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Abstract

:

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection can cause potentially life-threatening coronavirus disease (COVID-19). COVID-19 is a multisystem disease and is associated with significant respiratory distress, systemic hyperinflammation, vasculitis, and multi-organ failure. SARS-CoV-2 causes the deterioration of numerous systems, with increasing evidence implying that COVID-19 affects the endothelium and vascular function. The endothelium is important for preserving vascular tone and homeostasis. The overactivation and dysfunction of endothelial cells are significant outcomes of severity in patients with COVID-19. The Angiopoietin 1/Tie 2 pathway plays an important role in endothelium quiescence and vessel stability. The disruption of Angiopoietin/Tie balance affects the vessel contact barrier and leads to vessel leakage, and this in turn causes endothelial dysfunction. Although vascular instability through SARS-CoV-2 is associated with endothelial dysfunction, it is still not understood if the virus affects the Angiopoietin/Tie axis directly or via other mechanisms such as cytokine storm and/or immune response associated with the infection. This review provides an overview of the impact SARS-CoV-2 has on endothelial function and more specifically on the Angiopoietin/Tie pathway.






Keywords:


SARS-CoV-2; endothelial cell; angiopoietin; Tie1/2; ACE2; inflammatory cytokines












1. Introduction to Coronaviruses


Coronaviruses (CoVs) are a family of single-stranded RNA viruses that are a source of respiratory and digestive diseases in humans and animals [1]. The coronavirus family is separated into four different genera, i.e., Alphacoronavirus (α-CoV), Betacoronavirus (β-CoV), Gammacoronavirus (ϒ-CoV), and Deltacoronavirus (δ-CoV), which are part of the subfamily of Orthocoronavirinae. α-CoVs and β-CoVs cause disease in humans and other mammals, whereas ϒ-CoVs and δ-CoVs cause disease in avian species [2]. Human coronavirus (HCoV) OC43 and HCoV-HKU1 belong to β-CoV, whereas HCoV-229E and HCoV-NL-63 belong to α-CoV. These four human coronavirus species result in varying severity [3]. Severe acute respiratory syndrome coronavirus (SARS-CoV-1), Middle East respiratory syndrome coronavirus (MERS-CoV), and, more recently, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) belong to β-CoV genera and all of them result in more severe symptoms like pneumonia [4].



1.1. Virion Composition of Coronaviruses


The diameter of coronaviruses is about 80–120 nm in length, and the virus is surrounded by two layers of lipid molecules with envelope (E), spike (S), nucleocapsid (N), and membrane (M) proteins within the lipid bilayer. The S protein belongs to class I transmembrane proteins and is around 128–160 kDa prior to covalently attaching to carbohydrates and 150–200 kDa following N-linked glycosylation [5,6]. S protein cleaves into three identical units of polypeptides (S1–S3) by proteases found on target cells. S1 is involved in binding to receptors and S2 for membrane fusion. The endoplasmic reticulum (ER) stress response is stimulated through the infective process of the virus by S protein, which leads to apoptosis through unfolded protein response activation [7]. The M protein has a molecular weight of 25–30 kDa and has three functional regions which span the phospholipid bilayer [8]. M protein plays a role in viral infection processes such as RNA packaging and virion formation. The E protein is a relatively small protein with a molecular weight of 8–12 kDa and is involved in the assembly and release of virions [9]. N protein has a molecular weight of 43–50 kDa and supports the packaging of RNA into ribonucleocapsids. It also plays a role in numerous activities, including regulating virus assembly by interacting with M protein and the viral genome, increasing the replication and transcription of RNA genome, and in escaping the host immune reaction. Coronaviruses have one of the largest viral RNA genomes, roughly 27–32 kilobases (kb) [10]. The 5′-end of the genome encodes non-structural proteins, including proteases and transcription factors, and the 3′-end encodes structural proteins as well as cis-acting RNA elements crucial for RNA production [11].




