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Abstract  The  elevation  of  blood  pressure  produces  specific  organic  lesions,  including  kidney
and cardiac  damage.  On the  other  hand,  cardiovascular  disease  usually  leads  to  the development
of  hypertension.  Thus,  hypertension  could  be both  a  cause  and  a  consequence  of  cardiovascu-
lar disease.  Previous  studies  linked  the  lack  of  nitric  oxide  to  cardiovascular  abnormalities,
including hypertension,  arteriosclerosis,  myocardial  infarction,  cardiac  hypertrophy,  diastolic
heart failure,  and reduced  endothelium-derived  hyperpolarizing  factor  responses,  with  shorter
survival.  The  lack  of  this  gas  also  leads  to  renal/cardiac  abnormalities.

It is widely  known  that  nephrogenic  deficiency  is a  risk  factor  for  kidney  disease.  Besides,
recent evidence  suggests  that  alterations  in WT-1,  a  key nephrogenic  factor,  could  contribute
to the  development  of  hypertension.  Moreover,  some  genes  involved  in  the  development  of
hypertension  depend  on  WT-1.

This  knowledge  makes  it  essential  to  investigate  and  understand  the  mechanisms  regulating
the expression  of  these genes  during  renal/cardiac  development,  and  hypertension.  As  a  conse-
quence, the  most  in-depth  knowledge  of  the  complex  aetiopathogenic  mechanism  responsible
for the  hypertensive  disease  will allow  us to  propose  novel  therapeutic  tools.
© 2019  Sociedad  Española  de Arteriosclerosis.  Published  by  Elsevier  España,  S.L.U.  All  rights
reserved.
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Alteraciones  en  la expresión  de un gen  clave  en  el  desarrollo  renal  y cardíaco

vinculada  con  el  desarrollo  de la  hipertensión  arterial

Resumen  La  hipertensión  produce  lesiones  orgánicas  específicas  como  daño  renal/cardíaco,
mientras que  la  enfermedad  cardiovascular  generalmente  conduce  a  la  hipertensión.  Por  ello,
la hipertensión  sería  tanto  una  causa  como  una  consecuencia  de la  enfermedad  cardiovascular.
Estudios  previos  refieren  falta  de óxido  nítrico  con  anomalías  cardiovasculares  como  hiperten-
sión y  reducción  de  las  respuestas  del  factor  hiperpolarizante  derivado  del  endotelio.  La  falta
de este  gas también  conduce  a  anomalías  renales/cardíacas.

Además, la  deficiencia  nefrogénicaes  un factor  de riesgo  para  la  enfermedad  renal.
Así, alteraciones  en  WT-1,  un  factor  nefrógeno  clave,  podrían  contribuir  al  desar-

rollo de  hipertensión.  Finalmente,  el  conocimiento  más  profundo  del complejo  mecanismo
etiopatogénico  responsable  de  la  enfermedad  hipertensiva  nos  permitirá  proponer  nuevas  her-
ramientas  terapéuticas.
© 2019  Sociedad  Española  de Arteriosclerosis.  Publicado  por  Elsevier  España,  S.L.U.  Todos  los
derechos  reservados.

Introduction

In  developed  countries,  hypertension  is  considered  one
of  the  most  important  public  health  problems,  affect-
ing  about  one  billion  people  worldwide  causing  9.4  million
deaths/year  (World  Health  Organization,  2013).  Its  inheri-
tance  has  a  multifactorial  origin,  just  as  the determination
of  stature  and  weight.  Thus,  multiple  genes  and  multiple
environmental  factors (sodium  intake,  renin,  insulin  resis-
tance,  sleep  apnea,  and age,  among  others)  determine
blood  pressure.  These  facts  make  hypertension  complex  to
study.  Besides,  most  people  with  high  blood  pressure  do  not
have  any  symptoms  and  are not  aware  of  their  condition.
Although,  many  changes  that  precede  the establishment  of
hypertension,  produce  determined  organic  lesions.  One  of
the  principal  organs  affected  is  the kidney;  were  there  is
a  close  relationship  between  hypertension  and  kidney  dis-
ease,  which  remains  unclear  and  is  a  matter  of  significant
research  interest.  The  evidence,  so  far,  indicates  that  high
blood pressure  is both  a  cause  and  a  consequence  of  kidney
disease.

Nephrogenic  disorder  and  low birth weight  are frequently
related.  The  first  one  is  recognized  as  an  essential  risk
factor  for  kidney  injury,  conditioning  a  more  rapid  pro-
gression  of  the  affliction  and the  possible  development
of  hypertension.1 Previous  investigations  concluded  that
maternal  food  limitation  modifies  the expression  of  genes
related  to  nephrogenesis,  and  this fact appears  to  increase
blood  pressure.  One  of  the disturbed  genes  is  Wilms’  tumor
transcription  factor  1 (wt-1)2,3 (Fig.  1).

WT-1 in  kidney  and  cardiovascular
development

The  kidneys  are  very  complex  structures;  their  functional
units  contain  about  10,000  cells  with  at least  14  different
kinds  of  cells.  The  renal  morphogenesis  must  be  entirely  con-
trolled  and  that  the conversion  of  mesenchymal  mesodermal

cells  into  polarized  epithelial  cells4 is  a critical  step  in  this
process.  There  is  evidence  that  WT-1  is  involved  in the reg-
ulation  of  cell  proliferation  and differentiation.  It binds  to
developmental  targets  mRNA,  especially  to  3′ untranslated
regions.5 In the  90s,  WT-1 expression  was  selectively  found  in
the  glomerular  epithelium  and metanephric  blastemal  dur-
ing  intrauterine  development.6

The  WT-1 expression  patterns  suggest  an essential  role of
this  gene  during  urogenital  development.  Furthermore,  WT-
1  was  sub-located  in the  nucleus  cell,  suggesting  its  role  as  a
transcription  factor.7 However,  Niksic  et al. found  that  WT-1
protein  is  not  restricted  to  the nucleus  and  shuttles  contin-
uously  between  the nucleus  and  cytoplasm.8 They  revealed
that,  depending  on  the cell  kind,  about  10---50%  of  total  cel-
lular  WT-1  could  be identified  in the cytoplasm.  A substantial
amount  of  cytoplasmic  WT-1  was  linked  with  ribonucle-
oprotein  particles  and  dynamically  translating  polysomes,
supporting  its  role  in RNA metabolism  and suggesting  its
participation  in the regulation  of translation.

Moreover,  the WT-1  is necessary  for  the  signal from
the  metanephric  blastema  that  gives origin  to  the  initial
growth  of  the ureteric  bud.7,9,10 Nevertheless,  WT-1  is  nec-
essary  not only  for  normal  kidney  development  but  also  for
gonads  and  mesothelium.11 Besides,  it is  necessary  through
normal  postnatal  life  and  reactivated  during  tissue  repair
and  adult  tumorigenesis.12 Martinez-Estrada  et al.  found
that  epicardial-specific  knockout  of  WT-1  in  mice  led  to
embryonic  lethality  due  to  cardiovascular  failure.  In fact,
Kardon  et  al.,  showed  that  mutations  in wt-1  gene,  affecting
pulmonary  and  cardiac  development.13 Thus,  studies  with
mutant  hearts  revealed  a  derepression  of  the epithelial  phe-
notype  in epicardial  cells and  during  embryonic  stem  cell
differentiation  leading  to  a  reduced  number  of mesenchymal
progenitor  cells  and  their  derivatives14 (Fig.  1).

