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Abstract  SARS-CoV-2  infection  and  its  clinical  manifestations  (COVID-19)  quickly  evolved  to  a
pandemic and  a  global  public  health  emergency.  The  limited  effectivity  of  available  treatments
aimed at  reducing  virus  replication  and  the  lessons  learned  from  other  coronavirus  infections
(SARS-CoV-1  or  NL63)  that  share  the  internalization  process  of  SARS-CoV-2,  led  us  to  revisit  the
COVID-19 pathogenesis  and  potential  treatments.

Virus  protein  S  binds  to  the  angiotensin-converting  enzyme  2  (ACE2)  initiating  the  internal-
ization process.  Endosome  formation  removes  ACE2  from  the  cellular  membrane  preventing  its
counter-regulative  effect  mediated  by  the  metabolism  of  angiotensin  II  to  angiotensin  (1---7).
Internalized  virus-ACE2  complexes  have  been  identified  for  these  coronaviruses.  SARS-CoV-2
presents the  highest  affinity  for  ACE2  and  produces  the  most  severe  symptoms.  Assuming  ACE2
internalization  is  the  trigger  for  COVID-19  pathogenesis,  accumulation  of  angiotensin  II  can  be
viewed as  the  potential  cause  of  symptoms.  Angiotensin  II  is  a  strong  vasoconstrictor,  but  has
also important  roles  in  hypertrophy,  inflammation,  remodeling,  and  apoptosis.  Higher  levels  of
ACE2 in  the  lungs  explain  the  acute  respiratory  distress  syndrome  as  primary  symptoms.  Most  of
the described  findings  and  clinical  manifestations  of  COVID-19,  including  increased  interleukin
levels, endothelial  inflammation,  hypercoagulability,  myocarditis,  dysgeusia,  inflammatory  neu-
ropathies,  epileptic  seizures  and  memory  disorders  can  be  explained  by  excessive  angiotensin
II levels.

Several  meta-analyses  have  demonstrated  that  previous  use  of  angiotensin-converting
enzyme  inhibitors  or  angiotensin  receptor  blockers  were  associated  with  better  prognosis  for
COVID-19.  Therefore,  pragmatic  trials  to  assess  the  potential  therapeutic  benefits  of  renin-
angiotensin-aldosterone  system  inhibitors  should  be  urgently  promoted  by  health  authorities  to
widen the  therapeutic  options  for  COVID-19.
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J.  Gonçalves,  C.D.  Santos,  P.  Fresco  et  al.

PALAVRAS-CHAVE
ECA2;
SARS-CoV-2;
Covid-19;
Angiotensina  II;
Antagonistas  AT1;
Telmisartan

Possível  utilização  dos  inibidores  do  sistema  renina-angiotensina-aldosterona  (RAAS)
para  reduzir  a  gravidade  da  Covid-19

Resumo  A  infeção  por  SARS-CoV-2  e  as  suas  manifestações  clínicas  (COVID-19)  evoluíram  rap-
idamente para  uma  pandemia  e  um  problema  de  saúde  pública  global.  A  efetividade  limitada
dos tratamentos  existentes  orientados  apenas  para  a  redução  da  replicação  do  vírus  e  as  lições
aprendidas  com  outros  coronavírus  que  utilizam  o  mesmo  recetor  de  internalização  levaram-nos
a revisitar  a  patogénese  da  Covid-19  e  potenciais  tratamentos.

A proteína  S  do  vírus  liga-se  à  enzima  conversora  de  angiotensina  de  tipo  2  (ECA2)  iniciando
o processo  de  internalização.  A  afinidade  do  SARS-CoV-2  para  a  ECA2  é  superior  à  dos  outros
coronavirus,  o  que  se  correlaciona  com  a  gravidade  dos  sintomas.  A  ECA2  acompanha  o  vírus  no
endossoma,  tendo  sido  identificados  complexos  vírus-ECA2  internalizados  dos  três  coronavírus
referidos.  A  ausência  da  ECA2  na  membrana  celular  compromete  o  metabolismo  da  angiotensina
II em  angiotensina  (1-7),  pelo  que  a  acumulação  de  angiotensina  II  pode  ser  vista  como  a  causa
potencial  dos  sintomas.  A  angiotensina  II  é  um  potente  vasoconstritor  mas  também  desem-
penha papéis  importantes  em  processos  fisiopatológicos  como  a  inflamação,  fibrose,  hipertrofia
e apoptose.  Níveis  mais  elevados  de  angiotensina  II  nos  pulmões  explicariam  a  síndrome  de  insu-
ficiência respiratória  aguda  como  síndrome  primária.  A  maioria  das  alterações  de  parâmetros
e outras  manifestações  clínicas,  tais  como  o  aumento  dos  níveis  de  interleucinas,  a  inflamação
endotelial,  a  hipercoagulabilidade,  a  miocardite,  a  disgeusia,  as  neuropatias  inflamatórias,  as
convulsões  epiléticas  e  os  distúrbios  da  memória,  pode  ser  explicada  por  níveis  excessivos  de
angiotensina  II.