1.2. SARS-CoV-2 Infection


SARS-CoV-2 infection can progress into a critical and potentially fatal respiratory disorder and pulmonary damage in patients through affected upper and lower respiratory epithelial cells, including alveolar type 2 (AT2) cells. The entry of SARS-CoV-2 into the target cell is the first step in the infection process and development of disease. Entry begins with attachment of the SARS-CoV-2 S glycoprotein to the host surface angiotensin converting enzyme 2 (ACE2), followed by S protein cleavage by cell surface transmembrane serine protease 2 (TMPRSS2) into the S1 and S2 domains. The S1 subunit contains the receptor-binding domain (RBD) that recognises and binds to the ACE2 receptor, and therefore regulates virus specificity to the host cell and the infection processes that lead to disease [12]. The RBD shifts from an upright posture to connect with the ACE2 receptor to a horizontal posture to escape the immune response. After S protein binds to ACE2 on the target cell surface via its RBD, cleavage by TMPRSS2 reveals the fusion peptide on the S2 subunit to initiate the fusion process of the virus to the host cell membrane [13]. TMPRSS2 is expressed in the plasma membrane of upper airway, pulmonary, digestive, heart, prostate, and liver epithelial cells [14]. SARS-CoV-2 has also been shown to use endosomal cysteine proteases cathepsin B (Cat B) and Cat L to enter the host cell aside from TMPRSS2 [15]. Kawase M et al. (2012) implied that concurrent suppression of surface receptor TMPRSS2, Cat L, and Cat B effectively inhibits virion entry into host cells in vitro [16].



Both non-specific and virus-specific immune responses contribute towards COVID-19, with escape from the innate immune response strongly affecting viral RNA replication and progression of infection. The protein kinase B (Akt) signalling pathway, which is important for cell survival, is abnormally regulated by SARS-CoV-2 to support its survival and replication. Nuclear factor-kB (NF-kb) transcription factor has been suggested to be highly active in severe inflammation during SARS-CoV-2 infection [16]. RNA replication of the SARS-CoV-2 genome forms double-stranded RNA (dsRNA), which upregulates the cytoplasmic innate immune pathway via stimulation of melanoma differentiation-associated protein 5 (MDA5) and retinoic acid-inducible gene I (RIG-I). This in turn triggers signalling by mitochondrial antiviral-signalling protein (MAVS), leading to release of type I and type III interferons [17], resulting in the activation of antiviral interferon-stimulated genes (ISGs) in neighbouring cells via the Janus kinase/signal transducer and activator of transcription (JAK/STAT) signalling pathway [18]. However, studies have shown that SARS-CoV-2 as well as SARS-CoV and MERS-CoV have various mechanisms to inhibit interferon-related immune responses, with the non-structural open reading frame 6 (Orf6) protein being involved in immune evasion and viral structural proteins inhibiting type I interferon-regulated antiviral immune responses [19,20].



The viral proteases 3-chymotrypsin-like protease (3CLpro) and papain-like protease (PLpro) are also crucial for viral replication, with roles in hydrolysing the viral polyprotein. PLpro also disrupts the host non-specific immune reaction by targeting various host cell proteins [21]. RNA-dependent RNA polymerase (RdRp) is important for SARS-CoV-2 virus transcription, RNA genome replication, phenotype changes, and regulation of post-transcription of host cell gene expression [22]. SARS-CoV-2 also affects the target cell through its cytocidal effect, which promotes host cell death and lysis via an immune-regulated process. The formation of syncytia by fusion of SARS-CoV-2-infected cells, via formation of replication complexes formed through the movement of vesicles and disturbance of Golgi apparatus, has also been observed [23]. Rapid and unregulated non-specific responses to viral infection lead to a rise in inflammatory cytokines and immune cell activation in the lower respiratory tract, triggering damage to cells and tissues and thus exacerbation of COVID-19 [24].





