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Abstract  Diabetes  is a  metabolic  disease  affecting  approximately  300 million  people  world-
wide. Neuropathy  is one  of  its  frequent  complications,  and  may  affect  sensory,  motor,  and
autonomic nerves.  Its  pathophysiology  has  not  been  fully  elucidated.  Several  hypotheses  have
been proposed,  and  mitochondria  have  been  suggested  to  play  a  significant  role.  This  article
reviews the  mechanisms  involved  in mitochondrial  dysfunction  and  development  of  diabetic
neuropathy,  consisting  mainly  of  oxidative  and inflammatory  stress,  changes  in intracellular
calcium regulation,  apoptotic  processes,  and  changes  in  mitochondrial  structure  and  function
that may  lead  to  development  of  diabetic  neuropathy.
©  2011  SEEN.  Published  by Elsevier  España,  S.L.  All  rights  reserved.
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El  papel  de la mitocondria  en  el  dolor de  la neuropatía  diabética

Resumen  La  diabetes  mellitus  es  una  enfermedad  metabólica  que  afecta  a  algo  más  de
300 millones  de  individuos  en  el mundo.  Entre  sus  complicaciones,  la  neuropatía  es  frecuente  y
puede afectar  nervios  sensitivos,  motores  y  autonómicos.  Su  fisiopatología  no  está  totalmente
esclarecida,  se  han  propuesto  varias  hipótesis  y  el  papel  de  la  mitocondria  ocupa  un lugar  impor-
tante. En  este  artículo,  se  revisan  los mecanismos  implicados  en  la  disfunción  mitocondrial  y
el desarrollo  de  la  neuropatía  diabética,  que  involucran  principalmente  el  estrés  oxidativo  e
inflamatorio,  las  alteraciones  de  la  regulación  del calcio  intracelular,  los  procesos  de apoptosis,
y los  cambios  en  la  estructura  y  función  de  dicha  organela  que  pueden  llevar  a  la  producción
de  neuropatía  diabética.
©  2011  SEEN.  Publicado  por  Elsevier  España,  S.L.  Todos  los derechos  reservados.
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Introduction

Diabetes  mellitus  is a  disease  characterized  by  high  blood
glucose  levels  with  insulin  deficiency  or  resistance.  Chronic
hyperglycemia  mainly  affects  the  retina,  kidneys,  periph-
eral  nerves,  and  cardiovascular  system.  Both  the  proximal
and  distal  portions  of  sensory,  motor,  and autonomic  nerves
are  affected  by  neuropathy.  This  may  result  in neuro-
pathic  pain,  characterized  by  paresthetic  and  electric
shock  sensations,  tingling,  burning  pain,  and  predomi-
nately  distal  and  symmetrical  lancinating  pain,  associated
with  thermal  and  mechanical  allodynia.  Gastrointesti-
nal  tract  changes,  including  gastroparesis  and intestinal
pseudo-obstruction,  erectile  dysfunction,  and  predomi-
nately  atrial  cardiac  arrhythmia  may  also  occur.  Foot ulcers
of  neuropathic  origin  leading  to  amputation  may  also
result.1

The  estimated  worldwide  prevalence  of diabetes  is
300  million  subjects.2 Today,  6.2%  of  the  population  in the
United  States  have diabetes,3 and  approximately  50%  of
these  have some  type of neuropathy.  The  risk  of  developing
symptomatic  neuropathy  of the group  of diabetic  patients
is  approximately  4---10%  at  5  years  of  diagnosis,  and  greater
than  15%  at 20  years.4

The  mechanisms  leading  to  diabetic  neuropathy  have not
been  fully  elucidated  yet.  It  has been  suggested  that  they
result  from  hyperglycemia  or  the  loss  of  insulin-dependent
regulation.  Different  pathophysiological  mechanisms  have
been  postulated.  One  of  them  implicates  the polyol  path-
way,  where  increased  glucose  leads  to an increased  activity
of  the  enzyme  aldose  reductase  and,  thus,  to  the  pro-
duction  of  polyols  which  cause  a  decreased  activity  of
the  sodium/potassium  (Na/K)  pump  and  a  depletion
of  reducing  equivalents  such as  NADPH  (nicotinamide
adenine  dinucleotide  phosphate,  reduced  form)  with  a sec-
ondary  decrease  in  glutathione  production  and,  as  a result,
the  induction  of  intracellular  oxidative  stress.5 Another
potential  mechanism  implicates  the  glycosylation  of  pro-
teins  that cause  an  abnormal  function  in the  nerve  and
the  activation  of  receptors  of  products  from  advanced
glycosylation  (AGE),  which  are  related  to  the expression
of  inflammatory  mediators.6 A  reduction  in neurotrophic
factors  and  circulating  hormones,  such as  nerve  growth
factor  (NGF)  and  neurotrophin-3  (NT-3),  responsible  for
maintaining  the normal  phenotype  of sensory  neurons,  has
also  been  implicated.7 It has  also  been  suggested  that
mitochondrial  dysfunction  may  be  a  central  mediator  in
diabetic  neuropathy.  Mitochondrion,  the organelle  respon-
sible  for  oxidative  phosphorylation,  intended  to  produce
adenosine  triphosphate  (ATP),  is  involved  in  different  path-
ways  for  the  generation  of  peripheral  neuropathy,  mainly  in
relation  to its  role  in longer,  sensory  axons.8 The  purpose
of  this  article  is  to  review  these  mechanisms,  and to  discuss
and  understand  how  they influence  the development  of  neu-
ropathy,  how  they  interact,  and  their  potential  therapeutic
implications.

