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A B S T R A C T   

The novel coronavirus 2019 (COVID-19) infection caused by severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) is a global pandemic that requires a multi-faceted approach to tackle this unprecedent health 
crisis. Therapeutics to treat COVID-19 are an integral part of any such management strategy and there is a 
substantial unmet need for treatments for individuals most at risk of severe disease. This perspective review 
provides rationale of a combined therapeutic regimen of selective endothelin-A (ET-A) receptor antagonism and 
sodium glucose co-transporter-2 (SGLT-2) inhibition to treat COVID-19. Endothelin is a potent vasoconstrictor 
with pro-inflammatory and atherosclerotic effects. It is upregulated in a number of conditions including acute 
respiratory distress syndrome and cardiovascular disease. Endothelin mediates vasocontractility via endothelin 
(ET-A and ET-B) receptors on vascular smooth muscle cells (VSMCs). ET-B receptors regulate endothelin clear
ance and are present on endothelial cells, where in contrast to their role on VSMCs, mediate vasodilation. 
Therefore, selective endothelin-A (ET-A) receptor inhibition is likely the optimal approach to attenuate the 
injurious effects of endothelin and may reduce ventilation-perfusion mismatch and pulmonary inflammation, 
whilst improving pulmonary haemodynamics and oxygenation. SGLT-2 inhibition may dampen inflammatory 
cytokines, reduce hyperglycaemia if present, improve endothelial function, cardiovascular haemodynamics and 
cellular bioenergetics. This combination therapeutic approach may therefore have beneficial effects to mitigate 
both the pulmonary, metabolic and cardiorenal manifestations of COVID-19. Given these drug classes include 
medicines licensed to treat heart failure, diabetes and pulmonary hypertension respectively, information 
regarding their safety profile is established. Randomised controlled clinical trials are the best way to determine 
efficacy and safety of these medicines in COVID-19.   

1. Introduction 

The novel coronavirus 2019 (COVID-19) infection caused by severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is a global 
pandemic representing one of the world’s most significant health crisis 
in recent times and will likely remain as such for years to come. There 
have been 56 million cases and over 1.3 million deaths worldwide due to 

COVID-19 infection, as of November 19, 2020 [1]. The long-term health 
impact on individuals who have had COVID-19 infection currently re
mains largely undescribed. SARS-CoV-2 infection can result in diverse 
clinical presentations of COVID-19. This ranges from asymptomatic 
infection, particularly in the early phase of the illness, through to a 
myriad of manifestations including acute respiratory distress syndrome 
and different organ sequelae including metabolic, cardiovascular and 
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renal involvement [2–6]. Fever, dry cough and loss of smell are common 
symptoms of COVID-19, and the majority of COVID-19 infections are 
defined as mild in nature, not requiring healthcare usage. However, 
about 1 in 5 cases in adults may result in hospital admission and mor
tality in hospitalised COVID-19 cases vary widely depending on patient 
factors [7]. 

Epidemiological studies from a number of countries have identified 
individuals who are most at risk of severe COVID-19 disease and poor 
outcomes. Risk factors include age, male gender and certain co- 
morbidities such as hypertension, cardiovascular disease, obesity and 
diabetes [6,8–10]. In particular, diabetes and hypertension are dispro
portionately associated with increased mortality from COVID-19. Data 
from a Public Health England report in August 2020 showed diabetes 
was associated with 21.6% of COVID-19 deaths, in comparison to 14.6% 
of all-cause mortality deaths. Hypertension was associated with 19.6% 
of COVID-19 deaths, in comparison to 14.6% of deaths from all causes 
[11]. Why such comorbidities are associated with excess morbidity and 
mortality related to COVID-19, which is primarily a respiratory illness 
(although associated with manifestations of multiple organ dysfunction) 
currently remains poorly understood. However, many of these comor
bidities are also associated with endothelial dysfunction which may be 
an underlying factor that influences the pathogenesis of this disease 
[12]. 

