pathological
mechanism  of  DPN.2 Although  neurotrophic  factors  supple-
mentation,  blood  glucose  and  pressure  control  as  well  as
antioxidant  therapies  have  been  applied  in clinical  appli-
cation  for  treatment  of  DPN,  patients  with  DPN still  suffer
from  chronic  neurogenic  pain  due  to  the  complicated  patho-
genesis  of  DPN.3 Therefore,  molecular  mechanism  of  DPN
and  effective  therapeutic  targets  are  urgently  needed  to
attenuate  neurogenic  pain.

MicroRNA  (miRNA)  can repress  gene  expression  and plays
a  regulatory  role  in various  diseases.4 Growing  evidences

have  indicated  the  pivotal  role  of  miRNA  in pathogenesis
of  diabetic  neuropathy,  suggesting  potential  diagnostic  and
therapeutic  applications.5 For  example,  research  has found
a  negative  correlation  between  miR-146a  and  the  severity  of
DPN,6 and  overexpression  of miR-146a  could  relieve  DPN  in
type  2  diabetic  mice.7 Suppression  of  miR-25  could  enhance
secretion  of inflammatory  factors  to  exacerbate  DPN.8 MiR-
125a-5p  is  known  as  a tumor  suppressor  in hepatocellular
carcinoma,9 colon cancer10 and  cervical  cancer.11 Moreover,
miR-125a-5p  was  found  to  attenuate  accumulation  of  lipid
droplets,  and  glucose  consumption  and  uptake  in  type  2 dia-
betes  mellitus.13 However,  the role  of  miR-125a-5p  in DPN
remains  elusive.

TRAF6  (tumor  necrosis  factor  receptor  associated
factor  6) participates  in various  signal  transduction  to
mediate  adaptive  and  innate  immunity,  tissue  home-
ostasis,  etc.14 TRAF6  is  involved  in susceptibility  of  type
2  diabetes  mellitus,15 and represses  vascular  diseases  in
diabetes  mellitus.16 Treatment  of  DPN  could  decrease  TRAF6
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in  dorsal  root  ganglion  neurons,17 and  down-regulation  of
TRAF6  could  lead  to  inactivation  of  NF-�B pathway,
consequently  ameliorating  DPN.18

Since  TRAF6  has  been  identified  as  a  binding  target  of
miR-125a-5p  in the  regulation  of  LPS-induced  inflammatory
response19 and human  osteoarthritic  chondrocytes,20 this
study  hypothesized  that  miR-125a-5p  may  target  TRAF6  to
attenuate  DPN  in  type  2 diabetic  mice.

Materials and  methods

Animals

Experiments  involved  in mice  model  were approved  by  Peo-
ple’s  Hospital  of Xinjiang  Uygur  Autonomous  Region  and  in
accordance  with  European  recommendations  for  the care
and  use  of  laboratory  animals  and  Good  Laboratory  Practice.
Eighteen  male  db/db  mice  (BKS.Cg-m+/+Leprdb/J) (20  weeks
old,  20---25  g)  and  six heterozygotes  mice  (db/m;  8 weeks
old,  20---25  g) were  acquired  from  National  Resource  Cen-
ter  for  Mutant  Mice  (Nanjing,  China),  and  housed  at  room
with  22 ◦C  and  12/12  h  light---dark  cycle.  The  db/db  mice
were  randomly  divided  into  three  groups:  db/db,  db/db  +NC
mimic  and  db/db+miR-125a-5p  mimic.  For administration
of  miRNA,  10  mg  chemically  modified  miR-125a-5p  mimic
or  the  negative  control  (NC mimic)  by  MaxSuppressor  in
Vivo  RNA-Lancer  II (BIOO Scientific,  Austin,  TX,  USA)  were
tail  vein  injected  into  db/db  mice  that  were  anesthetized
under  60  mg/kg  pentobarbital.  The  miRNA  administration
was  performed  once  every  four days  for a total  of  four
injections.  Two  days  after the  last  injection,  mice  were
conducted  with  different  functional  analyses.  Allodynia  was
interpreted  as  pain  caused  by  stimuli  that  normally  do
not  cause  pain. Therefore,  stimuli  that caused  withdrawal
response  is  stronger  in  normal  mouse,  and  weaker  in db/db
mouse.