Mitochondrial structure and  function

Mitochondrion  is  a  cell  organelle  which  apparently  orig-
inated  from  a symbiotic  relation  between  a  bacterium

and an eukaryotic  cell  approximately  one  thousand  mil-
lion years  ago.9 Mitochondria  measure  0.5---10 �m, and
their  location  in  the different  cell  groups  varies  depend-
ing  on  energy  requirements.  They  are very  important
in  muscle, brain,  and  nerve.10 The  organelle  consists  of
an  outer  mitochondrial  membrane  (permeable  to  small
molecules),  an intermembrane  space,  an inner  mitochon-
drial  membrane  (which  is  permeable  to  specific  ions  only),
the cristae,  and  the mitochondrial  matrix,  where  ions,
metabolites,  and  mitochondrial  deoxyribonucleic  acid  (DNA)
are  located.

The  mitochondrion  is  highly  efficient  in  the utilization  of
oxygen  and  substrates  mainly  derived  from  glucose  to  pro-
duce  cell  energy  in  the  form  of  ATP.  Thus,  electrons  from
oxidized  substrates  are  transferred  to  oxygen  by  a series  of
reduction  reactions  to  generate  water.11 In this  process,  pro-
tons  are  pumped  from  the  mitochondrial  matrix  to  cross  the
inner  mitochondrial  membrane  through  the respiratory  com-
plexes  forming  the oxidative  phosphorylation  chain  (Fig.  1).

The  respiratory  chain  consists  of  five  multipolypeptide
enzyme  complexes  that  form  the oxidative  phosphory-
lation  system:  complex  I  (NADH-ubiquinone  reductase);
complex  II (FADH2  succinate-ubiquinone  reductase);  com-
plex  III  (ubiquinol-cytochrome  C  reductase);  complex  IV
(cytochrome  C  oxidase  and  two  mobile  electron  trans-
porters,  ubiquinone  and cytochrome  C);  and  complex  V  (ATP
synthase).  Electrons  generated  from  the reducing  equiv-
alents  (NADH  and FADH2)  pass  between  the  complexes
and  generate  an  increase  in energy  that  allows  for  proton
pumping  to  complexes  I, III,  and  IV.  Finally,  the  proton  pump
generated  in the inner  mitochondrial  membrane  is  used  to
generate  ATP.12

Although  the vast  majority  of  mitochondrial  proteins
(approximately  900)  are produced  by  the nuclear  genome
and  are imported  to  the  mitochondrion,  this organelle  has
a  genome  that  is  essential  for  respiratory  function.  The
mitochondrial  DNA has  a  size  of  16  kb, is  circular,  and
contains  37 genes.  Thirteen  of these  genes  encode  for pro-
tein  subunits  of  the  respiratory  complexes  I, III,  IV,  and  V.
Only  complex  II  consists  of  proteins  encoded  for  by  nuclear
genes.13

Mitochondrial  functions  vary  along  a  spectrum  that
relates  cell  life  and  death.  Functions  include  the produc-
tion  of  reactive  oxygen  species  (ROS),  the opening  of the
permeability  transition  pore  (PTP),  cell respiration,  ATP  syn-
thesis,  and  the production  of  proteins  involved  in  apoptosis,
such  as  the  apoptosis-inducing  factor  (AIF).14 Mitochon-
drion  also  sequesters  cytoplasmic  calcium  and  regulates
implications  of  this cation  in cell  function,  thus  main-
taining  calcium  homeostasis  by  regulating  direct  calcium
sequestration.

The mitochondrion  carries  out fusion  and  fission  pro-
cesses.  The  first  such  process  consists  of  the  binding  of  the
outer  and  inner  membranes  to  the  mitochondrial  matrix  to
produce  a  larger mitochondrion.  Proteins  called  mitofusins,
which  are  GTPases  located  in the  outer  membrane,  partic-
ipate  in this process.  These  proteins  are encoded  by  Mfn1
and  Mfn2.15 The  process  opposite  to  fusion,  mitochondrial
fission,  depends  on  the dynamin-related  protein  (Drp1),  and
creates  multiple  small  mitochondria.  The  balance  between
mitochondrial  fusion  and  fission  is  regulated  in  response  to
different  stimuli.  Thus,  an  increase  in intracellular  calcium
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Figure  1  Graphic  representation  of  the  mitochondrion  and  proton  transfer  through  the  mitochondrial  membrane  by  the  compo-
nents of  the  oxidative  phosphorylation  chain.
Abbreviations  used  in the figure:
ATP,  adenosine  triphosphate;  ADP,  adenosine  diphosphate;  e, electrons;  H, hydrogen;  H2O,  water;  NAD,  nicotinamide  adenine
dinucleotide; NADH,  nicotinamide  adenine  dinucleotide  reduced;  Pi,  phosphate;  O2, oxygen.

increases  fission,  while  a  decreased  mitochondrial  move-
ment  results  in  a  secondary  decrease  in mitochondrial
fusion.16