Eight months into this global pandemic, randomised controlled trials 
have identified dexamethasone, and possibly remdesivir as beneficial 
treatments for specific patients with COVID-19; and these medicines 
have therefore been incorporated as standard of care in some healthcare 
systems for patients who meet strict criteria and have access to these 
drugs [13,14]. Dexamethasone reduces mortality in patients with severe 
COVID-19 infection (defined as requiring inpatient oxygen therapy or 
need for ventilatory support) and may provide benefit as an 
anti-inflammatory, dampening the excess immune response associated 
with severe disease [15]. Remdesivir is an anti-viral drug which reduces 
in-hospital length of stay [16], although definitive effects on mortality 
have been negative to date [17]. Despite these optimistic results from 
trials, there remains a substantial unmet and increasing need for tar
geted treatments stratified for individuals most at risk of severe 
COVID-19 disease; to prevent disease progression and subsequent 
long-term sequelae of end organ damage or death. The purpose of this 
perspective review is to explore the therapeutic rationale of combined 
endothelin-A (ETA) antagonism and sodium glucose transporter-2 
(SGLT-2) inhibition as a combination treatment strategy for COVID-19 
infection. This combined therapeutic regimen constitutes a treatment 
arm of the academically led multi-centre TACTIC-E (Multi-arm thera
peutic study in pre-ICU patients admitted with COVID-19, Experimental 
drugs and mechanisms, clinicaltrials.gov ID NCT04393246) randomised 
controlled trial for hospitalised severe COVID-19 infection [18]. This is 
an international, open label, platform trial aiming to determine superi
ority of separate interventional arms against standard of care which 
includes treatment of up to a maximum of 14 days with a fixed dose of 
ambrisentan and dapagliflozin. The trial is sponsored by Cambridge 
University Hospitals NHS Foundation Trust and is funded by Astraze
neca and Evelo Biosciences with significant infrastructure and clinical 
support from the National Institute for Health Research Cambridge 
Biomedical Research Centre. Additionally, SGLT-2 inhibition versus 
placebo is being evaluated in the DARE-19 trial (Dapagliflozin in res
piratory failure in patients with COVID-19, EudraCT 2020-001473-79) 
[19] for COVID-19 patients, evaluating a maximum treatment of 30 
days dapagliflozin versus placebo. 

2. Overview of the pathophysiology of COVID-19 

The full picture of how COVID-19 infection causes pulmonary and 
other organ failure is not yet fully understood. However, research 
studies from other viral pulmonary infections such as influenza and 
SARS (caused by SARS-CoV), as well as clinical observations, imaging 

studies and post-mortems of COVID-19 patients have provided insights 
into the pathophysiology of COVID-19 infection. An in-depth discussion 
of the underlying mechanisms of these diverse pathophysiological and 
phenotypic manifestations is beyond the scope of this review, but a brief 
summary of key findings, the clinical importance of extra-pulmonary 
manifestations of COVID-19 and a speculative role of endothelin in 
this disease aims to describe the context of this therapeutic perspective. 

SARS-CoV-2 first enters nasal and bronchial epithelial cells and 
pneumocytes by a viral structural spike (S) protein which binds to 
angiotensin converting enzyme 2 (ACE2) constitutively expressed on the 
cell surface. Type 2 transmembrane serine protease (TMPRSS2), pro
motes uptake of the virus by cleaving ACE2 and activating the virus 
protein, enabling entry into host cells [20]. At this early stage of infec
tion, individuals are often asymptomatic or only have mild symptoms. 
This is often described as Stage 1 of the illness, occurring approximately 
at days 0–7. Accelerated viral replication may then follow (with asso
ciated humoral and cell-mediated immune responses) leading to deeper 
respiratory tract infection and tissue damage affecting the gas-exchange 
units of the lung, resulting in progressive hypoxia and radiological 
changes consistent with an atypical or viral pneumonia. Imaging of the 
thorax by chest radiograph or computed tomography may show a wide 
range of changes due to COVID-19 infection. Typical findings include 
subpleural consolidation and ground-glass changes [21,22]. These 
changes are often seen in patients with Stage 2 of the disease which 
generally presents around days 7–14 from initial infection. Further 
deterioration to Acute Respiratory Distress Syndrome (ARDS) may 
develop [23]; in addition to multiple organ dysfunction and failure. This 
represents severe disease with end organ damage, and in the trajectory 
of COVID-19 disease has been termed ‘Stage 3’ of the disease and 
generally occurs from approximately day 14 onwards [24,25]. 
Myocardial injury and kidney injury are commonly reported co-existent 
findings in hospitalised COVID-19 patients, each occurring in approxi
mately 30% of patients [5]. 

Pulmonary post-mortem studies from COVID-19 patients, have re
ported diffuse alveolar damage with capillary congestion, pneumocyte 
necrosis, hyaline membrane formation, interstitial and intra-alveolar 
oedema, and platelet-fibrin thrombi, consistent with thistological find
ings of ARDS. Inflammatory infiltrates consisting predominantly of 
macrophages within the alveoli and lymphocytes in the interstitium 
have also been found in human pulmonary post-mortem studies. Elec
tron microscopy studies have demonstrated viral particles within 
pneumocytes [26]. Besides pulmonary infection, SARS-CoV-2 may cause 
injury to organs directly since ACE2 is expressed by a wide range of cells 
including the vascular endothelium, kidney, heart, gut and lung [27]. 
Evidence of the virus either by real-time reverse-transcription poly
merase chain reaction (RT-PCR) or viral particles identified in cells have 
been reported in the lung, brain, heart, gastrointestinal tract and spleen 
[28–31]. Thrombosis and diffuse alveolar damage are also pathological 
processes consistently reported from post-mortem studies. In addition, 
autopsy case reports of ‘endotheliitis’ has been proposed as a major 
pathological process associated with this disease. Endotheliitis has been 
described in a transplanted kidney, small intestines and lung tissue [29, 
32]. A key mechanism in the pathophysiology of COVID-19, appears to 
be is the disruption of normal endothelial homeostasis, leading to an 
imbalance of angiotensin converting enzyme (ACE)-2 derived peptides, 
with likely downregulation of anti-inflammatory Angiotensin (Ang)1-7 
and upregulation of pro-inflammatory, pro-fibrotic and vasoconstricting 
counter regulatory peptides such as endothelin and Angiotensin II 
(AngII) [33–35]. Endothelial dysfunction and activation ensue, which 
leads to a pro-inflammatory, pro-thrombotic vasoconstrictive state, and 
is observed in conditions associated with increased cardiovascular risk 
[36]. Endothelial dysfunction co-exists with a number of comorbidities 
including hypertension, obesity and diabetes, which may well explain 
the increased risk of COVID-19 associated with these conditions. 