Várias  meta-análises  demonstraram  que  o  uso  prévio  de  inibidores  da  enzima  conversora
da angiotensina  (IECAs)  ou  antagonistas  dos  recetores  da  angiotensina  (ARAs)  está  associado
a um  melhor  prognóstico  para  a  Covid-19.  Deste  modo,  ensaios  pragmáticos  para  avaliar  os
potenciais  benefícios  terapêuticos  dos  inibidores  do  sistema  renina-angiotensina-aldosterona
(SRAA)  deveriam  ser  promovidos  urgentemente  pelas  autoridades  de  saúde  para  se  diversificar
as opções  terapêuticas  para  a  Covid-19.
© 2023  Sociedade  Portuguesa  de  Cardiologia.  Publicado  por  Elsevier  España,  S.L.U.  Este é  um
artigo Open  Access  sob  uma  licença  CC  BY-NC-ND  (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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he  potential  relationship  between  the  renin-angiotensin-
ldosterone  system  (RAAS),  SARS-CoV-2  infection  and  its
linical  manifestation  (COVID-19)  have  been  the  subject  of
ontroversy  since  the  inception  of  the  pandemic.  A  letter
ublished  in  the  Lancet  Respiratory  Medicine  in  March  2020
uggested  that  patients  under  treatment  with  angiotensin
I  AT1  receptor  blockers  (ARBs)  or  angiotensin-converting
nzyme  inhibitors  (ACEIs)  would  present  an  increased  risk
f  severe  or  fatal  COVID-19.1 The  alarm  raised  by  this
ommentary  among  the  population  using  the  two  most
revalent  therapeutic  classes  for  the  treatment  of  hyper-
ension,  provoked  an  extraordinary  effort  from  researchers,
ealth  authorities  and  pharmaceutical  industry  to  restore
onfidence  in  these  therapeutic  classes  by  gathering  clinical
vidence  on  their  safety.  To  date,  more  than  60  meta-
nalyses  assessing  the  association  of  RAAS  inhibitors,  and
everal  COVID-19  outcomes  have  been  published.  These
eta-analyses  reported  no  association  with  increased  risk  of

ny  of  the  evaluated  outcomes,  including  risk  of  infection,

rogression  to  severe  prognostic,  hospitalization,  inten-
ive  care  unit  admission,  and  mortality.2---44 Four  of  the  23
eta-analyses  presenting  estimates  of  association  with  pro-

ression  to  severe  status  of  COVID-19  reported  a  preventive

a
l
m

37
ffect  of  prior  exposition  to  ACEIs/ARBs  (Table  1).  And,  more
mportantly,  16  of  the  41  meta-analyses  reporting  the  effect
f  prior  ACEIs/ARBs  use  on  mortality  demonstrated  a  posi-
ive  effect  of  these  RAAS  inhibitors.33 The  evidence  appears
o  support  the  urgent  position  statement  released  by  the
uropean  Society  of  Cardiology  (ESC)  as  a  response  to  the
ommentary  of  Fang  et  al.,  indicating  that  there  was  no
cientific  evidence  supporting  the  discontinuation  of  anti-
ypertensive  medication  with  ARBs  or  ACEIs  in  patients  with
OVID-19.45 Moreover,  a recent  cohort  study  further  showed
hat  withdrawal  of  RAAS  inhibitors  at  hospital  admission
ncreased  acute  respiratory  distress  syndrome  (ARDS)/acute
ung  injury  (adjusted  odds  ratio  (OR)  4.54,  95%  confidence
nterval  (CI)  1.53---13.44)  in  patients  with  COVID-19.46 The
nitial  unfounded  alarm  may  have  prevented  researchers
nd  healthcare  administrations  from  further  exploring  the
hallenge  outlined  in  the  ESC  position  statement  about
he  potential  benefits  of  these  drugs  on  patients  with
OVID-19.

The  aim  of  this  review  was  to  integrate  knowledge
athered  on  the  clinical  manifestations  of  COVID-19  with
revious  knowledge  of  the  pathophysiology  of  the  coron-

virus  infection  process.  In  addition,  to  consider  the  lessons
earned  from  the  failure  of  theoretically  promising  treat-
ents  such  as  hydroxychloroquine  or  remdesivir,  and  the
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Table  1  Association  of  ACEI/ARB  use  and  the  severity  or  mortality  of  COVID-19  as  reported  in  meta-analysis  published  until
31-jan-2021.

