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ABSTRACT
This clinical review paper discusses the pathophysiology of the pulmonary and cardiovascular
manifestations of a SARS-CoV-2 infection and the ensuing implications on acute cardiovascular
care in patients presenting with a severe COVID-19 syndrome admitted to an intensive acute
cardiac care unit. The high prevalence of old age, obesity, diabetes, hypertension, heart failure,
and ischaemic heart disease in patients who develop a severe to critical COVID-19 syndrome
suggests shared pathophysiological mechanisms. Pre-existing endothelial dysfunction and an
impaired innate immune response promote the development by the viral infection of an acute
endothelialitis in the pulmonary microcirculation complicated by abnormal vasoconstrictor
responses, luminal plugging by inflammatory cells, and intravascular thrombosis. This endothe-
lialitis extends into the systemic circulation what may lead to acute myocardial injury, myocardi-
tis, and thromboembolic complications both in the arterial and venous circulation. Ever since
the first case reports from the city of Wuhan in China in December of 2019, coronavirus disease
2019 (COVID-19) caused by the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
continues as a raging pandemic causing significant morbidity and mortality [1]. In this paper we
provide a review of the epidemiological characteristics and the pathophysiology of SARS-CoV-2
infection, and formulate the hypothesis that endothelialitis may play a key role in the pathogen-
esis of the pulmonary and cardiovascular complications of COVID-19.
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Age and case fatality rate

Early reports of the outbreak of the COVID-19 pan-
demic in China showed that the severity of the condi-
tion and mortality increased exponentially above the
age of 60 years [2–4]. The epidemiological observa-
tions on the COVID-19 pandemic in Europe confirm
the importance of advanced age as a significant risk
factor for COVID-19 mortality [5–10] (Figure 1). In con-
trast to China, where only 20% of the deaths were
older than 80 years, octogenarians and nonagenarians
account in Europe for almost two-thirds of the mortal-
ity. Differences in the age pyramid and the more
prominent contribution of people over 80 years, can
probably explain the higher mortality rates in
Europe [11].

The case fatality rate is almost nonexistent in chil-
dren and very low in adults up to 50 years but rises
exponentially from 1.0% for patients aged 50 to

59 years to more than 20% for patients over 80 years.
Compared to China, the case fatality in patients
aged 80 years or older is markedly higher In Europe
(Figure 1). Statistics from the COVID-19 pandemic in
Europe [6,8] show that a high number of octo- and
nona-genarians were not admitted to a hospital in
case of COVID-19 suspicion, which may explain in part
the high case fatality rate in this age group.

Comorbidities

Epidemiological studies at the start of the COVID-19
pandemic in China reported a high prevalence of
arterial hypertension, diabetes, cardiovascular disease,
cerebrovascular disease, and chronic obstructive lung
disease among hospitalised individuals [4,12–15].
Meta-analyses of these first epidemiological reports
showed that these comorbidities were associated with
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a significantly higher risk for a more severe form of
COVID-19 infection and requiring intensive care treat-
ment [16,17].

The first report on the COVID-19 pandemic in Italy
confirmed that similar to the observations in China,
deaths occurred mainly among older, male patients
with multiple comorbidities [5]. Of the 27,955
deceased patients, 60% had three or more comorbid-
ities. Arterial hypertension (68%), diabetes mellitus
type II (31%), atrial fibrillation (22%), chronic renal fail-
ure (20%), and chronic obstructive lung disease (17%)
were the top 5 most prevalent comorbidities in the
fatal cases [18]. Reports from the pandemic in Spain
also reported a significantly higher prevalence of pre-
existing cardiovascular diseases (60% vs. 25%), dia-
betes (32% vs. 14%), and respiratory diseases (20% vs.
9%) in deceased patients than in survivors [6].

Observations from a large hospital in New York
show that obesity in patients under 60 is a significant
risk factor for COVID-19 hospital and critical care
admission: patients under 60 with a BMI between 30
and 34 were two times more likely, and patients with
a BMI �35 were 3.6 times more likely to be admitted
to critical care than patients with a BMI <30 [19].
Another report from a network of outpatient offices
and acute care hospitals in New York confirmed
advanced age (>75 years), BMI > 40, and heart failure
as the most potent independent risk factors for hospi-
talisation [20]. The recognition of obesity as an inde-
pendent risk factor is consistent with an earlier report
from China, showing that obesity, especially in men,
significantly increases the risk of developing severe

pneumonia due to COVID-19 [21]. A recent extensive
study based on the hospital records of a large number
of COVID-19 patients in the United Kingdom con-
firmed that obesity (as recognised by clinical staff) is
associated with in-hospital mortality after adjustment
for other comorbidities, age, and sex [22].

Most studies reporting on the predisposing role of
comorbidities on mortality in the COVID-19 pandemic
are small and based on hospital records. Several of
the identified risk factors correlate with age, but cor-
rection for age was not possible in many studies.
Recently, an extensive cohort study using primary care
electronic health record data of 17.5 million patients
linked to in-hospital COVID-19 mortality data showed
that death from COVID-19 was strongly associated
with male sex, older age and deprivation, obesity,
uncontrolled diabetes, severe asthma, and various
other prior medical conditions (chronic cardiovascular
diseases, chronic respiratory diseases, hematological
malignancies, among others) [23]. In contrast with ear-
lier studies, arterial hypertension was, after adjustment
for age, not an independent risk factor for COVID-19
hospital death. Hypertension is strongly associated
with increasing age, and therefore their relative contri-
bution to the COVID-19 mortality is difficult
to unravel.