Blood  glucose and  body weight

Two  days  after  the last  injection,  body  weight  and blood
glucose  were  measured  at 08:00.  Tail-prick  was  performed
to  collect  blood  samples  from  each  group,  and  glucometer
(Accu-Check  Integra  test  strips,  Roche,  Germany)  was  used
to  detect  the blood  glucose.  Body  weight  of  mice  from  each
group  was  measured  by  an electronic  weighing  scale.

Tactile  and  heat  responsiveness

For  mechanical  allodynia  analysis,  an  automated  dynamic
plantar  aesthesiometer  (Ugo  Basile,  Varese,  Italy)  was  used
to  record  the  paw  mechanical  withdrawal  threshold  (MWT)
of  the  mice  in chamber  with  wire  mesh  floor.  MWT was
recorded  as  the  lowest  force  (g) causing  rapid withdrawal
of  right  hind  paw.  Each  experiment  was  repeated  for three
times  at  an  interval  of  5  min to  average  the  force.  For the
assessment  of thermal  hyperalgesia,  the mice  were  placed
in  a  chamber  with  a clear  glass  plate  at 30  ±  1 ◦C.  A heat
source  was  then  positioned  beneath  the  hind  paw,  and paw
thermal  withdrawal  latency  (TWL)  was  recorded  as  duration
(s)  between  start of the heat  and  withdrawal  of  the  paw

by  Plantar  Analgesia  Meter  (Ugo Basile,  Milan,  Italy).  Each
experiment  was  also  repeated  three  times  at  an interval  of
5  min  to  average  the time.

Immunofluorescence

Carbon  dioxide  inhalation  was  used  for euthanasia  of  the
mice  before  tissue  preparation.  L4---L5  spinal  cords  of  mice
under  anesthesia  were  harvested  after  transcardially  perfu-
sion  with  10  mL  0.9%  saline,  50  mL  of 4% paraformaldehyde
and  0.2%  (w/v)  picric  acid.  The  spinal  cord  segments  were
fixed  and  cut  into  20  �m-thick  sections.  After  pre-treatment
with  horse  serum,  the sections  were  incubated  with  mouse
anti-GFAP  antibody  (1:200,  Abcam, Cambridge,  MA, USA)  at
4 ◦C  overnight.  Following  staining  with  Alexa488-conjugated
goat  anti-mouse  secondary  antibody  (1:500,  Abcam),  slides
were  acquired  by  FV1000  fluorescence  microscope  (Olym-
pus,  Tokyo,  Japan).

ELISA

For  in vivo  experiment,  L4---L5  spinal  cord  harvested  from
mice  was  homogenized  in lysis  buffer  (Roche,  Mannheim,
Germany).  Proteins  were  quantified  by  bicinchoninic  acid
assay  (Beyotime,  Beijing,  China).  The  level  of  MCP-1  was
determined  by  mouse  MCP-1  ELISA  kit (R &  D,  Minneapolis,
MN,  USA).  For in vitro  experiment,  level of MCP-1  in culture
medium  of astrocytes  was  also  determined  by  the ELISA  kit
following  manufacturer’s  instructions.