2. The Endothelium


The circulatory system contains numerous blood vessels, including arteries, veins, capillaries, and lymph vessels, which transport blood, haemocytes, oxygen, nutrients, hormones, vitamins, minerals, and lymphatic fluids, which are important to supporting the survival of the human body [25]. Endothelial cells are a thin monolayer that mainly lines the interior surface of vasculature and are commonly shielded by pericytes that promote vascular stability. These cells have various roles and are predominately surrounded by smooth muscle and connective tissue. The main function of endothelial cells is regulating haemostasis, coagulation, thrombosis, permeability, inflammatory processes, remodelling of new vessels, blood vessel tone, vasorelaxation and vasoconstriction, blood flow and pressure, and forming the barrier between vessels and tissues [26,27,28]. The endothelium has a capacity to respond to physical damage and chemical molecules. The stability of the endothelium depends on the regulation of vascular contractile activity of vascular smooth muscle cells, vasculitis, and cellular attachment to other cells [29]. Physiological activity of certain endothelium signalling mediators, including nitric oxide, prostacyclins, and angiopoietins, are important for all features of blood vessel stability and integrity. Therefore, the metabolic function of endothelial cells is crucial for the constant adaptation of blood vessel tone, which in turn regulates blood pressure. Additionally, endothelial cells have a key role in decreasing the formation of blood clots and blood thickness equilibrium in the blood stream, including the normal control of white blood cell transport from blood vessels to tissues [30].



2.1. Angiopoietin Family


Angiopoietins belong to a family of vascular growth factor glycoproteins which control the formation of new blood vessels and promote angiogenesis and foetal/adult vascular development. The four isoforms, Angiopoietin (Angpt) 1, 2, 3, 4, are structurally comparable and are ligands of the Tunica Interna endothelial cell tyrosine kinase (Tie) receptor, predominantly expressed in endothelial cells [31]. Angpt 1 and 2 are key isoforms of this glycoprotein family and have been thoroughly studied, whereas Angpt 3 and 4 are less well studied. Although Angpt 3 is expressed in mice and humans, it is not biologically active in human endothelial cells. The specific and precise equilibrium of Angpt 1 and 2 is important to controlling vascular stability [32]. The alteration of these protein level ratios is connected with multiple diseases, such as cancer, sepsis, and coronary artery diseases [33].




2.2. The Function of Angiopoietin 1


Angpt 1 has a molecular weight of 70 kDa and consists of 498 residues [34]. Angpt 1 is suggested to be a significant angiogenic growth factor and constitutive paracrine agonist of tyrosine kinase receptor (Tie2) and supports blood vessel stability and integrity. Witzenbichler et al. (1998) reported that binding of Angpt 1 to Tie 2 in vascular endothelial cells leads to the phosphorylation of several tyrosine residues on the carboxy terminus of the receptor, initiating various intracellular secondary messengers that contribute to endothelial function, including vessel sprouting and cell viability [35]. The absence of Angpt 1 was shown to lead to defects in blood vessel growth and foetal blood vessel development in Angpt 1 knockout mice [36]. The upregulation of Angpt 1 in a genetically modified mouse model increased angiogenesis and decreased vascular permeability [37]. Angpt 1 does not bind to the Tie 1 receptor; however, it indirectly activates it through the transphosphorylation of active Tie 2 receptors [38]. Angpt 1-induced PI3K/Akt leads to the addition of phosphate groups and inhibition of the forkhead transcription factor Foxo1 in vascular endothelial cells [39]. This transcription factor is involved in endothelial cell death and controls the synthesis of various mediators such as Angpt 2. Angpt 1 phosphorylation of the Tie 2 receptor also facilitates adhesion to pericytes and smooth muscle cells, which in turn leads to blood vessel protection and stability [40].




