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Abstract 

Long coronavirus disease (long COVID) and hypermobility disorders (e.g., hypermobile Ehlers-

Danlos syndrome) often share comorbidities, including mast cell activation syndrome, small fiber 

neuropathy, and myalgic encephalomyelitis/chronic fatigue syndrome. The relationship between 

long COVID and hypermobility disorders, as well as the extracellular matrix (ECM), has been 

reported, with evidence suggesting that ECM alterations may underlie these associations. The current 

hypothesis posits that ECM alterations may become partly self-perpetuating, with the severe acute 

respiratory syndrome coronavirus 2 spike protein as a possible initial trigger. The proposed 

mechanism involves interactions among the spike protein, integrins, latent transforming growth 

factor β, mast cells, interleukin-6, and matrix metalloproteinase-9 (MMP-9). Possible feedback loops, 

such as those between latent transforming growth factor β and a stiffened ECM, increased 

sympathetic activity and a pro-inflammatory state, insulin resistance and a pro-inflammatory state, 

inflammation and mast cell migration, and increased blood–brain barrier permeability via MMP-9 

and inflammation, are highlighted. The impact of the modified ECM on the nervous system, as 

described through PIEZO and N-methyl-D-aspartate receptors, is also discussed, alongside evidence 

for increased differentiation of T-helper 17 cells and their potentially disruptive effects on 

efferocytosis. This new hypothesis may have important implications for clinical practice and future 

research. 
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1. Introduction 

Long coronavirus disease (long COVID) and hypermobility disorders share overlapping 

features and potential underlying mechanisms. Both present complex clinical pictures that require 

multimodal treatment approaches; thus, identifying and understanding these underlying 

pathological mechanisms are important. Numerous studies on long COVID and hypermobility 

disorders link both conditions through the extracellular matrix (ECM) [1–3]. Comorbidities 

associated with hypermobility disorders can overlap with those of long COVID, including 

musculoskeletal pain, dysautonomia with or without small fiber neuropathy (SFN), cognitive 

disorders, myalgic encephalomyelitis (ME)/chronic fatigue syndrome (CFS), and mast cell activation 

syndrome (MCAS). Furthermore, hypermobility spectrum disorders (HSDs) and hypermobile 

Ehlers-Danlos syndrome (hEDS), the most common hypermobility conditions, as well as long 

COVID, can present with symptoms resembling fibromyalgia, which is characterized by chronic 
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musculoskeletal and myofascial pain, sleep disturbances, fatigue, and neuropsychiatric disorders 

(e.g., anxiety and depression) [1,4]. Similarly, HSD, hEDS, and long COVID may present with post-

exertional malaise; fatigue; musculoskeletal, cardiovascular (e.g., postural orthostatic tachycardia 

syndrome [POTS]), gastrointestinal, urogenital, immunological, pulmonary, otolaryngologic, 

dermatologic, reproductive, and neuropsychiatric symptoms; and multiorgan systemic dysfunction 

[1–3]. Logarbo et al. [3] indicated that hEDS/HSD should be considered in cases of persistent long 

COVID, as they observed the co-occurrence of these conditions in some cases. 

HSD and hEDS are hereditary disorders that can substantially impair quality of life. However, 

their complex multisystemic manifestations often lead to delayed or missed diagnosis. Unlike HSD, 

hEDS is diagnosed according to specific criteria, including a positive Beighton score, characteristic 

systemic features and/or a positive family history, and chronic musculoskeletal pain and/or joint 

instability. Increasing evidence suggests that HSD and hEDS may not represent distinct entities, but 

rather lie along a phenotypic continuum and share a similar underlying pathophysiology [5]. 

Historically, HSD and hEDS have been considered connective tissue disorders characterized by joint 

hypermobility and/or instability, among other features. These characteristics highlight the potential 

role of the fascial system ECM in the pathogenesis of these conditions [5]. Dysregulation of fibroblast-

to-myofibroblast transformation has been reported in HSD and hEDS, with a marked increase in 

myofibroblasts in the deep fascia. This dysregulation may contribute to persistent ECM densification 

and dysfunction in patients with hEDS/HSD. ECM densification is accompanied by increased matrix 

viscosity, reduced interfascial glide, and impaired force transmission, potentially resulting in the 

irritation of free nerve endings [5]. 

Fascial myofibroblasts have been proposed to play a mechanistic role in long COVID [1]. Fascial 

myofibroblasts and the ECM form a dynamic network that regulates structural tissue integrity, and 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can interact with the ECM [6]. 

Furthermore, the SARS-CoV-2 spike (S) glycoprotein triggers a transcriptional response associated 

with ECM reorganization and latent transforming growth factor β (TGF-β) signaling, which could 

lead to barrier dysfunction and vascular leak [6]. In addition, the receptor-binding domain of the S 

protein within its S1 region (S1-RBD) binds to recombinant human αvβ3 and αvβ6 integrins. Thus, 

S1-RBD functions as an αv-selective integrin agonist and can dysregulate the ECM [7]. Enhanced 

αvβ3 engagement can stimulate fibroblast contractility, thereby increasing the stiffness of the soft, 

nonlinear elastic ECM [8]. Similarly, integrin αvβ6 has been shown to bind and activate latent TGF-

β1 [9]. 