Primary  astrocyte  culture and  treatment

Astrocytes  were  prepared  from  cerebral  cortexes  of post-
natal  day  2  mice.  Cerebral  hemispheres  without  meninges
were  isolated  and  then  transferred  to  Hank’s  buffer.  Then,
they  were  cut  into  1 mm  pieces,  the  tissues  were  triturated
and  filtered  through  a  60  �m nylon  screen.  Cell  pellets  were
harvested  through  centrifugation  (3000  g,  5  min).  The  pel-
lets  were  resuspended  in low-glucose  DMEM  medium  with
10%  fetal bovine  serum  (FBS),  triturated  and filtered  through
a  10  �m  nylon  screen.  Cells  were  plated  and cultured  for
10---12  days  to  95%  confluence.  Dibutyryl  cAMP  (0.15  mM)
was  added  into  the medium  to  induce  differentiation.  The
culture  medium  of  astrocytes  was  changed  into  Opti-MEM
Reduced  Serum  Medium  (Invitrogen,  Carlsbad,  CA)  before
transfection  with  miR-125a-5p  mimic  or  NC mimic.  For glu-
cose  treatment,  astrocytes  were cultured  in DMEM  medium
with  5.7  mM  D-glucose  (NG) or  40.7  mM  D-glucose  (HG)  for  5
days  before  functional  assays.

Luciferase  reporter

Sequence  of wild  type  or  mutant  TRAF6  3’  UTR  were  cloned
into  pMIR-GLOTM Luciferase  vector  (Promega,  Madison,  WI,
USA)  and  named  as  TRAF6-WT  or  TRAF6-MUT.  HEK293T
cells  were  co-transfected  with  miR-125a-5p  mimic  or  NC
mimic  and  TRAF6-WT  or  TRAF6-MUT.  Forty-eight  hours  later,
luciferase  activities  of  each group  were  conducted  with
Dual-Luciferase  Reporter  Assay  system  (Promega).
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Figure  1  MiR-125a-5p  was  reduced  in diabetic  mice.  (A)  Blood  glucose  in  type  2 diabetes  mice  (db/db)  and  db/m  mice.  (B)

Body weight  of  type  2 diabetes  mice  (db/db)  and  db/m  mice.  (C)  Mechanical  allodynia  of  type 2  diabetes  mice  (db/db)  and

db/m mice  detected  by  MWT.  (D)  Thermal  hyperalgesia  of type  2  diabetes  mice  (db/db)  and  db/m  mice  detected  by  TWL.  (E)

Immunofluorescence  staining  of  GFAP  in spinal  cord  of  type  2 diabetes  mice  (db/db)  and  db/m  mice.  (F)  MCP-1  in  type  2  diabetes

mice (db/db)  and  db/m  mice  detected  by  ELISA.  (G)  Expression  of  miR-125a-5p  in  spinal  cord  of  type  2  diabetes  mice  (db/db)

and db/m  mice  detected  by  qRT-PCR.  **p  < 0.01.  MWT:  mechanical  withdrawal  threshold;  TWL:  thermal  withdrawal  latency;  MCP-1:

monocyte chemoattractant  protein-1;  GFAP:  glial  fibrillary  acidic  protein;  ELISA:  Enzyme-linked  immunosorbent  assay.

Figure  2  MiR-125a-5p  was  reduced  in high  glucose-induced  astrocytes.  (A)  GFAP  expression  in high  glucose  (HG)  or  normal  glucose

(NG)-induced  astrocytes.  (B)  MCP-1  expression  in  high  glucose  (HG)  or  normal  glucose  (NG)-induced  astrocytes.  (C)  Expression  of

miR-125a-5p in  high  glucose  (HG)  or  normal  glucose  (NG)-induced  astrocytes.  **p  < 0.01.

qRT-PCR

RNAs,  extracted  from  L4---L5  spinal  cord  homogenates  or
astrocytes  via miRNeasy  Kit (Qiagen,  Germantown,  MD),
were  reverse  transcribed  into  cDNAs  with  M-MLV  RT  kit
(Invitrogen).  Relative  expression  of  miR-125a-5p  was  deter-
mined  by  TaqMan  microRNA  assay  (Thermo  Fisher;  Waltham,
MA,  USA)  through  the  2−��Ct analysis.  U6  was  used as
the  internal  control.  The  sequences  of  primers  were  listed
below:  miR-125a-5p  (forward;  5’-GGTAAGTCACGCGGT-3’
and  reverse:  5’-CAGTGCGTCTCGTGGAGT  -3’),  and  U6  (for-
ward:  5’-CTGGTTAGTACTTGGACGGGAGAC-3’  and  reverse:
5’-GTGCAGGGTCCGAGGT-3’).