WT-1 functions  in  the  cardiovascular system

The  heart  is an  organ key  for  oxygen  distribution  and
nutrients  throughout  the body;  therefore,  it is the first
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Figure  1  Graphical  overview.  (A)  Small  increases  in ON  levels  produce  an  increase  in the  expressions  of  Hsp70,  WT-1,  and  VDR.  (B)
In turn,  WT-1,  as a  transcription  factor,  regulates  the  expression  of  the  principal  isoform  of  the  NO  synthase,  producing  a  positive
feedback. (C)  Also,  WT-1  positively  regulates  Hsp70  and  VDR.  (D)  WT-1  stabilizes  Bcl-2  and  the  mitochondrial  membrane,  preventing
the release  of cytochrome  C.  In  this  way,  cell  death  is avoided.  (E)  Renal  remodeling,  oxidative  stress,  the  activation  of  the  RAAS
and the  decrease  of  vitamin  D,  produce  the  release  of  ROS,  which  increases  the  risk of  hypertension.  (F)  VDR  and  WT-1  inhibit
renin, thus  inhibiting  the  RAAS  system,  and hypertension.  (G)  WT-1  is not  only  crucial  for  kidney  development  but  also  to  prevent
kidney damage  and  high  blood  pressure.  The  continuous  arrows  indicate  positive  regulation,  while  the  discontinuous  lines  indicate
inhibition.

organ  to  develop,  and  it is already  functional  in its  most
primitive  structure  during embryogenesis.  Recent  studies
indicate  that  WT-1 is  essential  for  many  aspects  of cardiac
development.  The  WT-1  expression  is  first  observed  in the
proepicardium.15

The  proepicardium  (PE)  cells  are composed  of  two  cell
lineages,  one  of  them,  expressing  T-box18  (Tbx18),  a  molec-
ular  marker  of  PE  cells  and epicardium,  and WT-1  (the  other
expressing  Scx  and  Semad3)16 which  gave  rise  to smooth
muscle  cell,  cardiomyocytes  and  fibroblasts.17---19 Thus,  reti-
naldehyde  dehydrogenase  2  (RALDH2),  WT-1, transcription
factor  21  (TCF21),  and  T-box18  transcription  factors  are
highly  enriched  in the embryonic  epicardium,17,18,20,21 and
their  expression  is  reactivated  in the  adult  epicardium  after
injury.22

In  this  sense,  Smart  and  Riley  found  in mice  that  stem  cell
population  is  contained  in the  adult  heart.  After  myocar-
dial infarction,  this  progenitor  line  has the potential  to
contribute  to  terminally  differentiated  cardiomyocytes.  The
skill  to  revive  ordinarily  dormant  epicardium-derived  cells
lies  in  the  identification  of  crucial  stimulatory  factors,  such
as  thymosin  �4  (T�4),  and  clarification  of  the  molecu-
lar  cues  used  in  the embryo  to  coordinate  cardiovascular
development.23 They  exposed  an innovative  genetic  marker
of  the  stimulated  adult  progenitors  via  re-expression  of  WT-
1,  through  priming  by  T�4,  a peptide  shown  to  re-establish

vascular  potential  to  adult  epicardium-derived  progenitor
cells  with  damage.  Growing  evidence  showed  an epicardial
origin  of the  precursor  population,  and  embryonic  repro-
gramming  resulted  in the  mobilization  and  differentiation  of
this  population  to  give  rise  to  de novo  cardiomyocytes.  They
revealed  that  derived  cardiomyocytes  could  structurally  and
functionally  integrate  with  resident  muscle.  Thus,  stimula-
tion  of this adult  progenitor  pool denoted  an  essential  stage
toward  resident  cell-based  therapy  in human  ischemic  heart
disease.24

Also,  Huang  et  al. set  an organ  culture  from  mouse
embryonic  heart  and  established  a gene  expression  sys-
tem  that  allows  the identification  of  epicardial  enhancers
triggered  during  heart  development  and  damage.  They
found  that  conserved  regions  (CRs)  CR2 in Raldh2  and CR14
in  WT-1  are strong  epicardial  enhancers  that  respond  to
CCAAT/enhancer-binding  protein  (C/EBP).  Epicardial  acti-
vation  of  these  enhancers  depends  on  a  combinatorial
transcriptional  code  centered  on  C/EBP  transcription  fac-
tors.  Disruption  of  C/EBP  signaling  in the adult  epicardium
reduced  injury-induced  neutrophil  infiltration  and  improved
cardiac  function.25

Duim  et al. suggested  a potential  role for  WT-1  in cardiac
vessel  formation  in development  and  disease  based  on
higher  WT-1  expression  in proliferating  endothelial  cells,
and its  regulation  on Cyclin  D1 expression.  Thus,  WT-1
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knockdown  inhibits  the  proliferation  of  endothelial  cells,
and  endothelial  cells  lacking  WT-1 are  not capable  of
establishing  a  proper  vascular  network  in vitro.26

As observed,  WT-1  has  numerous  functions,  and  muta-
tions  in  wt-1  gene  cause  a  full  spectrum  of  renal  and
extrarenal  manifestations,  it is  homozygously  mutated  in
a  subset  of  Wilms’  tumors.  Heterozygous  mutations  in wt-
1  give  rise  to  congenital  anomalies.3 Mutations  disrupting
the  DNA-binding  domain  of  WT-1  produce  a  potentially
dominant-negative  phenotype.  Thus,  the resulting  proteins
physically  associate  with  wild-type  WT-1  in  vivo  and  may
result  in  its sequestration  within  subnuclear  structures.27

Lipska  et  al.  evaluated  patients  with  the steroid-
resistant  nephrotic  syndrome,  with  WT-1-related  steroid-
resistant  nephrotic  syndrome  relative  to  WT-1-negative
patients.  They  found a wide  range  of  expressivity,  robust
genotype---phenotype  associations,  and high  risk  and sig-
nificance  of  extrarenal  complications  in WT1-associated
nephropathy.  WT-1  patients  more  frequently  presented  with
chronic  kidney  disease  and  hypertension  at diagnosis  and
exhibited  more  rapid disease  progression.28

In addition  to  the mutations  in wt-1,  maternal  food
limitation  also  changes  the  expression  of  key  fetal  gene nec-
essary  for  nephrogenesis.  In  fact,  one of the altered  genes  is
precisely  wt-1,  and  this seems  to  contribute  to  hypertension
development.2 Thus,  nephrogenic  deficiency  is  frequently
linked  to  low  birth  weight,  and  it has  been  recognized  as
a  potent  risk  factor  for  kidney  injury,  leading  to  a faster
evolution  of  the disease  and  the possible  development  of
hypertension.1 Therefore,  hypertension  development  is  a
significant  consequence  of  the  altered  nephrogenic  process,
which  additionally  intensifies  the  risk  of  onset  and progres-
sion  of  kidney  disease29 (Fig.  1).