Serum matrix metalloproteinase-9 (MMP-9) levels are elevated in patients with long COVID, 

and cultured human microglia stimulated with the spike protein exhibit significantly increased 

MMP-9 release [10]. Increased MMP-9 levels can promote vascular inflammation and increase blood–

brain barrier (BBB) permeability. MMP-9 can also influence tight junctions and disrupt neuronal 

connectivity, playing a vital role in neurodegenerative disorders [10]. In patients with long COVID, 

elevated MMP-9 levels are associated with worse disease severity [10]. MMP-9 levels in skin 

fibroblasts are also elevated in vitro in patients with hEDS/HSD [11]. Furthermore, elevated MMP-9 

levels may be associated with autism [12,13]. The possibility of co-occurring autism should also be 

considered in individuals with fibromyalgia [14]. Additionally, individuals with higher sensory 

reactivity scores on the Ritvo Autism & Asperger Diagnostic Scale are more likely to experience long 

COVID symptoms lasting longer than 12 weeks [15]. Moreover, autism can be a comorbidity of 

hEDS/HSD [16]. In one study, in the hEDS/HSD group, autistic individuals were more likely to have 

co-occurring physical and mental health conditions, including attention-deficit/hyperactivity 

disorder, depression, anxiety, dysautonomia/POTS, ME/CFS, and MCAS, than non-autistic 

individuals [17]. 

Taken together, these findings suggest that an ECM-based model may provide a plausible 

explanation for the overlapping pathophysiological features commonly observed in long COVID, 

hypermobility disorders, and related conditions. This paper outlines a new integrated model that 
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explains how these conditions and their comorbidities might be interconnected. Additionally, the 

model uncovers potential pathological mechanisms to inform future research. 

2. Hypothesis 

This section is divided into three subsections. The first subsection focuses on how SARS-CoV-2 

can alter the ECM (Part 1a) and on how the ECM is altered in patients with hEDS/HSD (Part 1b) 

(Figure 1). The second subsection integrates the potentially important roles of mast cells and MMP-9 

into the hypothesis (Figure 2). The third subsection discusses the possible roles of the N-methyl-D-

aspartate receptor (NMDAR), PIEZO1, PIEZO2, insulin, and vitamin D (Figure 3). 

 

Figure 1. Illustration of the mechanisms through which SARS-CoV-2 may alter the extracellular matrix (ECM), 

the ECM changes observed in patients with hEDS/HSD, and potential structural links to postural orthostatic 

tachycardia syndrome (POTS). Latent transforming growth factor β (TGF-β) promotes fibroblast (Fibro) 

differentiation into myofibroblasts (Myo) and collagen type I (Coll-I) production. Both activated fibroblasts and 

myofibroblasts produce fibronectin in response to TGF-β. A possible positive feedback loop between an altered 

ECM (stiffened local areas, especially in inflamed regions) and enhanced TGF-β activation is shown (arrow 4). 

Arrows represent different types of interactions and are distinguished by color, line style, and shape, as indicated 

in the figure key. The numbers assigned to the arrows correspond to the respective descriptions and references 

in the main text. 

2.1. Role of ECM in the Pathophysiology of SARS-CoV-2 and hEDS/HSD 

2.1.1. Part 1a: SARS-CoV-2 Influences the ECM Through Multiple Pathways 

Long COVID affects a broad spectrum of patients, including those with mild initial symptoms. 

The persistence of SARS-CoV-2 and its viral fragments has been suggested as a potential contributor 

to long COVID [18,19]. A 2020 bioinformatic study identified potential links between SARS-CoV-2 

binding to angiotensin-converting enzyme 2 (ACE2) and the integration of ACE2 into a molecular 

network involving TGF-β and connective tissue growth factor. Specifically, mRNA levels of TGF-β 

and connective tissue growth factor are elevated in lung epithelial cells following SARS-CoV-2 

infection [20]. The ACE2 receptor facilitates SARS-CoV-2 entry into host cells and plays a role in the 

pulmonary fibrosis following COVID-19 [20]. ACE2 mRNA is also expressed at relatively high levels 
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in the normal, uninfected small intestine, suggesting that the small intestine may be susceptible to 

SARS-CoV-2 infection [20]. 

A 2022 in vitro study [6] using transcriptomic profiling of human pulmonary microvascular 

endothelial cells treated with soluble trimeric SARS-CoV-2 spike protein identified an upregulation 

of the TGF-β signaling pathway. Furthermore, the authors noted that the TGF-β signaling axis was 

required for spike protein-mediated dysfunction of endothelial and epithelial barriers. TGF-β is a 

mediator of cellular proliferation, differentiation (e.g., myofibroblast differentiation), and migration, 

and plays an important role in regulating vascular permeability and inflammatory responses [6,21]. 

TGF-β signaling may also promote tissue fibrosis, contributing to the vascular fibrosis and stiffness 

observed in long COVID [21,22]. This vascular stiffness may, in turn, contribute to the co-occurrence 

of POTS in patients with long COVID and hEDS, as increased central arterial stiffness is a feature of 

POTS (Figure 1, arrow 2) [23]. 

Norris et al. [7] demonstrated that the adhesive Arg-Gly-Asp (RGD) motif of the S1-RBD region 

binds to recombinant human integrins αvβ6 and αvβ3, offering a possible mechanism by which 

SARS-CoV-2 can upregulate the TGF-β pathway. Integrin αvβ6 antibodies reduce fibrosis and TGF-

β activity [24]. Notably, integrin αvβ6 is expressed only in epithelial tissue. Upon activation of TGF-

β1 and TGF-β3 by integrin αvβ6, TGF-β may directly signal myofibroblasts to promote further ECM 

production (Figure 1, arrows 3 and 4) [24]. Integrin αvβ3 can activate TGF-β1 and is involved in 

cardiac and skin fibrosis, as well as in aortic atherosclerosis [24–26]. Integrin αvβ3 is typically 

expressed at low levels in most normal tissues, such as intestinal, vascular, and smooth muscle tissues 

[26]. High integrin αvβ3 expression is mainly observed in bone, mid-cycle endometrium, placenta, 

sites of inflammation, and invasive tumors [26]. High integrin αvβ3 levels can also be found in mature 

osteoclasts, activated macrophages, a small subset of neutrophils, angiogenic endothelial cells, and 

migrating smooth muscle cells [26]. 