Synaptic  regions  of  axons  have  abundant  mitochondria,
which  reflects  the  intensity  of  ATP demand  to  perform  pro-
cesses  such  as  the  fusion  and  recycling  of  ATP-dependent
vesicles,  as  well  as  ATPase  pumps  that  control  the ionic
environment  in the  synaptic  membrane.  Mitochondria  are
therefore  mainly  located  in  areas  with  a  high  energy
demand  such  as  pre-  and  post-synaptic  domains,  the ini-
tial  axon  segment  to  generate  action  potential,  the nodes
of  Ranvier,  growth  cones,  and  free  nerve  endings.  The
locations  described  for  mitochondria  are often  remote
from  the  biogenetic  site in neuron  soma.17 Therefore,
mitochondrial  transport  mechanisms  exist  to  supply  ATP
and  calcium  buffer  in the  required  areas.  On the other
hand,  retrograde  transport  of damaged  mitochondria  to
the  cell  body  is required  for  their  repair  or degrada-
tion.

Mitochondria  have  processes  for two-directional  trans-
port,  stop,  start,  and change  in  direction.  Long  distance
transport  depends  on  ATP  by  way  of  motor  proteins  that  dis-
place  along  microtubules,  while  the actin  cytoskeleton  and
neurofilaments  are  more  important  for  anchoring  and short
distance  movements  of mitochondria.18 Forward  transport
is  mediated  by members  of  the kinesin  superfamily  (KIF),19

while  retrograde  transport  of  mitochondria  is  mediated
by  the  protein  dynein  and accessory  light  chain  proteins,
including  dinactin.

Mitochondria and  diabetic  neuropathy

As stated  above,  the prevalence  rate  of neuropathy
in  diabetic  patients  may  be  up  to  50%.4,20 Several
changes  have  been  reported  in peripheral  nerves,  including
endoneural  microangiopathy,  axonal  degeneration,  loss  of

Schwann  cells,  paranodal  demyelination,  and loss  of  myelin-
ated  and  unmyelinated  fibers.21---24

The  mitochondrion  has  been  related  to  the pathophysi-
ology  of  diabetic  neuropathy.8 Studies  in  diabetic  rats  found
structural  changes  in mitochondria,  altered  numbers  of  neu-
rofilaments,  and  edema  in axon  terminals  of nerves  from
the  peripheral  and  autonomic  nervous  systems.25 Changes
in  mitochondrial  function  related  to  oxidative  stress, dys-
function  in intracellular  calcium  homeostasis,  mechanisms
involved  in  apoptosis,  and axon  transport  abnormalities  have
also  been reported.

Mitochondrial  structure  and  diabetes  mellitus

There  are studies  showing  changes  in  Schwann  cell
mitochondria.26,27 One  of  them  reported  enlarged  mitochon-
dria,  with  a disruption  or  total  absence  of  cristae,  in
the  sciatic  and  sural  nerves  from  rats  fed  diets  very
rich  in galactose.27 Glycogen  accumulation  in the  outer
mitochondrial  membrane  was  also  shown  in  peripheral
nerves.

Ultrastructural  abnormalities  in mitochondria  are  an
important  part in  the  sympathetic  autonomic  neuropath-
ology  in humans  and  a variety  of  mouse  models.28 Such
abnormalities  include  increased  numbers  of  mitochondria
and  autophagic  vacuoles,  mixed  with  synaptic  vesicles
in  sympathetic  ganglia  in both  type  1  and type 2
diabetes.29,30

Mitochondria,  oxidative  stress,  and  diabetes
mellitus

Reactive  oxygen  species  (ROS)  are generated  by  mitochon-
dria  as  normal products  of oxidation  processes  and
are  effectively  removed  by intrinsic  antioxidant  systems.
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When  ROS  accumulate,  they  are related  to  increased
oxidative  stress  and  impaired  mitochondrial  function.
They  have  also  been  implicated  as  intermediates  of
apoptotic  processes  in mitochondrial  DNA  damage  and
neurodegeneration.  This  pathway  is  currently  postulated
to  be  a  pathogenetic  mechanism  of  sensory  diabetic
neuropathy.31,32

All  components  of  the peripheral  nervous  system  (sen-
sory,  motor,  and autonomic  nerves)  are affected  in  diabetes,
but  neurodegeneration  is most prominent  in the longer  axons
of  sensory  neurons,  where  oxidative  stress  is  considered  to
be  a  key  pathological  process  that  causes  damage  to  the
nerve.33,34

In cultured  aortic  endothelial  cells,  high  intracellular  glu-
cose  concentrations  have  been  shown  to  increase  electron
delivery  to  the  mitochondrial  transport  chain,  causing  mito-
chondrial  hyperpolarization  that  leads  to  the  production
of  reactive  oxygen  species.8 This  mitochondrion-dependent
process  is  proposed  as  a  mediator  of the complications
of  diabetes  due  to oxidative  stress.  The  mechanism  that
explains  the process  is that  high  glucose  concentrations
increase  NADH  in mitochondria,  and  that  this increase  in
electron  availability  or  saturation  causes  oxygen  reduc-
tion  to  superoxide  radicals  in the proximal  part  of the
chain  of  electrons,  which  are associated  with  degenera-
tive  changes  in mitochondrial  structure.35 However,  other
studies  in  diabetic  rats  have  shown  that  in neurons  from
the  dorsal  root  ganglion  (DRG)  and in their  axons,  the
inner  mitochondrial  membrane  depolarizes  and  does  not
hyperpolarize.3 It has therefore  been thought  that  in
diabetes,  a  change  in  potential  occurs  in the inner  mito-
chondrial  membrane  in populations  of  sensory  neurons,
resulting  in  changes  in  metabolic  pathways  and  in the elec-
tron  transport  chain,  probably  caused  by  neurotrophic  factor
deficiency.