A brief overview of metabolic, cardiovascular and renal dysfunction 
related to COVID-19 is discussed below, providing evidence of the 
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unmet need for therapeutics to ameliorate these manifestations of 
COVID-19. 

3. Extra-pulmonary manifestations of COVID-19 

3.1. Metabolic and endocrine dysfunction in COVID-19 

Epidemiological data suggests that individuals with type 1 and type 2 
diabetes are disproportionately affecting by severe COVID-19 and have 
significantly increased mortality from the disease [37]. In addition, 
hyperglycaemia and obesity are independent risk factors for poor 
outcome [10,38]. The underlying reasons for these data are not fully 
understood given that COVID-19 is a new disease. Data from other 
critical illness states and respiratory viral infections can provide some 
insight to these findings. Stress induced hyperglycaemia can occur in up 
to 50% of intensive care unit (ICU) admissions associated with critical 
illness and hyperglycaemia is a marker of illness severity, with the 
magnitude of hyperglycaemia strongly associated with short-term 
mortality, particularly in patients without a history of diabetes [39]. 
Of note is that stress induced hyperglycaemia during critical illness; 
identified patients at subsequent risk of incident diabetes over a median 
5.3 [3.6, 7.5] years of follow up [40]. Given that dexamethasone is now 
incorporated into standard treatment for patients with severe 
COVID-19, the iatrogenic risk of hyperglycaemia is likely further 
increased [41]. Systemic hyperglycaemia itself also predisposes to the 
risk of infection, including bacterial and viral respiratory tract infections 
[41,42,42,43]. Airway hyperglycaemia may also be important and has 
been demonstrated in patients with chronic obstructive pulmonary 
disease (COPD) [44]. In vitro studies showed that glucose promotes the 
growth of bacteria within the bronchial tree, and that glucose-lowering 
treatment (metformin) reduced airway glucose permeability and bac
terial load [45]. 

Diabetics were also at increased risk of severe infection including 
hospitalisation and death in the 2009 H1N1 Influenza A pandemic [46]. 
A study in SARS (caused by CoV), showed a high proportion of patients 
had diabetes at the time of infection but this resolved over 3 years of 
follow up, suggesting at the time of infection, the virus affected 
pancreatic endocrine function, possibly via entry to islet cells via ACE2 
[47]. This is interesting, since anecdotal reports suggest that COVID-19 
itself may be a trigger for the development of diabetes and a bidirec
tional relationship between COVID-19 and diabetes may exist [48]. An 
observational worldwide registry has been established to evaluate these 
data over the COVID-19 pandemic [49]. 

There are different pathophysiological mechanisms which may ac
count for severe COVID-19 disease in diabetics or predispose people who 
have had COVID-19 infection to develop diabetes. For example, the in
flammatory response associated with severe COVID-19 infections results 
in elevated cytokines which may impair pancreatic β-cell function, 
resulting in β-cell apoptosis and decreased insulin production and 
increased ketosis [47]. In vitro studies suggest that pancreatic α and β 
cells are permissive to SARS-CoV-2, which may indicate a direct tropism 
effect contributing to insulin deficiency and hyperglycaemia [50]. In 
addition, the virus can affect liver cells and the liver is important in 
glycogen storage and glycogenolysis. Moreover, patients with diabetes 
have an altered immune response and are therefore predisposed to any 
infection (not just COVID-19) [43,51], and during infections, diabetic 
patients have an increase in hormones that promote hepatic glucose 
production, decreased insulin secretion, and increased ketogenesis, and 
insulin resistance [39]. Lastly, COVID-19 infection is often accompanied 
by a range of manifestations associated with diabetic complications such 
as renal and cardiac dysfunction, hepatic injury and pro-thrombotic 
states [52]. 

