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Abstract

:

SARS-CoV-2, the causative agent of the ongoing COVID-19 pandemic, has revealed a broader impact beyond the respiratory system, predominantly affecting the vascular system with various adverse manifestations. The infection induces endothelial dysfunction and immune system dysregulation, creating an inflammatory and hypercoagulable state. It affects both microvasculature and macrovasculature, leading to thromboembolic events, cardiovascular manifestations, impaired arterial stiffness, cerebrovascular complications, and nephropathy, as well as retinopathy—frequently observed in cases of severe illness. Evidence suggests that SARS-CoV-2 infection may result in persistent effects on the vascular system, identified as long-term COVID-19. This is characterized by prolonged inflammation, endotheliopathy, and an increased risk of vascular complications. Various imaging modalities, histopathological studies, and diagnostic tools such as video capillaroscopy and magnetic resonance imaging have been employed to visualize vascular alterations. This review aims to comprehensively summarize the evidence concerning short and long-term vascular alterations following COVID-19 infection, investigating their impact on patients’ prognosis, and providing an overview of preventive strategies to mitigate associated vascular complications.
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1. Introduction


COVID-19, caused by the coronavirus SARS-CoV-2, first appeared in 2019 and rapidly evolved into a global pandemic, challenging health systems worldwide [1]. Initially, the virus was classified as a primarily respiratory pathogen, capable of inducing acute respiratory distress syndrome (ARDS), similar to the preceding and genetically related SARS virus that caused a milder pandemic in 2002 [2]. However, it quickly became evident that, despite respiratory symptoms remaining prevalent, SARS-CoV-2 exerts its effects on multiple organs (heart, lungs, kidneys, liver, and lymph nodes), with significant implications for the vascular system [3]. This multi-systemic involvement has drawn increasing attention, requiring further understanding and scientific research for the development of medical interventions to improve overall management.



Vascular involvement in COVID-19 includes a vast spectrum of manifestations, ranging from endothelial injury to vascular damage and coagulation disorders [4,5,6]. The main entrance mechanism for SARS-CoV-2 is through binding to the angiotensin-converting enzyme 2 (ACE2) receptor, which is expressed not only in the respiratory tract, but also in endothelial cells covering blood vessels throughout the human body [7]. The widespread dissemination of the virus initiates a cascade of events culminating in endothelial impairment, inflammation, a hypercoagulable state, and disorders within the immune system [1,8]. This effect can be systematic or more pronounced in a specific organ. In addition to the acute clinical setting, long-term consequences have also been brought to light, further testing healthcare systems and emphasizing the necessity for a better understanding of the virus’s mechanisms. Comprehension of the tangled relationship between the virus and vascular alterations is essential for the development of targeted treatment approaches, improving patient management and moderating the vascular manifestations of COVID-19. Hitherto, many researchers have tried to clarify the interaction of SARS-CoV-2 with the vasculature, aiming to provide new therapeutic strategies and prevention measures [9].



In this review, we aimed to investigate the complex relationship between COVID-19 and vascular alterations, aiming to elucidate the pathophysiological mechanisms, clinical manifestations and therapeutic approaches for COVID-19-induced vasculopathy.




2. Mechanisms of Vascular Alterations in COVID-19


The mechanisms implicated in vascular alterations attributed to COVID-19 are concisely illustrated in Figure 1. In pathological studies, COVID-19 was linked to critical endothelial alterations including thrombotic occlusions of alveolar capillaries, alveolar remodeling and hyperplasia, the direct or indirect infection of lung endothelial cells (ECs) leading to widespread inflammation, cell oedema, and apoptosis, and the disruption of the normal membrane barrier [10].



2.1. Endothelial Damage


SARS-CoV-2 has the potential to directly infect ECs and instigate extensive vascular injury by binding with proteins such as ACE2 [11], lymph node-specific intercellular adhesion molecule-3-grabbing integrin (L-SIGN), and transmembrane protease serine 2 (TMPRSS2) [12]. Endothelial injury, impaired lipid metabolism, and hemodynamic disruption, followed by flow-mediated inflammatory changes in the endothelium, are the main steps leading to endothelitis [13]. Inflammation begins when the endothelial cells become activated and secrete adhesion molecules, and the smooth muscle cells secrete chemokines and chemoattractants, which together draw monocytes, lymphocytes, mast cells, and neutrophils into the arterial wall [14]. The activation of endothelial cells leads to the secretion of monocyte chemoattractant protein-1 (MCP-1), IL-8, intercellular adhesion molecule-1 (ICAM-1), vascular adhesion molecule-1 (VCAM-1), E-selectin, P-selectin, and other inflammatory factors, with lymphocytes and monocytes infiltrating the arterial wall [15]. The effect of two pro-inflammatory cytokines, TNF-alpha and IL-1, which promote the expression of cytokines and adhesion molecules, as well as the migration and mitogenesis of vascular smooth muscle and endothelial cells, is of particular interest [16]. TNF-alpha and IFN-γ have also been associated with the disruption of endothelial cell junctions, leading to leukocyte transmigration, vascular permeability, and matrix degradation, all of which facilitate endothelial damage and atherosclerosis progression [17].




2.2. Mitochondria


A number of studies have demonstrated that SARS-CoV-2 infection is associated with impaired mitochondrial function. In preclinical models, SARS-CoV-2 was found to promote the production of mitochondrial reactive oxygen species (mtROS) [12]. The excess of mtROS induces both mitochondrial and cellular damage, resulting in an early senescence of endothelial cells [12]. Furthermore, mtROS activate the transforming growth factor-beta (TGF-β), a known contributor to endothelial-to-mesenchymal transition (EndMT), leading to atherosclerotic plaque rupture and fibrosis [18,19]. In another study, SARS-CoV-2 was proposed to have the ability to directly deregulate mitochondria by localizing its genome very close to the mitochondrial matrix. This allows SARS-CoV-2 to generate double-membrane vesicles (DMVs), a common defensive mechanism of coronaviruses to shield themselves from host cells [20]. DMVs result in impaired viral clearance, leading to the persistence of the virus in pulmonary alveolar cells. Furthermore, mtROS signal pathways for the release of inflammatory cytokines such as interleukins, chemokines, and tissue necrosis factor. SARS-CoV-2, among other viruses, has the potential to induce a massive production of cytokines, known as a cytokine storm [12].




2.3. Inflammation


Excessive inflammation constitutes a pivotal characteristic in COVID-19 infection, particularly among individuals who progress to severe disease. The onset of a cytokine storm, which refers to a severe immune reaction characterized by the overproduction of cytokines (signaling molecules involved in immune responses) [21], can be triggered not only by viral escape mechanisms but also by genetic defects in the host, such as a deficiency in anti-melanoma differentiation-associated gene 5 (MDA5) leading to reduced interferon levels [22,23]. Cytokines trigger endothelial permeability by harming junctional proteins such as VE-cadherin, or by downregulating their production. CoV-2 has been found to provoke the activation of Toll-like receptor (TLR) 9 and NF-κB, causing an increased expression of inflammatory genes and downregulation of nitric oxide (NO), a major vasodilator and antithrombotic agent [24,25]. SARS-CoV-2 products can also hyperactivate neutrophils via NLR family pyrin domain containing 3 (NLRPR3). Leukocytes produce ROS, extracellular traps (NETs) and proteolytic enzymes, contributing to the perpetuation of inflammation [22,26].



The complement system is also a significant part of the immune response. The activation of the complement system can eliminate the pathogen, but it can also damage the ECs which do not express certain protective regulators on their membrane. Additionally, C5a, a protein of the complement cascade, can enhance the chemoattraction of both inflammatory agents and cells. Circulating C3d, C4d, and C5b-9 facilitate thrombus formation. SARS-CoV-2 has been found to upregulate complement markers via the lectin and the alternative pathway [27].




2.4. Clot Formation


The outbreak of cytokines and systemic vascular injury prompts a procoagulant state [28,29]. Damage to the endothelial glycocalyx, a network of membrane-bound proteoglycans and glycoproteins, results in increased thrombogenic molecules such as von Willebrand Factor (vWF) and P-selectin, leading to intensified platelet aggregation and leukocyte activation [28,30]. Moreover, the disruption of the glycocalyx can reduce the levels of NO and consume anticoagulants such as heparan sulfate proteoglycans, prostacyclin, and tissue factor inhibitor. Cytokine storm also promotes the production of prothrombotic agents, such as thromboxane, plasminogen activator inhibitor-1, and tissue factor. The extended formation of neutrophil extracellular traps (NETs) and antibodies, like antiphospholipid ones, are additional stimuli for coagulation cascade initiation [28].