Treatment  with  insulin  or  NT-3  increases  the delivery
of  reducing  equivalents  to  the  electron  transport  chain,
with  an  improvement  in  membrane  potential  reduction  by
making  it less  negative  and  an  additional  increase  in ATP
synthesis.36 The  mechanisms  by  which  insulin  and  NT-3  cause
stability  in  mitochondrial  membrane  potential  include  the
phosphoinositide-3-kinase  pathway  (PI3-kinase).  This  path-
way  leads  to  the activation  of  factors  such  as  protein  kinase
B  and  CREB  (cAMP  response  element  binding)  transcription
factor  that  regulate  gene  expression  of  factors  in metabolic
pathways  and in the  electron  chain  associated  with  neuronal
mitochondrion.

In  animals  and  humans,  vascular  dysfunction  plays  an
essential  role  in the  pathogenesis  of  diabetic  neuropathy.32

This  factor  related  to microangiopathy  in the  nerve
includes  impaired  blood  flow  and endoneural  hypoxia. Sim-
ilarly,  structural  changes  in nerve  microvasculature  help
reduce  endoneural  perfusion,  including  the thickening  of
the  basal  membrane,  pericyte  degeneration,  endothelial
cell  hyperplasia,  the  presence  of abnormal  arteriovenous
communications,  and  vascular  endothelial  vulmerability.32 It
is  accepted  that oxidative  stress  causes  damage  in diabetic
neuropathy  and  is  associated  with  a  central  role  in
nerve  microangiopathy.  These  findings  probably  show  the
existence  of  a common  point  where  mitochondrial  dys-
function  and  subsequent  oxidative  stress  may  lead  to  and
enhance  vascular  changes  to  generate  the vascular  damage

responsible  for  diabetic  microangiopathy:  retinopathy,
nephropathy,  and  neuropathy.35

Oxidative  stress  has  been  shown  in sensory  neurons  and
peripheral  nerves  by  increased  ROS  production,35,37---39 lipid
peroxidation,38 and  protein  nitrosylation.40,41 These  result
in  energy  dysfunction  in the nerve  with  a  reduction  in highly
energetic  intermediates,  impaired  axonal  transport  of  pro-
teins,  and  poor function  of  ion pumps.42 The  ROS  produced
may  damage  mitochondrion  and its  DNA.  The  accumulation
of  this  damage  in the  nerve  reduces  nerve  function,  and
these  changes  in  mitochondrial  dynamics  are related  to  a
decreased  axon  count  and  accumulation  in the somas of  DRG
neurons.

In  conclusion,  oxidative  stress  is  associated  with
increased  ROS  production,  which  secondarily  leads  to
mitochondrial  dysfunction,  processes  which  are probably
implicated  in the  development  of  diabetic  neuropathy.
Secondary  nerve  changes  include  the reduction  of energy
intermediates,  lipid  peroxidation  processes,  and  decreased
mitochondrial  count,  amongst  others.  Hyperglycemia  and
oxidative  stress  have  also  been  related  to  changes  in the
value  of  mitochondrial  membrane  potential  in dorsal  root
ganglion  neurons,  which  improves  after  the administration
of  insulin  and neurotrophic  factors.  On  the  other  hand,
there  is  a  common  pathway  that  combines  oxidative  stress
with  microangiopathy  to  increase  nerve  damage.  Thus,
no  single  causative  process  exists,  but  the addition  and
enhancement  of  these processes  accounts  for the  pathogen-
esis.

Mitochondrion,  calcium,  and diabetes  mellitus

As  previously  noted,  the mitochondrion  plays  various
roles to  maintain  intracellular  homeostasis,  including  cal-
cium  regulation.  There  are  sensors  for  calcium  transport
as  a  physiological  response.  Free  calcium  levels  in the
cell  range  from  50  to  100  nM  in cytosol  and  approx-
imately  0.5---1 mM  in endoplasmic  reticulum  lumen,  so
that  any  change  leading  to  the elevation  of  these
levels  in cytosol  may  have  pathological  consequences,
including  cell  death.42,43 For this reason,  mitochondrial
dysfunction  is  associated  with  changes  in  calcium  homeosta-
sis,  and a major  role  of  these changes  in the pathophysiology
of  diabetic  neuropathy  has  been  established.44,45

In  experimental  studies  of  diabetes  induced  by  strep-
tozotocin  (STZ) and diabetic  patients,  abnormalities  in
intracellular  calcium  balance  have  been  seen  in  dorsal  root
ganglion  neurons,  as  well  as  in smooth  muscle,  secreting
cells,  and  mouse  osteoblasts.3 These  changes  consist  of an
increased  intracellular  calcium  concentration,  a decreased
activity  of  calcium  transporters,  and  a  decrease  in calcium-
evoked  signals.