Angiogenic stimuli, such as tumor necrosis factor alpha (TNF-α) and vascular endothelial 

growth factor (VEGF), produced by endothelial cells, induce integrin αvβ3 expression on sprouting 

endothelial buds and promote the formation of new blood vessels [26]. TGF-β1 was previously shown 

to induce dose-dependent fibronectin synthesis during the early phase of cultured intestinal 

fibroblast-to-myofibroblast transformation, with peak production at 2 days in the fibroblast phase 

and continued production in the myofibroblast phase (Figure 1, arrow 5) [27]. A similar pattern was 

observed in cultured lung fibroblasts, with fibronectin production peaking at 2 days [28]. However, 

this experiment lasted only 2 days. Collectively, these results indicate that in long COVID, TGF-β 

activation, and subsequent fibroblast-to-myofibroblast differentiation and myofibroblast 

maintenance, may lead to changes in the ECM of certain tissues, resulting in increased stiffness 

(Figure 1, arrows 4 and 5) [29]. 

Importantly, a stiff ECM may promote TGF-β activation, thereby creating a positive feedback 

loop (Figure 1, arrow 4) [29] that can perpetuate inflammation and fibrosis. Mechanotransduction 

pathway enzymes/proteins (e.g., integrins, focal adhesion kinase, Rho-associated kinase, and Yes-

associated protein) play a key role in these processes. Integrins are transmembrane receptors that 

serve as mechanosensors [30]. Integrins (e.g., αvβ6) can bind to the RGD motif within the latency-

associated protein (LAP) and, upon mechanical force transmission, promote the activation of TGF-β 

from its latent complex. Latent TGF-β binding protein (LTBP) binds to matrix proteins, such as 

fibrillin, proteoglycans, and fibronectin [21,29]. An extremely acidic environment may facilitate the 

activation of latent TGF-β [21]. 

A 2026 myotonometry study of four women with long COVID identified a reduction in creep 

(i.e., the reduced magnitude of fascial deformation over time under a constant load) in the superficial 

and deep fascia (Figure 1, arrow 1) [31]. The time-dependent viscoelasticity of the ECM characterizes 

creep behavior [32]. Fibrotic tissue is characterized by an altered ECM and a buildup of components 

such as fibrillar collagen type I, mediated by myofibroblasts (Figure 1, arrows 6–8) [33,34]. ECM 

stiffness can increase in fibrotic tissue, thereby reducing creep [35]. Regarding COVID and an altered 

ECM, one study reported that bleomycin-induced lung injury in mice led to perivascular fibrosis and 
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ECM densification (i.e., increased ECM viscosity and changes in gliding) [36]. Similar to ECM 

stiffness, ECM densification influences creep. 

Notably, an in silico study suggested that the S2 subunit of SARS-CoV-2 interacts with tumor 

suppressor protein p53 [37], a protein implicated in fibrosis [38]. 

2.1.2. Part 1b: Altered ECM in hEDS/HSD Patients 

Several studies of patients with hEDS/HSD have reported fascial thickening, reduced interfascial 

glide, altered viscoelasticity, and densification of the deep fascia, particularly in the 

sternocleidomastoid muscle, iliotibial tract, thoracolumbar fascia, and fascia iliaca [5,39,40]. In 

general, higher ECM stiffness is not commonly observed in patients with hEDS/HSD. By contrast, 

their tendons exhibit reduced stiffness and excessive elongation [5]. In one study, the strain index in 

regions with myofascial pain was higher in patients with non-hEDS than in patients with hEDS and 

pain or in patients with non-hEDS without back or knee pain [39]. This indicated greater fascial 

softening with relative muscle stiffening in patients with non-hEDS. Typically, myofascial pain 

involves softening of the fascia along with stiffening of the underlying muscles. However, this pattern 

does not apply to hEDS, where fascial stiffness in relation to muscle occurs in regions of myofascial 

pain instead [39]. Despite being preliminary, these data emphasize significant fascial features in hEDS 

[39]. Tissue-level alterations, such as excessive tendon elongation, can impair force transmission and 

increase the risk of subluxation and/or dislocation, leading to repetitive microtrauma [5]. 

Alterations in molecular pathways in hEDS/HSD include activation of Wnt/β-catenin signaling; 

upregulation of miR-224, miR-378-3p, and the prolactin receptor; reduction of NR4A nuclear receptor 

expression; and downregulation of miR-23a, which is associated with increased Wnt/β-catenin 

pathway activation [5]. Activation of canonical Wnt signaling is required for TGF-β-mediated fibrosis 

[41]. These changes can contribute to an inflammatory state and myofibroblast persistence, thereby 

leading to ECM alterations (Figure 1, arrow 4) [5]. At the cellular level, pathological dysregulation of 

fibroblast-to-myofibroblast transformation in hEDS/HSD, as mediated by upregulation of integrin 

αvβ3, has been reported (Figure 1, arrow 5). The αvβ3 integrin-ILK complexes and the Snail1/Slug 

transcription factors are involved in this fibroblast-to-myofibroblast transition in hEDS/HSD (Figure 

1, arrow 5) [11]. 

In post-COVID-19 conditions, increased Snail expression is required for pulmonary fibrosis [42]. 

