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Abstract: Long COVID-19 is a recognized entity that affects millions of people worldwide. Its broad
clinical symptoms include thrombotic events, brain fog, myocarditis, shortness of breath, fatigue,
muscle pains, and others. Due to the binding of the virus with ACE-2 receptors, expressed in many
organs, it can potentially affect any system; however, it most often affects the cardiovascular, cen-
tral nervous, respiratory, and immune systems. Age, high body mass index, female sex, previous
hospitalization, and smoking are some of its risk factors. Despite great efforts to define its patho-
physiology, gaps remain to be explained. The main mechanisms described in the literature involve
viral persistence, hypercoagulopathy, immune dysregulation, autoimmunity, hyperinflammation, or
a combination of these. The exact mechanisms may differ from system to system, but some share
the same pathways. This review aims to describe the most prevalent pathophysiological pathways
explaining this syndrome.
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1. Introduction

Four years after the entry of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) into our lives, knowledge of its pathophysiology is still increasing daily. Long
Coronavirus Disease 2019 (COVID-19) is a well-recognized clinical entity and significant
public health issue affecting millions of people worldwide, limiting their daily activities [1].
Although it has received various names in the literature (post-COVID-19 syndrome, long-
haul COVID-19, post-acute COVID-19, long-term effects of COVID-19, chronic COVID-
19, post-acute sequelae of SARS-CoV-2), it remains one clinical entity, defined as the
appearance of new related symptoms and signs after initial infection with SARS-CoV-2 or
the persistence of symptoms after SARS-CoV-2 infection. These symptoms may persist for
over four weeks, relapse, or progress [2]. In particular, signs of post-COVID-19 syndrome
last from three up to twelve weeks, while clinical manifestations of chronic COVID-19 are
observed beyond twelve weeks [3,4].

Long COVID-19 is associated with at least 65 million cases [5], accompanied by an
estimated cost of USD 4 trillion in the US [6]. Notably, SARS-CoV-2 may affect up to 35% of
outpatients and up to 87% of those hospitalized, and is more predominant in those with
advanced older age and comorbidities [7]. Such comorbidities are metabolic or endocrine
disturbance, type 2 diabetes mellitus (T2DM), cardiovascular symptoms, hypertension and
dyslipidemia [8].

The most commonly reported symptoms are cognitive dysfunction, known as “brain
fog”, joint, chest, and muscle pains, shortness of breath, anosmia, hair loss, sneezing, re-
duced libido and, finally, fatigue (53.1%), which is the most prevalent [9]. Unexpectedly,
the majority of individuals with long COVID-19 deal with post-exertional symptom ex-
acerbation (PESE) [10], as well as myalgic encephalomyelitis/chronic fatigue syndrome
(ME/CEFS) [10].
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Various risk factors have been found to strongly predict the onset of post-COVID-19
syndrome. For example, female sex, smoking, comorbidities, and obesity are some risk
factors [11]. However, it can affect almost every organ of the human body, predominantly
the cardiovascular and nervous systems, and may also cause thrombotic events [5]. In a
recent meta-analysis, female sex, age, smoking, high body mass index (BMI), age above
thirty, comorbidities, and previous hospitalization or intensive care unit (ICU) admission
were found to increase the risk of developing long COVID-19. On the contrary, two doses
of the COVID-19 vaccine were found to hinder the long-term effects of COVID-19 [12].

The exact pathophysiological mechanisms of this syndrome are yet to be defined.
The most common underlying mechanisms are immune dysregulation that leads to viral
persistence, microbiota disruption, autoimmunity, endothelitis, metabolic dysregulation,
and post-intensive care syndrome [5,7,13]. Data from the immune profile of those who have
recovered from SARS-CoV-2 have shown that there is still inflammation, vascular damage,
and immune cell differentiation two to eight months after the infection. In particular, these
patients appear to have increased levels of cytokines compared to healthy controls, and
these cytokines are associated with the persistence of symptoms [13].

Moreover, this significant increase in cytokines, especially interleukin 6 (IL-6), which
penetrates the blood-brain barrier (BBB), appears to alter neuronal functions and cause
complications in the central nervous system (CNS), dysautonomia, depression, and hearing
loss [14]. A recent genome-wide association study of long COVID-19 has revealed a
significant association between a single nucleotide polymorphism located in the FOXP4
locus (chr6) and an increased risk of long COVID-19, implying that individuals may be
genetically predisposed to its development [15]. However, the exact mechanism may
result from the combination of various abovementioned mechanisms and depend on the
affected system.