3.2. Cardiovascular dysfunction in COVID-19 

There is extensive literature describing a range of cardiovascular 

problems observed in COVID-19, in comparison to cardiac complica
tions of H1N1 Influenza (3732 papers vs 399 for a related H1N1 search 
which returned COVID-19 papers too, October 3, 2020). The develop
ment of myocardial infarction and acute cardiac injury detected by 
troponin rises are well described in any infection, particularly respira
tory tract infections, and are likely due to the effects of acute inflam
mation, hypoxia and metabolic disturbance [53]. Myocardial injury, 
defined by elevation of cardiac biomarkers have been reported in 
20–30% of hospitalised COVID-19 patients, particularly in those with 
pre-existing cardiovascular comorbidity (55%) and troponin rise is 
associated with more severe disease and increased mortality [54,55]. 
Echocardiographic studies in COVID-19 are limited to small numbers of 
patients. Case reports of stress induced cardiomyopathy are described in 
7(33%) of critically ill COVID-19 patients [56]. In a separate cohort of 
43 patients in ICU, there were a high frequency of pericardial effusion 
(90%) and increased ventricular mass index (61%) which the authors 
proposed to be related to cardiac congestion [57]. The underlying 
mechanisms accounting for cardiovascular injury in COVID-19 are 
poorly understood but likely due to increased risk of myocardial injury 
and type 2 myocardial infarction as well as a propensity to de-stabilise 
plaque towards rupture, associated with a systemic inflammatory 
response [53,58]. Furthermore, ACE2 is widely expressed in cardio
vascular tissue including the vascular endothelium, cardiac myocytes 
and cardiac fibroblasts. This may result in direct tropism by the virus 
affecting cardiovascular cells, endotheliitis, and concomitant lympho
cytic infiltration affecting the myocardium [27,29,31,32,59]. 

3.3. Renal dysfunction in COVID-19 

Chronic kidney disease (CKD) is a comorbidity strongly associated 
with increased mortality from COVID-19, with a hazard ratio (HR) of 
1.28 [95% confidence interval (CI) 1.18–1.39], in multivariable analysis 
from UK hospital ISARIC data [10]. Populations with a higher preva
lence of CKD appeared to have higher rates of further renal complica
tions of COVID-19 such as acute kidney injury (AKI) [60]. In China, the 
incidence of AKI in hospitalised patients ranged from 0.5% up to 29% 
[5]. Of nearly 4000 hospitalised COVID-19 patients in New York, AKI 
occurred in 46% and 19% of these patients required dialysis [60]. UK 
Intensive Care audit data showed renal replacement therapy was 
delivered in 31% of patients on ventilators, and 4% not on ventilators 
[61]. A recent meta-analysis of 15536 hospitalised patients with 
COVID-19 determined an overall incidence of AKI of 12.3%, 77% of 
whom were critically ill. Mortality was 67% in patients with AKI, 13 
times higher compared with patients without AKI [62]. For context, data 
from the H1N1 influenza epidemic, showed that out of those who 
received intensive care, nearly 18% of patients (without pre-existing 
CKD) developed AKI and up to two thirds of patients who had a 
complicated course of H1N1 infection had AKI [63]. Data from the SARS 
pandemic suggests a lower rate of AKI; at 7% of patients hospitalised 
with the infection, although the mortality rate was as high as 90% in 
patients with renal failure [64]. Proposed mechanisms accounting for 
AKI in COVID-19 include renal tropism by SARS-CoV-2 renal tropism, 
cytokine-mediated injury and endotheliitis leading to microvascular 
dysfunction [32,65,66]. In addition, factors associated with AKI of any 
cause in the context of critical illness; are also likely important, such as 
volume depletion, electrolyte imbalance and interstitial nephritis [5]. 

4. Proposed role of endothelin in COVID-19 

4.1. Endothelin and ARDS 

Endothelin-1 (ET-1) levels have not yet been measured in COVID-19 
related ARDS patients, but it is likely to be upregulated, since ET-1 levels 
are elevated in ARDS due to many different aetiological factors assessed 
in animal models and in human ALI/ARDS studies, although often the 
cause of lung injury in clinical studies can be more challenging to define 
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[67–71]. 
Endothelins are a family of vasoactive peptides comprised of 21 

amino acids and consist of three isoforms of endothelin (ET-1, ET-2, ET- 
3). ET-1 is the most abundant and well described isoform. ET-1 is a 
potent vasoconstrictor with pro-inflammatory and proliferative effects 
[72,73]. 