In  neurons  from  rats  with  STZ-induced  diabetes,  intrami-
tochondrial  calcium  concentration  may  increase  due  to
changes  in transporters.  This  change  in calcium  homeosta-
sis  may  stimulate  a  greater  production  of  ROS  inside  the
mitochondrion  and, secondarily,  the generation  of oxida-
tive  stress.  The  cause  of  this phenomenon  is  related  to
an  increase  in the tricarboxylic  acid  cycle  and  oxidative
phosphorylation  caused  by  increased  intracellular  calcium
levels,  which  makes  mitochondrial  work  more  rapid  and
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consumes  more  oxygen,  with  a concomitant  increase  in
ROS.46---49

In  vivo  and in vitro  studies  have shown  that  the critical
factor  in mitochondrial  dysfunction  is  not  hyperglycemia,
but  a  deficiency  of  insulin  and neurotrophic  factors,  which
are  responsible  for  maintaining  mitochondrial  membrane
potential  and  for  increasing  ATP synthesis.50 In the  above  cir-
cumstances,  treatment  with  insulin  and  neurotrophic  factors
normalized  mitochondrial  membrane  polarity  and  intracel-
lular  calcium  levels.36

Increased  intracellular  calcium  levels  may  cause  com-
plete  or  partial  depolarization  of  the inner  mitochondrial
membrane.  This  depolarization  is  prolonged  in DRG neu-
rons  from  rats  with  diabetes  and  may  be  blocked
with  carbonylcyanide-m-chlorophenylhydrazone  (CCCP),  an
agent  that  promotes  calcium  binding  to  the mitochondrion.
This  shows  the  significance  of  the  buffer  function  performed
by  the  mitochondrion  with  calcium  in diabetic  neurons.51

On  the  other  hand,  decreased  ATP levels  in dysfunctional
mitochondria  may  lead  to  a  lower  activity  of  Na/K  ATPase
pumps,  which  results  in an increase  in intracellular  calcium
and  an  inversion  of  the  Na/Ca  exchanger,  with  a secondary
increase  in  intracellular  calcium  which is  not  sequestered
by  the  mitochondrion  and is  therefore  deleterious,  finally
leading  to  axon  degeneration.

In  conclusion,  impaired  calcium  homeostasis  due  to
mitochondrial  dysfunction  is  a  factor  related  to  diabetic
neuropathy,  with  findings  showing  increased  intracellular
concentrations  and  an imbalance  in calcium  transport  in
DRG  neurons  from  rats  and  diabetic  patients.  This  condi-
tion  is associated  with  mitochondrial  depolarization,  ion
pump  dysfunction,  and  the generation  of  ROS. Some  of these
conditions  related  to  calcium  regulation  may  improve  with
insulin  therapy.

Mitochondrion,  apoptosis,  and diabetes  mellitus

The mitochondrion  has  a predominant  role  in  apoptosis,  one
of  the  pathways  of  programmed  cell  death.  This  organelle
is  involved  in this process  by  promoting  the translocation
of  cytochrome  C  (proapoptotic)  to  cytosol,  and  may  sec-
ondarily  induce  apoptosis.  On  the other  hand,  antiapoptotic
proteins  are  also  found  in the  mitochondrion,  so that  a
crosstalk  exists  between  life  and  death  mediated  by  it.  The
activation  of  apoptosis  is  associated  with  sensory  diabetic
neuropathy  by  a concomitant  mitochondrial  dysfunction.52

Studies  in the  cultures  of embryonal  rat sensory  neurons
show  that  increased  glucose  concentrations  (45  nM)  cause
chronic  mitochondrial  depolarization  with  ATP  depletion,
followed  by  apoptosis  resulting  from  mitochondrial  dysfunc-
tion  and  secondary  activation  of  caspases  3  and  9. In  this
same  study,  glucose  increase  in neurons  was  associated  with
greater  local  production  of  ROS  as a  finding  prior  to  the
induction  of apoptosis.53

Loss  of  unmyelinated  neurons  occurs  in models  of
rats  with  type  1 diabetes,  but  no  information  suppor-
ting  the  presence  of  apoptosis  or  abnormal  mitochondria
is  available.54 However,  other  studies  in neurons  from
diabetic  rats  showed  impairment  in  axon  morphology  and
growth  caused  by  elevated glucose  levels, which  asso-
ciated  with  oxidative  stress  processes  resulted  in axon

degeneration  but  not  in cell  death.55 These  results  suggest
the  potential  existence  of  different  response  mechanisms
to  hyperglycemia  in axons  as  compared  to  neuronal  bodies
and  similarly  to  the  mitochondria  found  at each  of these
sites.  This  may  explain  differences  in the  results  of these
studies.

The  loss  of  factors  such  as  AKT  (also  called  PKB/Akt,
serine/threonine  kinase)  in diabetes  induces  the translo-
cation  of  proapoptotic  factors  to  the  outer  mitochondrial
membrane  and  is  important  in  neurodegeneration  in
embryonal  and  mature  neurons  in which  mitochon-
drial  depolarization  is  involved  as  a  process  preceding
apoptosis.56

Studies  in rats  with  STZ-induced  diabetes  showed
decreases  in peripheral  nerve  conduction  velocities  as  com-
pared  to  control  rats,  as  well  as  greater  apoptosis  in  DRG
neurons  from  diabetic  rats.  Mitochondrial  membrane  poten-
tial  was  also  more  positive  in  these  rats  as  compared  to
controls,  and  the restoration  of  euglycemia  in  2  weeks
decreased  apoptosis  and  normalized  mitochondrial  mem-
brane  potential.57 In this  same  study,  levels  of  antiapoptotic
Bcl2  proteins  (isolated  from  B2  lymphoma  cells)  decreased
in  sensory  neurons  from  diabetic  rats,  and  translocation  of
cytochrome  C  from  the membrane  to  cytoplasm  with  induc-
tion  of  apoptosis  occurred.