Here, we aim to review the leading hypotheses on the pathophysiology of long
COVID-19.

2. Cardiovascular System

The cardiovascular system is one of the most common systems involved in long
COVID-19 syndrome. The most common symptoms are chest pain, fatigue, shortness
of breath, and exercise intolerance, which can last for a long time after the infection [16].
Myocarditis, pericarditis, arrhythmias, and thromboembolic events have been reported
as more severe clinical complications [17]. A retrospective cohort study evaluated the
long-term cardiovascular outcomes in COVID-19 survivors among non-vaccinated people
and showed that people who did not receive vaccines suffered from more cerebrovas-
cular accidents (CVA). Strokes, arrhythmias, myocarditis, ischemic heart diseases, and
thromboembolic disorders were some of them, leading to increased complications and
adverse outcomes [18]. Similar results arose from a study including almost 155,000 patients
recovered from COVID-19 and 5 million historical controls. After the first 30 days of the
infection, cardiovascular disease was increased, regardless of the hospitalization status,
age, sex, or comorbidities of the patient [17]. A prospective study from the United King-
dom was conducted on patients who experienced COVID-19 and had symptoms of long
COVID-19. Quantitative magnetic resonance imaging (MRI) results supported that over
half had persistent cardiac abnormalities within twelve months. Biomarkers like troponin
and Brain Natriuretic Peptide (BNP) could not predict the findings [16].

Although the exact mechanisms that lead to the long-term cardiovascular symptoms
of COVID-19 are not fully understood, plenty of proposed mechanisms are suggested in
the literature. One of the most prevalent theories is based on endothelial dysfunction and
microvascular injury, also known as endothelitis, caused by the prolonged inflammation
reported in long COVID-19 [19-21]. Considering that other viruses can cause cardiovascular
events as well, the possibility of increased and persistent inflammation causing similar
events in long COVID-19 is plausible and likely [22]. Elevated levels of IL-6, 1-3, and
tumor necrosis factor (TNF) can cause systemic manifestations and organ-specific problems,
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including in the heart. The combination of the inflammatory reaction with endothelial
activation by the virus leads to thrombosis via the activation of the coagulation pathway [23].
The coagulation process is elicited in response to increased tissue factor (TF) secretion. In
particular, thrombin is generated after the creation of the tenase complex, which consists of
TF and factor VIla [24,25]. The primary function of thrombin is the formation of insoluble
fibrin from soluble fibrinogen [24,25]. Notably, patients with post-COVID-19 syndrome are
characterized by fibrinoid clots that are accompanied by the hyperactivation of platelets.
When microclots are formed in patients suffering from the long-term effects of COVID-19,
several inflammatory mediators play a significant role in this process, like serum amyloid
A (SAA), alpha 2-antiplasmin («2AP), various fibrinogen chains, platelet factor 4 (PF4) and
VWE, as revealed by proteomics [8,26]. The multi-organ complications of post-COVID-19
syndrome arise from the combination of unresolved coagulopathy during the acute phase
of the disease and a disturbed fibrinolytic system [8,26,27].

Fogarty et al. measured endothelial cell activation markers in 55 patients at a median
time of 68 days after the initial infection and found elevated levels of von Willebrand
factor, factor VIII, and thrombomodulin [28]. A study found elevated levels of endothelial
cells in COVID-19 survivors, which were related to high cytokine levels, implying that
endothelitis can be the result of inflammation [29]. Endothelial activation and dysfunction
are created through endothelial cell apoptosis, mainly via direct contact with the virus,
platelet activation through cytokines, and leukocyte adhesion. All these together affect vas-
cular homeostasis. Furthermore, binding the SARS-CoV-2 virus to angiotensin-converting
enzyme 2 (ACE-2) receptors on the endothelium results in the release of angiotensin 2
and reduced nitric oxide (NO) production, causing damage to the endothelium through
increased oxidative stress and mitochondrial dysfunction [13,30,31]. Finally, the importance
of ACE-2 in the homeostasis of the Renin-Angiotensin—Aldosterone System (RAAS) is
already known, and the viral binding through the viral spike protein can cause significant
dysregulation and cardiovascular symptoms [32].