Another population-wide study performed in
England using primary care electronic patient records
confirmed the importance of diabetes mellitus as a
risk factor for COVID-19 mortality independent of age,
ethnicity, deprivation, and cardiovascular comorbidities
[24]. In that study, patients with diabetes type 1

Figure 1. Mortality and case fatality rates due to COVID-19. Left: relative contribution of different age groups to the mortality
related to COVID-19 in China, Italy, Spain, the Netherlands (NL) and the UK. Right: case fatality rate for different age groups in
China, Italy, Spain, the Netherlands and England and Wales.
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had3.5 times, and patients with diabetes type 2 had
two times the risk for in-hospital death compared to
non-diabetic patients.

In summary, although advanced age (�80 years) is
the strongest predictor of mortality related to an
infection with COVID-19, there is extensive evidence
from reports on the COVID-19 pandemic that diabetes
mellitus and pre-existing cardiovascular diseases are
independent major risk factors for hospitalisation at
an ICU and mortality. Many of these comorbidities are
linked to obesity and the related impairment of meta-
bolic and cardiovascular physiology [25].

COVID-19 and the respiratory system:
morphological and ventilatory changes in
the lungs

Patients with COVID-19 pneumonia show significant
variability in clinical presentation with a broad and
time-related spectrum with at least two different phe-
notypes with distinct morphological and physiological
characteristics [26] (Figure 2), potentially related to the
duration and progression of pulmonary disease.

Although incompletely defined, it appears that ini-
tially pneumonic infiltrates are relatively small and
confined most often to subpleural segments.
Microscopic study shows in this phase, Infiltration of
alveolar walls by numerous lymphocytes and intersti-
tial edema, the typical lesions of a viral pneumonia

[27,28]. When requiring mechanical ventilation these
patients have near-normal pulmonary compliance, a
low ventilation-perfusion ratio with normal pulmonary
artery pressures, and low lung recruitability, requiring
low expiratory pressure [26]. The marked hypoxaemia
that patients with this L-phenotype may show may be
related to impaired regional pulmonary vasoreactivity
with loss of the normal hypoxic vasoconstrictor
response leading to an increased shunt fraction [26].
Further, a thrombotic micro-angiopathy [29,30] con-
tributes significantly to the pathophysiology of the
COVID-19 pulmonary infection: fibrin thrombi are pre-
sent both in capillaries and small arterioles; there also
is activation of megakaryocytes, possibly native to the
lung, with platelet aggregation and platelet-rich clot
formation, in addition to fibrin deposition [31,32].
Entrapment of neutrophils in fibrin nets may addition-
ally contribute to vascular obstruction.

Patients may transition from the L-phenotype to
the H-phenotype of COVID-19 pneumonia character-
ised by variable (heterogeneous) compliance, a high
right-to-left shunt, large confluent pulmonary infil-
trates, and potentially high lung recruitability [26],
more typical of ARDS. Histologic examination of
patients who died at this later stage shows acute
fibrinous and organising pneumonic lesions with
extensive intra-alveolar fibrin deposition, intraluminal
loose connective tissue formation in the alveolar
ducts, and bronchioles and moderate interstitial

Figure 2. COVID-19 and the lung: functional ventilatory phenotypes and clinical course. HFNC (high flow nasal canula); NIV (non-
invasive ventilation); IMV (invasive mechanical ventilation); ECMO (extracorporeal membrane oxygenation), PEEP (positive end-
expiratory pressure). Figure in part redrawn and adapted from [37].
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lymphocytic infiltrates [27]. There is a significant vas-
cular injury with cytoplasmic vacuolisation and detach-
ment of endothelial cells.

Several factors besides expansion of the viral pneu-
monia and its immune response may contribute to
the pathogenesis of the worsening respiratory failure.
The intravascular micro- and macro-thrombosis within
the pulmonary circulation will lead to increased dead-
space ventilation [33]. This, combined with increased
metabolic demand may result in a marked increase of
the respiratory drive during spontaneous breathing
increased rate and augmented transpulmonary pres-
sure and strain. The combination of high negative
inspiratory intrathoracic pressures and increased lung
permeability can exacerbate interstitial and pulmonary
edema leading to worsening of pulmonary infiltrates
and respiratory failure. The consequent in part patient
self inflicted lung injury that may occur during high-
flow oxygen therapy or non-invasive ventilation, may
be attenuated by intubation, potentially indicated
once deep negative swings in intra-esophageal pres-
sure are observed [34,35], but has to be balanced
against the risks of intubation and ventilation, as well
as ventilator-induced lung injury. At a later stage,
dense consolidation and progressive fibroproliferation
will result in decreased recruitability by positive end-
expiratory pressure (PEEP) ventilation or positioning of
the patient in a prone position [36].