2.5. Immune System


A study demonstrated that the number of B cells and T cells, especially natural killer (NK) cells, was lower in patients with severe COVID-19 [22]. Considering the lymphocyte counts, several mechanisms have been proposed, including destruction by the cytokine storm [31], T cell exhaustion [32], a direct infection of T cells [33,34], and virus interference with T cell expansion [35]. Apart from low lymphocytes, the atrophy of lymphoid organs has also been reported. In contrast, monocytes and macrophages are elevated, serving as evidence of heightened inflammatory cytokines such as interleukins (IL), especially IL-1, IL-6, IL-8, and tumor necrosis factor-α [22]. Furthermore, comorbidities related to established vascular injury, such as diabetes or hypertension, as well as predisposing immune system abnormalities, such as advanced age, result in impaired endothelium function and susceptibility in thrombotic events, prolonged hospitalization, and higher mortality [36].





3. Short-Term Vascular Manifestations and Complications


3.1. Thromboembolic Manifestations


As mentioned above, SARS-CoV-2 infection induces a prothrombotic and proinflammatory condition that increases the likelihood of a thromboembolic event, with venous thromboembolism being more common than arterial complications (Figure 2) [37]. Large cohort studies have provided evidence showing a heightened occurrence of thrombotic events, reaching rates as high as 47% among patients admitted to intensive care units [38]. Acute myocardial infarction and stroke represent the most common arterial thrombotic (AT) events, while pulmonary embolism, along with lower limb deep vein thrombosis, stands out as the predominant venous thrombotic event [39]. The prevalence and severity of these cases escalate with the increasing severity of the disease, predominantly manifesting in hospitalized and intensive care unit patients or those with comorbidities. Furthermore, the risk of an event persists up to six months after the acute phase [40].




3.2. Pulmonary Vessels


Pulmonary involvement is prominent in COVID-19 [41]. ARDS is the result of excessive endothelial dysfunction and continuous cytokine exposure. Proteomic analysis has verified the extended and intense exposure to cytokines in SARS-CoV-2, in contrast to the influenza virus. Pulmonary embolism, with or without concurrent deep vein thrombosis, may manifest in up to 24% of cases [38], alongside the possibility of the occurrence of in situ thrombosis. Vascular enlargement and vascular tree-in-bud sign are common findings in CT studies. Exudative and proliferative diffuse alveolar damage, pneumonia and bronchiolitis, alveolar hemorrhage, and fibrotic areas are present in pathological studies, while microthrombi have been rarely found [9]. Reduced expression levels of ACE2 receptors lead to a decelerated pulmonary dissemination of SARS-CoV-2 [42].




3.3. Cardiovascular Alterations


Cardiovascular manifestations were frequent in SARS-CoV-2 patients including acute coronary syndromes, cardiomyopathy, arrhythmias, and cardiogenic shock [43,44]. Elevated troponin among hospitalized individuals was associated with worse outcomes [43]. In a pathological study of 40 hearts after death from COVID-19, myocardial injury was present in 35% of subjects. The main mechanism of injury was proven to be microthrombi, which differ in composition from aspirated thrombi during percutaneous coronary intervention for ST-elevation myocardial infarction in non-COVID-19 patients. These microthrombi had notably elevated fibrin and complement C5b-9 proteins. Coronary artery disease and levels of interleukin-6 were similar among subjects, regardless of the presence of myocardial injury [45]. Elevated non-occlusive fibrin microthrombi and a greater number of involved cardiac arterioles were also the major findings in a study comparing subjects with SARS-CoV-2 and influenza virus [46]. Myocarditis, defined as focal myocyte injury and fibrosis, was also noticed [46]. In another study, viral genome and viral progenies were identified in interstitial cardiac cells or macrophages infiltrating the cardiac tissue, while cardiomyocytes were unaffected. The number of leukocytes (CD3+, CD45+, and CD68) and levels of inflammatory cytokines (IL-6, IL-8, IL-18, TNF-a, interferon-γ, and chemokine ligand 5) were identical in subjects with or without cardiac infection [47].




3.4. Arterial Stiffness and Endothelial Dysfunction


Progressive stiffening of the aorta enhances the risk of cardiovascular disease and is considered as an independent predictor of mortality [48,49,50]. In a comparative study involving acutely ill patients, higher values of carotid–femoral pulse-wave velocity (cfPWV) and ankle–brachial PWV were observed in patients with COVID-19 compared to controls [51]. Ratchford et al. demonstrated that cfPWV remained elevated 3–4 weeks post-SARS-CoV-2 infection compared to healthy controls [52]. Furthermore, this study highlighted a significantly reduced brachial artery flow-mediated dilation (FMD), indicative of impaired endothelial function [46]. Similarly, a cross-sectional study comparing adults four weeks after positive SARS-CoV-2 testing with healthy controls reported lower brachial artery FMD in the former group, indicating an early-stage vascular dysfunction [52]. Szeghy et al. reported increased carotid stiffness, aortic augmentation index, and Young’s modulus in young adults who had recovered from COVID-19 in comparison to healthy controls [53]. Interestingly, several researchers have reported an increased incidence of arterial hypertension in this patient population; however, larger real-world studies with longer follow-up are required to provide definite answers to this intriguing question [54,55,56,57].




3.5. Cerebrovasculature


SARS-CoV-2 infection can also affect the brain vasculature causing infarctions of cerebral and cerebellar vessels along with hemorrhagic strokes, but also encephalitis, encephalopathy, demyelinating diseases, and Guillain-Barré syndrome [58,59]. Viral RNA and proteins (nucleocapsid or spike protein) have been detected in cerebrospinal fluid, cerebellum, and cerebrum, indicating a possible transneural proliferation via the ACE2 receptor expressed in terminal nerve cells. Angiotensinogen II enhances macrophages and cytokine storm, leading to the inflammation of cerebral cells. Microgliosis, an infiltration by macrophages, was also recognized in the brainstem. Levels of calcitonin gene-related peptide, a protein with protective abilities against cerebral ischemia, were found to be decreased in COVID-19 patients [60]. Additionally, trans-neuronal transfer is acknowledged as the only way for neurotropic viruses to contaminate the nervous system. Given that olfactory disturbances are very common in COVID-19 and viral RNA and proteins have been isolated from the olfactory nerve, bulb, or cortex, the olfactory nerve has been proposed as an additional viral portal into the central nervous system [61]. In an autopsy study, abundant megakaryocytes were observed in cortical capillaries. These large cells enhance platelet release and adhesion, providing a beneficial substrate for ischemic infarction [62].




3.6. Nephropathy


The term COVID-19-Associated Nephropathy (COVAN) has been proposed to describe renal involvement in COVID-19, which according to the American Society of Nephrology (ASN), ranges between 15% to 40% [63]. Acute kidney injury (AKI), proteinuria, and the progression of chronic renal disease have been reported as manifestations of the systemic response to SARS-CoV-2 [64]. Local inflammation, microthrombi, and endothelial injury are common findings even in nephropathy, although studies have been inconsistent about direct viral infection. Histological studies suggest collapsing glomerulopathy and focal segmental glomerulosclerosis in hospitalized patients, while tubular injury is predominately found in critically ill subjects. Collapsing glomerulopathy has been correlated with the presence of high-risk apolipoprotein L1 (APOL1) gene variants [64]. Tubule-interstitial damage is the main mechanism of kidney injury expressed via tubule necrosis, the infiltration of lymphocytes, and the dysfunction of the luminal membrane. Increased CD68+ macrophages, C5b-9 complement particles, and nucleocapsid protein antigen of the virus have been isolated from postmortem autopsies [64]. The dilation of capillary vessels and hyaline thrombi in the microvasculature have also been reported.



Moreover, the involvement of angiotensin converting enzyme 2 (ACE2) has been thoroughly assessed in studies. ACE2 has been identified as the classic entry receptor of SARS-CoV-2 in the cell. ACE2 metabolizes angiotensin II to angiotensin. The binding of ACE2 and SARS-CoV-2 leads to the downregulation of ACE2 and upregulation of angiotensin II (Ang II). Ang II induces platelet activation, pro-inflammatory cytokine release, and vasoconstriction. This mechanism is common among other morbidities that cause kidney injury, such as diabetes and hypertension. The interruption of renin–angiotensin–aldosterone system (RAAS) inhibitors has been discussed, but it does not seem to alter hospitalization outcome. On the contrary, the extent of kidney injury and prognosis depend on the severity of COVID-19 [65,66].