In  conclusion,  some  studies  allow  us  to  relate  apopto-
sis  and  mitochondrial  dysfunction  to  the development  and
pathophysiology  of  diabetic  sensory  neuropathy.  However,
other  studies  do  not  conclusively  show  this relationship.
Discrepancies  in the  different  results  may  be attributed
to  the  different  animal  models  used,  and also  to  the
methodology  and  follow-up  time  used.  The  proposed  mech-
anisms  involved  include  the chronic  depolarization  of the
mitochondrial  membrane  which  precedes  apoptosis  sec-
ondary  to  glucose  increase  in DRG.  In addition,  decreased
antiapoptotic  protein  levels  have  been  found,  and  translo-
cation  of proapoptotic  factors  to the  cytosol  has  been
seen.

Axonal  transport,  mitochondrion,  and  diabetes
mellitus

Mitochondria  are located  in the sites  with  the  great-
est  energy  requirements.  The  transport  of mitochondria
mediated  by  proteins  and  dependent  on  the above-
mentioned  factors,  including  ATP levels,  calcium,  and
fusion/fission  processes,  is  therefore  required.  Although
the  normal  location  of mitochondria  in the  axon  has
been  reported,  different  mitochondrial  locations  have
been  documented  in pathological  conditions  such as  some
neuropathies,  where  they  accumulate  in unmyelinated
axon  segments  and  regions  of  disruption  of  the axoglial
junction.58

Decreased  ATP production  secondary  to mitochondrial
dysfunction  in diabetes  may  result  from  hypoinsulinemia23

and  leads  to  decreased  axonal  transport  of proteins  and
reduced  protein  synthesis.  These  combined  factors  are  asso-
ciated  with  distal  axon  degeneration.

Impaired  axonal  transport  of  mitochondria  leads  to
mitochondria  accumulation.  These  mitochondrial  aggre-
gates  may  contribute  to  the  development  of  local  pathology
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as  the  result  of  increased  ROS  production,  loss  of normal
energy  production,  and  abnormal  calcium  regulation.59

The  impact  of  high  glucose  concentrations  on  mito-
chondrial  traffic  and  associated  lesions  has  not  been
elucidated.  A  study  of rat  liver  cells  and  myoblasts
showed  that  mitochondrial  fragmentation  is  a process
induced  by  glucose  required  for  mitochondrial  respiration
and  ROS  production.60 On  the  other  hand,  the treat-
ment  of  pancreatic  beta cells  and  neurons  with  glucose
results  in  mitochondrial  fragmentation/fission  and, in  some
scenarios,  this  process  is  followed  by  cell  death  and
apoptosis.61

To  sum  up,  no  direct  results  showing  a  clear  rela-
tionship  between  diabetic  neuropathy  and mitochon-
drial  transport  are  available.  However,  mitochondrial
dysfunction  has indirectly  been  related  to  decreases
in  ATP  levels  and axonal  transport  of  proteins,  and
with  the  accumulation  of mitochondria  in  neuron  bod-
ies,  which  suggests  changes  in transport  along the
axon.

Conclusion

Diabetic  neuropathy  is  a  complication  with  a significant
impact  where  sensory,  motor,  and  autonomic  nerves  are
compromised.  The  polyol  pathway  and  protein  glycosy-
lation  have  traditionally  been proposed  as  its  causative
mechanisms.  Mitochondrial  dysfunction  has  been  consid-
ered  as  another  causative  agent  of  diabetic  neurop-
athy.

Mitochondrial  changes  include  increased  generation  of
ROS,  decreased  mitochondrial  membrane  potential,  dys-
function  in  intramitochondrial  calcium  regulation,  the
depletion  of  ATP  production,  and resultant  defects
in  axon  transport  and  an  increase  in  products  that
may  lead  to  apoptosis.  These  mechanisms,  combined,
may  lead  to axon degeneration.  These  findings  pre-
dominate  in longer  nerves.  The  reasons  for  the  pre-
dominance  of  mitochondrial  compromise  in  dorsal  root
ganglia  and  sensory  nerves  have  not  been elucidated
yet.

The  pathophysiology  explaining  the  causative  mech-
anisms  of  diabetic  neuropathy  has  not  been  defined
yet.  Several  studies  have  been  conducted  in animal
models,  mainly  mice,  and further  research  in humans
is  therefore  required.  However,  there  are  limitations
such  as  difficulties  in taking  biopsies,  the  risks inher-
ent  in  the  procedure,  and  lack  of  access  to  special
technology,  which  make  the conduct  of  studies  more  dif-
ficult.