The exact role of chronic immune dysregulation in the pathophysiology of the cardiac
symptoms of long COVID-19 has yet to be clarified. Still, it may play a role in multiorgan
involvement, including the heart [33]. The recognition of cell damage by macrophages and
epithelial cells triggers a robust immune response, leading to collateral damage due to the
excessive infiltration of immune cells [13]. This damage can last longer and eventually
leave residual damage to organs such as the heart. Studies have shown increased levels of
TNE IL-13, 4, 6,7, 8, 10, and 15 two months after the infection, and increased levels of IL-1f3,
six and TNF-« eight months later. This indicates continuous inflammation, vascular injury,
and the differentiation of immune cells. Moreover, these elevated levels of cytokines have
been correlated with the persistence of COVID-19 symptoms [34,35]. These findings are
consistent with those of another study in which COVID-19 patients underwent heart MRIs
six and twelve months after infection, with persistent myocardial inflammation shown in
almost half of them [16].

Some of the cardiovascular long COVID-19 symptoms could be explained by the
dysregulation in the autonomous nerve system caused by SARS-CoV-2. Dysautonomia in
long COVID-19 can be caused by the pronounced release of cytokines, accompanied by the
activation of the sympathetic system and the secretion of a large number of catecholamines.
This promotes the higher secretion of more cytokines, creating a vicious cycle of detrimental
events for the autonomous nervous system [36]. The second mechanism suspected to cause
dysautonomia is mediated by autoantibodies, as it is well known that in COVID-19, a wide
range of autoantibodies that may lead to the dysfunction of the autonomic nervous system
are produced, causing tachycardia and a reduction in the vascular tone [37,38]. Peripheral
nerve system (PNS) and CNS receptor dysfunctions induced by viral infections through
antibodies have also been described. In particular, the production of autoantibodies against
catecholamine, angiotensin 2, and endothelin receptors has been found to affect the heart
rate [38]. In another case, small-fiber neuropathy has been implicated in post-COVID-
19 syndrome and considered a cause of dysautonomia [39]. Consistent with the above,
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cases with dysregulated tissue oxygen supply, such as postural orthostatic tachycardia
syndrome (POTS) and orthostatic hypotension (OH), can contribute to dysautonomia,
owing to peripheral vasoconstriction [40].

3. Respiratory System

Pulmonary symptoms in long COVID-19 are common. A study from the USA of over
16,000 patients who suffered from the disease showed that as many as 40% experienced a
persistent shortness of breath [41]. Other possible complications and symptoms are cough,
pneumothorax, pulmonary hypertension, and infections [42-44]. However, the most severe
manifestation of the pulmonary complications of long COVID-19 is pulmonary fibrosis (PF).
Abnormal chest computerized tomographies (CTs) and pulmonary function tests (PFTs)
have been reported even several months after the disease [45]. The potential predictors of
pulmonary fibrosis are advanced age, comorbidities, the male sex, elevated d-dimers, and
the elevation of specific inflammation markers four weeks after infection [45,46].

The pathophysiology of PF in long COVID-19 can be partially explained by the
action of macrophages trying to repair alveolar damage and attracting fibroblasts. The
combined activity of growth factors (GF), such as vascular endothelial GF and fibroblast GF,
promotes the process of angiogenesis through the accumulation of endothelial cells. In long
COVID-19, prolonged inflammation leads to prolonged fibroblast activity and permanent
fibroblastic tissue [47]. It has also been reported that prolonged oxygen administration
in the lungs during acute infection can increase oxidative stress, leading to pulmonary
fibrosis [48]. Another implicated mechanism is the immune cell infiltration and increased
cytokine production that leads to matrix metalloproteinases activating fibrotic adaptations
in lung microcirculation [49].

Cases of shortness of breath, but without apparent lung disease during imaging or
functional tests, have also been described. A possible mechanism for this is dysautonomia
in either brain regions or intrathoracic receptors [38,50].