2.3. The Function of Angiopoietin 2


Angpt 1 and 2 have 60% homology in their amino acid sequence. Like Angpt 1, Angpt 2 is capable of binding to Tie 2 receptor. Angpt 2 is stored in Weibel–Palade bodies (WPBs) in endothelial cells. The release of Angpt 2 is highly controlled and exerts an autocrine action [41]. Angpt 2 has the opposite effect from Angpt 1; it facilitates vascular permeability, obstructs endothelial barrier activity, and impairs vascular integrity [42]. Although Angpt 2 obstructs the vascular protective activity of Angpt 1 after it binds to Tie 2 receptor, in some cases, this antagonist ligand can stimulate Tie 2 signalling through an unknown mechanism. In the presence of vascular endothelial growth factor (VEGF), Angpt 2 promotes angiogenesis, blood vessel sprouting, and destabilisation [43]. Also, Angpt 2 promotes pericyte detachment by decreasing the cooperation between endothelial cells and pericytes, vascular smooth muscle cells, and the extracellular matrix [44]. Also, some studies reported that upregulation of Angpt 2 in vitro activates vascular endothelial cell movement during the reorganisation stage of angiogenesis and increases cell viability via Tie 2 interaction and PI3K/Akt stimulation [45]. In physiological conditions, Angpt 2 is generally released in regions of structural changes to bloods, vessel such as the gonads, the womb, and the placenta. Its release is rapidly activated by various stimuli including thrombin, histamine, hypoxia, and VEGF. Angpt 2 also stimulates vascular endothelial cells to release inflammatory cytokines including TNF-α [46]. Angpt 2 interacts with white blood cells, including monocytes, macrophages, and neutrophils, throughout the inflammation process [47].




2.4. Tie Receptors


Tie 1 and Tie 2 are members of a specific receptor tyrosine kinase (RTK) family which are expressed predominantly in endothelial and hematopoietic cells. Tie 2 receptor interacts with Angpt 1, 2, 4, whereas Tie 1 is thought to be incapable of binding to Angpts and alternative ligands of Tie 1 have not yet been discovered [48]. Tie receptors contain three epidermal growth factor (EGF) domains amidst two immunoglobulin (Ig)-like domains and three fibronectin type 3 domains. Their Ig-like domains and EGF-like domains are important and sufficient to bind Angpt 1 and Angpt 2 [49]. Tie receptors play a role in the structural change and maturation of blood vessels during embryogenesis [50]. Tie 1 orphan receptor is important for blood vessel formation, integrity, and sprouting in the embryonic stage. Tie 1 synthesis decreases in adulthood, but its levels remain the same in endothelial cells of the renal, cardiovascular, and respiratory systems [51]. Tie 2 is the main signalling receptor of the Angpt pathway and receptor clustering is important for the stimulation of this transmembrane receptor [52]. Tie 1 is capable of forming heterodimer complexes with Tie 2, which decreases the activation of Angpt 1 and supports the activity of Angpt 2, whereas Tie2/Tie2 homodimers activate Angpt 1 signalling and vascular integrity. The process of Tie 2 receptor activation is still not well understood, apart from the binding of the carboxyl terminus domain of Angpt to the ligand-binding domain of this receptor [53].




2.5. Angiopoietin 1/Tie 2 Signalling


After the binding of the five subunits of multimeric Angpt 1 to the Tie 2 receptor at the cell-to-cell junctional complex, Tie 2 transmembrane receptor is phosphorylated and starts the signalling pathway, resulting in the regulation of multiple processes, including blood vessel stability and endothelial cell survival, as illustrated in Figure 1 [53,54]. Angpt 1 activates PI3K by recruiting the regulatory p85 subunit in Tie 2, which results in the stimulation of Akt and nitric oxide synthase 3 (eNOS) to inhibit endothelial apoptosis. The stimulation of Akt by the Angpt 1/Tie 2 signalling pathway leads to the phosphorylation and obstruction of the Forkhead transcription factor (FKHR) gene to support cell survival and vessel stability [55,56,57,58,59,60]. The Angpt 1/Tie pathway is also involved in cortical actin cytoskeleton stability by regulating GTPase and decreasing inflammatory molecules through the inhibition of NFκB protein [61,62,63,64,65,66].