The clinical course may follow three main patterns:
a hyper-acute course, with severe hypoxaemia and
dyspnoea necessitating immediate intubation; a more
indolent course with moderate or severe hypoxaemia
but with only moderate work of breathing and a
biphasic course, in which patients have an initial indo-
lent course followed after 5–7 days by an acute deteri-
oration with fever, and worsening respiratory failure
with consolidating bilateral infiltrates [37]. The under-
lying pathological, physiological and ventilatory char-
acteristics remain to be completely characterised, and
are clearly complex, heterogeneous and demand an
individualised approach to management.

COVID-19 and the cardiovascular system: the
role of angiotensin-converting enzyme 2 in
the renin-angiotensin system

The COVID-19 pandemic has led to a renewed interest
in angiotensin-converting enzyme 2 (ACE2), which –
besides being a counteractive regulator of the renin-
angiotensin system (RAS) – has an additional bio-
logical role: function as the receptor for cell entry by
coronaviruses [38,39]. Similar to SARS-COV1, the

coronavirus that caused the severe acute respiratory
syndrome (SARS) with whom it shows high genomic
identity, SARS-COV-2 uses the ACE2 cell membrane-
bound receptor for cell entry [40,41]. The vast majority
of the knowledge about the molecular pathways
involved in the cellular infection by SARS-CoV-2, as
will be discussed below, is based on experimental
studies using SARS-CoV1.

ACE2, a homolog of the angiotensin-converting
enzyme (ACE), was discovered 20 years ago [39,42].
This membrane-bound carboxypeptidase is universally
present in the cardiovascular system as well as in the
lung, intestine, and kidney. It hydrolyses angiotensin II
(Ang II) to angiotensin 1–7 (Ang 1–7), which has vaso-
dilator and cardioprotective effects through activation
of the MAS receptor, coded by the MAS1 gene (mito-
chondrial assembly 1) [43,44] (Figure 3). By hydrolys-
ing Ang II to Ang 1–7, ACE2 counterbalances the
vasoconstriction induced by activation of the ACE-Ang
II-angiotensin receptor 1 (AT1) axis of the RAS. In vari-
ous diseases where the ACE-Ang II-AT1 axis is acti-
vated, ACE2 may mitigate the detrimental effects of
Ang II [44]. As a consequence, impairment of the car-
dioprotective effects the ACE2-Ang [1-7]-MAS axis will
accelerate the disease-promoting actions of an acti-
vated ACE-Ang II-AT1 axis. Furthermore, excess of Ang
II in disease will further weaken the protective role of
ACE2 by activating disintegrin and metalloprotease 17
(ADAM17), an enzyme that leads to shedding of the
ectodomain of ACE2 from the cell membrane into the
circulation [45,46]. A high concentration of this soluble
ACE2 is a known marker of an unfavourable prognosis
in patients with cardiovascular disease [47].

ACE2 is also abundant in the lung alveolar epithe-
lial cells and the endothelial cells of the lung capilla-
ries [39]. Coronaviruses invade the cell after binding of
the viral spike glycoprotein to the ectodomain of
ACE2 [41,48–50] (Figure 4). Priming of the spike pro-
tein by transmembrane serine protease 2 (TMPRSS2), a
cell membrane-bound protease, is an essential first
step for cell entry by the virus [41]. Endocytosis of
ACE2 bound to the virus particle reduces the number
of ACE2 enzymes on the cell surface and thus weak-
ens ACE2-mediated tissue protection [49]. Several posi-
tive feedforward mechanisms reduce further ACE2
activity. For instance, virus uptake in the cell stimu-
lates activation of ADAM17 leading to shedding of
ACE2 [51]. ADAM17 also induces the release of cyto-
kines, which in turn activate other proteolytic enzymes
leading to further shedding of ACE2 from the cell
membrane. Due to all of these interlocking and mutu-
ally enhancing mechanisms, coronavirus infection in
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tissues progressively weakens the protective ACE2-Ang
[1-7]-MAS axis, thus shifting the balance towards the
ACE-Ang II-AT1 axis and its disease-promoting actions.
Indeed, Ang II acts not only as a vasoconstrictor but
also stimulates the production of pro-inflammatory
cytokines via AT1 [52,53]. The activation of ADAM17

by Ang II generates TNFa and soluble IL-6R, which
may lead to activation of the transcription factor
STAT3. Coronavirus infection may lead to the activa-
tion of Nuclear Factor kappa-light-chain-enhancer of
activated B cells (NF-kB) via pattern recognition recep-
tors (PRRs) [54]. The combined activation of NF-kB and

Figure 3. Role of ACE2 in the renin-angiotensin system (RAS). ACE2 balances the two axes of the RAS. Normal activity of ACE2
promotes the protective ACE2/Ang 1-7/Mas receptor axis and loss of ACE2 results in overactivity in the ACE/Ang II/AT1 receptor
axis causing a shift towards diseased states.