The respiratory long COVID-19 symptoms can also be explained by the vascular
disorders it creates, leading to damage to the microcirculation of the lung and eventually
pulmonary hypertension [51-53]. Various mechanisms of thrombus formation in the lung
have been described. Clots may form in either small capillaries or large pulmonary arteries,
and may also present as septic thromboembolic [54]. Endothelial cells come into contact
with viral products and cause thrombosis. A dysfunctional endothelium combined with
the hyperinflammation present in COVID-19 activates the coagulation pathways [55].

Persistent viral toxicity is another potential pathophysiologic mechanism involved in
long COVID-19. For example, a high viral burden and the persistence of SARS-CoV-2 or
the reactivation of Epstein—Barr virus (EBV) during acute infection have been regarded as
significant risk factors for the long-term effects of COVID-19. Consistent with the above,
the persistence of the infection caused either by EBV or SARS-CoV-2 can account for the
sustained immune response, thus contributing to post-COVID-19 syndrome [56]. Alterna-
tively, the activation of dormant viruses in terms of oxidative stress or immunosuppression
can lead to the pathology of post-COVID-19 syndrome [57,58]. In parallel, researchers
have used autoantibodies against type I interferons (IFNs) as predictive biomarkers for
post-COVID-19 syndrome [59].

Spike protein binds with pneumonocytes type I, expressing elevated levels of ACE-2.
In the case of pathological or delayed healing, long COVID-19 symptoms such as a shortness
of breath and cough will be clinically observed. This pathological healing, along with the
regeneration of respiratory cells, could explain the presentation of imaging and functional
test abnormalities over time [49]. Persistent inflammation in the lung has also been shown
by a study that performed positron emission tomography—CT (PET-CT) in patients who
needed mechanical ventilation in the acute phase of the infection and complained of chronic
respiratory symptoms [60].
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Finally, another mechanism proposed to be implicated in the presentation of a chronic
cough in long COVID-19 may involve chronic neuroinflammation and the stimulation of
the vagal sensory nerves [61].

4. Central Nervous System

CNS symptoms are frequent, accounting for approximately 22% of long COVID-19
manifestations [62]. The most common ones are difficulties relating to concentration,
brain fog, insomnia, anosmia, headaches, and amnesia [63]. More severe manifestations
include encephalopathy, stroke, and seizures [64]. These symptoms can persist even one
year after the infection [65]. The potential risk factors for neurological manifestations
of long COVID-19 are a history of hospitalization and female gender. In contrast, age
remains a controversial factor since some studies have found an association and others
have not [66-69]. Another study correlated neurological symptoms with the presence of
respiratory ones [70].

SARS-CoV-2 can invade the CNS in various ways. The first is through the nasal cavity,
where the virus connects with the ACE-2 receptors of the olfactory epithelium, invades its
nerves, and eventually reaches the brainstem through the pathway of the olfactory tract, as
indicated by an autopsy study of 33 patients with COVID-19 in which ACE2 was detected
in olfactory mucosa [71]. On the other hand, although researchers have been cautious
regarding the question of whether the virus can enter the CNS, data from a study of the
autopsies of 44 COVID-19 patients and an observational study with quantified viral RNA in
plasma samples of COVID-19 patients support the theory that, through a viremic phase, the
virus spreads via a hematogenous route throughout the body, including the brain; the BBB
can become vulnerable in cases of infection, and thus the virus can invade the brain more
easily [72-74]. Finally, there are reports that it may reach the CNS via the gastrointestinal
tract since the virus is present in enterocytes, and that it can reach the CNS via the vagus
nerve, as indicated by a prospective study that examined human gut samples of COVID-19
patients [75].

When the virus enters the CNS, it stimulates neuroinflammation. Therefore, microglia
and astrocytes are activated, as in many neurodegenerative diseases, and this could explain
several of the neurological symptoms of long COVID-19 [76]. This theory is also supported
by two studies in which a brain biopsy was performed, showing inflammation and the
activation of neutrophils and macrophages [73,77].

The area of the brain most easily affected by infections is the hippocampus, the
dysfunction of which can be linked to cases of memory loss [78]. There are even reports
in the literature of structural changes in the hippocampus in MRIs of long COVID-19
patients; these changes were associated with memory and smell loss [79]. In addition, a
study using PET showed that specific brain regions develop hypometabolism, including
the hippocampus and brainstem [80]. These metabolic disorders probably develop in the
context of immunological disease, as the cerebrospinal fluid (CSF) of these patients was
normal upon examination, and they improved with the administration of corticosteroids
and immunoglobulin [81]. A second potential mechanism implicated in hypometabolism
could involve mitochondrial dysfunction, since the virus uses mitochondria to replicate
and, in combination with the inflammatory state, reduces the energy capacities of the
cells [82].