Epigenetic of  WT-1

WT-1  in some  cases  stimulates  the transcription  of genes  that
in  other  cases  represses,  depending  on  the  cellular context.
Despite  WT-1  and  the paired  box  2  gene (Pax2)  are  neces-
sary  to induce  mesenchymal-epithelial  transition  and play
critical  roles  in the progression  of  nephrogenesis  (Fig. 1G),
they  could  play  roles in epithelial-mesenchymal  transition
(EMT)  in  heart  development,  and  in the  remnant  kidney  of
rats  following  5/6 nephrectomy.  Huang  et  al.  revealed  that
WT-1  and  Pax2  were  re-expressed  in  the EMT  models,  and
these  were  attended  by  declined  expression  of  epithelial
cells  markers  and  enhanced  expression  of  fibrosis  markers.
Thus,  proposing  there  may  be  beneficial  value  in  silencing
WT-1  and  Pax2  to  avoid  or  reverse  renal  fibrosis  in EMT.30

The  transcription  factor  Pax2  was  recognized  as  a critical
epigenetic  player  in the early  kidney  design.  Changes  in the
epigenomic  landscapes  could  be  beneficial  for the manage-
ment  of  chronic  kidney  disease  stemming  from  diabetes  or
hypertension  as  well  as  Wilms’  tumor.  Then,  it is  essential  to
study  the  epigenomic  modifiers  and  their  changes  under  nor-
mal  physiological  conditions.  Growing  data  of  epigenetics
can  be  used  for  diagnostic  and therapeutic  purposes.31 Aiden
et  al.,  using  ChIP-Seq,  characterized  epigenetic  of Wilms’
tumor  mapping  the promoter  chromatin  states  of  genes  in
this  tumor  relative  to the fetal  and  adult  kidney.32 They sur-
mised  that  the  persistence  of  the bivalent  chromatin  code

on  the  promoters  of  genes  essential  for  kidney  development
disturb  normal  development  in the Wilms’  tumor.31

Since  in many  WTs  the  wt-1  expression  is  reduced  and
only  in 10---20%  of  WTs  exist  a mutation  in this  gene,  it was
appropriate  to  study  wt-1  gene  silencing  due to  epigenetic
modifications.  Dallosso  et al. showed  that  both  WT1-AS  (a
WT-1  antisense  transcript)  and AWT-1  (a  novel  alternative
WT-1  transcript),  were  imprinted  in the  healthy  kidney  with
expression  restricted  to  the  paternal  allele.  Nevertheless,
Wilms’  tumor  sections  showed  biallelic  AWT-1  expression,
suggesting  the relaxation  of  AWT-1  imprinting  in a  subclass
of  WTs. They  concluded  that  human  chromosome  11p13  is
an  imprinted  locus,  which  may  propose  a molecular  basis
for  the strong  bias  of  paternal  allele  mutations  and incom-
plete  penetrance  observed  in syndromes  with  inherited  WT-1
mutations.33

Frequently,  nephroblastoma  histology  exposes  a  disorga-
nized  renal  development  showing  blastema  and  epithelia
randomly  interspersed  in varying  amounts  of  the stroma.
Familial  cases of  Wilms’  tumor,  as  well  as retinoblastoma,  fit
Knudson’s  ‘‘two-hit’’  model,  according  to  which  a  germline
mutation  of  one WT-1  allele  predisposes  to  the tumor  while
an  additional  somatic  mutation  of  the  other  allele  causes
malignant  transformation.  Thus,  for  the  manifestation  of the
tumor,  the functional  damage  of both  alleles  is  needed.34

However,  not all  Wilms’  tumor  cases  fit this  model
because  the majority  of  Wilms’  tumors  do  not  show a  muta-
tion  of  WT-1.  Some  of the mechanisms  recognized  to  date
involve  dominant  negative  WT-1  mutations,  an interaction
of  the WT-1  gene product  with  other  mutated  transcription
factors  such as  p53;  also,  loss  of imprinting,  and  muta-
tions  of  other  tumor  suppressor  genes  at 11p15  or  other
loci.  Although  classic  Wilms’  tumor  is  associated  with  good
prognosis  (85%  survival),  its  anaplastic  form  is  often  fatal.
Thus,  Wilms’  tumor  remains  the center  of attention  for
further  investigation  because  it offers  opportunities  for
studying  normal  kidney  development;  as for  understanding
the  molecular  basis  for  clinically  critical  anaplastic  forms,
as  well  as  for  elucidating  the molecular  mechanisms  of
tumor  suppressor  genes35 and WT-1 is  currently  becoming
even  more  critical  due  to  its role  in cardiovascular  system.
Previous  studies  indicated  that  epicardial-specific  knockout
of  WT-1 in mice  led to  embryonic  lethality  due  to  cardio-
vascular  failure.  Mutant  hearts  showed reduced  numbers
of  mesenchymal  progenitor  cells  and  their  derivatives.14

Therefore,  the study  of  its  expression  and  regulation  during
the  development  of  hypertension  would  be relevant.

WT-1/Hsp70/VDR linked to hypertension

Current  information  proposes  that  modifications  in key
nephrogenic  factors,  such  as  WT-1,  could  lead  to  hyper-
tension  development.  In fact,  some  genes  linked  to
hypertension  development  are regulated  by  the transcrip-
tion  factor  WT-1.29,36 Thus,  the  WT-1  (-KTS)  protein  regulates
the  renin  gene transcription  (Fig.  1F).  In  this  way,  overex-
pression  of WT-1  (-KTS)  reduced  the  expression  of  renin  gene
cell  cultures,  while  knockdown  of  WT-1 protein  increased
mRNA  expression  of  cellular  renin. It is  consistent  with
observations  in patients  with  inherited  mutations  in WT-
1. They  exposed  increased  plasma  renin  and  hypertension.
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In that  respect,  our group  showed  opposing  relationships
between  wt-1  (and  related  genes)  expression  and  blood
pressure  levels.37

Furthermore,  current  hypertension  studies  exhibited
exaltation  of  the  renin---angiotensin---aldosterone  system
(RAAS)  linked  to  low  vitamin  D  levels.38---42 In  close  con-
nection,  our  laboratory  studied  the  losartan  effect,  an
angiotensin  II  type 1  receptor  (AT1)  antagonist,  on  the
expression/localization  of  heat  shock  protein  70  (Hsp70)  in
primary  cultures  of  proximal  tubular  cells  of spontaneously
hypertensive  rats  (SHR).  We  observed  a cytoprotective
effect  of Hsp70  against  hypertension  induced  by  angiotensin
II.43 In  fact,  membrane  translocation  of  Hsp70  could  have a
protective  effect  by  reducing  NADPH  oxidase  activity  and
expression.  In  line  with  these studies,  experiments  with
adults  SHRs  revealed  that structural  and  functional  changes
were  reversed  by vitamin  D  receptor  (VDR)  induction44;
which  modulated  a decrease  in the  AT1 expression  and an
increase  in  Hsp70  levels  providing  renal  protection.45