Figure 4. COVID-19 uses angiotensin-converting enzyme 2 (ACE2) and transmembrane serine protease 2 (TMPRSS2) as cell entry
receptors. Viral spike glycoprotein activated by TMPRSS2 interacts with cell surface ACE2 and both are internalised through endo-
cytosis, resulting in decreased surface ACE2 expression. Endocytosis upregulates ADAM17 activity, which cleaves ACE2 from the
cell membrane, perpetuating the loss of ACE2 from tissue RAS. Loss of ACE2 leads to the accumulation of Ang II, which through
AT1 receptors also upregulates ADAM17, resulting in further cleavage of cell surface ACE2. The activation of ADAM17 by Ang II
also generates TNFa and soluble IL-6R, which can lead to activation of the transcription factor STAT3. SARS-CoV-2 itself leads to
the activation of NF-kB via pattern recognition receptors (PPRs). The combined activation of NF-kB and STAT3 leads to the activa-
tion of the IL-6 amplifier, causing a massive production of cytokines and the development of ARDS.
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STAT3 leads to the activation of the IL-6 amplifier,
causing a massive production of cytokines and the
development of ARDS [52].

In the lungs, preclinical research shows that diffuse
alveolar lung damage, occurring after aspiration or
after infection with corona or influenza viruses, is pro-
moted by activation of the ACE-Ang II-AT1 axis of the
RAS whereas ACE2 exerts a protective effect [55].
Infection with SARS-CoV1 results through the binding
of the viral spike protein with membrane-bound ACE2
in a downregulation of the protective effect of the
ACE2-Ang [1-7]-MAS axis, which leads to increased
lung injury and edema promoted by the unopposed
ACE-AngII-AT1 axis of the RAS [49,56]. It is important
to note that the administration of the SARS-CoV1
spike protein alone is sufficient to significantly worsen
the acute lung injury induced by acid aspiration in
wild type mice through the downregulation of ACE2
[49]. Based on these preclinical studies and consider-
ing that the spike protein of SARS-CoV-2 has a ten
times greater affinity for binding to ACE2 than SARS-
COV1 [57], it becomes clear that ACE2 deficiency may
play a pivotal role in ARDS caused by a COVID-
19 infection.

Animal studies have shown an increased myocardial
expression of ACE2 mRNA, as well an increased ACE2
activity, by treatment with an ACE-inhibitor (ACE-I) or
an angiotensin receptor blocker (ARB) [58].
Hypertensive patients treated with the ARB olmesartan
showed an increased urinary secretion of ACE2, sug-
gesting that up-regulation of ACE2 may also occur in
humans [59]. Based on these studies, it has been sug-
gested that patients with diabetes or cardiovascular
disease treated with these "ACE2 stimulants", facilitat-
ing a COVID-19 infection, have an increased risk of
developing a severe and fatal form of the disease
[60,61]. However, in animal studies, treatment with an
ARB had a rather protective effect against the experi-
mental lung damage elicited by aspiration of acid [55],
the spike protein of the coronavirus [49], or by endo-
toxin/lipopolysaccharide (LPS) [62]. Moreover, the
administration of recombinant ACE2 was protective
against lung damage elicited by acid aspiration in
mice [55] and improved ventilation parameters by
ARDS induced by LPS in rats [62]. Therefore, preclinical
research indicates that is unlikely that treatment with
ACE-I or ARB may predispose to the development of
more severe forms of COVID-19.

Several observational studies have already
addressed the question if treatment with ACE-I and
ARB may be associated with a higher risk to develop
severe COVID-19 infection or may have an impact on

clinical outcomes [63–67]. One has to be cautious
when drawing conclusions from these studies, because
either the study population was small – based on a
single hospital cohort – or extensive but based on the
retrospective analysis of medical records. A first exten-
sive observational study on this topic was performed
using data from 169 hospitals in Asia, Europe, and
North America on patients hospitalised with COVID-19
infection [68] but was retracted because the raw data
were not completely available to the investigators
[68]. Two studies in the United States performed a
propensity score-matched analysis on a large number
of patients tested for COVID-19. In a first study, per-
formed at the NYU Langone health system, the
median difference in the likelihood of testing positive
or having severe disease because of ACE-I or ARB use
was not significant after propensity score matching
[69]. In a second US study performed at Cleveland
Clinic Health System in Ohio and Florida, the fre-
quency of a COVID-19 positive test result was not sig-
nificantly different in patients taking either ACE-I or
ARB at the time of testing. However, the likelihood of
hospital and ICU admission was higher compared to
non-use after propensity score matching for a limited
number of classic confounding variables [70]. Two
studies from Europe performed an extensive popula-
tion-based case-control study using administrative pre-
scription data. A case-control study from Milan found
no independent risk-association between ACE-I or ARB
use and development of COVID-19 or severe COVID-19
[71]. Use of ACE-I or ARB was more common in
patients with COVID-19 than among controls because
of their higher prevalence of cardiovascular disease. In
a case-population study from Madrid, treatment with
an ACE-I or ARB was not associated with increased risk
for hospitalisation of patients with a documented
COVID-19 infection [72]. Moreover, in diabetic patients
under treatment with an ACE-I or ARB, the risk for
hospital admission was significantly decreased, sug-
gesting a protective effect. In a large case-control
study from Denmark prior use of ACE-I/ARB was not
significantly associated with COVID-19 diagnosis or
with mortality among patients diagnosed as having
COVID-19 [73].