Author  Online  publication  Search  update  Severe  disease  Mortality

Zhang  X2 15-05-20  09-05-20  OR=0.98  [95%  CI  0.87:  1.09]  OR=0.73  [95%  CI  0.5:  1.07]
Guo X3 27-05-20  13-05-20  OR=0.71  [95%  CI  0.46:  1.08]  OR=0.57  [95%  CI  0.38:  0.84]
Usman MS4 02-06-20  01-05-20  OR=0.74  [95%  CI  0.34:  1.58]
Gao C5 04-06-20  25-04-20  RR=0.65  [95%  CI  0.45:  0.94]
Grover A6 15-06-20  01-05-20  OR=0.81  [95%  CI:  0.41---1.58]
Pranata R7 27-06-20  14-06-20  OR=0.73  [95%  CI  0.38:  1.40]
Flacco ME8 01-07-20  11-05-20  OR=0.88  [95%  CI  0.68:  1.14]
Greco A9 16-07-20  07-06-20  OR=0.88  [95%  CI  0.60:  1.31]  OR=0.95  [95%  CI  0.57:  1.58]
Liu X10 05-08-20  01-05-20  OR=0.75  [95%  CI:  0.59---0.96] OR=0.52  [95%  CI:  0.35---0.79]
Megaly M11 17-08-20  01-05-20  OR=0.75  [95%  CI  0.36:  1.57]
Baral R12 24-08-20  17-05-20  OR=0.664  [95%  CI  0.458:  0.964]
Caldeira D13 27-08-20  08-06-20  OR=0.90  [95%  CI  0.74:  1.11]  OR=0.91  [95%  CI  0.74:  1.11]
de Almeida-Pititto  B14 31-08-20  06-05-20  OR=0.76  [95%  CI  0.39:  1.49]
Patoulias  D15 10-09-20  19-05-20  OR=0.86  [95%  CI  0.64:  1.16]  OR=1.06  [95%  CI  0.63:  1.43]
Hasan SS16 12-09-20  31-08-20  OR=0.91  [95%  CI  0.75:  1.10]  OR=0.73  [95%  CI  0.56---0.95]
Lo KB17 05-10-20  30-06-20  OR=0.94  [95%  CI  0.59:  1.50]  OR=1.29  [95%  CI  0.89:  1.87]
Kurdi A18 20-10-20  22-05-20  OR=0.78  [95%  CI  0.53:  1.15]  OR=0.97  [95%  CI  0.75:  1.27]
Xu J19 20-10-20  18-07-20  OR=0.95  [95%  CI  0.73:  1.24]  OR=0.87  [95%  CI  0.66:  1.04]
Kerneis M20 22-10-20  01-07-20  OR=1.00  [95%  CI  0.69:  1.45]
Wang Y21 23-10-20  12-10-20  OR=0.624  [95%  CI  0.457:  0.852]
Ren L22 02-11-20  13-07-20  OR=0.81  [95%  CI  0.66:  0.99]  OR=0.77  [95%  CI  0.66:  0.91]
Ssentongo AE23 05-11-20  01-09-20  RR=0.65  [95%  CI  0.45:  0.94]
Kashour T24 10-11-20  18-06-20  RR=0.63  [95%  CI  0.42:  0.94]
Chu C25 20-11-20  07-09-20  OR=0.76  [95%  CI  0.59:  0.99]
Zhang G26 24-11-20  30-10-20  OR=0.65  [95%  CI  0.46:  0.85]
Cai XJ27 30-11-20  30-05-20  OR=1.06  [95%  CI  0.75:  1.50]
Lee MMY28 18-12-20  12-08-20  OR=0.75  [95%  CI  0.61:  0.92]
Lee HW29 27-01-21  04-05-20  OR=0.68  [95%  CI  0.44:  1.07]  OR=0.52  [95%  CI  0.37:  0.72]
Alamer AA30 28-Jan-21  4-Jul-20  OR=0.86  [95%  CI  0.68:  1.08]
Laurentius A31 5-Feb-21  May-20  HR=0.55  [95%  CI  0.34:  0.90]
Hassib M32 4-Feb-21  09-Jun-20  OR=1.30  [95%  CI  0.87:  1.94]  OR=0.99  [95%  CI  0.48:  2.04]
Baral R33 1-Mar-21  1-Sep-20  OR=0.68  [95%  CI  0.53:  0.88]  OR=0.57  [95%  CI  0.43:  0.76]
Biswas M34 3-Mar-21  31-May-20  RR=1.29  [95%  CI  0.81:  2.04]  RR=0.89  [95%  CI  0.64:  1.23]
Lee T35 6-Apr-21  19-Aug-20  OR=0.87  [95%  CI  0.71:  1.08]
Ma Z36 22-Apr-21  15-Aug-20  OR=0.90  [95%  CI  0.55:  1.47]  OR=1.43  [95%  CI  0.97:  2.10]
Dai XC37 26-Apr-21  20-Jun-20  OR=0.95  [95%  CI  0.88:  1.02] OR=0.87  [95%  CI  0.75:  1.00]
Aparisi A38 6-May-21  Nov-20  OR=0.60  [95%  CI  0.42:  0.84]
Kaur U39 14-May-21  9-Jul-20  OR=1.08  [95%  CI  0.79:  1.46]  OR=0.91  [95%  CI  0.65:  1.26]
Kow CS40 20-May-21  14-Mar-21  OR=0.84  [95%  CI  0.47:  1.50]
Sattar Y41 28-Jun-21  14-Nov-20  OR=1.04  [95%  CI  0.97:  1.11]  OR=1.07  [95%  CI  0.99:  1.15]
Asiimwe IG42 7-Jul-21  1-Nov-20  OR=1.05  [95%  CI  0.81:  1.38]  OR=0.93  [95%  CI  0.70:  1.24]
Jia N43 28-Jul-21  21-Jun-20  OR=1.07  [95%  CI  0.76:  1.50]
Fernando ME44 7-Sep-21  19-Jun-20  RR=1.23  [95%  CI  1.06:  1.42]  RR=1.18  [95%  CI  0.92:  1.50]
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Bold represents protective effect of ACEI/ARB use. Italics represe
ratio; OR: odds ratio; RR: relative risk.

ubstantial  scientific  evidence  that  is  emerging  in  the  litera-
ure.  This  knowledge  integration  has  to  be  done  by  starting
ith  a  more  detailed  insight  into  the  infection  mechanism

t  a  cellular  level,  which  should  serve  as  foundations  for
he  search  for  more  efficacious  pharmacological  treatments
or  COVID-19  or  other  diseases  produced  by  viruses  with  a
imilar  internalization  system.
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rmful effect of ACEI/ARB use. CI: confidence interval; HR: hazard

During  the  first  two  years  of  COVID-19,  many  pharma-
ologic  strategies  were  focused  on  the  disease  as  a  direct
onsequence  of  the  virus  replication  and  paid  less  atten-

ion  to  the  consequences  of  angiotensin-converting  enzyme

 (ACE2)  internalization,  the  SARS-CoV-2  receptor.  The  loss
f  ACE2  function  at  the  membrane  may  not  only  be  the  ori-
in  of  many  of  COVID-19  symptoms,  but  may  also  reduce  the