The spike protein can trigger an integrin αvβ3 response, which can lead to Snail upregulation through 

various signaling pathways [7,42]. Snail can promote the expression of α-smooth muscle actin (α-

SMA) with or without prior TGF-β activation, driving the transformation of fibroblasts into 

myofibroblasts. In patients with hEDS/HSD, 60–80% of fibroblasts express α-SMA, indicating a shift 

toward a pro-fibrotic ECM [5]. Furthermore, TGF-β, interleukin (IL)-6, ECM-derived danger-

associated molecular patterns, fragmented fibronectin, collagen type I, and tenascin are upregulated 

[5]. Elastin is mislocalized to the cytoplasm rather than the ECM, potentially impairing elastogenesis 

[5]. Overall, a disorganized ECM is observed in hEDS/HSD. A unique fragment pattern consisting of 

52 kDa fibronectin and 45 kDa collagen type I fragments was recently identified in the plasma of 

patients with hEDS/HSD, offering hope for a diagnostic blood test for hEDS/HSD [43]. 

The ECM can be divided into different structural entities, including (i) deep fascia that contains 

densely packed collagen bundles and elastin and (ii) thin gliding layers of loose connective tissue 

between individual layers of deep fascia [44]. The lamina propria is a loose connective tissue layer in 

direct proximity to the epithelial structures of the digestive tract and surrounding blood and lymph 

vessels. This loose connective tissue contains cells, such as fibroblasts and myofibroblasts, that can 

influence the structure and, consequently, the mechanical properties of the ECM [45]. These layers 

are of special interest to the hypothesis regarding hEDS/HSD, as they may be sites where 

densification and/or increased stiffness resulting from trauma and/or inflammation occur. The 

observed tendon elongation and reduced stiffness in hEDS/HSD fascia can increase the risk of 

traumatic injury and subsequent inflammation; this can then affect the mechanical properties of this 

loose connective tissue layer and help explain the observed reduced interfascial glide in hEDS/HSD. 
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Collectively, these findings indicate an altered ECM with potentially increased stiffness in 

localized areas, especially those affected by inflammation, as observed in long COVID. This altered 

ECM may create a positive feedback loop, as increased tissue stiffness can enhance TGF-β activation 

(Figure 1, arrows 4–8). A 2015 review of eight studies found elevated TGF-β levels in CFS in five 

(63%) studies [46]. Patients with long COVID, as well as patients with hEDS/HSD, frequently 

experience CFS. 

2.2. Part 2: Incorporating the Potentially Important Roles of Mast Cells and MMP-9 into the Hypothesis 

Mast cells are a type of white blood cell that plays a critical role in immune responses, including 

inflammation and allergic reactions (Figure 2, arrow 9). Mature mast cells are distributed throughout 

the collagenous connective tissue, between collagen bundles and elastic fibers, and near blood vessels 

and nerves. Mast cells are also detected in the superficial fascia, where they play modulatory roles in 

thermoregulation, exteroception, and pain modulation [47]. They recognize appropriate chemotactic 

stimuli, such as TGF-β1–3 and TNF-α, and respond by migrating. Activated mast cells can produce 

chemoattractants, leading to the accumulation of mast cells and other hematopoietic cells at sites of 

inflammation [48]. This can result in a positive feedback loop between inflammation and mast cell 

migration. 

MCAS is observed in both patients with hEDS/HSD and long COVID [49,50]. MCAS is 

associated with an increased number of mast cells, which may form clusters due to reduced cell death. 

This can affect multiple organs and lead to clinical symptoms, including flushing, hypotension, 

urticaria, angioedema, headache, vomiting, diarrhea, and anaphylaxis [49]. Common triggers in 

MCAS include weather changes, heat, pressure, rubbing, exercise, stress, and dietary factors (e.g., 

certain medications, including opiates) [50]. 

Furthermore, mast cells can express integrin αvβ3 on their surface, which can interact with fibrin 

and platelet endothelial cell adhesion molecule on endothelial cells [51]. SARS-CoV-2 interacts with 

recombinant human αvβ3 and αvβ6 integrins via its S1-RBD. Consequently, SARS-CoV-2 may 

directly interact with mast cells via these integrins. Integrin αvβ3 on the mast cell membrane 

functions as a true mechanosensor and can respond to stiffness [52]. Mast cells use integrin-mediated 

pathways to sense mechanical properties, guiding them toward regions of varying stiffness. 

Mechanical stimuli can alter the microscopic structure of collagen fibers, muscle bundles, nerve fibers, 

and vascular tracts within the ECM, enabling these structures to bind to integrins on the mast cell 

membrane (Figure 2, arrow 10) [53,54]. Under mechanical stimulation, integrins can transition from 

a bent to an extended conformation, thereby enhancing their interaction with ECM ligands (Figure 2, 

arrow 11) [54]. 

Mechanical stimulation has been shown to increase both mast cell density and degranulation 

rates in humans and various disease models (Figure 2, arrow 12a+b) [54,55]. Mast cell responses to 

mechanical signals promote fibrosis, and mechanical stretch-induced mast cell degranulation and 

TGF-β activation are attenuated by sodium cromoglycate, a mast cell stabilizer (Figure 2, arrow 

13a+b) [54,56]. Mechanoreceptors on mast cell membranes include transient receptor potential 

vanilloid channel 2 (TRPV2) and adhesion G protein-coupled receptor E2 (ADGRE2). TRPV2 is highly 

sensitive to physical stimuli, including mechanical stress, shear forces, and thermal changes [54]. 

Loratadine, an antihistamine, has been shown to reduce calcium influx triggered by TRPV2. 

Meanwhile, ADGRE2 is activated by vibration; in human skin mast cells, this activation results in 

rapid histamine release (Figure 2, arrow 12b) [54]. 
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Figure 2. Influence of the altered ECM on the potentially important roles of mast cells (MCs) and matrix 

metalloproteinase 9 (MMP-9) within the hypothesis. Possible feedback loops involving activated mast cells and 

inflammation (arrows 16 and 17) are shown. The influence of mast cell mediators (e.g., interleukin-6 (IL-6) and 

MMP-9) on the ECM is also shown. This can form a major feedback loop, especially since the mast cell mediator 

tumor necrosis factor α (TNF-α) can also induce IL-6 and MMP-9 production in fibroblasts and myofibroblasts. 