3.7. Retinopathy


Retinal vessels express the generic condition of the microvascular system. Retinal microvasculopathy has been observed both in acute and convalescent stages of COVID-19. The main findings in retinographies were hyper-reflective lesions, small hemorrhages, and ischemic type abnormalities like cotton wool spots and retinal sectorial pallor [67]. Optical coherence tomography—angiography (OCTA) has been used to assess the macular capillary vessel density in several studies. Reduced vessel density and inner retinal volume were found both in symptomatic and recovering patients, expressing an impairment of the retinal microcirculation, especially in critically ill individuals. Central and branch retinal vein occlusion has also been described in the literature, regardless of the severity of the disease. On the contrary, central retinal artery occlusion appears rarely [67].




3.8. Other


Pernio-like lesions (COVID-19 toes) and associated limb ischemia are also diagnosed in COVID-19 [68]. Thrombosis in the mesenteric and portal vasculature have scarcely been reported. In the pediatric population, endothelial dysfunction may lead to a hyperimmune-dysregulatory syndrome known as MIS-C, which shares common features with Kawasaki disease [69].





4. Diagnostic Methods and Imaging Techniques


4.1. Microvasculature


Nailfold video capillaroscopy (NVC) has been used to visualize microvasculature alterations in COVID-19. NVC is widely used for rheumatic diseases (systemic sclerosis), as well as non-rheumatic diseases (diabetes and hypertension), to analyze changes in microcirculation and endothelial damage. In a study from Italy, multiple lesions were identified by NVC, including dilated and low-density capillaries with asymmetrical orientation and coiled morphology, decelerated blood flow, microthrombosis, and micro-hemorrhages [70]. Of note, the lesions’ extent was correlated with disease severity. Incident darkfield video microscopy and manual video microscopy have also been implemented. OCT and OCTA have been used as non-invasive imaging techniques, to provide a quantitative analysis of retinal and ocular microvascular alterations [70].




4.2. Macrovasculature


Vessel wall magnetic resonance imaging (vwMRI) has been used in patients with COVID-19 and cryptogenic stroke with unclear etiology. According to Mazzacane et al. [71], vwMRI detected signs of vascular inflammation in the majority of COVID-19 patients with cryptogenic stroke, suggesting the possibility of expanding the diagnostic workup of cryptogenic stroke with vessel wall imaging. Conventional magnetic resonance imaging (MRI), diffusion-weighted image MRI, and MR arteriography/venography have also been used for mapping ischemic infarctions. Computed tomography with or without angiography is widely requested by clinicians for the diagnosis of pulmonary embolism, stroke, or other venous and arterial occlusions. Furthermore, numerous studies have documented an elevated pericoronary fat attenuation index, indicative of increased inflammatory arterial burden, in individuals with a history of COVID-19 infection. This underscores the diagnostic significance of coronary computed tomography angiography and potential future clinical implications within this specific population [72]. The management of acute coronary syndromes in patients with COVID-19 does not seem to differ from the general population, with invasive coronary angiography remaining the gold standard. Positron emission tomography/computed tomography has been utilized to identify the infiltration of inflammatory cells in cardiac and pulmonary tissue, although it is not routinely carried out [73]. Multimodality imaging has been utilized to supply sufficient information for the creation of an algorithm by artificial intelligence, which will enable tissue characterization and an understanding of the vascular implications in COVID-19 [74].





5. Potential Therapeutic Interventions


Patients are categorized as having mild, moderate, or severe illness based on the severity of symptoms, clinical assessments, and imaging findings. Additionally, comorbidities play an important role in the progression of illness, especially those affecting the endothelium, such as diabetes, hypertension, or rheumatic diseases [75,76]. Oxygen therapy, general supportive measures and personalized treatment are mandatory for better outcomes. Several treatment approaches have been tested to mitigate the vascular complications of the disease.



Anticoagulants, mainly low molecular weight heparins, have been used to prevent thromboembolic events since the early stages of the pandemic, in both hospitalized patients and outpatients [77]. The anticoagulation management of COVID-19 patients has differed across institutions, states, and countries, directly contributing to the diversity in anticoagulation strategies for hospitalized patients [78]. This variability is also evident in clinical trials, where the identification of low, intermediate, and high doses or intensities of anticoagulation differ [79,80,81,82]. Consequently, the lack of well-defined dosing algorithms poses challenges in delivering optimal evidence-based anticoagulation in this clinical context.



Anti-inflammatory drugs, such as steroids, IL-6 inhibitors, interferon α2b, and JAK kinases inhibitors (Baricitinib), have also been widely used in clinical practice for the restriction of the inflammation cascade [83]. Tocilizumab, an IL-6 inhibitor, is indicated for critically ill patients with elevated levels of IL-6 [83]. Furthermore, dexamethasone is recommended for a short period, 3 to 5 days, for patients requiring oxygen therapy [83].



Remdesivir, an RNA-dependent RNA polymerase (RdRp) inhibitor, has been shown to effectively inhibit viral replication. In high-risk patients, oral Nirmatrelvir-ritonavir can be administered within 5 days from the disease’s onset [84]. Despite the beneficial effect on mortality in hospitalized patients, evidence suggests a neutral effect on the incidence of AT or VTE events [85]. According to in vitro studies, remdesivir was associated with an increased risk of cardiac arrest (adjusted odds ratio [aOR]: 1.88, 95% confidence interval [CI]: 1.08–3.29) and hypotension (aOR: 1.67, 95% CI: 1.03–2.73) [86]. Monoclonal antibodies, ambavirumab and romisevirumab, can also be given intravenously. Intravenous immunoglobulin (IVIG) and convalescent plasma can be used in high-risk patients and high viral load [84].



Agents targeting the vascular endothelial growth factor (anti-VEGF) and angiopoietin-2 (ANG2), antibodies like Bevacizumab or REGN-COV2, recombinant human ACE2, RNA inhibitors, viral protease inhibitors, viral S-protein inhibitors, small interfering RNAs, quinine derivatives, AT1 and AT2 agonists, and TMPRSS2 serine protease inhibitors are being evaluated in ongoing clinical trials [87].



In late 2020 vaccines were added to the prevention quiver. The currently available options include viral vector-based vaccines, inactivated or recombinant protein-based vaccines, nucleic acid-based (DNA or RNA) vaccines, and virus-like particles (VLPs) [88]. A recent meta-analysis of 42 studies assessing the cardiovascular safety of these vaccines reported an increased risk of myocarditis and a neutral effect on the risk of myocardial infarction and arrhythmia events [89]. Nevertheless, the risk of cardiovascular events following SARS-CoV-2 infection far exceeded that observed after vaccination [89]. A comparison of cardiovascular side effects among different types of vaccines is presented in Table 1.




6. Long-Term Consequences


An increasing number of clinical studies suggests that apart from the acute phase of the disease, SARS-CoV-2 may cause prolonged and extended effects on blood vessels. Long-term COVID-19 (LC), characterized by symptoms persisting 12 weeks after the initial infection [90], presents challenges in both diagnosis and treatment due to the limited availability of clinical and laboratory findings, along with the diverse array of symptoms [91,92]. A recent meta-analysis of 41 studies, involving 860,783 patients, identified female sex, older age, higher body mass index, smoking, preexisting comorbidities, and previous hospitalization or ICU admission as risk factors significantly associated with developing long COVID, while also indicating that SARS-CoV-2 vaccination with two doses was associated with a lower risk of long-term implications [93]. Hence, understanding the mechanisms of long-term impacts on the vascular system is essential for implementing the appropriate treatment.



Several mechanisms previously highlighted as responsible for vascular changes during the acute phase are also implicated in the development of LC. Any exaggerated acute response or the prolonged presence of inflammatory agents may cause cardiovascular complications [94,95]. Acute endothelitis can potentially progress to hypersensitive “leukocytoclastic vasculitis,’’ marked by heightened antibody and auto-antibody production. This exacerbates the existing hyper-coagulant state, resulting in a chronic condition resembling antiphospholipid syndrome, thereby emphasizing the robust connections between hyper-coagulation and inflammation [96,97].



SARS-CoV-2 induces chronic inflammation through a combination of mitochondrial dysfunction and the activation of the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) pathway [98,99]. Infected endothelial cells may recognize mitochondrial DNA as a foreign molecule and upregulate the transcription of interferon type I genes. Increased circulating inflammatory agents, endothelial dysfunction, and microthrombosis contribute to an increased risk of developing cardiovascular manifestations. The progression of atherosclerotic plaques, arterial or venous thrombosis, and increased arterial stiffness have been reported [50,51,100,101]. Of note, a study including COVID-19 patients with mild disease reported a widespread and long-lasting pathological process in the vasculature, showing a continual deterioration in arterial stiffness and endothelial function indices over a period of 2–3 months following the infection [96].