Vitamin  D  is  a  non-toxic  inducer  of Hsp70  in the rat
kidney.46 Also,  the  lack  of  Hsp70  gene  produces  the reduc-
tion  of  intracellular  VDR  concentrations.47

It  is  important  to  mention  that,  in  primary  Wilms’  tumor
samples  and  cultured  cells  with  inducible  expression  of  WT-
1,  WT-1  and  Hsp70  are physically  associated.  The  specific
sub-nuclear  clusters  containing  WT-1  recruited  the  Hsp70.
Also,  for  binding  to  Hsp70,  WT-1  requires  an amino-terminal
transactivation  domain  and  the  expression  of  that domain
itself  is enough  to  induce  the  Hsp70  expression.  Replac-
ing the  Hsp70  binding  domain  is sufficient  to  restore  WT-1
functional  properties.  These  observations  point  to  Hsp70
as  an  essential  cofactor  for  the WT-1 function  and  sug-
gest  an  essential  role  of  Hsp70  during  kidney  development
(Fig.  1C).48 Furthermore,  it has been  reported  that  WT-1
regulates  human  VDR.27 Numerous  analyses  proposed  that,
while  WT-1  can  select  from  three  binding  sites  within  the
promoter  of VDR,  the VDR  gene  activation  seems  to  happen
through  a  single  site.27 Besides,  transcriptional  activation  of
the  VDR  by  WT-1  can  mediate  renal  embryonic  cells  apopto-
sis  in  response  to  vitamin  D.49 Thus,  evidence  showed,  during
hypertension  development,  a  crucial  role  of  the vitamin  D
in  renal  cell  growth  and  differentiation  (Fig.  1C). Moreover,
and  following  our  findings,  maternal  vitamin  D  deficiency
accompanies  changes  in  the expression  of  critical  renal  fac-
tors  that  can  slow  maturation  of  glomeruli,  extending  the
period  of nephrogenesis.50

Thus,  the  decoupling  between  Hsp70  and  VDR associated
with  a  possible  reduced  expression  of WT-1  could  be keys
to  hypertension  development.  This  data  supports  our  recent
findings  in  the  adult  SHR model.  We  recognized  a  substantial
anatomical---functional  connection  with  the expression  of
AT1,  VDR,  and  Hsp70  in  mitochondria.45 Moreover,  mitochon-
dria  are  the  primary  generators  of reactive  oxygen  species
(ROS)  in  cells,  which  play  an  essential  role  in hyperten-
sion  development.51,52 In  this  sense,  our  laboratory  studied
an intricate  regulation  in the  inflammatory  pathway,  which
includes  the  probable  modulation  of Hsp70  and WT-1  on
mitochondrial  signaling  and  the control  of  cytochrome  C
release  from  mitochondria  by  WT-1 stabilizing  Bcl2  and, in
this  way,  avoiding  the apoptosis  process  (Fig.  1D).53 Thus,
the  renal  damage  induced  by  hypertension  is  characterized
by  activation  of  numerous  injurious  pathways,  including

renal remodeling,  oxidative  stress,  reduced  vitamin  D  levels,
an exaltation  of RAAS  and  apoptosis.  All  these process  are
capable  of leading  to  mitochondrial  integrity  lost  (Fig.  1E).51

Essential  hypertension  in humans  can  be modeled  by  SHR
rats.54 The  SHR  strain  was  obtained  by breeding  Wistar-Kyoto
(WKY)  rats  with  high  blood  pressure.55 The  hypertension  is
development  about  6  weeks  of  age  without  physiological,
pharmacological  or  surgical  intervention;  however,  environ-
mental  factors affect  the  development  of  hypertension.  By
comparing  the glomeruli  of SHR to  those  of  control  strain
(WKY),  from  birth to hypertension  development,  our  lab-
oratory  showed  ultrastructural  mitochondrial  injury,  before
hemodynamic  and  clinical  manifestations  of  hypertension.37

We  also  showed  reduced  expressions  of  WT-1, VDR,  and
Hsp70  in  kidneys  from  neonatal  SHR, before  the blood  pres-
sure  increase.  This  fact  is  essential,  considering  that  renal
development  in rats  continues  10  days  after  birth.  Thus,
nephrogenesis  in  the neonatal  rat is equivalent  to  that  of  the
mid-trimester  human  fetus,  while  renal  maturation  in the
2-week-old  rat  is  comparable  to  that  of  the  human  child.56

Nevertheless,  in 14---19-day-old  rats  with  obstruc-
tive  nephropathy,  renal  development  is  compromised,
and  nephron  number  is  reduced.57 Furthermore,  in this
obstructed  rats,  we  found  glomerular  alterations  and
reduced  nephrogenic  markers,  such as  WT-1.58 Hence,  kid-
ney  impairment  is  an essential  episode  in hypertension
progress  and, thus,  modification  of WT-1 expression  and
other  nephrogenic  genes  seems  to  contribute  to  hyperten-
sion  development.  Also,  nitric  oxide  (NO), bioavailability
associated  with  Hsp70  interaction  may  modulate  wt-1  mRNA
expression  (Fig.  1A), preventing  obstruction-induced  cell
death  during  neonatal  unilateral  ureteral  obstruction.  As
well  as, this  gas  could  be significant  by  reducing  hyperten-
sion.

Nitric oxide, a critical factor  between
nephrogenesis and hypertension

NO  can  either  induce  or  inhibit  apoptosis  in different  circum-
stances  and depend  on  its  concentration.  Whereas  excessive
NO production  induces  cell  death,59 protection  against  apop-
tosis  has  been  shown  at lower  levels60 which  correspond  to
those  capable  of  inducing  Hsp70  (Fig.  1A).61---63

An  alternative  antiapoptotic  mechanism  for NO  is  the
induction  of  heats  hock protein  32  (Hsp32)  and Hsp70, by
modification  in oxidant/antioxidant  cellular  balance.64

Studies  in our  laboratory  have suggested  that NO  can
produce  resistance  to  obstruction-induced  cell death  by
inhibiting  the  intrinsic  mitochondria  apoptotic  pathway,
through  the induction  of  Hsp70  expression.  In  obstructed
neonatal  rats, in  vivo  administration  of  L-arginine,  a
NO  donor,  induced  Hsp70  expression;  this  was  associ-
ated with  cytoprotection  from  apoptosis  and  transiently
decreased  nicotinamide  adenine  dinucleotide  phosphate
(NADPH)  oxidase  activity.  Opposite  effects  were  obtained
after  nitro  L-arginine  methyl  ester  (L-NAME),  a  NO  inhibitor
treatment.61,62