Arrows represent different types of interactions and are distinguished by color, line style, and shape, as indicated 

in the figure key. The numbers assigned to the arrows correspond to the respective descriptions and references 

in the main text. 

The mast cell Mas-related G-protein-coupled receptor member X2 (MRGPRX2) is mainly 

expressed by chymase+ cells, a specific subtype of human mast cells in connective tissues [54]. 

MRGPRX2 activation by substance P from mechanosensitive neurons can result in immunoglobulin 

E (IgE)-independent pseudo-allergic reactions (Figure2, arrow 14) [54,57,58]. In addition, activation 

of the mast cell receptor MRGPRX2 can result in the secretion of tryptase and chymase, among other 

substances. Tryptase can promote the transformation of fibroblasts into myofibroblasts, and chymase 

can contribute to the synthesis and secretion of collagen types I and III (Figure 2, arrow 13a, b, c) 

[54,56]. In an altered ECM, as in patients with long COVID and/or hEDS/HSD, mechanical 

stimulation of mast cells may occur more quickly and frequently (Figure 2, arrow 15). 

Mast cells themselves can respond to histamine via their H4 receptor and then release 

inflammatory proteins, including TGF-β, TNF-α, tumor necrosis factor beta (TNF-β), IL-6, and IL-8 
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(Figure 2, arrows 16 and 17) [59]. IL-6 is also synthesized by macrophages and monocytes in response 

to other inflammatory cytokines, including TNF-β and IL-11 [60]. Increased IL-6 expression may 

contribute to pain in SFN when cutaneous nociceptors are damaged. In one study, incubation of 

murine sensory dorsal root ganglion neurons, cultured for 1 day as a model of SFN, increased action 

potential firing rates in response to IL-6 exposure [61]. The study also showed higher IL-6 and IL-8 

expression in fibroblasts of patients with SFN, and their keratinocytes had higher netrin-1 expression. 

This is of interest because SFN is a comorbidity in both long COVID and hEDS/HSD. 

IL-6, which is produced rapidly and transiently in response to infection and tissue injury, can 

trigger rapid induction of various acute-phase proteins mainly in the liver, including C-reactive 

protein, serum amyloid A, fibrinogen, haptoglobin, and α1-antichymotrypsin (Figure 2, arrow 18) 

[60,62]. Plasma fibrinogen and haptoglobin have been identified as promising biomarkers for 

assessing disease severity and mortality risk in long COVID [63]. Fibrinogen is cleaved by thrombin, 

forming fibrin. Fibrin binds to the SARS-CoV-2 spike protein, forming pro-inflammatory blood clots 

that drive systemic thromboinflammation and neuropathology in COVID-19 [64]. After infection, 

fibrin promotes neuroinflammation and neuronal loss, suppresses natural killer cells, and activates 

macrophages in the lungs [64]. Furthermore, fibrin(ogen) can contribute to matrix stiffness through 

its deposition, cross-linking, and interactions with other ECM components [65]. 

IL-6, together with TGF-β, can induce the differentiation of T helper 17 (Th17) cells [66]. 

Although Th17 cells mainly play protective roles, dysregulated Th17 cells can lead to inappropriate 

inflammatory responses, resulting in autoimmune diseases (e.g., inflammatory bowel disease) [67]. 

An enhanced Th17-associated immune response has been reported in both long COVID and 

hypermobility disorders [68,69]. IL-17A signaling was shown to inhibit efferocytosis in synovial 

macrophages via a STAT3/ADAM17/MERTK-mediated pathway in a rat model of rheumatoid 

arthritis [70]. Impaired efferocytosis appears to be associated with the pathogenesis of various 

inflammatory diseases [71]. 

Mast cells, as well as myofibroblasts and fibroblasts, can produce MMP-9 when stimulated by 

TNF-α or other stimuli, and MMP-9 is involved in inflammation and tissue remodeling and repair 

(Figure 2, arrows 19 and 20) [72,73]. MMP-9 cleaves a wide range of ECM substrates, including 

collagen and gelatin (Figure 2, arrow 21) [73]. It can cause vascular inflammation and increase BBB 

permeability, thereby disrupting neural connectivity [10]. MMP-9 plays a crucial role in the onset and 

progression of central nervous system disorders, including neuropathic pain [74], not only through 

an inflammatory feedback loop that worsens pain, but also through its influence on neuron–glia 

interactions [74]. For example, nerve growth factor released by glial cells can be degraded by MMP-

9 [74]. 

Pregabalin, a gamma-aminobutyric acid analog used to treat neuropathic pain, epilepsy, and 

generalized anxiety disorder, has been shown to reduce VEGF and MMP-9 levels in vitro [75]. 

Furthermore, in vitro studies have demonstrated that recruiting MMP-9 to the fibroblast surface can 

activate latent TGF-β and trigger fibroblast transformation into myofibroblasts (Figure 2, arrow 22) 

[76]. There may also be an interplay between TGF-β and MMP-9; this may involve a bidirectional 

positive feedback loop that varies by tissue type and context, as observed in idiopathic pulmonary 

fibrosis [73]. MMP-9 levels are elevated in long COVID and hEDS/HSD [5,10]. In long COVID, 

increased serum levels of MMP-9 are associated with disease severity [10]. Elevated MMP-9 levels 

may also contribute to autism, a comorbidity of hEDS/HSD. A relationship between autism and long 

COVID has also been reported [12,13,15]. 