Prolonged inflammation in the brain was shown by a study that used neuropsychiatric
and neurophysiological tests and found central neuromuscular fatigue, apathy, and execu-
tive dysfunction in long COVID-19 patients. The primary mechanism is thought to involve
the alteration of neuronal function, mainly via a significant increase in cytokines, especially
IL-6, which penetrates the BBB and causes complications in the CNS [83,84]. Increased IL-6
also appears to decrease the expression of gamma-aminobutyric acid (GABA) receptors,
which can lead to neuromuscular fatigue [85]. IL-6 overproduction is also associated with
depressive symptoms, and its increased concentration is an independent risk factor. The
normalization of IL-6 relieves the symptoms of depression [86].
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Except for IL-6, an overproduction of IL-4 has also been observed; this causes con-
tinuous neuroinflammation and is mainly involved in memory symptoms. Persistent
neuroinflammation caused by IL-4 can lead to a change in neuronal-enriched extracel-
lular vesicle (nEV) proteins [87]. Elevated levels of TGF-f3 and IL-8 have been observed
in patients with brain fog, and high levels of neuronal dysfunction biomarkers such as
amyloid-beta, neurogranin, total tau, and pT181-tau have been observed in patients with
persistent symptoms [87].

In addition, increased levels of IL-1, 6, and TNF-« may cause stress to the cochlear
cells and, in combination with direct infiltration by the virus, lead to irreversible hearing
loss [88].

Immune dysregulation is another pathophysiological mechanism involved in the
spectrum of nervous system long COVID-19 pathophysiology. Elevated antiganglioside
antibodies, which could be produced by cross-reactivity with the virus, have been found in
patients with PNS symptoms such as Guillen—Barre and encephalomyelitis [89]. Patients
have also been described to have cerebral infarct and positive anticardiolipin, anti-32
microglobulin antibodies, and lupus anticoagulant. However, the positivity of these anti-
bodies may be false due to inflammation and could have no clinical impact [90,91].

Finally, another contributing factor is microthrombosis in the brain, either from mito-
chondrial dysfunction or hypercoagulopathy. Several mechanisms have been described to
induce microthrombi in the brain [92]. Post-mortem evidence of thrombotic microangiopa-
thy and endothelitis has been found in some patients [93]. MRI studies show either cerebral
infarction or microvascular damage [94]. Furthermore, increased levels of cytokines such
as IL-8 and TNF lead to an increase in von Willebrand factor and, therefore, in platelet
aggregation thrombosis [95].

The loss of taste and smell [96-98], as well as brain fog with difficulty concentrating
and memory loss, have been reported [99,100]. In cohorts of patients with six-month
follow-ups, many of them reported persistent symptoms of depression, anxiety, insomnia,
and post-traumatic stress disorder [101,102]. One possible mechanism is the direct entry of
the virus into neurons. An autopsy study showed changes in brain parenchyma caused
by inflammation [103,104]. Due to an increase in the permeability of the BBB caused by
cytokines, microorganisms and proinflammatory molecules enter the CNS, which affect the
functions of the limbic system, leading to depression [105]. This is further strengthened
by the activation of microglia via inflammation [106]. A second theory is that the virus-
induced damage to sensory neurons leads to reduced CSF outflow and the congestion of
the lymphatic system, resulting in the accumulation of toxins in the CNS [107]. Markers of
brain damage, such as the neurofilament light chain in peripheral blood, have also been
found [108].

5. Immune System

In its attempt to produce antibodies against the virus and its structures, the human
body produces antibodies against its own structures due to the viral proteins mimicking
human proteins [57,109]. The production of anti-ACE-2 autoantibodies has been described
in several patients. Although their role is not fully understood, they could theoretically
affect the action of ACE-2 by controlling hypertension and the functions of the renin—
angiotensin system [110,111].