We  have  reported  that  the  apoptotic  effect  created
by  lower  NO  was  directly  associated  with  decreased
Hsp70  expression  and  induction  of  the apoptotic  signal
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transduction  involving  the  activation  of  caspase  3  by
decreasing  stabilization  of  Bcl-2.61,62

Johannesen  et  al. have  shown  functional  interactions
between  the  gene  promoter  of  inducible  NO  synthase
(iNOS)  and  WT-1  (Fig.  1B).65 Also,  a  modulatory  role  of
NO  in  the  proliferation  of  T  cells  expressing  WT-1 has
been  suggested.66 In fact,  decreased  NO  and iNOS/Hsp70
expressions  were  associated  with  WT-1  low  expression  in
obstructed  kidneys.67

In addition,  NO  stimulates  the expression  of enzymes
and  transcription  factors  involved  in  DNA  repair  and mod-
ulation  of apoptosis,  such  as  the  tumor  suppressor  p53.  In
turn,  p53  interacts  with  WT-1 and  modulates  its  ability  to
regulate  the  transcription  of its respective  target  genes.68

Consequently,  it was  suggested  that  increased  NO  availabil-
ity  induces  p53  and  WT-1  mRNA  expression.67 Moreover,  WT-1
can  stabilize  p53,  adjust  its transactivational  properties,
and  inhibits  its ability  to  induce  apoptosis,  but,  there  is
no  effect  in  p53-mediated  cell  cycle  arrest.69 In fact,  WT-1
acts  as  a  tumor  suppressor  gene  by  induction  of  p21 (cyclin-
dependent  kinase  inhibitor),  leading  to  G1  phase  arrest.
Nevertheless,  other  authors  observed  elevated  p53  lev-
els  during  obstructive  nephropathy  apoptosis  induction.70---73

Furthermore,  NO  treatment  preserves  vascular  smooth  mus-
cle  cells  from  mitochondrial-dependent  apoptosis  and  drives
cells  to  quiescence  through  an increase  in p53.74 Of  special
interest,  p53  protein  interacts  with  members  of  the Hsp70
chaperone  family  that  can  regulate  its  function.75,76

NO  is  not  only  important  for  kidney  development,  but  also
for  cardiovascular  development.  Previous  reports  showed
the  triple  NOSs  null  mice  exhibited  cardiovascular  abnormal-
ities,  including  hypertension,  arteriosclerosis,  myocardial
infarction,  cardiac  hypertrophy,  diastolic  heart  failure,
and  reduced  endothelium-derived  hyperpolarizing  factor
responses,  with  shorter  survival.  The  triple NOSs  null  mice
also  displayed  metabolic  abnormalities,  including  metabolic
syndrome  and  high-fat-diet-induced  severe  dyslipidemia.
Furthermore,  the triple  NOSs  null  mice  showed  renal  abnor-
malities  (nephrogenic  diabetes  insipidus  and  pathological
renal  remodeling),  lung  abnormalities  (accelerated  pul-
monary  fibrosis),  and bone  abnormalities  (increased  bone
mineral  density  and  bone  turnover).77

At  the  vascular  level,  NO  regulates  vascular  tone,
coronary  perfusion,  capillary  permeability  and platelet
aggregation  and,  plays  an essential  role  in the control  of
angiogenesis,  inflammation  and  vascular  cell  proliferation.
The  regulation  of  all  these  processes  is complex  and  depends
not  only  on  NO  concentrations  but  also  on  the cellular  com-
partment  where  it is  being  generated  and  on  the  activated
signaling  pathway,  the pathophysiological  situation  analyzed
the  cellular  redox  state  and  the presence  of  other  cel-
lular  mediators  (acetylcholine,  noradrenaline,  bradykinin,
angiotensin,  etc.).78

NO  is  a  well-known  primary  regulator  of  vascular  func-
tion,  and  hypertension  is one  of  the most common  chronic
disorder  that  is considered  a crucial  risk  factor  for  vas-
cular  diseases.79 In fact,  L-NAME-induced  hypertension  is
an  experimental  model  characterized  by  generalized  NO
deficiency  and  progressive  increase  in blood  pressure  if
prolonged.  L-NAME,  a  structural  analog  of L-arginine,  is
metabolized  by  nonenzymatic  hydrolysis  into  the active
form,  N  omega-nitro-L-arginine,  which  competitively  binds

to endothelial  NOS.80 NOS  inhibition  attenuates  both  the
synthesis  and metabolism  of  NO,  the smallest  gaseous
intercellular  signaling  molecule  mediating  the vascular
relaxation.  Subsequently,  NO  deficiency  leads  to  systemic
vasoconstriction  and  hypertension.81

If  oxidative  stress  is  indeed  a cause  of  hypertension,  it
sounds  logical  to  find  antioxidants  to  produce  a decrease  in
blood  pressure.  In fact,  Abdel-Rahman  et al. provided  evi-
dence  that  a  new  combination  therapy  of Hibiscus  sabdariffa
and  Olea europaea  extracts  exhibited  an antihypertensive
potential.  This  combination  significantly  normalized  the  ele-
vated  systolic  and  diastolic  blood  pressure  as  well  as  the
pulse  rate  after 2  and 4  weeks  of  treatment.  It was  also
efficient  to  improved  kidney  functions  and  to  produce  upreg-
ulation  of  eNOS  expression.82

Conclusions  and perspectives

Recent  evidence  suggests  that  some  genes  involved  in  the
development  of hypertension  depend  on  WT-1,  therefore
as  a  vicious  circle  the  alterations  in WT-1 expression  could
contribute  to  the  hypertensive  disease.  This  information
supports  the  notion  that  it  is  essential  to investigate  and
understand  the  mechanisms  regulating  the expression  of
these  genes  during  renal/heart  development  and  hyperten-
sion.

From the  information  compiled  here,  derives  the impor-
tance  of a  profound  regulation  of  the mechanisms  that can
lead  to  the  WT-1  modulation  linked to  Hsp70  and  VDR  expres-
sion.  In parallel,  there  is  an  implication  of  an appropriate
level  of  NO,  which allows  Hsp70,  WT-1,  VDR expression  stim-
ulation,  to avoid  kidney  damage  and high  blood  pressure.

Finally,  a  relationship  between  hypertension  and  cardio-
vascular  disease  remains  unclear  and  a matter  of  significant
interest  for research;  however,  it is  proposed  as  a  hypothesis
that  essential  hypertension  would  result  as  a consequence
of  kidney/cardiac  disease  with  nephrogenic/cardiogenic  dis-
turbances.  As  a  consequence,  the  most  in-depth  knowledge
of  the  complex  etiopathogenic  mechanism  responsible  for
the  hypertensive  disease  will  allow  us  to propose  novel  ther-
apeutic  tools.

Authors’ contributions

All  authors  contributed  to  conception  and  design  of  the
review,  with  a  substantial  contribution  to data,  analysis,
and  interpretation  of the  data, drafting  of  the  article,  and
critical  revision  of the article  for intellectual  content.