5
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Figure  1  The  main  players  of  the  renin-angiotensin  system  that  may  be  disturbed  in  COVID-19.  Schematic  representation  of  the
steps that  may  be  relevant  in  the  lungs,  the  major  organ  for  the  conversion  of  plasma  angiotensin  I  into  angiotensin  II.  Although
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CE2 may  also  participate  in  the  metabolism  of  des-(Arg)-brady
CE2 makes  its  putative  contribution  less  relevant.

apacity  of  COVID-19  vaccines  to  provide  long-term  protec-
ion.

ngiotensin-converting enzyme: not just a
eceptor

ngiotensin-converting  enzyme  has  been  identified  as  the
eceptor  for  SARS-CoV-2  internalization.47,48 This  role  of
CE2  is  not  exclusive  to  the  SARS-CoV-2  virus,  as  it  also
unctions  as  a  receptor  for  other  coronaviruses  such  as
ARS-CoV-1  or  NL63.49,50 The  affinity  of  coronaviruses  for
CE2,  which  reflects  the  amount  of  virus  needed  to  mobilize
he  same  amount  of  ACE2,  is  different  among  these  three
iruses.  SARS-CoV-1  has  higher  affinity  than  NL63  but  lower
han  SARS-CoV-2.50,51 This  affinity  ranking  for  ACE2  corre-
ates  with  the  severity  of  the  clinical  manifestations  of  the
iruses  and  their  transmission  capacity.  An  infection  with
L63  only  produces  severe  manifestations  in  immunocom-
romised  patients.  However,  infection  by  SARS-CoV-1  caused
n  epidemic  responsible  for  about  800  deaths,  whereas
ARS-CoV-2  is  responsible  for  a  pandemic  with  more  than
ve  million  deaths  to  date.52

The  role  of  ACE2  as  a  receptor  for  virus  internalization
s  accessory  to  its  physiological  functions.  The  main  physio-

ogical  role  of  ACE2  is  related  to  the  regulation  of  the  RAAS,
reventing  the  excess  of  angiotensin  II.53 ACE2  exerts  this
ounter-regulative  effect  in  two  different  ways:  (i)  through
he  metabolization  of  angiotensin  I  into  angiotensin  (1---9),
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,  its  lower  concentration  in  the  lungs  and  the  lower  affinity  to

hich  removes  substrate  from  the  ACE1  pathway,  with  a
onsequent  reduction  of  angiotensin  II  production;  and  (ii)
hrough  the  metabolization  of  angiotensin  II into  angiotensin
1---7)  (Figure  1).  Consequently,  ACE2  presents  two  simul-
aneous  and  synergic  effects:  reduced  angiotensin  II  and
ncreased  angiotensin  (1---7),  which  presents  opposite  effects
o  those  mediated  by  angiotensin  II.54 The  activity  of  ACE2
o  metabolize  angiotensin  II  is  about  400  times  higher  than
ts  activity  to  metabolize  angiotensin  I.55 This  means  that
he  pathway  that  converts  angiotensin  II  into  angiotensin
1---7)  is  more  relevant  as  a  counter-regulative  mechanism
han  the  metabolism  of  angiotensin  I  into  angiotensin  (1---9).
egardless  of  the  relative  importance  of  the  two  metabolic
athways,  the  loss  of  function  of  ACE2  results  in  increased
evels  of  angiotensin  II  as  a  consequence  of  the  inhibition  of
oth  pathways  (Figure  2).

The  mechanisms  of  interaction  between  SARS-CoV-2  and
CE2  are  known.  It  depends  on  the  binding  of  the  protein

 of  the  viral  capsule  and  ACE2.  The  affinity  of  protein  S
or  ACE2  is  increased  by  the  action  of  the  serine  protease
MPRSS2,  which  cleaves  protein  S  and  exposes  a  residue
ith  greater  affinity  for  ACE2.56 This  mechanism  is  simi-

ar  to  that  previously  described  for  SARS-CoV-1  and  seems
o  be  crucial  for  the  viral  tropism  and  pathogenesis.57 The
imilarities  in  the  interaction  and  internalization  processes

etween  SARS-CoV-2  and  SARS-CoV-1  or  NL63  enable  us  to
se  studies  conducted  over  many  years  with  these  two  coro-
aviruses  to  understand  better  the  sequence  of  events  after
he  virus  binds  to  ACE2.
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Figure  2  Disturbance  of  the  balance  angiotensin  II/angiotensin  (1---7)  caused  by  the  SARS-CoV-2  virus  as  a  potential  mechanism
for inducing  the  clinical  manifestations  of  COVID-19.
In the  absence  of  the  virus  (A)  the  AT1-receptor  (AT1R)  mediated  effects  of  angiotensin  II  are  counter  balanced  by  the  effects  of
angiotensin (1---7)  formed  by  the  action  of  ACE2.  In  the  presence  of  SARS-CoV-2  (B),  ACE2  is  internalized  along  with  virus  and  its
absence from  the  cytoplasmic  membrane  causes  a  loss  of  its  metabolic  function,  the  consequent  accumulation  of  angiotensin  II  and
an exacerbation  of  the  AT1R  mediated  effects.  This  imbalance  occurs  more  markedly  in  the  lungs,  the  major  organ  where  plasma
a ased
r us.
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ngiotensin II  is  formed.  The  formed  angiotensin  II  will  be  rele
esponse even  if  there  has  been  no  systemic  exposure  to  the  vir