Other autoantibodies that have been detected target interferons [112], thus affect-
ing the immune response and causing viral persistence, as well as antibodies that cause
Guillain-Barre syndrome, thrombocytopenia, and systemic lupus erythematosus [113-115].
For instance, Cervia and colleagues highlighted the presence of a SARS-CoV-2-specific
immunoglobulin signature driving post-COVID-19 syndrome [116]. In particular, low IgM
and IgG3 titers can increase individuals’ susceptibility to the long-term effects of COVID-19,
accompanied by the diminished secretion of type I IFNs [116].
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There are reports of patients with COVID-19 developing macrophage activation syn-
drome. Measured tryptase levels have been found to be significantly elevated compared to
healthy controls and correlated with IL-6 levels [117,118].

The hyperactivation of the immune system causes the production of a wide range
of autoantibodies specific to G-protein-coupled receptors (GPCR), cytokines, or tissues
and cell structures in the acute and chronic phases [37,119]. This leads to the inhibition of
catecholamine and acetylcholine signaling, resulting in the dysfunction of the autonomous
nervous system [38]. In one case report, a DNA aptamer was given, and this led to the
neutralization of the anti-GPCR autoantibodies, improved retinal microcirculation, and the
elimination of long COVID-19 symptoms [120].

These autoantibodies can also trigger other autoimmune diseases such as rheumatoid
arthritis and fibromyalgia [121]. In patients with long COVID-19, there is an accumula-
tion of autoantibodies in their circulation, contributing to the emergence of connective
tissue disorders, in which connective tissue and muscle are disrupted due to the pres-
ence of autoantibodies [122]. Such disorders include the following: myositis, lupus, and
arthritis [122].

SARS-CoV-2-induced immune dysregulation also causes the prolonged activation
of T-cells and the expression of exhaustion markers, such as PD1 and TIM-3 in CD4+
and CD8+ even eight months after the infection [123,124]. This leads to a decrease in the
production of cytokines, a dysfunction in the production of memory cells [125,126], and
the expression of immunoinhibitory receptors in lymphoid and myeloid cells [127]. Finally,
there is a decrease in the absolute number of lymphocytes and dendritic cells [128,129]. In
severe forms of COVID-19, the elimination of B and T lymphocytes is linked to the chronic
inflammation seen in post-COVID-19 syndrome.

6. Other Systems

Kidney involvement in long COVID-19 is not rare. Studies have shown that in patients
with long COVID-19, the impairment of kidney function that occurs in the acute phase
can last up to 3 months [130]. The most likely causes in the literature are hemodynamic
instability, coagulation disorders, and systemic inflammation [131,132]. Furthermore, the
virus itself can enter renal cells through ACE-2, causing glomerulopathy that can manifest as
proteinuria, hematuria, and renal failure, especially in patients with risk factors [133-136].

Diabetes mellitus and its dysregulation is an apparent complication of COVID-19 and
long COVID-19. Two months after the initial infection, in patients with previously normal
glucose levels, hyperglycemia and insulin resistance can be found relatively frequently [137].
The virus enters the pancreatic cells directly through ACE-2 receptors and destroys the
pancreatic cells; consequently, diabetes mellitus can develop [138]. This can be further
aggravated by the use of corticosteroids to treat COVID-19 [139]. In a person with pre-
existing diabetes mellitus, glycemic control may worsen as the virus infects the islets of the
pancreas and reduces insulin secretion [140]. There continue to be reports of dysregulated
thyroid and parathyroid function, as well as deficient levels of vitamin D in patients
with long COVID-19 [141-143]. Bone health can be affected by long COVID-19 as the
virus directly affects the function of osteoblasts and osteoclasts. In particular, it inhibits
osteoblasts and enhances the activity of osteoclasts [144]. Furthermore, cytokine storms
can cause bone loss in animal models and, in combination with corticosteroid therapy and
low vitamin D, may worsen bone health [145].