Ethical  responsibilities

Protection  of  people  and  animals.  The  authors  declare  that
no  experiments  have  been  conducted  on  humans  or animals
for  this  research.

Confidentiality  of  the  data. The  authors  declare  that
patient  data  does  not appear  in this  article.

Right  to  privacy  and  informed  consent.  The  authors
declare  that  patient  data  does  not appear  in this article.



76  L.  Mazzei  et al.

Funding

The  author(s)  disclosed  receipt  of  the following  financial
support  for  the  research,  authorship,  and/or  publication  of
this  article:  this  work  was  supported  by  grants  from  the
Research  and  Technology  Council  of  Cuyo  University  (SECyT),
Mendoza,  Argentina,  and  from ANPCyT  FONCyT,  both  of
which  were  awarded  to  Walter  Manucha,  Grant  no. PICT
2016-4541.

Conflict of interests

The  authors  declare  no conflict  of  interests.

References

1. Lankadeva YR,  Singh RR, Tare M,  Moritz KM, Denton KM. Loss of
a kidney during fetal life: long-term consequences and lessons
learned. Am J  Physiol Renal Physiol. 2014;306:F791---800.

2. Menendez-Castro C, Hilgers KF, Amann K, Daniel C, Cordasic
N, Wachtveitl R, et al. Intrauterine growth restriction leads
to a dysregulation of Wilms’ tumour supressor gene 1 (WT1)
and to early podocyte alterations. Nephrol Dial Transplant.
2013;28:1407---17.

3. Abdel-Hakeem AK, Henry TQ, Magee TR, Desai M,  Ross MG,
Mansano RZ, et al. Mechanisms of impaired nephrogenesis with
fetal growth restriction: altered renal transcription and growth
factor expression. Am J Obstet Gynecol. 2008;199:e251---7,
http://dx.doi.org/10.1016/j.ajog.2008.05.018.

4.  Ekblom P. Developmentally regulated conversion of mes-
enchyme to epithelium. FASEB J. 1989;3:2141---50.

5. Bharathavikru R,  Dudnakova T,  Aitken S,  Slight J,  Artibani M,
Hohenstein P, et al. Transcription factor Wilms’  tumor 1 reg-
ulates developmental RNAs through 3′ UTR interaction. Genes
Dev. 2017;31:347---52.

6. Pritchard-Jones K,  Fleming S, Davidson D,  Bickmore W,  Por-
teous D,  Gosden C,  et al. The candidate Wilms’ tumour
gene is involved in genitourinary development. Nature.
1990;346:194---7.

7. Kreidberg JA, Sariola H, Loring JM, Maeda M, Pelletier J, Hous-
man D, et al. WT-1 is  required for early kidney development.
Cell. 1993;74:679---91.

8. Niksic M, Slight J,  Sanford JR, Caceres JF, Hastie ND. The
Wilms’ tumour protein (WT1) shuttles between nucleus and
cytoplasm and is present in functional polysomes. Hum Mol
Genet. 2004;13:463---71.

9. Burrow CR, Wilson PD. A putative Wilms tumor-secreted growth
factor activity required for primary culture of  human nephrob-
lasts. Proc Natl Acad Sci USA. 1993;90:6066---70.

10. Rupprecht HD, Drummond IA, Madden SL, Rauscher FJ 3rd,
Sukhatme VP. The Wilms’ tumor suppressor gene WT1 is neg-
atively autoregulated. J Biol Chem. 1994;269:6198---206.

11. Hohenstein P, Pritchard-Jones K,  Charlton J. The yin and
yang of kidney development and Wilms’ tumors. Genes Dev.
2015;29:467---82.

12. Wagner KD, Cherfils-Vicini J,  Hosen N,  Hohenstein P, Gilson E,
Hastie ND, et  al. The Wilms’ tumour suppressor Wt1 is  a major
regulator of tumour angiogenesis and progression. Nat Commun.
2014;5:5852, http://dx.doi.org/10.1038/ncomms6852.

13. Kardon G,  Ackerman KG, McCulley DJ, Shen Y, Wynn J,  Shang.,
et al. Congenital diaphragmatic hernias: from genes to mecha-
nisms to therapies. Dis Model Mech. 2017;10:955---70.

14. Martinez-Estrada OM, Lettice LA, Essafi A, Guadix JA, Slight J,
Velecela V,  et al. Wt1 is required for cardiovascular progenitor

cell formation through transcriptional control of  Snail and E-
cadherin. Nat Genet. 2010;42:89---93.

15.  Duim SN, Goumans MJ, Kruithof BPT. WT1 in cardiac
development and disease; 2016, http://dx.doi.org/10.
15586/codon.wt.2016NBK373348 [bookaccession] https://doi.
org/10.15586/codon.wt.2016.ch13

16.  Katz TC, Singh MK, Degenhardt K, Rivera-Feliciano J, Johnson
RL, Epstein JA, et  al. Distinct compartments of  the proepicar-
dial organ give rise to coronary vascular endothelial cells. Dev
Cell. 2012;22:639---50.

17.  Cai CL, Martin JC, Sun Y, Cui L, Wang L,  Ouyang K, et  al. A
myocardial lineage derives from Tbx18 epicardial cells. Nature.
2008;454:104---8.

18.  Zhou B, Ma Q, Rajagopal S, Wu SM, Domian I, Rivera-Feliciano
J, et  al. Epicardial progenitors contribute to the cardiomy-
ocyte lineage in the developing heart. Nature. 2008;454:
109---13.

19.  Ikeda N,  Nakazawa N,  Kurata Y,  Yaura H, Taufiq F, Minato H, et  al.
Tbx18-positive cells differentiated from murine ES cells serve as
proepicardial progenitors to give rise to vascular smooth muscle
cells and fibroblasts. Biomed Res. 2017;38:229---38.

20.  Winter EM, Gittenberger-de Groot AC. Epicardium-derived cells
in cardiogenesis and cardiac regeneration. Cell Mol Life Sci.
2007;64:692---703.

21.  Limana F, Bertolami C, Mangoni A, Di Carlo A, Avitabile D,  Mocini
D,  et  al. Myocardial infarction induces embryonic reprogram-
ming of  epicardial c-kit(+) cells: role of the  pericardial fluid. J
Mol Cell Cardiol. 2010;48:609---18.

22.  Lepilina A, Coon AN, Kikuchi K, Holdway JE,  Roberts RW, Burns
CG, et al. A dynamic epicardial injury response supports pro-
genitor cell activity during zebrafish heart regeneration. Cell.
2006;127:607---19.

23.  Smart N, Riley PR. The epicardium as a candidate for heart
regeneration. Future Cardiol. 2012;8:53---69.

24.  Smart N, Bollini S,  Dube KN, Vieira JM, Zhou B, Davidson S, et al.
De novo cardiomyocytes from within the activated adult heart
after injury. Nature. 2011;474:640---4.

25.  Huang GN, Thatcher JE, McAnally J,  Kong Y,  Qi X, Tan W, et al.
C/EBP transcription factors mediate epicardial activation dur-
ing heart development and injury. Science. 2012;338:1599---603.