The  formation  of  the  complex  virus-ACE2  triggers  an
nternalization  process.58 This  process  does  not  only  facil-
tate  the  diffusion  of  the  virus  across  the  cellular  membrane
ut  also  encompasses  a  more  complex  five-step  mechanism:
i)  the  development  of  an  endocytic  vesicle,  (ii)  followed
y  the  creation  of  an  endosome,  (iii)  its  transport  by  inter-
cting  with  the  microtubule  network,  (iv)  the  placement  of
he  endosome  in  the  cytoplasmic  compartment,  and  (v)  the
elease  of  the  endosomal  content.  During  this  process  the
ndosome  content  is  exposed  to  lysosomal  enzymes  (cre-
ting  endolysosome),  which  metabolize  the  viral  proteins
n  a  process  that  requires  endosome  acidification.  The  fate
f  ACE2  is  unknown.  It  can  be  spared  from  degradation
nd  return  to  the  membrane  to  resume  its  physiologi-
al  functions  or  it  can  be  degraded  and  the  physiological
unctions  can  only  be  restored  by  de  novo  synthesized  pro-
eins.  The  internalization  of  ACE2/virus  complexes  has  been
emonstrated  for  NL63,  SARS-CoV-1  and  more  recently  for
ARS-CoV-2.58---61

Temporary  ACE2  loss  from  the  cellular  membrane  caused
y  the  coronavirus  internalization  process  will  disrupt
ngiotensin  II  metabolism.  In  SARS-CoV-1,  ACE2  ‘‘absence’’
rom  the  membrane  can  occur  for  several  hours.58 It  is
hought  that  the  time  ACE2  stays  inside  the  cell  is  associ-
ted  with  the  affinity  of  different  coronaviruses  for  ACE2.
his  suggests  that  the  ACE2/SARS-CoV-2  complex  can  remain

nside  the  cell  longer  than  the  ACE2/SARS-CoV-1  complex
nd,  therefore,  produce  more  severe  clinical  manifestations
ith  similar  viral  loads.  Clinical  manifestations  of  SARS-CoV-

 infection  vary  depending  on  the  viral  load  affecting  the
ifferent  organs.
Angiotensin  II  can  be  produced  almost  ubiquitously,
ut  lungs  are  the  main  organ  where  the  conversion  of
ngiotensin  I  into  angiotensin  II  occurs.62 Therefore,  lungs
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 into  the  circulation  and  may  cause  a  systemic  inflammatory

re  the  organ  that  suffers  more  drastic  consequences  of
he  removal  of  ACE2  from  the  cellular  membrane.  Symp-
om  variability  in  infected  individuals  (which  varies  from  the
bsence  of  symptoms  to  acute  respiratory  failure)  could  be
ssociated  with  the  viral  load  that  reaches  the  lungs  and
ampers  their  ability  to  manage  an  excess  of  angiotensin
I.  Therefore,  an  alternative  pathogenic  model  for  COVID-19
s  proposed  in  which  the  severity  of  clinical  manifestations
ay  be  more  dependent  on  the  accumulation  of  angiotensin

I  than  on  overall  viral  load.

nsuccessful therapeutic attempts

ince  the  emergence  of  COVID-19,  several  drugs  have  been
roposed  to  treat  the  condition  and  reduce  the  replication
f  the  SARS-CoV-2  in  infected  patients.  Hydroxychloroquine
as  one  of  these  drugs,  supported  by  the  rationale  that

he  clinical  manifestations  of  COVID-19  were  mainly  depen-
ent  on  the  viral  load  and,  therefore,  the  inhibition  of
irus  replication  would  reduce  these  clinical  manifesta-
ions.  Similar  to  chloroquine,  hydroxychloroquine  is  part  of
he  lysosomotropic  group  of  drugs.63 These  drugs  present
igh  affinity  for  the  acidified  endolysosome,  inhibiting  the
ction  of  viral  protein  metabolizing  enzymes  increasing  the
iral  retention  within  the  endolysosome.  The  expected  out-
ome  of  hydroxychloroquine  was  to  block  the  access  of
he  virus  to  the  cell  replication  machinery.  This  hypothesis
as  originally  confirmed  with  hydroxychloroquine  inhibiting
ARS-CoV-2  replication  in  vitro.64 Later  clinical  trials  showed
hat  hydroxychloroquine  was  not  effective  at  improving  clin-

cal  manifestations  of  COVID-19  in  outpatient  patients  or
fter  hospital  admission.65,66

Remdesivir  is  an  inhibitor  of  RNA-dependent  RNA  poly-
erase  (RdRp),  one  of  the  proteins  of  the  SARS-CoV-2  viral
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tem,  in  particular  the  heart.  The  inflammatory  effects  of
J.  Gonçalves,  C.D.  

eplication  complex.67 The  antiviral  activity  of  remdesivir
as  explored  in  recent  viral  outbreaks  (Ebola,  MERS-CoV
nd  SARS-CoV-2).68---70 The  efficacy  of  remdesivir  in  inhibit-
ng  SARS-CoV-2  replication  was  demonstrated  in  cell  culture
n  vitro  assays,  showing  that  remdesivir  was  as  potent  as
opinavir  in  inhibiting  SARS-CoV-2  replication,  but  more
otent  than  flavipiravir,  galidesivir,  ritonavir,  oseltamivir,
nd  baloxivir.71 Lopinavir  failed  to  demonstrate  clinical  ben-
fits  in  COVID-19.72 Despite  the  promising  in  vitro  results,
emdesivir  showed  only  marginal  clinical  benefits  in  patients
ith  COVID-19.73---76 A  living  systematic  review  first  per-

ormed  in  August  2020  by  the  American  College  of  Physicians
eported  significant  improvements  in  recovery  rate  and  mor-
ality,  but  not  in  hospital  length  of  stay.  While  the  review
pdate  performed  in  December  2020  reported  no  reduction
n  mortality  but  a  small  reduction  in  the  need  for  mechanical
entilation.77,78 Poor  correlation  between  in  vitro  antiviral
ctivity  against  SARS-CoV-2  and  clinical  efficacy  in  COVID-19
atients  was  also  observed  for  other  antiviral  drugs.79