In summary, although solid scientific evidence from
prospective controlled trials is missing, the results of
the present studies do no point to an increased risk
association between treatment with ACE-I or ARB and
COVID-19. Therefore, these medications should not be
discontinued to prevent severe lung complications of
COVID-19. Several scientific associations have pub-
lished statements recommending to continue ACEI or
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ARB therapy in patients with hypertension and COVID-
19 infection [74–76].

Animal studies have demonstrated that aging is
associated with a significant reduction in ACE2 expres-
sion in the lung, a finding that was more pronounced
in male than in female rats [77]. In cerebral arteries,
ACE2 deficiency caused impairment of endothelium-
dependent vasodilation and augmented oxidative
stress, both most marked in old mice [78]. Endothelial
cells in which aging was induced by Ang II, display
increased senescence, apoptosis, and oxygen radical
production, and decreased ACE2 expression [79].
Analysis of gene expression in 30 different human tis-
sues showed significantly higher ACE2 expression in
female than in male patients, an age-dependent
decrease in ACE2 expression, and a highly significant
decrease in type II diabetic patients [80]. Preclinical
and clinical research has further shown that the ACE2-
Ang [1-7]-MAS axis plays an essential protective role in
the cardiovascular system and that its impairment
contributes to the development of various forms of
heart failure due to arterial hypertension, ischaemic
heart injury, diabetes and obesity [44], which all are
highly prevalent in older ages.

Although counterintuitive, ACE2-deficiency associ-
ated with aging may play a pivotal role in the patho-
genesis of severe lung injury during COVID-19 [81]. A
possible protective effect of a moderate ACE2 defi-
ciency against viral cellular infection is highly unlikely
because of the very high affinity of SARS-CoV-2 to the
ACE2 receptors. In patients with ACE2 deficiency, one
may expect that the ACE2 downregulation induced by
viral entry will magnify the imbalance between the
protective ACE2-Ang [1-7]-MAS axis and the lung
injury promoting ACE-Ang II-AT1 axis of the RAS.

Cardiovascular complications of COVID-19

Myocarditis

Experiences with the Middle Eastern Respiratory
Syndrome (MERS), SARS-CoV1 and other non-SARS
coronaviruses demonstrate that this virus family is
capable to cause symptomatic myocarditis [82–84]. It
might therefore be hypothesised that many COVID-19
positive patients presenting with the clinical suspicion
of an acute coronary syndrome actually exhibit myo-
carditis-associated myocardial injury [85]. In fact, a
considerable amount of critically ill COVID-19 patients
requiring ICU admission are characterised by elevated
troponin levels in terms of myocardial injury, as shown
in several published case series. In an early Chinese
study which included 52 critically ill patients, about

one third of patients showed elevated troponin levels
[86]. A considerably larger analysis on 416 patients
confirmed these results, by showing that approxi-
mately 20% of these patients had signs of myocardial
injury. Patients with myocardial injury were older,
sicker and suffered from a higher mortality even after
adjusting for age and comorbidities [87]. Another
study from China confirmed this association between
elevated troponin levels and mortality, 59% of patients
that died displayed elevated troponin levels, as com-
pared to only 1% of the survivors [13]. Similar data
were reported from North America, in an analysis from
New York 36% of the nearly 3000 patients studied
where characterised by elevated troponin levels [88].
While most troponin elevations were mild, those with
a more significant myocardial injury showed a tripling
of the mortality risk. Finally, a meta-analysis including
22 studies and 3684 COVID-19 positive patients, con-
firmed the association between myocardial injury and
increased mortality [89].

Most case reports included patients with clinically
suspected myocarditis, lacking a definite diagnosis
using pathology, histology or even imaging [85,90].
From those studies it could not be concluded whether
SARS-CoV-2 can actually infiltrate the myocardium
causing myocardial injury or whether the observed
myocardial injury is a side effect of the cytokine storm
characterising severe COVID-19 cases [91]. Other
potential mechanisms leading to cardiac injury include
microvascular damage due to a pro-thrombotic milieu,
hypoxaemia caused by critical illness and acute coron-
ary syndrome. A recent case series including 18
patients admitted for ST-elevating myocardial infarc-
tion (STEMI) showed a high prevalence of non-coron-
ary myocardial injury. Of interest, those patients had a
higher mortality rate as compared to those with
ischaemic MI [92].

The first described case suggesting the presence of
SARS-CoV-2 within the myocardium came from Pavia,
one of the epicentres of the Italian COVID-19 out-
break. The histology of a 69-year old patient with
COVID-19 associated cardiogenic shock requiring
veno-arterial extracorporeal membrane oxygenation
(VA-ECMO) showed virus-positive myocarditis and the
described virus resembled coronavirus in terms of size
and morphology [93]. An autopsy study from
Germany, including 39 deceased COVID-19 patients
showed presence of SARS-CoV-2 in 61.5% with 41%
showing a high viral load. Interestingly, while those
patients were characterised by a cytokine response, no
inflammatory cell influx could be detected [94]. These
reports suggest that virus entry causing acute

ACTA CARDIOLOGICA 7



myocarditis might be an important mechanism for the
high rate of myocardial injury. In this regard it is of
major interest that the myocardium is characterised by
a significant ACE-2 expression [95,96].