26.  Duim SN, Kurakula K,  Goumans MJ, Kruithof BP. Cardiac
endothelial cells express Wilms’ tumor-1: Wt1 expression in
the developing, adult and infarcted heart. J  Mol Cell Cardiol.
2015;81:127---35.

27.  Lee TH, Pelletier J.  Functional characterization of  WT1  bind-
ing sites within the human vitamin D receptor gene promoter.
Physiol Genomics. 2001;7:187---200.

28.  Lipska BS, Ranchin B, Iatropoulos P, Gellermann J, Melk A,
Ozaltin F,  et  al. Genotype---phenotype associations in WT1
glomerulopathy. Kidney Int. 2014;85:1169---78.

29.  Liapis H. Biology of  congenital obstructive nephropathy.
Nephron Exp Nephrol. 2003;93:e87---91, http://dx.doi.
org/10.1159/000069554.

30. Huang B, Pi L, Chen C, Yuan F, Zhou Q,  Teng J,  et  al. WT1 and
Pax2 re-expression is required for epithelial-mesenchymal tran-
sition in 5/6 nephrectomized rats and cultured kidney tubular
epithelial cells. Cells Tissues Organs. 2012;195:296---312.

31.  Hilliard SA, El-Dahr SS. Epigenetics mechanisms in renal devel-
opment. Pediatr Nephrol. 2016;31:1055---60.

32.  Aiden AP, Rivera MN, Rheinbay E, Ku M, Coffman EJ, Truong
TT, et al. Wilms tumor chromatin profiles highlight stem cell
properties and a renal developmental network. Cell Stem Cell.
2010;6:591---602.

33.  Dallosso AR, Hancock AL, Brown KW, Williams AC, Jackson S,
Malik K. Genomic imprinting at the WT1 gene involves a novel
coding transcript (AWT1) that shows deregulation in Wilms’
tumours. Hum Mol  Genet. 2004;13:405---15.



Alterations  on  a key  nephrogenic/cardiogenic  gene  expression  linked  to  hypertension  development  77

34. Olah E, Jakab Z, Balogh E. Genetics of renal tumors. Orv Hetil.
2001;142:1367---73.

35. Re GG, Hazen-Martin DJ, Sens DA, Garvin AJ. Nephroblastoma
(Wilms’ tumor): a model system of  aberrant renal development.
Semin Diagn Pathol. 1994;11:126---35.

36. Steege A, Fahling M, Paliege A, Bondke A, Kirschner KM, Mar-
tinka P, et al. Wilms’ tumor protein (-KTS) modulates renin gene
transcription. Kidney Int. 2008;74:458---66.

37. Mazzei L, Garcia M,  Calvo JP,  Casarotto M,  Fornés M,
Abud MA, et al. Changes in renal WT-1 expression pre-
ceding hypertension development. BMC Nephrol. 2016;17:34,
http://dx.doi.org/10.1186/s12882-016-0250-6.

38. Ferder M, Inserra F, Manucha W  Ferder L.  The world pan-
demic of vitamin D  deficiency could possibly be explained
by cellular inflammatory response activity induced by
the renin-angiotensin system. Am J Physiol Cell Physiol.
2013;304:C1027---39.

39. Skov J, Persson F, Frokiaer J,  Christiansen JS. Tis-
sue Renin---Angiotensin systems: a unifying hypothesis of
metabolic disease. Front Endocrinol (Lausanne). 2014;5:23,
http://dx.doi.org/10.3389/fendo.2014.00023.

40. Santoro D, Caccamo D, Lucisano S, Buemi M,  Sebekova K,
Teta D, et al. Interplay of vitamin D,  erythropoiesis, and the
renin-angiotensin system. Biomed Res Int. 2015;2015:145828,
http://dx.doi.org/10.1155/2015/145828.

41. Manucha W, Ritchie B, Ferder L. Hypertension and
insulin resistance: implications of  mitochondrial dysfunc-
tion. Curr Hypertens Rep. 2015;17:504, http://dx.doi.
org/10.1007/s11906-014-0504-2.

42. Carbone F, Mach F, Vuilleumier N,  Montecucco F. Potential patho-
physiological role for the vitamin D  deficiency in essential
hypertension. World J Cardiol. 2014;6:260---76.

43. Bocanegra V,  Manucha W, Pena MR, Cacciamani V, Vallés PG.
Caveolin-1 and Hsp70 interaction in microdissected proximal
tubules from spontaneously hypertensive rats as an effect of
Losartan. J Hypertens. 2010;28:143---55.

44. Morrissey J, Hruska K,  Guo G,  Wang S,  Chen Q, Klahr S. Bone
morphogenetic protein-7 improves renal fibrosis and acceler-
ates the return of renal function. J Am Soc Nephrol. 2002;1 13
Suppl.:S14---21.

45. Garcia IM, Altamirano L,  Mazzei L, Fornés M, Cuello-Carrión
FD, Ferder L,  et  al., Vitamin D. receptor-modulated Hsp70/AT1
expression may protect the kidneys of  SHRs at  the struc-
tural and functional levels. Cell Stress Chaperones. 2014;19:
479---91.

46. Kim YO, Li C, Sun BK,  Kim JS, Lim  SW, Choi BS,
et al. Preconditioning with 1,25-dihydroxyvitamin D3 pro-
tects against subsequent ischemia-reperfusion injury in
the rat kidney. Nephron Exp Nephrol. 2005;100:e85---94,
http://dx.doi.org/10.1159/000084574.

47. Lutz W, Kohno K,  Kumar R. The role of heat shock protein 70
in vitamin D receptor function. Biochem Biophys Res Commun.
2001;282:1211---9.

48. Maheswaran S, Englert C, Zheng G,  Lee SB, Wong J, Harkin DP,
et al. Inhibition of  cellular proliferation by the Wilms tumor sup-
pressor WT1 requires association with the inducible chaperone
Hsp70. Genes Dev. 1998;12:1108---20.

49. Wagner KD, Wagner N, Sukhatme VP, Scholz H. Activation of
vitamin D receptor by the Wilms’ tumor gene product mediates
apoptosis of renal cells. J  Am Soc Nephrol. 2001;12:1188---96.

50. Nascimento FA,  Ceciliano TC, Aguila MB, Mandarim-de-Lacerda
CA. Maternal vitamin D  deficiency delays glomerular matu-
rity in F1 and F2 offspring. PLoS One. 2012;7:e41740,
http://dx.doi.org/10.1371/journal.pone.0041740.

51. Nazarewicz RR, Dikalov SI, Mitochondrial ROS. in the prohy-
pertensive immune response. Am J Physiol Regul Integr Comp
Physiol. 2013;305:R98---100.

52. Mikhed Y,  Daiber A, Steven S. Mitochondrial oxidative stress
mitochondrial DNA damage and their role in  age-related vas-
cular dysfunction. Int J  Mol  Sci. 2015;16:15918---53.