A cohort study of fifty individuals with SARS-CoV-2 PCR infection within the last 3 to 6 months reported a reduction in aortic strain and aortic distensibility, coupled with an elevation in pulse pressure (PP) and aortic stiffness index [100]. In a longitudinal investigation conducted by Zanoli et al., forty-one COVID-19 patients demonstrated an increase in aortic PWV at approximately 5 months post-infection [101]. Although this measure of arterial stiffness notably decreased, it remained higher compared to controls even 1 year after COVID-19 infection [101]. The persistence of impairment in arterial stiffness indices was further affirmed by Lambadiari et al. [102], who showed higher cfPWV, central pulse pressure (PP), and systolic blood pressure (BP) among seventy COVID-19 patients 4 months post-diagnosis.



Aortic aneurysms may experience an accelerated rate of progression, and hence an increased risk of rupture in the context of LC-associated hyper-coagulation [96]. A proposed mechanism implicates vasa vasorum thrombosis, leading to an accelerated growth of the intraluminal thrombus [96]. This thrombus tightly adheres to the aneurysm walls, exacerbating parietal hypoxia [96]. Consequently, a substantial release of oxygen reactive species and elevated oxidative stress occurs, further harming the aneurysm walls already undergoing an inflammatory process associated with atherosclerosis [103,104]. In the context of COVID-19, the circulating inflammatory cells specific to the virus infiltrate the aneurysm thrombus, making contact with foreign molecules within the aortic atherosclerotic plaques, such as cholesterol crystals and calcium compounds [105]. This interaction amplifies the local inflammatory response, leading to the release of elastases and metalloproteinases [105]. These proteases, in turn, facilitate the breakdown of collagen and elastin components in the aortic medial tunica, promoting the proliferation of smooth muscle cells and accelerating their apoptosis [105].



Coronary arteries are also anticipated to exhibit a comparable LC pathology, indicating an increased risk of obstruction with significant prognostic implications [106]. Of note, a recent study employing computed tomography revealed that COVID-19 patients with elevated coronary artery calcification (CAC) scores experienced more adverse prognosis [107]. This suggests that calcific atheromasia of the coronary arteries in individuals with COVID-19 could serve as an important prognostic indicator for unfavorable clinical outcomes [107]. Moreover, a recent meta-analysis demonstrated an increased risk for sleep disturbances during the COVID-19 pandemic [108], which inevitably leads to a disruption in circadian rhythm. This disruption has been suggested as an additional potential factor contributing to the induction of vascular calcification [109].



Although the effects of COVID-19 on the vasculature have been thoroughly examined during the acute phase, there is currently a lack of data regarding these effects in LC. Understanding the long-term impact of COVID-19 is vital for identifying individuals experiencing LC, guiding clinical management, and averting potential severe vascular complications in future patients. To this end, further research is necessary [110].




7. Prevention and Future Directions


Fundamental strategies for mitigating severe vascular complications encompass the prompt detection and management of high-risk individuals, along with a focus on anticoagulation therapy as warranted. Initiating antiviral medications early in the course of the disease, combined with vigilant monitoring of hospitalized patients, holds promise in potentially ameliorating adverse outcomes and enhancing morbidity and mortality. Nevertheless, the precise patient subgroups that would derive greater benefit from the timely initiation of these antiviral therapies remain incompletely understood and necessitate further investigation. Widespread immunization against SARS-CoV-2 through vaccinations can also contribute to limiting the extent of vascular alterations induced by the virus. Future research endeavors aim for innovative treatments targeting inflammatory factors and safeguarding endothelial function. The early identification and comprehensive assessment of long COVID patients offer valuable insights for a deeper understanding of the enduring consequences of the virus. Numerous ongoing trials assess the effectiveness of treatments originally designed for other endothelial-affecting conditions in the context of COVID-19, with some already transitioning into clinical practice. It is imperative to highlight that individuals with pre-existing conditions should receive timely medication for the management of underlying hematological disorders, hypertension, and diabetes. The progressive increase in patients’ age is associated with the accumulation of comorbidities and pre-existing endothelial damage, posing challenges in their management and therapeutic interventions. Despite advances in medicine, health systems worldwide appeared unprepared to deal with SARS-CoV-2, a virus that mostly affects the vascular system. Therefore, further research on the area of vascular alterations is essential, not only for designing new treatments for COVID-19 but also to expand our knowledge of the underlying pathophysiological mechanisms triggering systemic responses in the body, paving the way for novel approaches and improved management strategies.




8. Conclusions


In summary, COVID-19 has a significant impact on multiple organs, primarily through its effects on the vascular system, leading to diverse manifestations and complications. COVID-19 induces intracellular damage, including mitochondrial dysfunction, massive cytokine production, microthrombosis, and immune system abnormalities, culminating in a prothrombotic state and systemic vascular injury. Patients present with various clinical complications, such as thromboembolic events, cardiovascular and cerebrovascular manifestations, nephropathy, and retinopathy, often associated with severe illness or comorbidities. Several imaging techniques, histopathological studies, and diagnostic tools like video capillaroscopy and magnetic resonance imaging have been employed to visualize and study vascular alterations in these patients. Beyond the acute phase, SARS-CoV-2 infection can lead to persistent effects on blood vessels, known as long-term COVID-19. However, considering that COVID-19 infection entails a continuum of pathophysiological changes, a sterilized classification into short and long-term changes may appear simplistic. Early detection, appropriate medication and management, anticoagulation therapy, and vaccinations can substantially limit adverse events and improve clinical outcomes. Ongoing research aiming at innovative treatments targeting inflammation and endothelial agents is crucial in preventing severe vascular complications.







Author Contributions


P.K.: Conceptualization, Methodology, Investigation, Formal analysis, Data curation, Visualization, Project administration, Writing—original draft, and Writing—review and editing. A.N.: Conceptualization, Methodology, Investigation, Writing—original draft, and Writing—review and editing. M.S.: Conceptualization, Methodology, Investigation, Writing—original draft, and Writing—review and editing. N.F.: Writing—review and editing, and Supervision. K.T.: Writing—review and editing, and Supervision. All authors have read and agreed to the published version of the manuscript.




Funding


This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors for its design or conduction.




Data Availability Statement


This is a review article analyzing secondary data, so data sharing is not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



COVID-19 Cases|WHO COVID-19 Dashboard, n.d. Available online: https://data.who.int/dashboards/covid19/cases?n=c (accessed on 4 January 2024).

	



Berlin, D.A.; Gulick, R.M.; Martinez, F.J. Severe COVID-19. N. Engl. J. Med. 2020, 383, 2451–2460. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.; Foox, J.; Hether, T.; Danko, D.C.; Warren, S.; Kim, Y.; Reeves, J.; Butler, D.J.; Mozsary, C.; Rosiene, J.; et al. System-wide transcriptome damage and tissue identity loss in COVID-19 patients. Cell Rep. Med. 2022, 3, 100522. [Google Scholar] [CrossRef]

	



Fox, S.E.; Akmatbekov, A.; Harbert, J.L.; Li, G.; Quincy Brown, J.; Vander Heide, R.S. Pulmonary and cardiac pathology in African American patients with COVID-19: An autopsy series from New Orleans. Lancet Respir. Med. 2020, 8, 681–686. [Google Scholar] [CrossRef]

	



Teuwen, L.-A.; Geldhof, V.; Pasut, A.; Carmeliet, P. COVID-19: The vasculature unleashed. Nat. Rev. Immunol. 2020, 20, 389–391. [Google Scholar] [CrossRef]

	



Carsana, L.; Sonzogni, A.; Nasr, A.; Rossi, R.S.; Pellegrinelli, A.; Zerbi, P.; Rech, R.; Colombo, R.; Antinori, S.; Corbellino, M.; et al. Pulmonary post-mortem findings in a series of COVID-19 cases from northern Italy: A two-centre descriptive study. Lancet Infect. Dis. 2020, 20, 1135–1140. [Google Scholar] [CrossRef]

	



Beyerstedt, S.; Casaro, E.B.; Rangel, É.B. COVID-19: Angiotensin-converting enzyme 2 (ACE2) expression and tissue susceptibility to SARS-CoV-2 infection. Eur. J. Clin. Microbiol. Infect. Dis. Off. Publ. Eur. Soc. Clin. Microbiol. 2021, 40, 905–919. [Google Scholar] [CrossRef]