Endothelin synthesis is activated in response to physical and chem
ical stimuli including shear stress, hypoxia, thrombin, and vasoactive 
factors such as Ang II [72]. ET-1 is synthesised and released continu
ously from endothelial cells, has been detected in all types of blood 
vessels as well as many other cells such as epithelial cells, macrophages, 
fibroblasts, cardiac myocytes [67] and kidney podocytes. Endothelins 
mediate their effects by two known G-protein coupled receptors, namely 
Endothelin-A (ET-A) and Endothelin-B (ET-B), which are widely 
distributed, particularly in blood vessels. In human blood vessels, ET-A 
is predominantly detected on vascular smooth muscle cells and regulates 
vasocontractility, whereas ET-B receptors are present on both vascular 
smooth muscle (where it mediates vasoconstriction) and the vascular 
endothelium, where, when activated, induces the release of 
endothelium-derived relaxing factors such as nitric oxide (NO) medi
ating vasodilatation [74]. Most vascular ET-1 degradation occurs 
intracellularly upon internalization of the ET-1/ET-B receptor complex 
[75]. 

In clinical studies of non-COVID ARDS, both pulmonary and systemic 
circulating levels of ET-1 are increased [76]. ET-1 levels correlate with 
clinical severity parameters including PaO2/FiO2 ratio and multiorgan 
failure [77]. Moreover, ET-1 levels decrease as the patient recovers. The 
arterio-venous ratio of ET-1 is increased in ARDS, which may be due to 
increased synthesis of ET-1 or reduced clearance of the vasoactive 
peptide [70,71,78]. In post-mortem studies, increased tissue expression 
of ET-1 was observed in the vascular endothelium, alveolar macro
phages, smooth muscle and airway epithelium of ARDS patients 
compared to patients without ARDS. Furthermore, staining for NO and 
inducible NO synthase was decreased in ARDS patients, suggesting an 
imbalance of ET-1 versus NO factors [79,80]. 

ET-1 induces expression of pro-inflammatory cytokines such as 
interleukin (IL)-6, IL-8 and tumour necrosis factor (TNF)-α [81], all of 
which are increased in severe COVID-19, termed the ‘cytokine storm’ 
[65]. Furthermore, pathogenic T cells (which are activated in 
COVID-19) [82] promote ET-1 production in monocytes via interferon 
(IFN)-γ and tumour necrosis factor (TNF)-α [83]. ET-1 also induces 
activation and migration of neutrophils within the lung; which are key 
cells of the inflammatory response, resulting in the release of proteases 
[84,85]. 

An early feature of ARDS is dysfunction of the alveolar-capillary 
membrane, characterised by pulmonary oedema and pulmonary 
inflammation that impairs gas exchange. Pathologically, there is diffuse 
alveolar damage, alveolar capillary leakage, and protein rich pulmonary 
oedema; and this is often termed the ‘exudative phase’ of ARDS [86]. 
The role of ET-1 in this exudative phase is not fully understood, but it is 
speculated that ET-1 may not only act as a vasoconstrictor but impede 
alveolar fluid clearance [87]. Later in the disease ET-1 may also have an 
important role when ARDS may progress to the fibroproliferative phase, 
characterised by the exudate becoming organised, with proliferation of 
type 2 pneumocytes, fibroblasts and myofibroblasts and development of 
tissue granulation and aberrant fibrosis. One of the most important 
regulators of ET-1 synthesis in endothelial cells is transforming growth 
factor-β (TGF-β), which is a key effector in fibrosis pathways [72,88]. 
Furthermore, ET-1 has mitogenic effects on vascular and airway smooth 
muscle, signifying its potential role in proliferative change and aberrant 
remodelling [89,90]. Indeed, ET-1 has been considered a therapeutic 
target in pulmonary fibrosis; with elevated levels of ET-1 observed in 
plasma and bronchoalveolar (BAL) samples, as well as immunostaining 
on lung biopsies [91,92]. However, clinical translation of these findings 
to successful clinical trials of endothelin antagonists has not been 
observed [76]. 

A further consideration is the role of endothelin in COVID-19 pa
tients with significant hypoxaemia. In a study of 13 patients with non- 
COVID acute respiratory failure, plasma ET-1 positively correlated 
with pulmonary haemodynamic parameters [76]. Imaging studies sug
gest that COVID-19 ARDS patients have abnormal pulmonary vascular 
shunting and uniquely have reduced blood flow in the small calibre 
peripheral arteries; a finding not seen in patients with ARDS due to 
alternative causes. Reasons for this may be due to increased pulmonary 
vascular resistance or microthrombi or both [93,94]. Given that ET-1 is 
upregulated in non-COVID ARDS, upregulation in COVID-19 ARDS is to 
be expected. This would provide explanation for the pulmonary 
inflammation, pulmonary endotheliitis, increased pulmonary artery 
pressure and increased pulmonary emboli risk observed in this condition 
[95–97]. 