The virus can persist in the gut of patients for a long time. This may not be directly
related to the symptoms of long COVID-19, but in some cases, it could explain some of
them [146]. The virus enters the gastrointestinal system through ACE-2 receptors, which
are present on enterocytes and hepatocytes, and thus cause abnormal liver function and
gastrointestinal symptoms, such as nausea, dysphagia, abdominal pain, and irritable bowel
syndrome [147,148]. These symptoms may persist up to two months after infection in a
percentage of patients [149]. Four months after the infection, the nucleocapsid proteins
of the virus have been detected in intestinal biopsies of the feces and in their viral RNA,
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even in patients with a negative nasopharyngeal PCR [146,150]. It also appears to cause a
change in the intestinal microbiome that persists for up to six months, causing dysbiosis
significantly associated with long COVID-19 [151].

In the liver, the virus behaves like other hepatotropic viruses [152]. It has been detected
in hepatocytes during biopsies of patients with long COVID-19 [152]. Other possible
mechanisms, besides the persistence of the virus in the liver, are the chronic inflammation
and accumulation of cytokines, leading to abnormal liver function [153], as well as changes
in the microbiome that cause dysbiosis and expose the liver to the altered microflora that
cause reactive inflammation [154,155]. Finally, there are reports of cases of cholangiopathy
after COVID-19 infection, although the exact mechanism is not understood yet [156].

Patients with long COVID-19 often complain of a syndrome of chronic malaise, myal-
gias, depressive symptoms, and sleep disorders [157]. Finally, social factors, such as the
isolation, fear, and uncertainty experienced by the world during this period, may have led
to symptoms of anxiety, depression, memory loss, and behavioral disorders [158,159].

Figure 1 summarizes the clinical manifestations and the underlying mechanisms of
long COVID-19.
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Figure 1. Mechanisms and clinical manifestations of long COVID-19 in various systems. BBB:
blood-brain barrier, CNS: central nervous system, COVID-19: coronavirus disease 2019, CVA:
cardiovascular system, GIS: gastrointestinal system; IBS: irritable bowel syndrome, RAAS: renin—
angiotensin—-aldosterone system, SARS-CoV-2: severe acute respiratory syndrome 2, sIgA: soluble

immunoglobulin A.

7. Conclusions

This manuscript provides a comprehensive overview of the pathophysiology of long
COVID-19, shedding light on this persistent condition’s complex and multifaceted nature.
The prolonged persistence of symptoms, spanning weeks to months after the initial infec-
tion, underscores the need for a deeper understanding of the pathophysiological processes
at play. Moreover, understanding the underlying mechanisms of this disease may pave the
way for improved diagnostics, management, and targeted therapeutic interventions.
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Emerging evidence suggests that long COVID-19 is not solely an extension of the acute
infection, but a unique entity with distinct mechanisms. Chronic inflammation, the dysreg-
ulation of the immune response, and persistent viral reservoirs have been implicated in
the perpetuation of symptoms. Additionally, vascular endothelial dysfunction, autonomic
dysregulation, and neuronal abnormalities contribute to these patients’ diverse clinical pre-
sentations. Genetic susceptibility, the host immune response, and viral factors likely dictate
the severity and duration of long COVID-19. Some of the pathophysiological mechanisms
seem to be more established than others due to prospective studies supporting them.

On the other hand, many of the mechanisms and hypotheses proposed by experts need
further investigation to establish them. Endothelitis, hypercoaguolopathy, prolonged in-
flammation, and immune dysregulation are the most studied and established mechanisms.
In contrast, the dysregulation of RAAS, dysautonomia, and oxidative stress need further
investigation in order to understand and establish their role in the pathogenesis of long
COVID-19. Table S1 summarizes most of the studies included in this review, highlighting
which mechanisms have been confirmed to a greater extent by prospective studies and
which represent proposed mechanisms and expert opinions. These complex interactions
warrant further exploration, mainly due to the long-term implications on public health
and healthcare systems worldwide. Moreover, the vast heterogeneity observed in long
COVID-19 calls for a personalized approach to diagnosis and management. Identifying the
biomarkers associated with disease progression and recovery may facilitate risk stratifica-
tion and guide tailored therapeutic strategies for patients grappling with this condition.

While significant progress has been made in deciphering the pathophysiological un-
derpinnings of long COVID-19, many unexplored facets still warrant further investigation.
Longitudinal studies, robust clinical trials, and interdisciplinary collaborations will be
instrumental in advancing our understanding of this enigmatic condition.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /microorganisms11102458/s1, Table S1: Summary of the most
established mechanisms for the symptoms of long COVID-19 as supported by published evidence.
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