As discussed above, Tie 1/Tie 2 heterodimer receptors can affect Angpt 1/Tie 2 signalling. Tumour necrosis factor-α (TNF-α) is a crucial inflammatory cytokine that is able to stimulate Tie 1 ectodomain cleavage in endothelial cells. TNF-α was also shown to elevate Tie 2 expression, leading to changes in the ratio of Tie 1 to Tie 2. Similar observations have been found with VEGF, which is capable of cleaving the ectodomains of both Tie 1 and Tie 2, leading to the regulation of Angpt 1 signalling [67,68,69,70,71]. Tie 1 decreases the capacity of Angpt 1 to bind to Tie 2 and therefore decreases Tie 2 activation by its ectodomain. Cleavage of the extracellular domain of Tie 1 enhances the binding of Angpt 1 to Tie 2 and thus increases Angpt 1/Tie 2 activation [72]. Changes in Angpt 1 and Angpt 2 levels also regulate Tie 2 signalling. A decrease in Angpt 1 and increase in Angpt 2 promote vessel destabilisation under various disease states and have been associated with acute lung injury [73]. Some studies reported that the release of Angpt 1 changes after ischemic stroke and increased levels of this protein decrease the complications of stroke [74]. During atherosclerosis, Angpt 2 elevation promotes vessel inflammatory processes by stimulating NFκB and traffics white blood cells through the vessel to the affected regions [75]. Also, inflammation caused by infection leads to a decrease in Angpt 1 and suppression of the Angpt 1/Tie 2 pathway, leading to vascular instability and increased permeability. Several studies have mentioned that Angpt could be utilised as a molecular marker or treatment method to decrease the severity of lung inflammation and sepsis [76,77]. Some studies suggest that elevated Angpt 2 in various tumours stimulate neovascularisation in cancer mice models. Angpt 1/Tie 2 pathway therapies have been connected with recovery and survival rates in specific types of tumours, such as cervical and ovarian cancers [78,79,80].





3. The Impact of SARS-CoV-2 on Endothelial Cells


Post-mortem studies in COVID-19 patients have reported a procoagulant state and microvascular damage in deceased patients, demonstrating that vascular pathology caused by endothelial dysfunction is a crucial factor in the pathogenesis of SARS-CoV-2 [81,82,83]. Endothelial dysfunction during SARS-CoV-2 infection results in pro-inflammation and vascular permeability and leads to vascular destabilisation through the mechanisms shown in Figure 2 [84]. As mentioned above, the ACE2 receptor is one of the most important receptors that bind to the spike protein of SARS-CoV-2 and is expressed in various cells, including vascular endothelial cells. SARS-CoV-2 has been connected with substantial immune activation that directly influences endothelial cells via cytokine storm [85]. SARS-CoV-2 can infect host endothelial cells if high viral loads are used, and this leads to the activation of cell death. Infections of endothelial cells have been suggested to be less efficient compared to those of epithelial cells due to the lower expression of the ACE2 receptor and protease in endothelial cells [86].



Endothelial tissues cooperate with epithelial tissues in the respiratory tract airway barrier to control tissue stability and defend against infectious microorganisms. Epithelial cells communicate with endothelial cells during pathogenic infections to initiate immune cell activation. These two cells create a single layer bound by solid junctions that control vascular permeability, whereas adherent junctions control cell-to-cell and cell-to-matrix cooperation [87]. The endothelium in the lung contains macro- and micro-vessel endothelial cells, with the latter belonging to the epithelial and endothelial contact junction [88]. An increase in inflammatory cytokines causes local endothelial dysfunction and supports blood clotting and platelet activation [89]. The damage to endothelial cells caused by an intense immune reaction could affect the structure of blood vessel and airway junctions and cause vessel leakage, lung inflammation, white blood cell extravasation, and oxygen shortage [90]. Lung epithelial cells stimulate NOD-like receptor protein 3 (NLPR3) and inflammatory cytokines such as TNF-α and IL-6 during COVID-19 in order to start intense immune reactions; these processes result in apoptosis, cell injury, increased vessel permeability, and lung inflammation [91]. In addition, unregulated synthesis of neutrophil extracellular traps (NETs) and reactive oxygen species (ROS) impairs endothelial cells, activates platelet and blood clotting, and aids in acute respiratory distress syndrome and tissue injury. Nitric oxide and prostacyclin are vasodilators that help with vascular integrity. The levels of these hormones are reduced in SARS-CoV-2 and lead to endothelial dysfunction [92].