	



Nägele, M.P.; Haubner, B.; Tanner, F.C.; Ruschitzka, F.; Flammer, A.J. Endothelial dysfunction in COVID-19: Current findings and therapeutic implications. Atherosclerosis 2020, 314, 58–62. [Google Scholar] [CrossRef]

	



Harapan, H.; Itoh, N.; Yufika, A.; Winardi, W.; Keam, S.; Te, H.; Megawati, D.; Hayati, Z.; Wagner, A.L.; Mudatsir, M. Coronavirus disease 2019 (COVID-19): A literature review. J. Infect. Public Health 2020, 13, 667–673. [Google Scholar] [CrossRef]

	



Stenmark, K.R.; Frid, M.G.; Gerasimovskaya, E.; Zhang, H.; McCarthy, M.K.; Thurman, J.M.; Morrison, T.E. Mechanisms of SARS-CoV-2-induced lung vascular disease: Potential role of complement. Pulm. Circ. 2021, 11, 20458940211015800. [Google Scholar] [CrossRef]

	



Badaras, I.; Laučytė-Cibulskienė, A. Vascular Aging and COVID-19. Angiology 2023, 74, 308–316. [Google Scholar] [CrossRef]

	



Xu, S.-W.; Ilyas, I.; Weng, J.-P. Endothelial dysfunction in COVID-19: An overview of evidence, biomarkers, mechanisms and potential therapies. Acta Pharmacol. Sin. 2023, 44, 695–709. [Google Scholar] [CrossRef]

	



Chang, D.; Lin, M.; Wei, L.; Xie, L.; Zhu, G.; Dela Cruz, C.S.; Sharma, L. Epidemiologic and Clinical Characteristics of Novel Coronavirus Infections Involving 13 Patients Outside Wuhan, China. JAMA 2020, 323, 1092–1093. [Google Scholar] [CrossRef]

	



Zhu, Y.; Xian, X.; Wang, Z.; Bi, Y.; Chen, Q.; Han, X.; Tang, D.; Chen, R. Research Progress on the Relationship between Atherosclerosis and Inflammation. Biomolecules 2018, 8, 80. [Google Scholar] [CrossRef]

	



Sagris, M.; Theofilis, P.; Antonopoulos, A.S.; Oikonomou, E.; Simantiris, S.; Papaioannou, S.; Tsioufis, C.; Tousoulis, D. Adhesion Molecules as Prognostic Biomarkers in Coronary Artery Disease. Curr. Top. Med. Chem. 2023, 23, 481–490. [Google Scholar] [CrossRef]

	



Chan, K.F.; Siegel, M.R.; Lenardo, J.M. Signaling by the TNF receptor superfamily and T cell homeostasis. Immunity 2000, 13, 419–422. [Google Scholar] [CrossRef]

	



Peña, E.; de la Torre, R.; Arderiu, G.; Slevin, M.; Badimon, L. mCRP triggers angiogenesis by inducing F3 transcription and TF signalling in microvascular endothelial cells. Thromb. Haemost. 2017, 117, 357–370. [Google Scholar] [CrossRef]

	



Eapen, M.S.; Lu, W.; Gaikwad, A.V.; Bhattarai, P.; Chia, C.; Hardikar, A.; Haug, G.; Sohal, S.S. Endothelial to mesenchymal transition: A precursor to post-COVID-19 interstitial pulmonary fibrosis and vascular obliteration? Eur. Respir. J. 2020, 56, 2003167. [Google Scholar] [CrossRef]

	



Falleni, M.; Tosi, D.; Savi, F.; Chiumello, D.; Bulfamante, G. Endothelial-Mesenchymal Transition in COVID-19 lung lesions. Pathol. Res. Pract. 2021, 221, 153419. [Google Scholar] [CrossRef]

	



Williams, J.M.; Chen, Y.-J.; Cho, W.J.; Tai, A.W.; Tsai, B. Reticulons promote formation of ER-derived double-membrane vesicles that facilitate SARS-CoV-2 replication. J. Cell Biol. 2023, 222, e202203060. [Google Scholar] [CrossRef]

	



Jarczak, D.; Nierhaus, A. Cytokine Storm-Definition, Causes, and Implications. Int. J. Mol. Sci. 2022, 23, 11740. [Google Scholar] [CrossRef]

	



Soy, M.; Keser, G.; Atagündüz, P.; Tabak, F.; Atagündüz, I.; Kayhan, S. Cytokine storm in COVID-19: Pathogenesis and overview of anti-inflammatory agents used in treatment. Clin. Rheumatol. 2020, 39, 2085–2094. [Google Scholar] [CrossRef]

	



Sagris, M.; Theofilis, P.; Antonopoulos, A.S.; Oikonomou, E.; Tsioufis, K.; Tousoulis, D. Genetic Predisposition and Inflammatory Inhibitors in COVID-19: Where Do We Stand? Biomedicines 2022, 10, 242. [Google Scholar] [CrossRef]

	



Torices, S.; Motta, C.; da Rosa, B.; Marcos, A.; Alvarez-Rosa, L.; Siqueira, M.; Moreno-Rodriguez, T.; Matos, A.; Caetano, B.; Martins, J.; et al. SARS-CoV-2 infection of human brain microvascular endothelial cells leads to inflammatory activation through NF-κB non-canonical pathway and mitochondrial remodeling. Res. Sq. 2022. [Google Scholar] [CrossRef]

	



Costa, T.J.; Potje, S.R.; Fraga-Silva, T.F.C.; da Silva-Neto, J.A.; Barros, P.R.; Rodrigues, D.; Machado, M.R.; Martins, R.B.; Santos-Eichler, R.A.; Benatti, M.N.; et al. Mitochondrial DNA and TLR9 activation contribute to SARS-CoV-2-induced endothelial cell damage. Vascul. Pharmacol. 2022, 142, 106946. [Google Scholar] [CrossRef]

	



Sagris, M.; Theofilis, P.; Antonopoulos, A.S.; Tsioufis, C.; Oikonomou, E.; Antoniades, C.; Crea, F.; Kaski, J.C.; Tousoulis, D. Inflammatory Mechanisms in COVID-19 and Atherosclerosis: Current Pharmaceutical Perspectives. Int. J. Mol. Sci. 2021, 22, 6607. [Google Scholar] [CrossRef]

	



Martínez-Salazar, B.; Holwerda, M.; Stüdle, C.; Piragyte, I.; Mercader, N.; Engelhardt, B.; Rieben, R.; Döring, Y. COVID-19 and the Vasculature: Current Aspects and Long-Term Consequences. Front. Cell Dev. Biol. 2022, 10, 824851. [Google Scholar] [CrossRef]

	



Nicosia, R.F.; Ligresti, G.; Caporarello, N.; Akilesh, S.; Ribatti, D. COVID-19 Vasculopathy: Mounting Evidence for an Indirect Mechanism of Endothelial Injury. Am. J. Pathol. 2021, 191, 1374–1384. [Google Scholar] [CrossRef]

	



Theofilis, P.; Sagris, M.; Antonopoulos, A.S.; Oikonomou, E.; Tsioufis, C.; Tousoulis, D. Inflammatory Mediators of Platelet Activation: Focus on Atherosclerosis and COVID-19. Int. J. Mol. Sci. 2021, 22, 11170. [Google Scholar] [CrossRef]

	



Theofilis, P.; Sagris, M.; Oikonomou, E.; Antonopoulos, A.S.; Tsioufis, K.; Tousoulis, D. Factors Associated with Platelet Activation-Recent Pharmaceutical Approaches. Int. J. Mol. Sci. 2022, 23, 3301. [Google Scholar] [CrossRef]

	



Mazzoni, A.; Salvati, L.; Maggi, L.; Capone, M.; Vanni, A.; Spinicci, M.; Mencarini, J.; Caporale, R.; Peruzzi, B.; Antonelli, A.; et al. Impaired immune cell cytotoxicity in severe COVID-19 is IL-6 dependent. J. Clin. Investig. 2020, 130, 4694–4703. [Google Scholar] [CrossRef]

	



Diao, B.; Wang, C.; Tan, Y.; Chen, X.; Liu, Y.; Ning, L.; Chen, L.; Li, M.; Liu, Y.; Wang, G.; et al. Reduction and Functional Exhaustion of T Cells in Patients with Coronavirus Disease 2019 (COVID-19). Front. Immunol. 2020, 11, 827. [Google Scholar] [CrossRef] [PubMed]

	