Western  blot

Proteins,  extracted  from  L4---L5  spinal  cord  homogenates  or
astrocytes  via  RIPA  lysis  buffer,  were  separated  and then

transferred  onto  a polyvinylidene  difluoride  membrane  (EMD
Millipore,  Bedford,  MA, USA).  After blocking  in 5%  skim milk,
membranes  were  incubated  with  primary  antibodies  against
GFAP  (1:  1500;  Abcam),  TRAF6  (1:  2000;  Abcam),  p-JNK1
(1:  2500;  Abcam),  p-JNK2  (1:  2500; Abcam)  and  �-actin
(1: 3000;  Abcam).  Followed  by  incubation  with  horseradish
peroxidase-conjugated  secondary  antibodies  (1:  5000),  pro-
tein  signals  were  visualized  with  Super  Signal  West  Pico
Chemiluminescent  Substrate  kit (Thermo  Fisher;  Waltham,
MA, USA).  �-actin  was  used  as  the internal  control.

Statistical  analysis

Data  were presented  as  the mean  ± standard  deviation,  and
conducted  with  GraphPad  Prism  6.0  via  Student’s  t-test  or
one-way  analysis  of  variance  for statistical  analysis.  p <  0.05
was  considered  as  statistically  significant  difference.
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Figure  3  Forced  miR-125a-5p  repressed  astrocytic  activation  post  high  glucose  treatment.  (A)  Transfection  efficiency  of  miR-

125a-5p in  astrocytes.  (B)  Expression  of miR-125a-5p  in  astrocytes  treated  with  high  glucose  after  transfection  with  miR-125a-5p

mimic. (C)  Expression  of  GFAP  in astrocytes  treated  with  high  glucose  after  transfection  with  miR-125a-5p  mimic.  (D)  Expression  of

MCP-1 in  astrocytes  treated  with  high  glucose  after  transfection  with  miR-125a-5p  mimic.  **,  ##  p  <  0.01.

Results

MiR-125a-5p  was  reduced  in  diabetic  mice

Type  2  diabetic  mouse  (db/db)  was  used as  DPN model  to
evaluate  the  role  of miR-125a-5p  in peripheral  neuropa-
thy.  The  db/db  mouse  demonstrated  higher  blood  glucose
(Fig.  1A),  higher  body  weight  (Fig.  1B),  lower  mechani-
cal  allodynia  (Fig.  1C) and thermal  hyperalgesia  (Fig.  1D)
than  db/m  mouse,  indicating  that  type  2  diabetic  features
of  db/db  mouse  were  accompanied  by  mechanical  allody-
nia  and  thermal  hyperalgesia.  Moreover,  astrocytic  marker,
GFAP,  was  increased  in db/db  mouse  (Fig.  1E),  suggesting
the  activation  of  astrocytes  in the  DPN  model.  The  proin-
flammatory  cytokine  MCP-1  was  also  enhanced  in  db/db
mice  (Fig.  1F),  suggesting  inflammation  activation  in DPN
model.  MiR-125a-5p  was  reduced  in  spinal  cord  of db/db
mice  (Fig.  1G),  indicating  the potential  regulatory  role  in
DPN.