In addition, ET-1 may also be important in the cardiovascular and 
renal dysfunction observed in COVID-19 [5,73,98]. In the cardiovas
cular system, ET-1 is implicated in atherosclerosis, hypertension, dia
betic microangiopathy, vascular inflammation, dissection, vasospasm 
and heart failure [73,99,100]. In the kidney, ET-1 promotes renal 
endoplasmic reticulum stress and apoptosis and is implicated in dia
betic, and hypertensive nephropathies, as well as focal segmental glo
merulosclerosis [10,99]. Furthermore, ET-1 is thought to play a role in 
the progression of AKI to chronic kidney disease as shown in an exper
imental model of post-ischaemic kidney injury [101,102]. 

5. Rationale for ET-A therapeutics in COVID-19 

5.1. Pharmacology of endothelin receptor antagonism 

Endothelin receptor antagonists have been approved since the early 
2000s to treat pulmonary arterial hypertension (PAH) to slow down the 
progression of the disease, improve exercise capacity, reduce pulmonary 
artery pressure and improve symptoms [103,104]. Approved endothe
lial antagonists for PAH can be defined as either ET-A selective (with an 
ET-A/ET-B selectivity ratio >100), or dual ET-A/ET-B antagonists with 
equal selectivity between receptors. In clinical practice, selective ET-A 
antagonists e.g Ambrisentan or dual antagonists e.g Bosentan are 
licensed. Only a few selective ET-B antagonists have been developed but 
have not reached clinical use. Elevated liver enzymes is the main side 
effect reported for this drug class [105]. 

Ambrisentan is a highly potent (Ki of 0.016 nM) selective ET-A 
antagonist with 4000 times greater affinity for the ET-A versus ET-B 
receptor [106]. The theoretical rationale for a selective ET-1 antago
nist (rather than a dual antagonist) as a treatment strategy for COVID-19 
is that selective ET-A blockade would mitigate the potent vasocon
strictive, inflammatory and mitogenic effects of ET-1, while maintaining 
the potential beneficial vasodilatation effects of NO and prostacyclin 
release mediated by ET-B receptors on vascular endothelial cells. It will 
also enable maximal clearance of circulating ET-1 which is via ET-B 
receptors [107]. For ambrisentan, elevated liver function enzymes is 
estimated to occur in approximately 2–3% of patients per year and 
generally does not require treatment cessation [103,104]. 

5.2. Endothelin receptor antagonism in ARDS 

Selective ET-A antagonism may enable more advantageous redistri
bution of pulmonary blood flow in COVID-19, by reducing the activity of 
ET-1 at the ET-A receptor. This may reduce pulmonary shunting to 
hypoxic areas of the lung, pulmonary vascular resistance and right 
ventricle afterload in the setting of acute hypoxia. Selective ET-A re
ceptor antagonism may also attenuate vascular remodelling in the 
context of ARDS. A mouse model of neonatal hypoxic pulmonary 
vascular remodelling showed ET-A receptor blockade partially reversed 
this condition [108]. 

ET-A blockade in COVID-19 associated ARDS, may also attenuate ET- 
1 induced inflammation, including cytokines and neutrophil migration 
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and activation. In an oxidative stress emphysema rat model, the ET-A 
antagonist (CSE + BQ-123) attenuated caspase-3 activity, matrix met
alloproteinase (MMP)-2, MMP-9 activity, TNF-α and IL-1β in lung tissue 
and improved biological antioxidant activity in the serum [109]. 
Endothelin receptor antagonists have been shown to suppress lipo
polysaccharide (LPS)-induced cytokine release (IL-6, MMP-9, CCL-2) 
from alveolar macrophages [110]. In a randomised control trial of pa
tients undergoing cardiopulmonary bypass, infusion of the ET-A recep
tor antagonist (sitaxsentan) compared with vehicle reduced plasma 
TNF-α levels compared with placebo in the post-operative period [111]. 

Experimental data has shown that tezosentan, a non-selective 
endothelin antagonist attenuated lung injury in endotoxaemic sheep 
[112], and LU-135252, an ET-A selective receptor antagonist improved 
oxygenation in an experimental pig model of acute lung injury [113]. In 
a rat airway model of LPS induced lung injury, both mixed and ET-A 
selective antagonists were shown to reduce microvascular leakage, 
whereas an endothelin-B (ET-B) selective antagonist on its own, showed 
no effect [114]. 

A case report of Bosentan (a dual ET-A and ET-B receptor antagonist) 
use in a patient with refractory hypoxaemia and severe ARDS due to 
H7N9 influenza infection, showed a beneficial effect on pulmonary 
haemodynamics with rapid and sustained reduction in right ventricle 
systolic pressure, followed by a gradual improvement in oxygenation 
[115]. 