 

2.3. Part 3: Potential Roles of NMDAR, PIEZO1, PIEZO2, Insulin, and Vitamin D in the Hypothesis 

MMP-9 is a physiological regulator of NMDARs. NMDARs function as glutamate-gated Ca2+-

permeable channels and require glycine as a co-agonist. Synaptic plasticity and memory are 

NMDAR-dependent. In vitro, MMP-9 enzymatic activity in hippocampal cells increases lateral 

diffusion and, consequently, the surface mobility of the NR1 subunit of NMDARs via an integrin-β1-
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dependent signaling pathway (Figure 3, arrow 23) [77]. Additionally, NMDARs have been shown to 

function as mechanosensitive receptors [78]. Therefore, they could theoretically respond to changes 

in the ECM, such as increased stiffness or densification (Figure 3, arrow 24). In fibromyalgia, 

NMDARs exhibit increased activity [79]. This finding suggests a potential role for NMDARs in the 

pathophysiology of hEDS/HSD and long COVID, as both conditions can resemble fibromyalgia. In 

addition, NMDAR dysfunction has been proposed in autism [80,81].  

Figure 3. Integration of the nervous system, including the N-methyl-D-aspartate receptor (NMDAR), PIEZO1, 

PIEZO2, as well as stress and insulin, within the hypothesis and its possible interactions with vitamin D. The 

possible positive feedback loops between chronic stress and inflammation and between inflammation and 

insulin resistance are shown (arrows 28 and 30). Arrows represent different types of interactions and are 

distinguished by color, line style, and shape, as indicated in the figure key. The numbers assigned to the arrows 

correspond to the respective descriptions and references in the main text. 

Homocysteine, a sulfur-containing amino acid and a product of methionine metabolism, is a 

recognized NMDAR agonist and contributes to neurotoxicity [82]. Polymorphisms of the MTHFR 

gene (e.g., C677T) in relation to autism, hEDS, and long COVID have also been proposed [83–85]. 

Recent studies have shown that NMDARs are not only present in the central nervous system, 

but also in peripheral tissues. Their role in atherosclerosis development has also been investigated 
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[86]. Furthermore, evidence suggests that NMDAR blockers attenuate bleomycin-induced 

pulmonary fibrosis in mice, possibly by inhibiting NMDAR-mediated senescence of bone marrow 

mesenchymal stem cells through the Wnt/β-catenin signaling pathway [87]. 

In murine mast cells, glutamate induces upregulation of glutamate receptors, including 

ionotropic (NMDAR1, NMDAR2A, and NMDAR2B) and metabotropic (mGluR2 and mGluR7) types, 

at both the mRNA and protein levels (Figure 3, arrow 25) [88]. Glutamate also induces gene 

expression in mast cells, including upregulation of proinflammatory components (e.g., IL-6 and 

chemokine (C-C motif) ligand 2) [88]. These findings suggest functional glutamate-glutamate 

receptor signaling in mast cells [88]. However, the direct effects of homocysteine on human mast cells 

have not been sufficiently studied to date. Nevertheless, the expression of functional NMDARs on 

mast cells suggests that homocysteine could act directly on these cells via NMDAR-mediated 

signaling pathways. 

Unlike NMDARs, whose role as mechanosensitive channels has only recently been recognized, 

piezo-type mechanosensitive ion channel components 1 and 2 (PIEZO1 and PIEZO2) are classic 

mechanosensitive channels involved in mechanotransduction (Figure 3, arrow 26). PIEZO1 is 

involved in regulating development and maintaining functional homeostasis. It is activated by 

poking, stretching, shear stress, local membrane tension, and myosin II-mediated traction force. 

PIEZO1 is expressed in various cell types, including epithelial cells, endothelial cells, microglia, 

astrocytes, musculoskeletal cells, and lymphatic and immune cells. Meanwhile, PIEZO2 primarily 

mediates mechanosensation for touch, tactile pain, proprioception, and sensing of mechanical states 

in internal organs. It is mainly activated by poking [89]. Both PIEZO1 and PIEZO2 are nonselective 

cation channels that slightly favor Ca2+ over Na2+ [89]. A 2024 study in rats showed that PIEZO1 

detected substrate stiffness at the growth cone and regulated axon regrowth by activating the 

downstream Ca2+–CaMKII–focal adhesion kinase–actin signaling cascade [90]. PIEZO1 knockdown 

in adult rat DRG neurons promoted axon regeneration and accelerated the recovery of sensory 

function after sciatic nerve injury. Furthermore, PIEZO1 inhibition enhanced growth on relatively 

soft substrates, whereas PIEZO1 activation impaired growth on relatively stiff substrates. 

This presents an intriguing research approach, particularly in SFN and dysautonomia, which 

can occur in both long COVID and hEDS/HSD. One study proposed PIEZO1 as a potential 

therapeutic target for COVID-19 and long COVID, particularly for endothelial dysfunction [91]. 

PIEZO1 inhibition may prevent the disruption of intracellular calcium homeostasis in endothelial 

cells. PIEZO1 and PIEZO2 are also involved in arterial baroreceptor activity and in the acute 

regulation of blood pressure [92]. Therefore, they may also influence the pathophysiology of POTS, 

a potential comorbidity of long COVID and hEDS/HSD (Figure 3, arrow 27). Clinically, POTS 

manifests as orthostatic tachycardia without substantial orthostatic hypotension, with symptoms 

worsening in the upright position and improving in the recumbent position. Cardiovagal baroreflex 

function is altered in POTS, although this study has not found significant changes in cerebral 

autoregulation [93]. Notably, there may be a connection between NMDAR subunit 2B (NR2B), which 

is associated with nociceptive signaling, and PIEZO2 upregulation [94]. 