MiR-125a-5p  was  decreased  in  high

glucose-induced  astrocytes

Primary  astrocytes  were  prepared  from  cerebral  cortexes  of
postnatal  day  2 mice,  and  then  treated  with  normal  glucose
or  high  glucose.  High  glucose  treatment  activated  astro-
cytes  by  increasing  GFAP  (Fig.  2A).  Moreover,  MCP-1  was  also
increased  in high  glucose  treated  astrocytes  (Fig.  2B).  The
reduction  of  miR-125a-5p  in high  glucose-induced  astrocytes
(Fig.  2C)  might coincide  with  astrocytic  activation  involved
in DPN.

Forced  miR-125a-5p  repressed  astrocytic

activation post high  glucose  treatment

Astrocytes  were  transfected  with  miR-125a-5p  mimic  for  two
days  and  then  treated  with  high  glucose  for  24  h  before
functional  analysis.  Compared  with  the NC  mimic,  higher
miR-125a-5p  expression  was  validated  in astrocytes  trans-
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Figure  4  MiR-125a-5p  targeted  TRAF6.  (A)  Potential  binding  site  between  miR-125a-5p  and TRAF6.  (B)  Luciferase  activity  of

TRAF6-WT and  TRAF6-MUT  affected  by  miR-125a-5p  or  NC  mimic.  (C)  Expression  of  TRAF6,  p-JNK1  and  p-JNK2  in  astrocytes  post

high glucose  or  normal  glucose  treatment,  as well  as  expression  of  TRAF6,  p-JNK1  and  p-JNK2  in astrocytes  treated  with  high  glucose

after transfection  with  miR-125a-5p  mimic.  **,  && p  < 0.01.  TRAF6:  tumor  necrosis  factor  receptor  associated  factor  6;  JNK:  c-Jun

N-terminal kinase.

fected  with  the  mimic  (Fig.  3A).  Moreover,  miR-125a-5p  was
also  enhanced  in astrocytes  transfected  with  the mimic  post
high  glucose  treatment  (Fig.  3B).  Transfection  with  miR-
125a-5p  mimic  reduced  protein  expression  of GFAP  (Fig.  3C)
and  MCP-1  (Fig.  3D) in high  glucose-induced  astrocytes,  indi-
cating  that  forced  miR-125a-5p  expression  could  repress
astrocytic  activation  post high  glucose  treatment.

MiR-125a-5p  targeted  TRAF6

The potential  binding  target  of miR-125a-5p  was  predicted
to  be  TRAF6  (Fig.  4A).  To  determine  the  targeting  relation-
ship  between  TRAF6  and miR-125a-5p,  dual  luciferase  assay
was  performed.  The  results  showed  that  forced  miR-125a-
5p  expression  reduced  the  luciferase  activity  of  TRAF6-WT
(Fig.  4B),  while  the  luciferase  activity  of  TRAF6-MUT  whose
binding  site  was  mutated  was  not affected  by  miR-125a-
5p  mimic  (Fig.  4B),  demonstrating  the  binding  ability
between  miR-125a-5p  and  3’UTR  of TRAF6.  TRAF6  was
up-regulated  in high  glucose-induced  astrocytes  (Fig.  4C),
and  high  glucose  could  induce  phosphorylation  of  JNKs
with  increased  p-JNK1  and  p-JNK2  in  astrocytes  (Fig.  4C).
However,  forced  miR-125a-5p  expression  repressed  the
expression  of  TRAF6,  p-JNK1  and p-JNK2  in  astrocytes  post
high  glucose  treatment  (Fig.  4C),  suggesting  that  miR-
125a-5p  regulated  astrocytic  activation  through  TRAF6/JNK
pathway.