Intracellular adhesion molecules bind to fibrinogens and support fibrin aggregation to endothelial cells, which is involved in abnormal functioning of endothelial cells, blood clotting, and vessel narrowing [93]. Hyperactivation and dysfunction of endothelial cells are a significant hallmark of severity in patients with SARS-CoV-2. It is not clear if SARS-CoV-2 can directly and productively infect endothelial cells despite endothelial cells expressing the ACE2 receptor, which is necessary for viral entry [94,95,96,97]. Enrichment of SARS-CoV-2 RNA was found in lung endothelial cells in deceased COVID-19 patients [98], and infection was observed in in vitro-cultured endothelial cells [98,99]. On the other hand, infection of primary endothelial cells was not observed [100]. Despite this, it has been suggested that infection of neighbouring cells, such as epithelial and vascular pericyte cells, causes an elevated inflammatory response and cytokine storm and leads to endothelial dysfunction [86,100].



Some studies have speculated that SARS-CoV-2-infected epithelial cells detach at the contact barriers and that permits the virus to be transmitted from the base surfaces of epithelial cells to endothelial cells in the lungs. It has also been suggested that the virus might infect endothelial cells through the blood stream via the apical surface [101]. Also, others have suggested that ACE2 is released at high levels in small-vessel pericytes and that pericyte injury caused by SARS-CoV-2 might play a role in endothelial dysregulation. The loss or detachment of SARS-CoV-2-infected and injured pericytes causes endothelial dysfunction through declining endothelial barrier activity and endothelial activation [94,101].



It has also been reported that the SARS-CoV-2 spike protein stimulates damage to the vessel contact barrier in cerebral small-vessel endothelial cells [101]. Endothelial cells sense and respond to damage-associated molecular signals from surrounding virus-affected epithelial cells and endothelial cells. Furthermore, the vascular endothelial cell-regulated inflammatory process is an key part of the pathological mechanism of COVID-19 [52,102]. During infection, the inflammatory process activates endothelial cells, which synthesise tissue factors that result in blood clotting, hyperpermeability of small vessels, lung damage, and increased levels of cytokines such as TNF-α and IL-6, associated with amplified coagulation factor 1 or fibrinogen [102]. The extracellular activation of ACE2 is decreased and the renin–angiotensin system (RAS) is stimulated after SARS-CoV-2 entry into the host cell. ACE2 is important for supporting vessel relaxation molecules including angiotensins 1–7, preventing the activation of reactive oxygen species (ROS) through inhibition of angiotensin II type 1 receptor (AT1R), and regulates the equilibrium of the RAS [103]. Downregulation of nitric oxide and elevated vessel-narrowing molecules such as angiotensin 2 are important aspects of endothelial dysregulation during COVID-19. The reduction in nitric oxide by upregulation of NFκB leads to a reduction in endothelial nitric oxide synthase (eNOS) and to the synthesis of ROS, which are involved in disrupting endothelial function (Figure 2) [104]. During SARS-CoV-2 infection and cytokine storm, the increase in angiotensin type 2 receptor and reduction in angiotensin 1–7 are involved in decreasing vessel dilation, supporting white blood cell and thrombocyte adhesion, and therefore activate a pro-thrombotic, pro-coagulative state and inhibit the fibrinolysis process [105]. Moreover, angiotensin type 2 receptor upregulates nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase 2), and increased expression of angiotensin type 2 receptor leads to an increase in oxidative stress and destabilisation of vascular activity [106]. People infected with SARS-CoV-2 displayed elevated amounts of fibrinogen, fibrin-dissolving fragments such as D-dimer, and blood clotting protein including factor 8, and decreased amounts of endothelial plasminogen activator inhibitor 1 [107].