Xiong, Y.; Liu, Y.; Cao, L.; Wang, D.; Guo, M.; Jiang, A.; Guo, D.; Hu, W.; Yang, J.; Tang, Z.; et al. Transcriptomic characteristics of bronchoalveolar lavage fluid and peripheral blood mononuclear cells in COVID-19 patients. Emerg. Microbes Infect. 2020, 9, 761–770. [Google Scholar] [CrossRef] [PubMed]

	



Leng, Z.; Zhu, R.; Hou, W.; Feng, Y.; Yang, Y.; Han, Q.; Shan, G.; Meng, F.; Du, D.; Wang, S.; et al. Transplantation of ACE2(-) Mesenchymal Stem Cells Improves the Outcome of Patients with COVID-19 Pneumonia. Aging Dis. 2020, 11, 216–228. [Google Scholar] [CrossRef] [PubMed]

	



Ouyang, Y.; Yin, J.; Wang, W.; Shi, H.; Shi, Y.; Xu, B.; Qiao, L.; Feng, Y.; Pang, L.; Wei, F.; et al. Downregulated Gene Expression Spectrum and Immune Responses Changed During the Disease Progression in Patients with COVID-19. Clin. Infect. Dis. Off. Public Infect. Dis. Soc. Am. 2020, 71, 2052–2060. [Google Scholar] [CrossRef] [PubMed]

	



Nasoufidou, A.; Kavelidou, M.; Griva, T.; Melikidou, E.; Maskalidis, C.; Machaira, K.; Nikolaidou, B. Total severity score and age predict long-term hospitalization in COVID-19 pneumonia. Front. Med. 2023, 10, 1103701. [Google Scholar] [CrossRef]

	



Skeik, N.; Smith, J.E.; Patel, L.; Mirza, A.K.; Manunga, J.M.; Beddow, D. Risk and Management of Venous Thromboembolism in Patients with COVID-19. Ann. Vasc. Surg. 2021, 73, 78–85. [Google Scholar] [CrossRef]

	



Fanaroff, A.C.; Lopes, R.D. COVID-19 Thrombotic Complications and Therapeutic Strategies. Annu. Rev. Med. 2023, 74, 15–30. [Google Scholar] [CrossRef] [PubMed]

	



Del Prete, A.; Conway, F.; Della Rocca, D.G.; Biondi-Zoccai, G.; De Felice, F.; Musto, C.; Picichè, M.; Martuscelli, E.; Natale, A.; Versaci, F. COVID-19, Acute Myocardial Injury, and Infarction. Card. Electrophysiol. Clin. 2022, 14, 29–39. [Google Scholar] [CrossRef] [PubMed]

	



Knight, R.; Walker, V.; Ip, S.; Cooper, J.A.; Bolton, T.; Keene, S.; Denholm, R.; Akbari, A.; Abbasizanjani, H.; Torabi, F.; et al. Association of COVID-19 with Major Arterial and Venous Thrombotic Diseases: A Population-Wide Cohort Study of 48 Million Adults in England and Wales. Circulation 2022, 146, 892–906. [Google Scholar] [CrossRef]

	



Gawaz, M.; Scharf, R.E. COVID-19: Cardio-pulmonary and Vascular Manifestations. Hamostaseologie 2021, 41, 347–348. [Google Scholar] [CrossRef] [PubMed]

	



Welcome to SEER Training, n.d. Available online: https://training.seer.cancer.gov/ (accessed on 4 January 2024).

	



Guo, T.; Fan, Y.; Chen, M.; Wu, X.; Zhang, L.; He, T.; Wang, H.; Wan, J.; Wang, X.; Lu, Z. Cardiovascular Implications of Fatal Outcomes of Patients with Coronavirus Disease 2019 (COVID-19). JAMA Cardiol. 2020, 5, 811–818. [Google Scholar] [CrossRef] [PubMed]

	



Dillinger, J.G.; Benmessaoud, F.A.; Pezel, T.; Voicu, S.; Sideris, G.; Chergui, N.; Hamzi, L.; Chauvin, A.; Leroy, P.; Gautier, J.F.; et al. Coronary Artery Calcification and Complications in Patients with COVID-19. JACC. Cardiovasc. Imaging 2020, 13, 2468–2470. [Google Scholar] [CrossRef]

	



Pellegrini, D.; Kawakami, R.; Guagliumi, G.; Sakamoto, A.; Kawai, K.; Gianatti, A.; Nasr, A.; Kutys, R.; Guo, L.; Cornelissen, A.; et al. Microthrombi as a Major Cause of Cardiac Injury in COVID-19: A Pathologic Study. Circulation 2021, 143, 1031–1042. [Google Scholar] [CrossRef] [PubMed]

	



Bois, M.C.; Boire, N.A.; Layman, A.J.; Aubry, M.-C.; Alexander, M.P.; Roden, A.C.; Hagen, C.E.; Quinton, R.A.; Larsen, C.; Erben, Y.; et al. COVID-19-Associated Nonocclusive Fibrin Microthrombi in the Heart. Circulation 2021, 143, 230–243. [Google Scholar] [CrossRef] [PubMed]

	



Lindner, D.; Fitzek, A.; Bräuninger, H.; Aleshcheva, G.; Edler, C.; Meissner, K.; Scherschel, K.; Kirchhof, P.; Escher, F.; Schultheiss, H.-P.; et al. Association of Cardiac Infection with SARS-CoV-2 in Confirmed COVID-19 Autopsy Cases. JAMA Cardiol. 2020, 5, 1281–1285. [Google Scholar] [CrossRef] [PubMed]

	



Said, M.A.; Eppinga, R.N.; Lipsic, E.; Verweij, N.; van der Harst, P. Relationship of Arterial Stiffness Index and Pulse Pressure with Cardiovascular Disease and Mortality. J. Am. Heart Assoc. 2018, 7, e007621. [Google Scholar] [CrossRef] [PubMed]

	



Liu, C.; Pan, H.; Kong, F.; Yang, S.; Shubhra, Q.T.H.; Li, D.; Chen, S. Association of arterial stiffness with all-cause and cause-specific mortality in the diabetic population: A national cohort study. Front. Endocrinol. 2023, 14, 1145914. [Google Scholar] [CrossRef]

	



Laurent, S.; Boutouyrie, P.; Asmar, R.; Gautier, I.; Laloux, B.; Guize, L.; Ducimetiere, P.; Benetos, A. Aortic stiffness is an independent predictor of all-cause and cardiovascular mortality in hypertensive patients. Hypertension 2001, 37, 1236–1241. [Google Scholar] [CrossRef] [PubMed]

	



Schnaubelt, S.; Oppenauer, J.; Tihanyi, D.; Mueller, M.; Maldonado-Gonzalez, E.; Zejnilovic, S.; Haslacher, H.; Perkmann, T.; Strassl, R.; Anders, S.; et al. Arterial stiffness in acute COVID-19 and potential associations with clinical outcome. J. Intern. Med. 2021, 290, 437–443. [Google Scholar] [CrossRef] [PubMed]

	



Ratchford, S.M.; Stickford, J.L.; Province, V.M.; Stute, N.; Augenreich, M.A.; Koontz, L.K.; Bobo, L.K.; Stickford, A.S.L. Vascular alterations among young adults with SARS-CoV-2. Am. J. Physiol. Heart Circ. Physiol. 2021, 320, H404–H410. [Google Scholar] [CrossRef]

	



Szeghy, R.E.; Province, V.M.; Stute, N.L.; Augenreich, M.A.; Koontz, L.K.; Stickford, J.L.; Stickford, A.S.L.; Ratchford, S.M. Carotid stiffness, intima-media thickness and aortic augmentation index among adults with SARS-CoV-2. Exp. Physiol. 2022, 107, 694–707. [Google Scholar] [CrossRef]

	



Matsumoto, C.; Shibata, S.; Kishi, T.; Morimoto, S.; Mogi, M.; Yamamoto, K.; Kobayashi, K.; Tanaka, M.; Asayama, K.; Yamamoto, E.; et al. Long COVID and hypertension-related disorders: A report from the Japanese Society of Hypertension Project Team on COVID-19. Hypertens. Res. 2023, 46, 601–619. [Google Scholar] [CrossRef] [PubMed]

	



Akpek, M. Does COVID-19 Cause Hypertension? Angiology 2022, 73, 682–687. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, V.; Fisher, M.; Hou, W.; Zhang, L.; Duong, T.Q. Incidence of New-Onset Hypertension Post-COVID-19: Comparison with Influenza. Hypertension 2023, 80, 2135–2148. [Google Scholar] [CrossRef] [PubMed]