Forced  miR-125a-5p  repressed  astrocytic

activation in  diabetic  mice

The  db/db  mice  were  tail  vein injected  with  miR-125a-5p
mimic  to  determine  effects  of miR-125a-5p  on  DPN.  Treat-
ment  of db/db  mice  with  miR-125a-5p  mimic  demonstrated
no  significant  change  on blood  glucose  (Fig.  5A)  and  body
weight  (Fig. 5B)  compared  with  NC  mimic,  indicating  that
the  potential  therapeutic  effect  miR-125a-5p  on  DPN  was
not  dependent  on reduction  of  hyperglycemia.  However,  the
enhanced  MWT (Fig.  5C)  and  TWL  (Fig.  5D)  in  db/db  mice
after  miR-125a-5p  mimic  treatment  revealed  that  forced
miR-125a-5p  expression  attenuated  peripheral  neuropathy
in  type  2  diabetic  mice.  MiR-125a-5p  was  enhanced  in db/db
mice  post miR-125a-5p  mimic  treatment  (Fig.  5E).  Moreover,
TRAF6,  p-JNK1  and  p-JNK2  were  increased  in db/db  mice
(Fig.  5F),  while  reduced  in db/db  mice  post  miR-125a-5p
mimic  treatment  (Fig.  5F).  Administration  of  miR-125a-
5p  mimic  reduced  the expression  of  MCP-1  (Fig.  5G)  and
GFAP  (Fig.  5H)  in db/db  mice,  revealing  that  forced  miR-
125a-5p  expression  might  attenuate  peripheral  neuropathy
through  repression  of astrocytic  activation  and  inhibition  of
TRAF6/JNK  pathway  in diabetic  mice.

Discussion

Astrocytes  are the  most common  type  of  glia in the  central
nervous  system,  and  can  be activated  in chemotherapy-
induced  peripheral  neuropathy  rats.21 Recently,  astrocytic
activation  has  been  shown  to  be involved  in  mechanical
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Figure  5  Forced  miR-125a-5p  expression  repressed  astrocytic  activation  in  diabetic  mice.  (A)  Blood  glucose  in  db/m,  db/db

and db/db  mice  injected  with  miR-125a-5p  mimic.  (B)  Body weight  of  db/m,  db/db  and  db/db  mice  injected  with  miR-125a-5p

mimic. (C)  Mechanical  allodynia  of  db/m,  db/db  and  db/db  mice  injected  with  miR-125a-5p  mimic  detected  by  MWT.  (D)  Thermal

hyperalgesia  of  db/m,  db/db  and  db/db  mice  injected  with  miR-125a-5p  mimic  detected  by TWL.  (E)  Expression  of  miR-125a-5p

in spinal  cord  of db/m,  db/db  and  db/db  mice  injected  with  miR-125a-5p  mimic  detected  by  qRT-PCR.  (F)  Expression  of  TRAF6,

p-JNK1 and  p-JNK2  in  db/m,  db/db  and db/db  mice  injected  with  miR-125a-5p  mimic.  (G)  MCP-1  in  db/m,  db/db  and  db/db  mice

injected with  miR-125a-5p  mimic  detected  by ELISA.  (H)  Immunofluorescence  of  GFAP  in spinal  cord  of  db/m,  db/db  and  db/db

mice injected  with  miR-125a-5p  mimic.  **,  ##  p  < 0.01.

allodynia  threshold  of  type  2 diabetic  mice.22 Considering
that  miR-125a-5p,  found  in astrocyte  derived  extracellular
vesicles,  can  regulate  neurotrophic  pathway  and  thus  partic-
ipate  in  the  pathogenesis  of  neurodegenerative  disorders,23

the  role  of  miR-125a-5p  in  DPN in  type  2 diabetic  mice  was
evaluated  in  this study.