The  dissociation  between  antiviral  effects  on  SARS-CoV-2
nd  clinical  effects  on  COVID-19  was  also  confirmed  by  the
tudies  aiming  to  repurpose  other  drugs  as  COVID-19  thera-
eutic  options,  such  as  in  the  case  of  ivermectin.  Ivermectin
nhibited  the  replication  of  SARS-CoV-2  with  concentrations
eeded  to  inhibit  replication  (IC50)  in  the  micromolar  range
between  2.2  and  2.8  �M).80 These  concentrations  are  much
igher  than  the  peak  plasmatic  levels  that  can  be  achieved
ith  the  doses  used  in  the  clinical  study  that  reported
linical  effect  of  ivermectin  in  hospitalized  patients  with
OVID-19.81

More  recently,  the  UK  and  U.S.  drug  regulatory  agen-
ies  issued  emergency  use  authorizations  for  molnupiravir
nd  nirmatrelvir/ritonavir,  two  antiviral  drugs  with  the
dvantage  of  having  oral  bioavailability.  However,  the  real
herapeutic  potential  of  these  drugs  is  far  from  being
efined.  Molnupiravir  is  an  RdRp  inhibitor,  developed  as  anti-
nfluenza  drug,82 shown  to  markedly  reduce  replication  of
ARS-CoV-2  variants  in  different  experimental  models.83---86

till,  available  evidence  of  molnupiravir’s  clinical  benefits
s  limited.  In  the  clinical  trial  available  to  date  (a  phase  3
linical  study  sponsored  by  the  proprietary  company),  mol-
upiravir  reduced  the  need  of  hospitalization  and  deaths  to
.8%  compared  with  9.7%  in  the  placebo  group.  This  pro-
uced  a  treatment  difference  CI  very  close  to  the  null  effect
no  differences).87 Additionally,  molnupiravir  showed  no  dif-
erence  from  placebo  at  WHO  Clinical  Progression  Scale
t  day  29  (OR=1.04;  95%  CI  0.84,  1.29),  no  difference  in
ncidence  of  hospitalization  or  death  at  day  29  for  the  major-
ty  of  the  subgroups,  no  difference  in  time  to  sustained
mprovement  or  resolution  of  self-reported  COVID-19  for
he  majority  of  the  signs/symptoms,  and  also  no  difference
n  the  time  to  progression  of  any  self-reported  COVID-19
ign/symptom  through  day  29.87 A  co-packaged  association
f  nirmatrelvir/ritonavir  (PaxlovidTM)  is  the  newest  antivi-
al  candidate  against  SARS-CoV-2.  Nirmatrelvir  is  a  3C-like
rotease  (3CLpro)  inhibitor  that  undergoes  a  marked  first-
ass  metabolism  by  CYP450,  the  reason  why  the  company
ecided  to  associate  ritonavir.88 The  company  is  claiming  in
 press  release  that  this  association  is  89%  effective  at  redu-
ing  the  need  of  hospitalization  and  number  of  deaths89 but
his  information  was  not  independently  validated  nor  has
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t  been  reproduced.  However,  some  doubts  remain  about
he  mechanisms  of  action  involved.  Nirmatrelvir  was  shown
o  inhibit  3CLpro  in  concentrations  much  lower  than  those
eached  during  its  clinical  use,  raising  the  possibility  that
irmatrelvir  may  also  be  acting  in  host  proteases  that  par-
icipate  in  viral  infection,  similar  to  other  virus  protease
nhibitors.90,91 Additionally,  ritonavir  may  also  contribute
o  the  therapeutic  effect  not  only  by  inhibiting  CYP450
nzymes  but  also  by  inhibiting  TMPRSS2,92 a  host  protease
rucial  for  SARS-CoV-2  infection.56 Whatever  the  clinical
enefits  future  studies  may  confirm  for  these  drugs  in  COVID-
9,  the  results  obtained  so  far  indicate  that  any  potential
herapeutic  benefit  in  reducing  clinical  manifestations  of
OVID-19  requires  their  administration  in  a  narrow  time
rame,  at  the  very  beginning  of  the  infection  course.

The  fact  that  these  drugs  that  have  proved  to  inhibit
ARS-CoV-2  in  vitro  but  were  not  able  to  prevent  all  clin-
cal  manifestations  of  COVID-19  suggests  that  pathogenesis
f  the  disease  may  not  have  been  properly  established.

ngiotensin II as a suspect

he  hypothesis  of  angiotensin  II  being  a  determinant  for  the
linical  manifestations  of  SARS-CoV-2  infection  is  supported
y  three  lines  of  evidence:  (i)  the  limited  efficacy  of  avail-
ble  viral  replication  inhibitors;  (ii)  the  experience  gathered
ith  severe  acute  respiratory  syndrome  (SARS)  and  (iii)  the

imilarities  between  the  clinical  manifestations  of  COVID-19
nd  those  expected  from  the  exposure  to  increased  levels
f  angiotensin  II.