Still, as a cytokine storm often characterises critic-
ally ill COVID-19 patients, it remains unclear whether
direct viral infiltration or the systemic reaction to the
virus infection plays a more determining role in the
high incidence of myocardial injury. In addition, hemo-
dynamic changes, initiation of a strong systemic
inflammatory reaction and the pro-thrombotic milieu
characterising critically ill infectious disease patients
may contribute to those observations [97,98]. In a
German cardiac MRI study including unselected
patients from a regional testing centre that recently
recovered from COVID-19 infection, of whom only one
third needed hospitalisation, 78% of patients showed
MRI evidence of cardiac involvement and 60% had evi-
dence of ongoing myocardial inflammation [99].
Moreover, on the day of the CMR, which took place
on average 71 days after time of diagnosis (IQR
64–92 days), high sensitivity Troponin T was detectable
in 71 patients and significantly elevated in 5 patients.
Forty-one percent of the patients with cardiac involve-
ment had delayed gadolinium enhancement. Cardiac
findings on MRI were irrespective of pre-existing con-
ditions, the severity of the infection and the presence
of cardiac symptoms. Also an earlier Chinese CMR
study had revealed similar findings [100]. The exact
meaning of this myocardial involvement in a mildly
affected population remains unclear as of today.

Thrombotic complications

Thrombo-embolism affecting both the arterial and
venous system is an additional common and poten-
tially dangerous complication in COVID-19 patients
[101–104]. Early on into the pandemic it has been
hypothesised that an overactive immune activation,
ongoing platelet activity and endothelial dysfunction
or stasis might be contributing factors [105]. Elevated
D-Dimer levels reflecting ongoing fibrinolysis were
identified early as a prognostic marker for thrombo-
embolic complications and poor outcome [13,106]. In
a pooled analysis of 4 ICUs treating 150 COVID-19
patients, a high rate of thromboembolic complications,
primarily of pulmonary embolisms, was observed des-
pite prophylactic and in some cases therapeutic anti-
coagulation [107]; Nearly all patients experiencing
thromboembolic events had elevated D-Dimer levels.
When comparing these results with a historic ARDS
population, a considerably higher rate of

thromboembolic complications and alterations in rou-
tine coagulation parameters was seen. Another obser-
vational study from Lombardy, Italy showed a 22%
rate of thromboembolic complications, despite
prophylactic anticoagulation with low molecular
weight heparin (LMWH) [108]. Of interest, a small
observational study suggested that patients already
on oral anticoagulation when infected with SARS-CoV-
2 were protected against thromboembolic complica-
tions [109].

Covid-19: pathophysiological conundrum

The wide variety of clinical presentations of a COVID-
19 infection, from asymptomatic or mild respiratory
symptoms in young children, an influenza-like syn-
drome with persistent, non-productive cough in young
adults to critical, frequently lethal respiratory failure in
elderly patients, is very intriguing. The high prevalence
of old age, obesity, diabetes, hypertension, heart fail-
ure, and ischaemic heart disease in patients who
develop a severe to critical COVID-19 syndrome sug-
gests shared pathophysiological mechanisms (Figure
5). The COVID-19 pandemic becomes deadliest in the
intersection with the equally pandemically spreading
obesity, diabetes, and cardiovascular disease [110].

It is not entirely unexpected that obese and dia-
betic patients are more prone to develop severe lung
lesions and are more likely to die from a COVID-19
infection. In obese and diabetic patients with an influ-
enza viral infection, a disturbed balance between pro-
inflammatory (leptin) and anti-inflammatory (adiponec-
tin) adipokines [111] and a delayed and blunted
response of both the innate and adaptive immune sys-
tem [112] – which is exacerbated by a sedentary life-
style [113] – all promote the development of severe
lung lesions [114]. Moreover, obese patients show a
prolonged shedding of the virus [115], which may
lead to prolongation of the spreading of the virus in
the population [116] but also may increase the risk of
differentiation into more virulent virus strains [117]
that may increase the intensity of the illness and over-
all mortality during the pandemic. The high preva-
lence of obesity and diabetes in patients with a severe
form of a COVID-19 infection and the terrifying high
mortality observed during the current pandemic in
regions with a high prevalence of obesity, suggests
that the same mechanisms are at work [114,118,119].