6. Rationale for SGLT-2 therapeutics in COVID-19 

6.1. Pharmacology of SGLT-2 inhibitors 

SGLT-1 and SGLT-2 are sodium glucose co-transporter proteins 
which play an important role in glucose homeostasis. SGLT-2 is the 
major transport protein that mediates approximately 90% glucose 
reabsorption from glomerular filtration. SGLT2 is expressed on renal 
epithelial cells lining the first segment of the proximal convoluted tu
bule. Inhibition of SGLT2 prevents renal reuptake of glucose, promoting 
glucose excretion in the urine and therefore lowers blood glucose levels 
[116,117]. Dapagliflozin is an example of an SGLT-2 inhibitor. It is a 
competitive, highly selective, reversible inhibitor of SGLT-2 [118]. The 
effects of SGLT-2 inhibitors are dependent on blood glucose concentra
tion and kidney function. Since SGLT-2 inhibitors lower blood glucose 
levels via the kidney, these effects are independent of insulin secretion 
and sensitivity, unlike most anti-diabetic medications [116]. 

As a drug class, SGLT-2 inhibitors have demonstrated unprecedented 
cardiorenal protective benefits in numerous clinical trials [117]. In 
diabetic patients, the cardiorenal benefits besides glycaemic control 
were observed in the Empagliflozin Cardiovascular Outcome Event Trial 
in Type 2 Diabetes Mellitus Patients–Removing Excess Glucose 
(EMPA-REG OUTCOME) study in approximately 7000 individuals with 
type 2 diabetes and cardio-, cerebro- or peripheral vascular disease. 
Empagliflozin not only significantly reduced the composite endpoint of 
cardiovascular death, non-fatal myocardial infarction and non-fatal 
stroke, but reduced death and hospitalisation from heat failure by 
38% and 25% respectively, and all-cause mortality by 32% [119]. The 
EMPEROR-Reduced trial evaluated empagliflozin in heart failure in
dividuals with markedly reduced ejection fraction (≤40%). A median 
follow up of 16 months showed empagliflozin vs placebo, markedly 
reduced a composite endpoint of cardiovascular death and heart failure 
hospitalisation (HR 0.75; 95% CI: 0.65, 0.86, p < 0.001), slowed decline 
in estimated glomerular filtratio rate (eGFR) (− 0.55 vs. − 2.28 ml per 
minute per 1.73 m2 of body-surface area per year, p < 0.001) and was 
associated with lower serious renal outcomes [120]. The DAPA-HF trial 
in 4744 individuals with heart failure showed that dapagliflozin reduced 
death and hospitalisation from heart failure compared with placebo; and 
this was the case in individuals with (55%) and without diabetes (45%) 
[121]. More recently, The SOLOIST-WHT trial in 1222 patients with 
type 2 diabetes and heart failure showed Sotagliflozin, a dual SGLT1 and 

SGLT2 inhibitor reduced the composite outcome of cardiovascular 
deaths, hospitalisations for heart failure and urgent visits due to heart 
failure by 33% with significant early benefit after one month of treat
ment and a number needed to treat of only four patient-years [122]. 
Limitations of the SOLOIST-WHT trial that are important to mention 
include the loss of sponsor funding and thus premature closure of the 
trial prior to planned sample size enrolment. This meant that the study 
was not sufficiently powered for secondary endpoints. Loss of funding 
meant that the primary endpoint was changed from adjudication of 
events to blinded investigator-defined events. The DAPA-CKD trial in 
4304 individuals with chronic kidney disease showed that dapagliflozin, 
regardless of the presence or absence of diabetes, reduced the risk of 
sustained decline in the eGFR rate by at least 50%. End stage kidney 
disease or death from renal or cardiovascular causes was significantly 
lower in the dapagliflozin group compared with placebo, (HR 0.69; 95% 
CI, 0.53 to 0.88; p = 0.004) [123]. 

The mechanisms underlying the multi-organ benefits of SGLT-2 in
hibitors are not fully understood. However, in the context of multi-organ 
dysfunction observed in COVID-19 infection, including in particular 
metabolic, cardiac, endothelial and renal manifestations, it is proposed 
that SGLT-2 inhibitors may play an important therapeutic role. Putative 
mechanisms to explain their benefits include: improvements in endo
thelial dysfunction [124,125], cardiovascular haemodynamics with 
decreased pre- and after load, reduction in myocardial necrosis and 
fibrosis, and attenuation in systemic adipokines and cytokine production 
[126]. Putative anti-inflammatory properties of anti-diabetic therapies 
may also be another proposed benefit of using dapagliflozin in 
COVID-19 [127]. Dapagliflozin also seems to have beneficial effects on 
bioenergetics and cellular metabolism; by inhibition of mTOR, it may 
enhance autophagy and improve mitochondrial function, thus reducing 
cell senescence [116,117,128]. A further prospective benefit is that 
although dexamethasone is now recognised standard of care treatment 
for specific patients with COVID-19, the side effect of uncontrolled 
hyperglycaemia associated with steroid use is well recognised and 
indeed hyperglycaemia is associated with increased mortality from this 
disease [13,38,41]. Dapagliflozin may therefore help normalise glucose 
homeostasis. 