SARS  was  the  clinical  manifestation  of  an  epidemic
aused  by  the  SARS-CoV-1  that  mainly  affected  China,  Sin-
apore  and  Canada  during  2002  and  2003.93 Several  studies
ere  conducted  during  the  SARS  emergency  to  clarify  its
athogenesis,  and  the  role  of  ACE2  in  the  internalization
f  SARS-CoV-1  and  its  subsequent  involvement  in  the  ori-
in  of  the  acute  respiratory  insufficiency.  At  that  time,  the
otential  role  of  RAAS  inhibition  was  already  being  proposed
s  a possibility  for  treating/preventing  SARS.94 The  end  of
he  SARS  epidemic  precluded  further  studies  to  confirm  this
ypothesis.

COVID-19  is  a  complex  syndrome  with  multiple  clinical
anifestations  coincident  with  that  expected  in  response

o  exposure  to  angiotensin  II  excess.
Acute  respiratory  distress  syndrome  is  probably  the  most

evere  of  the  COVID-19  clinical  manifestations.  Patients
ith  ARDS  suffer  from  hypoxia  caused  by  alterations  in  pul-
onary  perfusion  with  hypoxia  associated  with  pulmonary

asoconstriction  and  endothelial  inflammation,  both  compa-
ible  with  RAAS  deregulation.95---97 These  effects  are  in  line
ith  the  well-known  vasoconstrictive  effect  of  angiotensin

I  on  pulmonary  circulation  but  also  with  the  recognized
ulmonary  pro-inflammatory  effects  resulting  from  a  dys-
egulation  of  the  balance  between  angiotensin  II  and  ACE2
unction.98---100

Increased  angiotensin  II  production  in  the  lungs  can
ffect  organs  situated  downstream  in  the  circulatory  sys-
ngiotensin  II,  and  not  the  viral  load,  could  be  the  origin  of
he  myocarditis  described  in  COVID-19  patients.101---103 This
ypothesis  is  reinforced  by  the  fact  that  in  fatal  cardiac
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OVID-19  cases,  no  evidence  was  found  of  the  presence  of
iruses  in  the  heart.104

Coagulation  changes  are  also  among  the  main  causes  of
OVID-19-associated  morbidity  and  mortality.105 Hyperco-
gulation  is  also  compatible  with  RAAS  over-activation  as
ngiotensin  II  can  stimulate  coagulation  either  by  increas-
ng  the  expression  of  coagulation  factors  or  by  stimulating
latelet  aggregation.106---108

The  most  severe  clinical  manifestations  of  COVID-19  are
ccompanied  by  changes  in  cytokine  levels,  particularly  IL-
,  IL-8  and  TNF-alpha,  which  were  compared  to  cytokine
torm.109 These  interleukins  are  considered  inducers  of  the
nflammatory  response  observed  in  COVID-19.  IL-6  has  been
iven  special  emphasis  not  only  for  its  potential  role  in
nducing  inflammation,  but  also  for  its  ability  to  cause  a  lym-
hopenia  that  precludes  an  effective  immunologic  response
o  the  virus.110,111 Increased  levels  of  interleukins  have
teered  the  use  of  anti-cytokine  treatments,  mainly  IL-6
ntagonists,  to  reduce  the  effects  of  the  cytokine  storm
ssociated  to  severe  COVID-19.112 However,  it  might  be
mportant  to  bear  in  mind  that  angiotensin  II  can  induce
he  release  of  any  of  these  interleukins  and  that  the  clinical
se  of  angiotensin  receptor  blockers  (ARBs)  reduces  plasma
evels  of  IL-6.10,113

The  coincidence  between  the  clinical  manifestations
f  COVID-19  and  the  expected  effects  of  angiotensin  II

-- aldosterone  over-activation  can  also  be  found  in  other
anifestations  like  dysgeusia,  the  risk  of  inflammatory  neu-

opathies,  epileptic  seizures  and  memory  disorders.114---121

ven  less  frequent  COVID-19  manifestations  such  as
awasaki-like  syndrome  may  also  be  related  to  angiotensin

I;  one  of  the  genes  known  to  be  altered  in  patients  with
awasaki  syndrome  is  that  of  ACE.122 Exposure  to  SARS-CoV-

 in  individuals  who  have  this  ACE  polymorphism  can  create
 combination  of  effects  that  increase  angiotensin  II  levels,
 higher  conversion  rate  of  angiotensin  I  into  angiotensin  II,
nd  a  lower  metabolism  of  angiotensin  II.

The  cumulative  knowledge  gathered  from  these  mecha-
istic  bases  for  all  the  clinical  manifestations  of  COVID-19
oints  to  a  more  than  plausible  influence  of  RAAS  dysreg-
lation,  with  an  excessive  activation  of  AT1 receptors,  as
he  main  pathogenic  mechanism  of  this  syndrome.  Addition-
lly,  the  observation  that  COVID-19  patients  present  higher
evels  of  plasma  angiotensin  II  confirmed  that  the  physiolog-
cal  mechanisms  to  control  angiotensin  II  levels  are  impaired
uring  the  SARS-CoV-2  infection.123

he challenge of clinical translation

he  initial  unfounded  alert  about  the  risk  of  using  RAAS
nhibitors  was  more  than  sufficiently  rejected  by  the  evi-
ence  produced  in  the  meta-analyses  shown  in  Table  1.
rimary  studies  included  in  these  meta-analyses  evaluated
he  use  of  ACEI/ARBs  prior  to  the  SARS-CoV-2  infection,  and
he  meta-analyses  aimed  to  assess  the  potentially  increased
isks  of  their  use  in  COVID-19  patients,  and  not  their  use  as