Chronic inflammatory processes, such as those seen in long COVID and hEDS/HSD, can affect 

neuronal stress networks through inflammatory signaling, thereby contributing to sustained 

elevation of sympathetic activity [5,95,96]. Increased sympathetic activity can, in turn, lead to a pro-

inflammatory state via nuclear factor kappa-light-chain-enhancer of activated B-cell (NF-κB) 

activation and other mechanisms, creating a bidirectional positive feedback loop that can maintain 

this state (Figure 3, arrow 28) [96]. Stress mediators include corticotropin-releasing factor and the 

neuropeptides neurotensin and substance P [96,97]. These mediators can contribute to mast cell 

degranulation (Figure 2 and 3, arrow 14) and cause microvascular inflammation and injury [97]. This 

inflammation and tissue injury can then manifest as cardiovascular diseases and BBB dysfunction 

[97]. A dysfunction of the blood-brain barrier is discussed in connection with the development of 

cerebrospinal fluid (CFS) leaks as a clinical symptom of hEDS [98]. Spontaneous CSF leakage can 

manifest as positional headache, nausea, vertigo, neck stiffness/pain, tinnitus, visual disturbances, 
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fatigue, cognitive changes, orthostatic hypotension, CSF otorrhea and rhinorrhea, metallic taste, 

extreme weakness, and pain [98]. 

Inflammation can mediate insulin resistance via NF-κB, which is activated by TNF-α and IL-6 

(Figure 3, arrow 29) [99,100]. Insulin resistance can also promote inflammation, thus creating a 

potential positive feedback loop between insulin resistance and inflammation (Figure 3, arrow 30) 

[99–101]. A 2022 study found that patients with POTS had reduced insulin sensitivity and signs of 

increased sympathetic activity, particularly during orthostatic stress [102]. Insulin has been shown to 

increase collagen production in cultured human embryonic lung fibroblasts, particularly collagen 

types I and III (Figure 3, arrow 31) [103]. Importantly, a prospective observational study identified a 

link between long COVID and insulin resistance [104]. 

The active vitamin D metabolite 1,25-dihydroxyvitamin D3 (hereinafter referred to as vitamin 

D) can act as an anti-fibrotic agent by inhibiting NF-κB activation and TGF-β/SMAD signaling in 

myofibroblasts via the vitamin D receptor (VDR) (Figure 3, arrows 32 and 33) [105,106]. The TGF-

β/SMAD pathway is the canonical TGF-β signaling pathway and is involved in fibrotic diseases [21]. 

Vitamin D may contribute to mast cell stabilization, and its deficiency may promote their activation 

and possibly cause increased degranulation [107]. A 2023 study found that low vitamin D levels were 

more prevalent among patients with long COVID than among the general population, though there 

was no correlation between vitamin D levels and symptom prevalence or severity [108]. It should be 

noted that a normal vitamin D level does not necessarily indicate normal function. For example, 

single-nucleotide polymorphisms can alter vitamin D receptors, thereby impairing normal signal 

transduction. A 2025 study found that vitamin D deficiency was significantly associated with overall 

long COVID signs and symptoms [109]. 

Vitamin D supplementation can lead to a significant reduction in ME/CFS symptoms among 

patients with vitamin D deficiency or insufficiency in cases where ME/CFS is caused by post-

vaccination syndrome or post-acute sequelae of SARS-CoV-2 infection [110]. In a mouse model of 

experimental autoimmune encephalomyelitis, vitamin D, acting through VDR, ameliorated 

symptoms by suppressing Th17 cytokines and reducing the expression of IL-17 and IL-17F [111]. IL-

17F expression is increased in patients with long COVID [68]. Vitamin D exerts regulatory effects 

through the widespread expression of VDR in key brain regions, profoundly influencing the complex 

physiological processes underlying sleep regulation and potential interactions with melatonin 

secretion pathways [112]. Individuals with vitamin D insufficiency (<20 ng/mL) exhibit prolonged 

sleep latency and reduced sleep efficiency [112]. VDR directly regulates the transcriptional activity of 

arylalkylamine N-acetyltransferase, a rate-limiting enzyme in melatonin synthesis [112]. 

3. Discussion 

Although this hypothesis captures only a fraction of biological functions and relationships, it 

may help explain the pathological mechanisms underlying long COVID, hEDS/HSD, and their 

comorbidities in certain subgroups. Given the feedback loops described above, the disease process 

can theoretically persist even after the original trigger has been removed, particularly when 

underlying conditions are pre-existing or sufficiently severe. One possible pathway would begin with 

infection by SARS-CoV-2, which interacts with integrins αvβ6 and αvβ3 via the spike protein. This 

leads in part to a direct interaction with the ECM, particularly in endothelial and epithelial tissues 

(Figure 3, arrow 1), and the upregulation of active TGF-β (Figure 3, arrow 3), resulting in the 

conversion of fibroblasts into myofibroblasts (Figure3, arrow 5). This is followed by myofibroblast-

mediated remodeling of the ECM, including the production of collagen types I and III (Figure3, arrow 

6), driving increased stiffness (Figure 3, arrow 4), which in turn can activate additional TGF-β (Figure 

3, arrow 4; feedback loop 1). A stiffer ECM can trigger mast cell migration via integrins (Figure 3, 

arrows 10 and 11) and mechanoreceptors, leading to mast cell activation and histamine release 

(Figure 3, arrows 12 and 13). This can then lead to the release of IL-6, IL-8, TNF-α, TNF-β, and TGF-

β1 by mast cells via the H4 receptor (Figure 3, arrows 13a+b and 16). TGF-β1–3 and TNF-α act as 
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chemotactic stimuli for mast cells, prompting further migration (Figure 3, arrows 16 and 17; feedback 

loop 2). 