53. Mazzei L,  Docherty NG, Manucha W. Mediators and mechanisms
of  heat shock protein 70 based cytoprotection in obstructive
nephropathy. Cell Stress Chaperones. 2015;20:893---906.

54. Dornas WC, Silva ME. Animal models for the study of  arterial
hypertension. J Biosci. 2011;36:731---7.

55. Okamoto K, Aoki K.  Development of a strain of  spontaneously
hypertensive rats. Jpn Circ J. 1963;27:282---93.

56. Chevalier RL. Obstructive nephropathy and the develop-
ing kidney: too little or too much angiotensin? Kidney Int.
2004;65:1517---8.

57. Chevalier RL, Thornhill BA, Chang AY, Cachat F, Lackey A. Recov-
ery from release of ureteral obstruction in the  rat:  relationship
to nephrogenesis. Kidney Int. 2002;61:2033---43.

58. Mazzei LJ, Garcia IM, Altamirano L, Docherty NG, Manucha
W. Rosuvastatin preserves renal structure following unilat-
eral ureteric obstruction in the neonatal rat. Am J Nephrol.
2012;35:103---13.

59. Messmer UK, Brune B. Nitric oxide-induced apoptosis: p53-
dependent and p53-independent signalling pathways. Biochem
J.  1996;319 Pt 1:299---305.

60. Mannick JB, Miao XQ, Stamler JS. Nitric oxide inhibits Fas-
induced apoptosis. J Biol Chem. 1997;272:24125---8.

61. Manucha W, Valles P. Hsp70/nitric oxide relationship in apop-
totic modulation during obstructive nephropathy. Cell Stress
Chaperones. 2008;13:413---20.

62. Manucha W,  Valles PG. Cytoprotective role of  nitric oxide
associated with Hsp70 expression in neonatal obstructive
nephropathy. Nitric Oxide. 2008;18:204---15.

63. Kim YM,  de Vera ME, Watkins SC,  Billiar TR. Nitric oxide protects
cultured rat hepatocytes from tumor necrosis factor-alpha-
induced apoptosis by inducing heat shock protein 70 expression.
J  Biol Chem. 1997;272:1402---11.

64. Grasso S, Scifo C, Cardile V,  Gulino R,  Renis M. Adaptive
responses to the stress induced by hyperthermia or hydro-
gen peroxide in human fibroblasts. Exp Biol Med (Maywood).
2003;228:491---8.

65. Johannesen J, Karlsen AE, Pociot F, Roenn SG, Nerup J.  Strain
dependent rat iNOS promoter activity–correlation to iden-
tified WT1 transcription factor binding site. Autoimmunity.
2003;36:167---75.

66. Marcet-Palacios M, Davoine F, Adamko DJ, Moqbel R, Befus
AD. Human lymphocytes express the transcriptional regulator,
Wilms tumor 1: the role of WT1 in mediating nitric oxide-
dependent repression of  lymphocyte proliferation. Biochem
Biophys Res Commun. 2007;363:283---7.

67. Mazzei L, Garcia IM, Cacciamani V,  Benardón ME, Manucha W.
WT-1  mRNA expression is modulated by  nitric oxide availabil-
ity and Hsp70 interaction after neonatal unilateral ureteral
obstruction. Biocell. 2010;34:121---32.

68. Scharnhorst V, Dekker P, van der Eb AJ, Jochemsen AG. Physical
interaction between Wilms tumor 1 and p73 proteins modulates
their functions. J  Biol Chem. 2000;275:10202---11.

69. Maheswaran S, Englert C, Bennett P, Heinrich G, Haber DA.
The WT1 gene product stabilizes p53 and inhibits p53-mediated
apoptosis. Genes Dev. 1995;9:2143---56.

70. Cummings MC.  Increased p53 mRNA expression in liver and kid-
ney apoptosis. Biochim Biophys Acta. 1996;1315:100---4.

71. Morrissey JJ, Klahr S. Effect of AT2 receptor blockade on
the pathogenesis of renal fibrosis. Am J Physiol. 1999;276:
F39---45.

72. Miyajima A, Chen J, Lawrence C, Ledbetter S,  Soslow RA,  Stern
J.  Antibody to transforming growth factor-beta ameliorates
tubular apoptosis in unilateral ureteral obstruction. Kidney Int.
2000;58:2301---13.



78  L.  Mazzei  et al.

73. Topcu SO, Celik S, Erturhan S, Erbagci A, Yagci F, Ucak R.
Verapamil prevents the apoptotic and hemodynamic changes
in response to unilateral ureteral obstruction. Int J  Urol.
2008;15:350---5.

74. Duran X, Vilahur G, Badimon L.  Exogenous in vivo NO-donor
treatment preserves p53 levels and protects vascular cells from
apoptosis. Atherosclerosis. 2009;205:101---6.

75. Lane DP, Midgley C, Hupp T.  Tumour suppressor genes and
molecular chaperones. Philos Trans R  Soc Lond B Biol Sci.
1993;339:369---72, http://dx.doi.org/10.1098/rstb.1993.0036
[discussion 372---3].

76. Takenaka IM, Leung SM, McAndrew SJ, McAndrew SJ, Brown
JP, Hightower LE. Hsc70-binding peptides selected from a
phage display peptide library that resemble organellar targeting
sequences. J Biol Chem. 1995;270:19839---44.

77. Tsutsui M, Tanimoto A, Tamura M, Mukae H, Yanagihara N,
Shimokawa H, et  al. Significance of  nitric oxide synthases:
lessons from triple nitric oxide synthases null mice. J Pharmacol
Sci. 2015;127:42---52.

78.  Tamargo J,  Caballero R, Gomez R, Delpón E. Cardiac elec-
trophysiological effects of  nitric oxide. Cardiovasc Res.
2010;87:593---600.

79.  Long AN, Dagogo-Jack S.  Comorbidities of  diabetes and hyper-
tension: mechanisms and approach to target organ protection.
J Clin Hypertens (Greenwich). 2011;13:244---51.

80.  Pfeiffer S, Leopold E, Schmidt K,  Brunner F,  Mayer B. Inhibition
of  nitric oxide synthesis by NG-nitro-L-arginine methyl ester (L-
NAME): requirement for bioactivation to the free acid, NG-nitro-
L-arginine. Br J  Pharmacol. 1996;118:1433---40.

81.  Hopkins AL, Lamm MG, Funk JL, Ritenbaugh C. Hibiscus sabdar-
iffa L.  in the treatment of hypertension and hyperlipidemia:
a  comprehensive review of  animal and human studies. Fitoter-
apia. 2013;85:84---94.

82.  Abdel-Rahman RF, Hessin AF, Abdelbaset M, Ogaly HA,
Abd-Elsalam RM, Hassan SM. Antihypertensive effects
of  roselle-olive combination in L-NAME-induced hyper-
tensive rats. Oxid Med Cell Longev. 2017;2017:9460653,
http://dx.doi.org/10.1155/2017/9460653.


	Alterations on a key nephrogenic/cardiogenic geneexpression linked to hypertension development