Aging is associated with a progressive dysregula-
tion of the innate immune system – also called immu-
nosenescence – leading to a persistent basal
inflammation that contributes to the development of
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Figure 5. Pathophysiological conundrum. Top: In older patients with obesity, diabetes, pre-existing cardiovascular diseases and
associated endothelial dysfunction, SARS-CoV-2 infection critically unbalances the fragile equilibrium between the protective ACE2-
Ang [1-7]-MAS -axis and the inflammation- and disease-promoting ACE -Ang II-AT1 axis of the RAS. Viral infection worsens the
age-related dysregulation of the innate immune system slowing down the early immune response allowing increased and pro-
longed viral replication in the lung. The acute lung injury caused by the viral infection involves also the endothelium of the peri-
alveolar capillaries. The ensuing endothelialitis promotes alveolar edoema formation due to increased vascular leakage through
increased gap formation between the inflamed endothelial cells. Clogging and occlusion by inflammatory cells and intravascular
thrombus formation within the lung capillaries worsens the ventilation-perfusion mismatch causing the impaired oxygen uptake
by the lung. The acute lung injury triggers a later on-setting but overwhelming acute myeloid immune response and associated
cytokine storm leading to further lung injury with the development of ARDS. Bottom: Viral infection extends into the peri-alveolar
capillaries turning the pre-existent endothelial dysfunction into a severe endothelialitis with vascular leakage and impaired fluid
and ion clearance causing pulmonary edoema, intense inflammation and intravascular and intra-alveolar thrombosis. ATI: alveolar
epithelial cell type I; ATII: alveolar epithelial cell type II. Figure redrawn and adapted from [126,155].
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chronic diseases such as atherosclerosis and
Alzheimer’s disease but also an impaired and delayed
immune response to viral infections [120,121].
Coronaviruses encode several structural and non-struc-
tural proteins that antagonise the antiviral immune
response and replicate rapidly, leading to enhanced
production of cytokines and chemokines by infected
epithelial cells. Together with a delayed and dysregu-
lated antiviral immune response, this results at a later
stage of the infection in a massive infiltration of
inflammatory monocyte-macrophages and neutrophils,
which are the predominant source of cytokines and
chemokines in lethal pneumonia caused by coronavi-
ruses [122]. Excessive production of cytokines may
evolve into a "cytokine storm" causing extensive lung
injury and the development of ARDS-like respiratory
dysfunction [123].

The age at which the prevalence of severe COVID-
19 lung lesions and its associated mortality increases
exponentially coincides with the onset of the similarly
age-related increase in the prevalence of vascular
endothelial dysfunction [124]. This epidemiological
association and other rapidly emerging clinical, patho-
logical and molecular data on COVID-19 patients have
led many researchers to postulate a more vascular-
centric pathophysiology of COVID-19. It is hypothes-
ised that dysfunction of the pulmonary microvascular
endothelial cells, an integral part of the alveolar-capil-
lary barrier, may play a key role in the pathogenesis of
COVID-19 pneumonia and its associated acute respira-
tory failure [125–128]. A viral endothelialitis may con-
tribute to the pathophysiology of the pulmonary and
systemic microcirculatory changes in a COVID-19 infec-
tion. Post-mortem examination of COVID-19 patients
showed viral inclusions in the endothelial cells with
accumulation of inflammatory cells and evidence of
endothelial apoptosis in the lung, heart, kidney, and
small intestine [129]. Observation of increased num-
bers of circulating endothelial cells associated with
elevated levels of soluble endothelial cell adhesion
molecules and inflammatory cytokines in patients hos-
pitalised with severe COVID-19 provides in vivo evi-
dence that a viral and inflammatory endothelialitis
may play a key role in the pathogenesis of COVID-19
[130]. The associated thrombo-inflammation or immu-
nothrombosis may explain the coagulopathy observed
in COVID-19 patients [131–133] and the high incidence
of micro- and macrothrombosis observed in the lungs
[32,104,134,135], arteries and veins [103,104,135]. The
microvascular endothelium of the alveolar capillaries
and precapillary arterioles functions as a signalling
pathway that triggers hypoxic pulmonary

vasoconstriction, the normal physiological response to
alveolar hypoxia that provides essential protection
against ventilation/perfusion mismatch in the lung
[136]. Dysregulation of the pulmonary perfusion and
loss of the hypoxic pulmonary vasoconstriction caused
by the COVID-19 related endothelial dysfunction may
explain the remarkable dissociation between the fre-
quently severe hypoxaemia and the preserved lung
mechanics in patients with an L-type phenotype
COVID-19 pneumonia [137,138]. The impairment of
hypoxic pulmonary vasoconstriction response in
COVID-19 patients results in an increased intrapulmo-
nary shunt leading to marked arterial hypoxaemia.
Many patients with pronounced arterial hypoxaemia
present initially without proportional signs of respira-
tory distress, referred to as silent or ‘happy’ hypox-
aemia, due to the absence of an increased breathing
work [139]. Notably, the degree of arterial hypoxaemia
may be underestimated by pulse oximetry due to a
leftward shift of the oxyhaemoglobin dissociation
curve [139].