In theory, this feedback loop can contribute to the development of MCAS. Mast cell activation 

can result in an inflammatory response (Figure 3, arrow 17). The resulting inflammation can activate 

the sympathetic nervous system, thereby inducing stress (Figure 3, arrow 28) and triggering the 

release of substance P, which is also be secreted by mechanosensitive neurons. Activation of the mast 

cell receptor MRGPRX2 via substance P can in turn trigger the release of tryptase and chymase. 

Tryptase can promote the conversion of fibroblasts into myofibroblasts (Figure 3, arrow 13a), while 

chymase can contribute to the synthesis and secretion of collagen types I and III (Figure 3, arrow 13b, 

c). What has been described so far could constitute a major feedback loop in and of itself and can thus 

be self-perpetuating, with the altered mechanical properties of the ECM serving as a key element. 

Inflammation and stress can reinforce each other in both directions (Figure 3, arrow 28, feedback 

loop 3). Inflammation, which is primarily systemic in this context, can promote insulin resistance and 

vice versa (Figure 3, arrow 30, feedback loop 4). Meanwhile, insulin can promote collagen production, 

particularly collagen types I and III (Figure 3, arrow 31). Activated mast cells, fibroblasts, and 

myofibroblasts can produce MMP-9 when stimulated by TNF-α and other factors (Figure 3, arrows 

19 and 20). Elevated levels of MMP-9 and fibrinogen have been observed in patients with long 

COVID. Elevated MMP-9 levels are also observed in patients with hEDS/HSD and autism. IL-6 is 

secreted by mast cells and other inflammatory cells, stimulating the liver to increase fibrinogen 

synthesis and release (Figure 3, arrow 18). In addition to its ECM-modulating properties, MMP-9 can 

promote vascular inflammation and increase BBB permeability, thereby disrupting neural 

connections and contributing to neuropathic pain. 

Furthermore, changes in the ECM can influence the properties of the mechanosensitive channels 

PIEZO1 and PIEZO2 (Figure 3, arrow 26), which in turn can affect nerve regeneration, SFN, and 

dysautonomia. PIEZO1 and PIEZO2 are also involved in arterial baroreceptor activity and, in 

addition to central arterial stiffening (Figure 3, arrow 2), may contribute to the development of POTS. 

Notably, there may be a partially reciprocal interaction between NMDARs and the structures 

described above, including an altered ECM, MMP-9, and mast cells (Figure 3, arrows 23–25). This is 

particularly relevant given that homocysteine is an NMDAR agonist and that a predisposition due to 

MTHFR mutations has been suggested for long COVID, hEDS, and autism. Severe damage, such as 

infection, disrupted efferocytosis, or pre-existing harm, may amplify one or more of these feedback 

loops, resulting in the persistence of the pathological system, either partially or entirely. 

Preliminary data suggest that, in hEDS myofascial pain is associated with higher fascial stiffness 

(in relation to muscle) than in non-hEDS myofascial pain. One hypothetical explanation is that, in 

hEDS, the already altered ECM structure may lead to a more pronounced inflammatory response as 

a result of repetitive trauma. This triggers the cascade described above for long COVID, including its 

feedback loops. This may explain why hEDS/HSD can co-occur with long COVID, given that the 

tissue is pre-damaged. An initial means to test this hypothesis would be to analyze the mechanical 

properties of the ECM. A myotonometric study of long COVID patients has provided preliminary 

evidence of reduced creep in the superficial and deep fascia. For example, magnetic resonance 

elastography of the small intestine combined with a biopsy of the corresponding tissue and 

histopathological examination would be a feasible first approach in long COVID patients with 

gastrointestinal involvement. Furthermore, histopathological examination of the loose connective 

tissue layer between fascial layers, as well as the lamina propria, in patients with hEDS/HSD can 

provide additional insights into the pathophysiological mechanisms underlying this hypothesis. 

This hypothesis has limitations. Each arrow in the figures represents one or more published 

studies and synthesizes evidence from different experimental models (in vivo, in vitro, and in silico). 

Further studies are needed to refine this hypothesis and to assess the proposed effects appropriately. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

ACE2 angiotensin-converting enzyme 2 

ADGRE2 adhesion G protein-coupled receptor E2 

α-SMA alpha-smooth muscle actin 

BBB blood–brain barrier 

CFS chronic fatigue syndrome 

COVID coronavirus disease 

CSF cerebrospinal fluid 

ECM extracellular matrix 

hEDS hypermobile Ehlers-Danlos syndrome 

HSDs hypermobility spectrum disorders 

IgE immunoglobulin E 

IL interleukin 

LAP latency-associated protein 

LTBP latent TGF-β binding protein 

MCAS mast cell activation syndrome 

ME myalgic encephalomyelitis 

MMP-9 matrix metalloproteinase-9 

MRGPRX2 Mas-related G-protein-coupled receptor member X2 

NF-κB nuclear factor kappa-light-chain-enhancer of activated B-cell 

NMDAR N-methyl-D-aspartate receptor 

PIEZO1/2 piezo-type mechanosensitive ion channel components 1 and 2 

POTS postural orthostatic tachycardia syndrome 

RBD receptor-binding domain 

RGD arginine–glycine–aspartic acid 

S1-RBD receptor-binding domain of the viral spike (S) protein within its S1 region 

SARS-CoV-2  severe acute respiratory syndrome coronavirus 2 

SFN small fiber neuropathy 

TRPV2 transient receptor potential vanilloid channel 2 

TGF-β transforming growth factor β 

TNF-α tumor necrosis factor alpha 

TNF-β tumor necrosis factor beta 

VEGF vascular endothelial growth factor 

VDR vitamin D receptor 
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