The  role  played by  mitochondrial  changes  in the  patho-
physiology  of  diabetic  neuropathy  should  facilitate  the
future  search  for  new  therapeutic  resources  aimed  at cor-
recting  mitochondrial  dysfunction  and  improving  the  quality
of  life  of diabetic  patients.
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Nutrición. Prevalence of  distal diabetic polyneuropathy using
quantitative sensory methods in a population with diabetes
of more than 10  years’ disease duration. Endocrinol Nutr.
2010;57:414---20.

21. Malik RA, Tesfaye S, Newrick PG, Walker D. Sural nerve
pathology in diabetic patients with minimal but progressive
neuropathy. Diabetologia. 2005;48:578---85.



Contribution  of mitochondria  to pain  in diabetic  neuropathy  31

22. Sima AA. Diabetic neuropathy in type 1 and type 2 dia-
betes and the effects of  C-peptide. J Neurol Sci. 2004;220:
133---6.

23. Yagihashi S. Pathogenetic mechanisms of  diabetic neurop-
athy: lessons from animal models. J  Peripher Nerv Syst.
1997;2:113---32.

24. Toth C, Brussee V, Cheng C, Zochodne DW. Diabetes mellitus and
the sensory neuron. J Neuropathol Exp Neurol. 2004;63:561---73.

25. Schmidt RE, Plurad SB, Parvin CA, Roth KA. Effect of  dia-
betes and aging on human sympathetic autonomic ganglia. Am
J Pathol. 1993;143:143---53.

26. Kalichman MW, Powell HC, Mizisin AP. Reactive, degenera-
tive, and proliferative Schwann cell responses in experimental
galactose and human diabetic neuropathy. Acta Neuropathol.
1998;95:47---56.

27. Ebenezer GJ, McArthur JC,  Thomas D,  Murinson B, Hauer P,
Polidefkis M,  et  al. Denervation of skin  in neuropathies: the
sequence of axonal and Schwann cell changes in skin biopsies.
Brain. 2007;130:2703---14.

28. Schmidt RE, Dorsey DA, Beaudet LN,  Frederick KE, Parvin CA,
Plurad SB, et al.  Non-obese diabetic mice rapidly develop
dramatic sympathetic neuritic dystrophy: a  new experimen-
tal model of  diabetic autonomic neuropathy. Am  J  Pathol.
2003;163:2077---91.

29. Schmidt RE, Parvin CA, Green KG. Synaptic ultrastructural alter-
ations anticipate the development of neuroaxonal dystrophy in
sympathetic ganglia of aged and diabetic mice. J  Neuropathol
Exp Neurol. 2008;67:1166---86.

30. Schmidt RE, Dorsey DA, Beaudet LN, Peterson RG. Anal-
ysis of the Zucker diabetic fatty (ZDF) type 2 diabetic
rat model suggests a neurotrophic role for insulin/IGF-I
in diabetic autonomic neuropathy. Am J Pathol. 2003;163:
21---8.

31. Yorek MA. The role of  oxidative stress in diabetic vas-
cular and neural disease. Free Radic Res. 2003;37:
471---80.

32. Cameron NE,  Eaton SE, Cotter MA, Tesfaye S.  Vascular factors
and metabolic interactions in the pathogenesis of  diabetic neu-
ropathy. Diabetologia. 2001;44:1973---88.

33.  Vincent AM, Russell JW, Low P, Feldman EL.  Oxidative stress
in the pathogenesis of  diabetic neuropathy. Endocr Rev.
2004;25:612---28.

34. Obrosova IG. How does glucose generate oxidative
stress in peripheral nerve? Int Rev Neurobiol. 2002;50:
3---35.

35. Nishikawa T, Edelstein D, Du XL, Yamagishi S,  Matsumura T,
Kaneda Y, et al. Normalizing mitochondrial superoxide produc-
tion blocks three pathways of  hyperglycaemic damage. Nature.
2000;404:787---90.

36. Fernyhough P, Huang T, Verkhratsky A. Mechanism of mitochon-
drial dysfunction in diabetic sensory neuropathy. J  Peripher Nerv
Syst. 2003;8:227---35.

37. Coppey LJ, Gellett JS, Davidson EP, Dunlap JA, Lund DD,
Yorek MA. Effect of antioxidant treatment of  streptozo-
tocin induced diabetic rats on  endoneurial blood flow,
motor nerve conduction velocity, and vascular reactivity of
epineurial arterioles of the sciatic nerve. Diabetes. 2001;50:
1927---37.

38. Coppey LJ, Gellett JS, Davidson EP, Dunlap JA, Yorek MA.
Changes in endoneurial blood flow, motor nerve conduction
velocity and vascular relaxation of  epineurial arterioles of the
sciatic nerve in ZDF-obese diabetic rats. Diabetes Metab Res
Rev. 2002;18:49---56.

39. Obrosova IG, Van Huysen C, Fathallah L, Cao XC, Greene
DA, Stevens MJ. An aldose reductase inhibitor reverses
early diabetes-induced changes in peripheral nerve func-
tion, metabolism, and antioxidative defense. FASEB J.
2002;16:123---5.

40. Drel VR, Mashtalir N, Ilnytska O, Shin J,  Li F, Lyzogubov VV, et  al.
The leptin-deficient (ob/ob) mouse: a  new animal model of
peripheral neuropathy of  Type 2 diabetes and obesity. Diabetes.
2006;55:3335---43.