	



Angeli, F.; Zappa, M.; Verdecchia, P. Global burden of new-onset hypertension associated with severe acute respiratory syndrome coronavirus 2 infection. Eur. J. Intern. Med. 2024, 119, 31–33. [Google Scholar] [CrossRef] [PubMed]

	



Luo, W.; Liu, X.; Bao, K.; Huang, C. Ischemic stroke associated with COVID-19: A systematic review and meta-analysis. J. Neurol. 2022, 269, 1731–1740. [Google Scholar] [CrossRef]

	



Hewitt, K.C.; Marra, D.E.; Block, C.; Cysique, L.A.; Drane, D.L.; Haddad, M.M.; Łojek, E.; McDonald, C.R.; Reyes, A.; Eversole, K.; et al. Central Nervous System Manifestations of COVID-19: A Critical Review and Proposed Research Agenda. J. Int. Neuropsychol. Soc. 2022, 28, 311–325. [Google Scholar] [CrossRef] [PubMed]

	



Meshref, M.; Hewila, I.M.; Khlidj, Y.; Korissi, R.; Shaheen, N.; Nashwan, A.J.; Ouerdane, Y.; Amro, Y.; Taher, K.M.; Ahmed, M.G. COVID-19-Associated Cerebrovascular Events: A Case Series Study and a Literature Review of Possible Mechanisms. Case Rep. Neurol. 2023, 15, 11–23. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.-C.; Zhang, Y.; Tan, B.-H. What can cerebrospinal fluid testing and brain autopsies tell us about viral neuroinvasion of SARS-CoV-2. J. Med. Virol. 2021, 93, 4247–4257. [Google Scholar] [CrossRef]

	



Nauen, D.W.; Hooper, J.E.; Stewart, C.M.; Solomon, I.H. Assessing Brain Capillaries in Coronavirus Disease 2019. JAMA Neurol. 2021, 78, 760–762. [Google Scholar] [CrossRef]

	



Brogan, M.; Ross, M.J. COVID-19 and Kidney Disease. Annu. Rev. Med. 2023, 74, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Kim, A.; Mahgoub, A.; Parajuli, A.; Towfiq, B. COVID-19-Associated Nephropathy: A Devastating Complication. Cureus 2023, 15, e43558. [Google Scholar] [CrossRef]

	



Legrand, M.; Bell, S.; Forni, L.; Joannidis, M.; Koyner, J.L.; Liu, K.; Cantaluppi, V. Pathophysiology of COVID-19-associated acute kidney injury. Nat. Rev. Nephrol. 2021, 17, 751–764. [Google Scholar] [CrossRef] [PubMed]

	



Armaly, Z.; Kinaneh, S.; Skorecki, K. Renal Manifestations of COVID-19: Physiology and Pathophysiology. J. Clin. Med. 2021, 10, 1216. [Google Scholar] [CrossRef] [PubMed]

	



D’Alessandro, E.; Kawasaki, A.; Eandi, C.M. Pathogenesis of Vascular Retinal Manifestations in COVID-19 Patients: A Review. Biomedicines 2022, 10, 2710. [Google Scholar] [CrossRef] [PubMed]

	



Greistorfer, T.; Jud, P. Clinical characteristics of COVID-19 associated vasculopathic diseases. Thromb. J. 2023, 21, 61. [Google Scholar] [CrossRef] [PubMed]

	



Flaumenhaft, R.; Enjyoji, K.; Schmaier, A.A. Vasculopathy in COVID-19. Blood 2022, 140, 222–235. [Google Scholar] [CrossRef]

	



Natalello, G.; De Luca, G.; Gigante, L.; Campochiaro, C.; De Lorenzis, E.; Verardi, L.; Paglionico, A.; Petricca, L.; Martone, A.M.; Calvisi, S.; et al. Nailfold capillaroscopy findings in patients with coronavirus disease 2019: Broadening the spectrum of COVID-19 microvascular involvement. Microvasc. Res. 2021, 133, 104071. [Google Scholar] [CrossRef] [PubMed]

	



Mazzacane, F.; Zito, A.; Magno, S.; Persico, A.; Mazzoleni, V.; Asteggiano, C.; Rognone, E.; Pichiecchio, A.; Padovani, A.; Cavallini, A.; et al. Vessel wall magnetic resonance imaging in COVID-19-associated cryptogenic ischemic stroke. Eur. J. Neurol. 2022, 29, 615–619. [Google Scholar] [CrossRef] [PubMed]

	



Mátyás, B.B.; Benedek, I.; Blîndu, E.; Gerculy, R.; Roșca, A.; Rat, N.; Kovács, I.; Opincariu, D.; Parajkó, Z.; Szabó, E.; et al. Elevated FAI Index of Pericoronary Inflammation on Coronary CT Identifies Increased Risk of Coronary Plaque Vulnerability after COVID-19 Infection. Int. J. Mol. Sci. 2023, 24, 7398. [Google Scholar] [CrossRef]

	



Alam, S.R.; Vinayak, S.; Shah, A.; Doolub, G.; Kimeu, R.; Horn, K.P.; Bowen, S.R.; Jeilan, M.; Lee, K.K.; Gachoka, S.; et al. Assessment of Cardiac, Vascular, and Pulmonary Pathobiology In Vivo During Acute COVID-19. J. Am. Heart Assoc. 2022, 11, e026399. [Google Scholar] [CrossRef]

	



Khanna, N.N.; Maindarkar, M.; Puvvula, A.; Paul, S.; Bhagawati, M.; Ahluwalia, P.; Ruzsa, Z.; Sharma, A.; Munjral, S.; Kolluri, R.; et al. Vascular Implications of COVID-19: Role of Radiological Imaging, Artificial Intelligence, and Tissue Characterization: A Special Report. J. Cardiovasc. Dev. Dis. 2022, 9, 268. [Google Scholar] [CrossRef]

	



Patel, R.; Kooner, J.S.; Zhang, W. Comorbidities associated with the severity of COVID-19, and differences across ethnic groups: A UK Biobank cohort study. BMC Public Health 2023, 23, 1566. [Google Scholar] [CrossRef] [PubMed]

	



Russell, C.D.; Lone, N.I.; Baillie, J.K. Comorbidities, multimorbidity and COVID-19. Nat. Med. 2023, 29, 334–343. [Google Scholar] [CrossRef] [PubMed]

	



Hadid, T.; Kafri, Z.; Al-Katib, A. Coagulation and anticoagulation in COVID-19. Blood Rev. 2021, 47, 100761. [Google Scholar] [CrossRef] [PubMed]

	



Becker, R.C.; Ortel, T.L. Anticoagulation in Patients with COVID-19 Pneumonia-What Is the Optimal Intensity? JAMA Intern. Med. 2023, 183, 532–533. [Google Scholar] [CrossRef] [PubMed]

	



Lawler, P.R.; Goligher, E.C.; Berger, J.S.; Neal, M.D.; McVerry, B.J.; Nicolau, J.C.; Gong, M.N.; Carrier, M.; Rosenson, R.S.; Reynolds, H.R.; et al. Therapeutic Anticoagulation with Heparin in Noncritically Ill Patients with COVID-19. N. Engl. J. Med. 2021, 385, 790–802. [Google Scholar] [CrossRef] [PubMed]

	



Bohula, E.A.; Berg, D.D.; Lopes, M.S.; Connors, J.M.; Babar, I.; Barnett, C.F.; Chaudhry, S.-P.; Chopra, A.; Ginete, W.; Ieong, M.H.; et al. Anticoagulation and Antiplatelet Therapy for Prevention of Venous and Arterial Thrombotic Events in Critically Ill Patients with COVID-19: COVID-PACT. Circulation 2022, 146, 1344–1356. [Google Scholar] [CrossRef] [PubMed]

	



Goligher, E.C.; Bradbury, C.A.; McVerry, B.J.; Lawler, P.R.; Berger, J.S.; Gong, M.N.; Carrier, M.; Reynolds, H.R.; Kumar, A.; Turgeon, A.F.; et al. Therapeutic Anticoagulation with Heparin in Critically Ill Patients with COVID-19. N. Engl. J. Med. 2021, 385, 777–789. [Google Scholar] [CrossRef] [PubMed]

	