herapeutic  agents  in  this  condition.  However,  the  results  of
everal  of  these  meta-analyses  demonstrated  a  protective
ffect  of  the  previous  use  of  RAAS  inhibitors,  even  used  at
ntihypertensive  doses,  in  COVID-19  clinical  manifestations.
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Several  clinical  studies  are  now  registered  in  Clinical-
rials.org  aiming  to  evaluate  the  hypothesis  that  RAAS
nhibition  can  be  efficacious  in  reducing  inflammatory  mark-
rs  and  clinical  manifestations  of  COVID-19.  Few  of  these
rials  [e.g.,  NCT04606563;  NCT04355936;  NCT04335786]  aim
o  evaluate  the  effect  of  higher  doses  than  those  used  as
ntihypertensives  and  include  only  patients  after  hospital
dmission.  NCT04355936  included  158  patients  (78  in  the
elmisartan  group  and  80  in  the  control  group),  admitted
nto  hospital  in  less  than  five  days  after  the  onset  of  symp-
oms  and  with  no  need  for  intensive  care  admission,  before
andomization.  The  results  showed  that  the  administration
f  telmisartan  160  mg/day  achieved  a  significant  reduction
n  C-reactive  protein  both  at  day  five  and  day  eight.  More
mportantly,  it  caused  a  significant  reduction  in  hospital
ength  of  stay  (from  15  days  in  control  group  to  nine  days
n  the  telmisartan  group)  and  reduced  mortality  at  day  30
4.3%  in  telmisartan  group  and  22.5%  in  control  group).124

Although  these  preliminary  results  help  to  confirm  the
ypothesis  that  therapeutic  RAAS  inhibition  may  produce
ignificant  benefits  in  COVID-19  patients,  additional  efforts
eed  to  be  made.  An  early  initiation  of  ARB  treatment,
oon  after  confirmation  of  infection  and  even  in  the  absence
f  symptoms,  could  reduce  the  consequences  of  excessive
ngiotensin  II  exposure  and  avoid  not  only  hospitalizations,
ut  also  mild  symptoms  when  future  the  consequences  are
ot  yet  foreseen.

There  is  no  doubt  that  randomized  controlled  trials
nd,  ultimately,  systematic  reviews  are  the  milestones  that
hould  guide  evidence-based  medical  practice,  including  the
se  of  RAAS  inhibitors  in  COVID-19.  However,  the  global
mergency  resulting  from  the  successive  waves  of  SARS-
oV-2  infections,  together  with  the  emergence  of  virus
ariants  with  uncertain  effects  on  vaccine  effectiveness,
ight  remind  regulatory  bodies  to  consider  more  pragmatic

tudy  designs  to  evaluate  pharmacological  alternatives,  such
s  RAAS  inhibitors.  These  drugs,  now  at  low  cost  after  the
atent  expired,  present  vast  clinical  experience  that  con-
rms  their  safety  profile.  However,  the  patent  expired  status
educes  pharmaceutical  industry’s  interest  in  funding  com-
lex  and  expensive  studies  commonly  used  to  evaluate  new
ndications  for  old  drugs.

A  shortsighted  vision  of  the  concept  of  evidence-based
edicine  during  a  global  emergency  like  the  COVID-19  pan-
emic  may  delay  the  implementation  of  solutions  and  cost
any  lives.  Evidence  is  much  more  than  introducing  data

nto  a  computer  and  obtaining  pooled  effect  sizes.  In  fact,
his  simplistic  concept  led  to  an  enormous  proportion  of  use-
ess  articles  reporting  irrelevant  and  poor  meta-analyses.125

he  original  papers  in  the  genesis  of  the  evidence-based
edicine  concept  recognized  that  the  ‘‘clinically  relevant

esearch’’  that  supports  evidence,  often  comes  from  the
‘basic  sciences  of  medicine’’.126 In  global  emergency  situa-
ions,  it  is  important  to  recall  the  third  principle  of  evidence:
‘evidence  never  determines  decisions;  it  is  always  in  the
ontext  of  values  and  preferences’’.127 This  might  be  the
eason  why  the  World  Health  Organization,  when  promot-
ng  evidence-informed  policy-making,  affirms  that  ‘‘if  no

vidence  is  found,  the  alternative  measures  available  may
equire  consideration’’.128

In  summary,  the  current  knowledge  on  the  mechanism  of
ARS-CoV-2  infection,  the  marginal  benefits  of  treatments
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J.  Gonçalves,  C.D.  

ith  drugs  that  inhibit  viral  replication,  the  similarities
etween  the  clinical  manifestations  of  COVID-19  and  the
ffects  of  excessive  angiotensin  II  exposure  and  the  clin-
cal  evidence  that  drugs  that  inhibit  RAAS  improve  the
linical  manifestations  of  COVID-19  are  solid  scientific  argu-
ents  that  support  the  hypothesis  that  RAAS  inhibitor  drugs

an  have  an  effect  in  preventing  clinical  manifestations  of
OVID-19  if  administered  at  early  stages  of  the  infection
ith  SARS-CoV-2.  The  enormous  clinical  experience  obtained
fter  years  of  using  RAAS  inhibitors  gives  regulatory  bodies
he  opportunity  to  initiate  pragmatic  trials  aiming  to  test  the
otential  benefits  of  these  drugs  in  minimizing  the  clinical
anifestations  of  SAR-CoV-2  infection,  supported  not  only
y  mechanistic  considerations  but  also  by  meta-analyses  of
bservational  studies.
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