3.1. Potential Impact of SARS-CoV-2 on Angpt/Tie Signalling


Angpt 2 plays an important role in elevated vascular inflammation and leakage through inactivating Angpt 1 and Tie signalling. Elevated levels of Angpt 2 have been detected in the blood serum of patients with vascular leakage, lung inflammation, and acute respiratory distress syndrome, and have been linked with complications like sepsis [108]. Lu et al. (2022) reported that SARS-CoV-2 infection impairs the structure of the vascular endothelial contact barrier due to damaging vascular endothelial cadherin barrier junctions and increasing inflammatory mediators including IL-6, IL-8, and Angpt 2 in vitro. Also, these cytokines were increased in SARS-CoV-2 infections compared to other coronaviruses such as NL63 [109]. The stimulation of phosphorylated mixed-lineage kinase domain-like protein (pMLKL), which supports necrotic apoptosis, occurred in small vessels with increased Angpt 2, connecting this to vessel damage in patients with COVID-19 [110]. Some studies suggested that thrombosis, vessel damage, and vascular endothelial cells apoptosis were observed in the tissue of deceased COVID-19 patients using pulmonary imaging mass cytometry. This result supports the speculation that COVID-19 is a vascular disorder [111]. SARS-CoV-2 uses the cellular machinery of infected cells, similar to other viruses, in order to produce proteins which are necessary for the transcription and assembly of the pathogen, resulting in atypical hyperstimulation of signalling mechanism of PI3/Akt/mTOR pathway [112]. Hypoxia caused by SARS-CoV-2 infection is also involved in angiogenesis. The lack of oxygen connected with continuing inflammation leads to hypoxia-inducible factor 1 alpha (HIF-1α) stabilisation, which interacts with molecular markers including VEGF, Angpt, and Tie 2 receptor. Also, angiopoietin-like 4 proteins (Angpt 4) are released in response to oxygen starvation and malnutrition by a HIF1-α-related mechanism. Angpt 4 is involved in several activities including controlling vessel damage, permeability, wound healing, vessel function, and cholesterol homeostasis [113]. Some studies reported that increased levels of Angpt 4 were related to acute respiratory distress syndrome and severity of SARS-CoV-2 infection [114]. SARS-CoV-2 infection activates HIF-1α, and upregulation of this factor is also involved in the pathophysiological mechanism of this pathogen, including a decrease in ACE2 receptor [115].



White blood cell endothelial adhesion molecules such as soluble E-selectin are activated by inflammatory cytokines. Elevated levels of soluble E-selectin and Angpt 2 have been reported in patients with SARS-CoV-2 infection [116]. Thrombocytes, except pericytes, produce large numbers of Angpt 1 protein. Thrombocytopenia is caused by apoptosis of thrombocytes, and build-up of thrombus aggregation leads to decline in serum Angpt 1 in patients with severe COVID-19 [117]. It has been speculated that after the first stage of SARS-CoV-2 infection, the induced expression of inflammatory cytokines and local hypoxia due to upregulated Angpt 2 results in the development of lung vessel injuries. Serum Angpt 2/Angpt 1 ratio is more substantially elevated in patients with severe symptoms or those who are critically ill than patients with less severe symptoms [118].