Labbé, V.; Contou, D.; Heming, N.; Megarbane, B.; Razazi, K.; Boissier, F.; Ait-Oufella, H.; Turpin, M.; Carreira, S.; Robert, A.; et al. Effects of Standard-Dose Prophylactic, High-Dose Prophylactic, and Therapeutic Anticoagulation in Patients with Hypoxemic COVID-19 Pneumonia: The ANTICOVID Randomized Clinical Trial. JAMA Intern. Med. 2023, 183, 520–531. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhou, X.; Liu, X.; Jiang, X. The immunology and immunotherapy for COVID-19. Expert Rev. Mol. Med. 2021, 23, e24. [Google Scholar] [CrossRef] [PubMed]

	



Zongjiu Zhang, C. Diagnosis and treatment protocol for COVID-19 patients (Tentative 10th Version). Health Care Sci. 2023, 2, 10–24. [Google Scholar] [CrossRef]

	



Lucijanic, M.; Bistrovic, P.; Jordan, A.; Mihaljevic, I.; Bukvic, S.; Kovacevic, S.; Ranilovic, D.; Sakota, S.; Vlasac Glasnovic, J.; Delic-Brkljacic, D. Remdesivir use in severe and critical COVID-19 patients might be associated with lower incidence of arterial thrombotic events. Am. J. Emerg. Med. 2023, 70, 41–45. [Google Scholar] [CrossRef] [PubMed]

	



Jung, S.Y.; Kim, M.S.; Li, H.; Lee, K.H.; Koyanagi, A.; Solmi, M.; Kronbichler, A.; Dragioti, E.; Tizaoui, K.; Cargnin, S.; et al. Cardiovascular events and safety outcomes associated with remdesivir using a World Health Organization international pharmacovigilance database. Clin. Transl. Sci. 2022, 15, 501–513. [Google Scholar] [CrossRef] [PubMed]

	



Labò, N.; Ohnuki, H.; Tosato, G. Vasculopathy and Coagulopathy Associated with SARS-CoV-2 Infection. Cells 2020, 9, 1583. [Google Scholar] [CrossRef]

	



Raghav, P.K.; Mann, Z.; Ahluwalia, S.K.; Rajalingam, R. Potential treatments of COVID-19: Drug repurposing and therapeutic interventions. J. Pharmacol. Sci. 2023, 152, 1–21. [Google Scholar] [CrossRef] [PubMed]

	



Chang, Y.; Lv, G.; Liu, C.; Huang, E.; Luo, B. Cardiovascular safety of COVID-19 vaccines in real-world studies: A systematic review and meta-analysis. Expert Rev. Vaccines 2023, 22, 25–34. [Google Scholar] [CrossRef] [PubMed]

	



Carfì, A.; Bernabei, R.; Landi, F. Persistent Symptoms in Patients After Acute COVID-19. JAMA 2020, 324, 603–605. [Google Scholar] [CrossRef] [PubMed]

	



Nabavi, N. Long covid: How to define it and how to manage it. BMJ 2020, 370, m3489. [Google Scholar] [CrossRef]

	



Yelin, D.; Wirtheim, E.; Vetter, P.; Kalil, A.C.; Bruchfeld, J.; Runold, M.; Guaraldi, G.; Mussini, C.; Gudiol, C.; Pujol, M.; et al. Long-term consequences of COVID-19: Research needs. Lancet Infect. Dis. 2020, 20, 1115–1117. [Google Scholar] [CrossRef] [PubMed]

	



Tsampasian, V.; Elghazaly, H.; Chattopadhyay, R.; Debski, M.; Naing, T.K.P.; Garg, P.; Clark, A.; Ntatsaki, E.; Vassiliou, V.S. Risk Factors Associated with Post-COVID-19 Condition: A Systematic Review and Meta-analysis. JAMA Intern. Med. 2023, 183, 566–580. [Google Scholar] [CrossRef] [PubMed]

	



Mattioli, A.V.; Coppi, F.; Manenti, A.; Farinetti, A. Subclinical Vascular Damage: Current Insights and Future Potential. Vasc. Health Risk Manag. 2021, 17, 729–738. [Google Scholar] [CrossRef] [PubMed]

	



Varga, Z.; Flammer, A.J.; Steiger, P.; Haberecker, M.; Andermatt, R.; Zinkernagel, A.S.; Mehra, M.R.; Schuepbach, R.A.; Ruschitzka, F.; Moch, H. Endothelial cell infection and endotheliitis in COVID-19. Lancet 2020, 395, 1417–1418. [Google Scholar] [CrossRef] [PubMed]

	



Podrug, M.; Koren, P.; Dražić Maras, E.; Podrug, J.; Čulić, V.; Perissiou, M.; Bruno, R.M.; Mudnić, I.; Boban, M.; Jerončić, A. Long-Term Adverse Effects of Mild COVID-19 Disease on Arterial Stiffness, and Systemic and Central Hemodynamics: A Pre-Post Study. J. Clin. Med. 2023, 12, 2123. [Google Scholar] [CrossRef] [PubMed]

	



Karakasis, P.; Patoulias, D.; Stachteas, P.; Lefkou, E.; Dimitroulas, T.; Fragakis, N. Accelerated Atherosclerosis and Management of Cardiovascular Risk in Autoimmune Rheumatic Diseases: An Updated Review. Curr. Probl. Cardiol. 2023, 48, 101999. [Google Scholar] [CrossRef] [PubMed]

	



Gibellini, L.; De Biasi, S.; Paolini, A.; Borella, R.; Boraldi, F.; Mattioli, M.; Lo Tartaro, D.; Fidanza, L.; Caro-Maldonado, A.; Meschiari, M.; et al. Altered bioenergetics and mitochondrial dysfunction of monocytes in patients with COVID-19 pneumonia. EMBO Mol. Med. 2020, 12, e13001. [Google Scholar] [CrossRef] [PubMed]

	



Stukalov, A.; Girault, V.; Grass, V.; Karayel, O.; Bergant, V.; Urban, C.; Haas, D.A.; Huang, Y.; Oubraham, L.; Wang, A.; et al. Multilevel proteomics reveals host perturbations by SARS-CoV-2 and SARS-CoV. Nature 2021, 594, 246–252. [Google Scholar] [CrossRef]

	



Küçük, U.; Gazi, E.; Duygu, A.; Akşit, E. Evaluation of Aortic Elasticity Parameters in Survivors of COVID-19 Using Echocardiography Imaging. Med. Princ. Pract. Int. J. Kuwait Univ. Health Sci. Cent. 2022, 31, 276–283. [Google Scholar] [CrossRef] [PubMed]

	



Zanoli, L.; Gaudio, A.; Mikhailidis, D.P.; Katsiki, N.; Castellino, N.; Lo Cicero, L.; Geraci, G.; Sessa, C.; Fiorito, L.; Marino, F.; et al. Vascular Dysfunction of COVID-19 Is Partially Reverted in the Long-Term. Circ. Res. 2022, 130, 1276–1285. [Google Scholar] [CrossRef] [PubMed]

	



Lambadiari, V.; Mitrakou, A.; Kountouri, A.; Thymis, J.; Katogiannis, K.; Korakas, E.; Varlamos, C.; Andreadou, I.; Tsoumani, M.; Triantafyllidi, H.; et al. Association of COVID-19 with impaired endothelial glycocalyx, vascular function and myocardial deformation 4 months after infection. Eur. J. Heart Fail. 2021, 23, 1916–1926. [Google Scholar] [CrossRef] [PubMed]

	



Bavishi, C.; Bonow, R.O.; Trivedi, V.; Abbott, J.D.; Messerli, F.H.; Bhatt, D.L. Special Article—Acute myocardial injury in patients hospitalized with COVID-19 infection: A review. Prog. Cardiovasc. Dis. 2020, 63, 682–689. [Google Scholar] [CrossRef] [PubMed]

	



Manenti, A.; Farinetti, A.; Manco, G.; Mattioli, A. Vasculitis and aortitis: COVID-19 challenging complications. J. Vasc. Surg. 2021, 73, 347–348. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, K.; Ren, S.; Heath, K.; Dasmariñas, M.C.; Jubilo, K.G.; Guo, Y.; Lipsitch, M.; Daugherty, S.E. Risk of persistent and new clinical sequelae among adults aged 65 years and older during the post-acute phase of SARS-CoV-2 infection: Retrospective cohort study. BMJ 2022, 376, e068414. [Google Scholar] [CrossRef] [PubMed]

	



Kasal, D.A.; De Lorenzo, A.; Tibiriçá, E. COVID-19 and Microvascular Disease: Pathophysiology of SARS-CoV-2 Infection with Focus on the Renin-Angiotensin System. Heart. Lung Circ. 2020, 29, 1596–1602. [Google Scholar] [CrossRef]

	



Magg