Old age, obesity, diabetes, and all comorbidities
that are prevalent in severe COVID-19 patients are all
associated with endothelial dysfunction. The vascular
endothelial cells in all these conditions have an altered
pro-inflammatory and pro-adhesive phenotype [140]
that may increase the susceptibility of the cells for
infection by SARS-CoV-2. Cellular infection with
SARS-CoV-2 causing direct inactivation of cell mem-
brane-bound ACE2 receptor will critically unbalance
the fragile equilibrium between the protective ACE2-
Ang [1-7]-MAS -axis and the disease-promoting ACE
-Ang II-AT1 axis of the local tissue RAS that exists
in obese, old-aged patients with diabetes and pre-
existing cardiovascular disease [141]. Combined with
the aging-related dysregulated antiviral immune
response, the acute disturbance in the RAS balance
will explosively boost the development of a frequently
lethal ARDS-like pneumonia. Overactivation of the ACE
-Ang II-AT1 axis of the RAS and the endothelialitis
caused by the viral infection will promote vasocon-
striction, inflammation, and thrombosis in the micro-
and macro-vascular bed of the lung [134], but also in
the systemic circulation where it will cause myocardial
injury and other cardiovascular complications
[142–145] contributing to the high mortality of a
SARS-CoV-2 infection. Immunosenescence [121,146]
and inhibition of the antiviral immune response by
SARS-CoV-2 [147] will extend viral replication and lung
injury followed by a massive myeloid response and
cytokine storm during the later phase of the disease-
causing a lethal ARDS. (Figure 5).
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Concluding remarks

In the pathophysiology of COVID-19 age-related
changes in the immune response, unbalancing of the
local tissue RAS due to direct and indirect inactivation
of ACE2 activity and an acute endothelialitis all con-
tribute to the severity and the evolution of the lung
lesions, and also to the development of systemic
multi-organ complications particularly in older patients
with obesity, diabetes, and pre-existent cardiovascu-
lar disease.

Although clinical, laboratory, and autopsy evidence
is mounting that endothelialitis plays a central role in
the pathophysiology of COVID-19 [148], the therapy of
this life-threatening syndrome remains mainly empir-
ical. Based on these new insights, speculation on pos-
sible new therapeutic approaches may lead to the
temptation to use innovative therapies on a compas-
sionate basis before state-of-the-art clinical validation
by high-quality randomised clinical trials. Although
clinical research during a pandemic is difficult, lessons
from previous pandemics learn that only obtaining
firm scientific evidence through prospective clinical tri-
als based on a global research and development strat-
egy [149] leads to innovative therapies that can halt
infectious disease outbreaks and improve the infected
patients’ outcome (e.g. Ebola-outbreak). It is laudable
to learn from the ClinicalTrials.gov website that more
than 2000 clinical trials are planned or underway,
investigating new therapies and interventions in
COVID-19 patients [150].

Extensive well-performed case-control studies dem-
onstrated no increased risk of severe infection associ-
ated with ACE-I or ARB treatment nor did ACE-I or
ARB interruption lead to improved survival rates at
30 days (BRACE CORONA trial). An eventual worse clin-
ical outcome seems more related to pre-existing car-
diovascular diseases than to its treatment by ACE-I
and ARB, and preclinical research suggests a possible
protective effect of ARB against diffuse alveolar dam-
age after infection with corona or influenza viruses.
Therefore, it appears wise not to discontinue treat-
ments with ACE-I or ARB in patients with pre-existing
cardiovascular diseases.

The management of acute respiratory failure in
COVID-19 should be based on the new insights on its
pathophysiology with at least two different pheno-
types and three different clinical courses. Respiratory
drive, intrapulmonary shunt and breathing work
should be assessed on admission to the ICU and early
intubation considered in order to prevent patient self-
induced lung injury. When mechanical ventilation is
needed, intubation and ventilation strategy should

follow current practice guidelines [151] and updated
recommendations [26,35,152].

Microcirculatory obstruction due to abnormal vaso-
constrictor responses, luminal plugging by inflamma-
tory cells, and intraluminal thrombosis related to the
acute endothelialitis complicate the respiratory dys-
function in COVID-19 by increasing dead-space ventila-
tion. We need more basic and clinical research on a
possible beneficial effect of antithrombotic regimens
on these microcirculatory changes. Further, it needs to
be studied whether readily available coagulation
markers can identify patients at high risk for throm-
botic complications, especially of pulmonary throm-
bosis and whether these high-risk patients may
benefit from therapeutic anticoagulation. Given the
high incidence of thrombotic and thromboembolic
complications, clinical practice guidelines recommend
treating hospitalised patients with COVID-19 without
evidence for disseminated intravascular coagulation
with prophylactic doses of anticoagulation [105].

The detection of elevated biomarkers of myocardial
injury needs to trigger the challenging differential
diagnosis between myocardial injury due to supply-
demand mismatch, myocarditis and acute coronary
syndrome. Given the high prevalence of detectable
levels of high-sensitivity troponin and MRI evidence of
ongoing myocardial inflammation months after the
acute infection [99], all convalescent COVID-19
patients should be monitored for de novo incidence
of heart failure as a late cardiovascular complica-
tion [153].

Finally, after the current COVID-19 pandemic has
ended, considerable attention will be paid to better
preparation and organisation of health care systems
for future infectious pandemics. In coping with the
COVID-19 pandemic, we may however, not neglect to
strive for more effective prevention and treatment of
the other pandemic raging through our societies: the
pandemic of obesity, diabetes, and cardiovascular dis-
eases, a prime substrate for a deadly virus. In this
regard, we may not forget that apart from pharmaco-
logical interventions, physical exercise is one of the
most potent anti-oxidative and anti-inflammatory
stimulus at the level of the endothelium, with a pro-
ven effect on halting the aging-related endothelial
dysfunction, apart from its beneficial effects on the
classical cardiovascular risk factors [154].
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