41. Obrosova IG, Ilnytska O, Lyzogubov VV, Pavlov IA, Mash-
talir N, Nadler JL, et  al. High-fat diet induced neu-
ropathy of  pre-diabetes and obesity: effects of healthy
diet and aldose reductase inhibition. Diabetes. 2007;56:
2598---608.

42. Fernyhough P, Schmidt RE. Neurofilaments in diabetic neurop-
athy. Int  Rev Neurobiol. 2002;50:115---44.

43. Leist M, Nicotera P. Calcium and neuronal death. Rev Physiol
Biochem Pharmacol. 1998;132:79---125.

44. Hall KE, Sima AA, Wiley JW. Voltage dependent calcium
currents are enhanced in dorsal root ganglion neurones from
the Bio Bred/Worchester diabetic rat. J  Physiol. 1995;486:
313---22.

45. Kruglikov I,  Gryshchenko O,  Shutov L, Kostyuk E, Kostyuk P,
Voitenko N. Diabetes-induced abnormalities in ER calcium mobi-
lization in primary and secondary nociceptive neurons. Pflugers
Arch. 2004;448:395---401.

46. Brookes PS, Yoon Y, Robotham JL, Anders MW, Sheu SS. Calcium,
ATP, and ROS: a mitochondrial love---hate triangle. Am J Physiol
Cell Physiol. 2004;287:C817---33.

47. Nicholls DG. Mitochondrial dysfunction and glutamate excito-
toxicity studied in primary neuronal cultures. Curr Mol Med.
2004;4:149---77.

48. Nicholls DG. Mitochondria and calcium signaling. Cell Calcium.
2005;38:311---7.

49. Camello-Almaraz C, Gomez-Pinilla PJ, Pozo MJ, Camello PJ.
Mitochondrial reactive oxygen species and Ca2+ signaling. Am
J  Physiol Cell Physiol. 2006;291:C1082---8.

50. Huang TJ, Price SA, Chilton L, Calcutt NA, Tomlinson DR,
Verkhratsky A, et al. Insulin prevents depolarization of the
mitochondrial inner membrane in sensory neurons of type 1 dia-
betic rats in the presence of sustained hyperglycemia. Diabetes.
2003;52:2129---36.

51. Kostyuk E, Svichar N,  Shishkin V,  Kostyuk P. Role of  mitochondrial
dysfunction in calcium signalling alterations in dorsal root gan-
glion neurons of  mice with experimentally-induced diabetes.
Neuroscience. 1999;90:535---41.

52. Kroemer G,  Dallaporta B, Resche-Rigon M. The mitochondrial
death/life regulator in apoptosis and necrosis. Annu Rev Physiol.
1998;60:619---42.

53. Russell JW, Golovoy D, Vincent AM, Mahendru P, Olz-
mann JA, Mentzer A, et al. High glucose-induced oxidative
stress and mitochondrial dysfunction in neurons. FASEB J.
2002;16:1738---48.

54. Kamiya H, Zhang W, Sima AA. Degeneration of  the
Golgi and neuronal loss in dorsal root ganglia in dia-
betic BioBreeding/Worcester rats. Diabetologia. 2006;49:
2763---74.

55. Zherebitskaya E, Akude E, Smith DR, Fernyhough P. Develop-
ment of selective axonopathy in adult sensory neurons isolated
from diabetic rats: role of glucose-induced oxidative stress.
Diabetes. 2009;58:1356---64.

56. Easton RM, Deckwerth TL, Parsadanian AS, Johnson Jr EM.
Analysis of the mechanism of loss of  trophic factor depend-
ence associated with neuronal maturation: a phenotype
indistinguishable from Bax deletion. J Neurosci. 1997;17:
9656---66.

57. Srinivasan S, Stevens M,  Wiley J.  Diabetic peripheral neu-
ropathy: evidence for apoptosis and associated mitochondrial
dysfunction. Diabetes. 2000;49:1932---8.

58. Fernyhough P, Calcutt NA. Abnormal calcium homeostasis in
peripheral neuropathies. Cell Calcium. 2010;47:130---9.

59. Yu T,  Robotham JL, Yoon Y.  Increased production of  reactive
oxygen species in hyperglycemic conditions requires dynamic



32  N. Hernández-Beltrán  et  al.

change of mitochondrial morphology. Proc Natl Acad Sci U S A.
2006;103:2653---8.

60. Einheber S, Bhat MA, Salzer JL. Disrupted axo-glial junctions
result in accumulation of abnormal mitochondria at nodes of
Ranvier. Neuron Glia Biol. 2006;2:165---74.

61. Yu T, Sheu SS, Robotham JL, Yoon Y. Mitochondrial fission
mediates high glucose-induced cell death through elevated
production of reactive oxygen species. Cardiovasc Res.
2008;79:341---51.


	Contribution of mitochondria to pain in diabetic neuropathy
	Introduction
	Mitochondrial structure and function
	Mitochondria and diabetic neuropathy
	Mitochondrial structure and diabetes mellitus
	Mitochondria, oxidative stress, and diabetes mellitus
	Mitochondrion, calcium, and diabetes mellitus
	Mitochondrion, apoptosis, and diabetes mellitus
	Axonal transport, mitochondrion, and diabetes mellitus

	Conclusion
	Conflicts of interest
	References