3.2. Potential Clinical Implication of Angpt/Tie Signalling in COVID-19 Patients


It is well known that endothelial dysfunction is associated with multiple organ damage [119]. Molecular imbalances of key mediators associated with ED, including decreased NO bioavailability, increase in endothelin-1 and angiotensin II, increase in intracellular adhesion molecule 1 (ICAM1) and vascular cell adhesion molecule 1 (VCAM1), and rise in plasminogen activator inhibitor 1 (PAI-1) and Angpt-2 levels, to name a few, are linked to acute kidney and liver injury, lung damage, stroke, and cardiac/peripheral vascular injury [119,120]. In vitro and early clinical evidence shows that, either by direct infection or through an indirect mechanism (cytokine storm), SARS-CoV-2 leads to ED and results in multi-organ injury [119,120,121]. So, it is important to explore therapeutic ways in which endothelial function and vascular integrity can be improved in the care of patients with long-term SARS-CoV-2 symptoms. Recent work on primary human umbilical vein endothelial cells (HUVECs) treated with plasma from patients with severe COVID-19 showed upregulated expression of several thromboinflammatory genes, including Angpt-2 and E-selectin [122]. Downregulation of anti-thrombotic genes, endothelial protein C receptor, and thrombomodulin was also observed in the treated cells. Interestingly, stimulating Tie2 receptor with its protective ligand Angpt1 or using a vascular endothelial protein tyrosine phosphatase (Tie2 kinase inhibitor) inhibitor (AKB-9778) significantly reduced the ability of severe COVID-19 plasma to induce procoagulant activity in HUVECs [122]. While the study had limitations in correlating the gene expression profile with clinical outcomes, this initial work indicates the Angpt/Tie2 axis as an attractive model to pursue.





4. Conclusions


Endothelial dysfunction plays a crucial role in the pathophysiology of SARS-CoV-2. The effect of SARS-CoV-2 on Tie receptor expression and Angpt 1 levels is not well studied; however, some studies indicate that infection induces changes in the levels of Angpts and Tie 2, which may potentially destabilise the vasculature and promote thrombosis, coagulation, inflammation, and permeability during severe COVID-19. It is also possible that SARS-CoV-2 may indirectly affect Angpt/Tie 2 signalling through inflammatory cytokine storm and stimulation of a pro-thrombotic state. Inflammatory cytokines such as TNF-α and IL-6 upregulate Angpt 2 by inhibition of nitric oxides and NFκB activation and thus suppress Angpt 1/Tie 2 signalling. Direct endothelial virus infection or infection of neighbouring cells may cause disruptions in Angpt 1/Tie 2 and endothelial dysfunction during immune activation against infection. As previously mentioned, SARS-CoV-2 is associated with long-term vascular pathology and endothelial injury. Therefore, based on the evidence, more research is required in order to understand the molecular impact SARS-CoV-2 has on endothelial dysfunction and the Angiopoietin/Tie axis to improve treatment and care.
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Figure 1. A schematic demonstrating Angiopoietin 1 and 2 molecular signalling in normal and abnormal vasculature. The binding of Angpt 1 to Tie 2 receptor at junctional complexes results in stimulation of PI3K/Akt, antiapoptotic protein, nitric oxide synthase 3 (eNOS), and that in turn promotes endothelial cell survival throughout normal vasculature. The inhibition of FKHR by Angpt1/Tie 2 receptor phosphorylation inhibits inflammatory molecules and supports vascular stability. In abnormal conditions, the binding of Angpt 2 and Tie 2 results in pericyte loss, increased inflammatory gene expression, and vascular destabilisation. 
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Figure 2. A schematic demonstrating the molecular mechanisms of the effect of SARS-CoV-2 infection on endothelial cells. Viral infection affects endothelial and vascular function by several pathways. The inflammation response during viral infection stimulates the renin–angiotensin system (RAS) by elevating angiotensin 1 or alternatively through decreasing the extracellular activation of angiotensin converting enzyme 2 (ACE2). SARS-CoV-2 infection elevates reactive oxygen species (ROS) and stimulates NFκB, and that in turn reduces nitric oxides and elevates inflammatory cytokines such as TNF-α and IL-6. This mechanism results in damaging the equilibrium amidst vessel relaxation and narrowing, inflammation, blood clotting in arteries and capillaries, and thrombocyte stimulation. 
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