7. Co-administration of ET-A antagonist and SGLT-2 inhibitor 

In this perspective review, the rationale for targeting endothelin-A 
and SGLT-2 in treatment of COVID-19 has been laid out separately. 
However, COVID-19 is a multi-system infection with multiple patho
logical effects and targeting more than one aspect of these pathological 
effects may result in greater clinical benefit than standalone therapies. 
Fig. 1 shows the proposed benefits of both ET-A antagonism and SGLT-2 
inhibition on the vascular endothelium. Table 1 summarises the putative 
benefits of both drug classes in COVID-19 as a co-therapeutic strategy. 
Endothelin-A antagonism may reduce inflammation, ventilation perfu
sion mismatch and improve oxygenation thereby reducing the risk of 
progression of ARDS and respiratory failure, whilst SGLT-2 inhibition 
attenuates inflammation and provides systemic improvements in 
glucose homeostasis, endothelial dysfunction, cardiovascular haemo
dynamics and cellular metabolism, i.e organ protective effects. More
over, given the benefits of SGLT-2 inhibition on fluid handling and mild 
osmotic diuresis observed with use of this drug class [117], this could 
offset any peripheral oedema that may be associated with the vaso
dilating actions of endothelin-A antagonism [107]. 

8. Safety 

Ambrisentan and dapagliflozin are examples of an ET-A antagonist 
and SGLT-2 inhibitor respectively which are licensed drugs and widely 
available with a history of safe and successful use in clinical practice 
[106,118]. Common side effects of ambrisentan include peripheral 
oedema and fluid retention, as well as flushing and hypotension due to 
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its’ vasodilatory actions [106]. The TACTIC-E trial accommodates for 
this since persistent hypotension is a specific treatment cessation crite
rion [18]. Common side effects of dapagliflozin include hypoglycaemia 
if co-administered with insulin (given it reduces blood glucose depen
dent on the level of hyperglycaemia, although it does not cause hypo
glycaemia in non-diabetics), genital mycotic infections (likely due to 
glycosuria) and rash. The risk of ketoacidosis with dapagliflozin use is a 
rare (≥1/10000-≤1/1000) adverse reaction; and is more likely to occur 
if precipitating factors are present (i.e low carbohydrate intake or 
reduction in insulin dose), since loss of glucose will shift utilisation from 
carbohydrate to fat metabolism [118]. Monitoring of blood ketones, 
bicarbonate and pH is integrated into clinical trials of dapagliflozin in 
COVID-19, and metabolic acidosis, type 1 diabetes and previous hospital 
admission with ketoacidosis are some of the drug specific exclusion 
criteria for the TACTIC-E trial [18]. Another potential safety consider
ation is the risk of volume depletion, although this adverse event was 
importantly very balanced between dapagliflozin and placebo (2.5% vs 
2.4%, p = 0.99) treatment groups in the DECLARE- TIMI 58 trial in 
17160 type 2 diabetic patients [129]. Trials of dapagliflozin in 
COVID-19 have thus set exclusion criteria based on eGFR and careful 
monitoring of renal function, although safety analyses suggest SGLT-2 
inhibitors used in patients with chronic kidney disease are in fact asso
ciated with reduced risk of AKI. Adverse reactions related to increased 
creatinine have been reported in dapagliflozin studies, although further 
evaluation of these adverse events showed most had serum creatinine 
changes of ≤0.5 mg/dL and any increase was transient during contin
uous treatment or reversible after discontinuation of treatment [123]. 
Moreover, the DECLARE-TIMI 58 study (17160 patients) observed AKI 
was less common in the dapagliflozin group versus placebo (1.5% vs 2%, 
HR 0.69 [0.55–0.87, p = 0.002) [129]. Additionally, a meta-analysis of 

112 trials (n = 96,722) and 4 observational studies with 5 cohorts (n =
83,934) and minimum follow-up of 12 weeks follow up, found that 
SGLT2 inhibitors reduced the odds of suffering AKI by 36% (odds ratio 
[OR] 0.64 [0.53–0.78], p < 0.001) [130]. 

9. Summary 

This perspective review has detailed the rationale of potential ben
efits of a combined therapeutic strategy of endothelin-A antagonism and 
SGLT-2 inhibition for COVID-19 disease. The main hypothesised bene
fits are reduction in pulmonary ventilation perfusion mismatch and 
inflammation and metabolic and cardiorenal benefits to mitigate organ 
dysfunction and injury. Randomised controlled clinical trials with pre- 
defined endpoints of clinical efficacy, safety and tolerability are the 
optimal approach to determine if combined endothelin-A antagonism 
and SGLT-2 inhibition would be a beneficial therapeutic intervention in 
COVID-19. We envisage that the results from the ambrisentan/dapa
gliflozin arm in TACTIC-E and similar trials, such as DARE-19, will 
provide useful data to, advance understanding of COVID-19 and provide 
the evidence for clinical treatments that are urgently needed. 
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