The  db/db  mouse,  with  a null mutation  on  leptin
receptor,  exhibits  type  2  diabetic  phenotypes,  including
hyperglycemia  and  hyperlipidemia,  and  imitates  the  chronic
pain  state  in human.24 Therefore,  db/db  mouse  is  widely
used  as  DPN  model.24 Results  in  the  present  study  showed
that  db/db  mouse  demonstrated  higher  blood  glucose  and
body  weight.  Moreover,  since  DPN  was  manifested  as  allody-
nia  threshold  and hyperalgesia,25 the sensitivities  of  db/db
mice  to normally  painful  stimuli  were  validated  as  lower
mechanical  allodynia  threshold  and  thermal  hyperalgesia.
These  findings  revealed  that  db/db  mouse  demonstrated

hyperglycemia  feature  that  coincided  with  mechanical  allo-
dynia  threshold  and  thermal  hyperalgesia.  In addition,  the
astrocytic  activation  marker  GFAP  was  also  increased  in
db/db  mice.  MCP-1,  secreted  by  activated  astrocyte,  could
increase  pain  sensitivity  and  enhance  the persistent  pain
states.26 Our  result  also  demonstrated  higher  MCP-1  expres-
sion  in db/db  mouse  compared  with  db/m  mouse.

A previous  study  has  shown  that  miR-125a-5p  was  not
co-labeled  with  GFAP  in  ventral  horn  of  experimental
autoimmune  encephalomyelitis  mice.12 However,  reduc-
tion  of  miR-125a-5p  was  found  in spinal  cord  of db/db
mice  and high  glucose-induced  astrocytes.  High  glucose
was  reported  to  increase  GFAP  level in retinal  astrocytes27

or  MCP-1  in  microglia,28 thereby  regulating  DPN  or  dia-
betic  encephalopathy.  Here,  our  results  showed  that  high
glucose  induced  astrocytic  activation  and  increased  GFAP
and  MCP-1.  Further  functional  assays  indicated  that  forced
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miR-125a-5p  expression  decreased  GFAP  and MCP-1  expres-
sion  to  suppress  astrocytic  activation,  suggesting  the
potential  role  in DPN.  Astrocytic  activation  has  been  shown
to  promote  mechanical  allodynia  threshold  in type  2 diabetic
mice,22 and  increase  in thermal  hyperalgesia  and mechan-
ical  allodynia  threshold  could  attenuate  DPN  in  rats.29

Our  results  showed  that tail vein injection  of  miR-125a-
5p  mimic  into  db/db  mice  increased  thermal  hyperalgesia
and  mechanical  allodynia  threshold,  and  decreased  GFAP
and  MCP-1,  thereby  suppressing  astrocytic  activation  and
attenuating  of DPN  in mice.

TRAF6,  regulated  by  cytokine  and  toll-like  receptors,
can  mediate  NF-�B  pathway  to  participate  in progres-
sion  of  inflammation-related  diseases,  including  diabetes
mellitus.16 High  glucose  can  induce  TRAF6  through  activa-
tion  of  JNK  pathway.16 Moreover,  up-regulation  of  TRAF6
in  astrocytes  maintains  neuropathic  pain  by  activation  of
JNK/MCP-1  pathway.30 Therefore,  down-regulation  of  TRAF6
by  miR-146a  has  been  shown  to reduce  peripheral  neu-
ropathy  in  db/db  mice.7 Data  from  this  study  revealed
that  forced  miR-125a-5p  in astrocytes  decreased  TRAF6,
p-JNK1  and  p-JNK2  to  suppress  astrocytic  activation.  In  addi-
tion, administration  of  miR-125a-5p  mimic  also  decreased
TRAF6,  p-JNK1  and  p-JNK2  to attenuate  DPN  in db/db  mice.
However,  since  TRAF6  is  also  involved  in miR-146a-mediated
inflammation  in type  2 diabetic  rats,6 whether  TRAF6/NF-�B
is  involved  in  miR-125a-5p-mediated  DPN  needs  to  be further
investigated.  Moreover,  the lack  of  blinding  was  considered
as  the  limitation  of  this  study.

In  conclusion,  our  results  demonstrated  that  elevation
of  miR-125a-5p  in db/db  mice  suppressed  astrocytic  activa-
tion,  and  improved  sensitivity  to  normally  painful  stimuli,
thereby  providing  a  permissive  restorative  to  ameliorate
DPN.
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