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Abstract

:

Global data correlate severe vitamin D deficiency with COVID-19-associated coagulopathy, further suggesting the presence of a hypercoagulable state in severe COVID-19 patients, which could promote thrombosis in the lungs and in other organs. The feedback loop between COVID-19-associated coagulopathy and vitamin D also involves platelets (PLTs), since vitamin D deficiency stimulates PLT activation and aggregation and increases fibrinolysis and thrombosis. Vitamin D and PLTs share and play specific roles not only in coagulation and thrombosis but also during inflammation, endothelial dysfunction, and immune response. Additionally, another ‘fil rouge’ between vitamin D and PLTs is represented by their role in mineral metabolism and bone health, since vitamin D deficiency, low PLT count, and altered PLT-related parameters are linked to abnormal bone remodeling in certain pathological conditions, such as osteoporosis (OP). Hence, it is possible to speculate that severe COVID-19 patients are characterized by the presence of several predisposing factors to bone fragility and OP that may be monitored to avoid potential complications. Here, we hypothesize different pervasive actions of vitamin D and PLT association in COVID-19, also allowing for potential preliminary information on bone health status during COVID-19 infection.
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1. Introduction


At the time of writing, the COVID-19 pandemic, due to the respiratory infectious disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), had infected over 225 million people and had caused more than 4.5 million deaths worldwide (https://coronavirus.jhu.edu/map.html, accessed on 3 September 2021). The clinical manifestations of COVID-19 range from asymptomatic to severe forms. A mild spectrum of manifestations with favorable prognosis is present in most patients [1,2]. Nevertheless, generally in elderly patients with several comorbidities, principally diabetes, cardiovascular disease, chronic kidney disease, malignancy, and lung pathologies such as pulmonary fibrosis and chronic obstructive disease, SARS-CoV-2 infection may be complicated by acute respiratory distress syndrome with a high risk of death [1,2]. Severe pulmonary inflammation leads to activation and damage of the pulmonary vasculature and may cause pulmonary thrombosis early in the disease course [3,4,5,6,7]. In an Italian COVID-19 study, the incidence of venous thromboembolism (VTE) (despite thromboprophylaxis) was 27.6% in the intensive care unit (ICU) and 6.6% in the general ward [8]. The rates of ischemic stroke and acute coronary syndrome were 2.5% and 1.1%, respectively [8]. Given these complications and the global spread of COVID-19, SARS-CoV-2 has generated an ever-growing interest both in the mechanisms of infection that lead to disease dissemination and expression, and in the potential risk factors that may have a mechanistic basis for SARS-CoV-2 spread or control. Thus, numerous studies have investigated clinical and laboratory features of COVID-19 patients, as well as inflammatory and organ injury biomarkers [1,2]. Among clinical laboratory indicators, several studies found that disease severity correlates directly with mild thrombocytopenia (a platelet count of 100–150 × 109/L) and altered PLT-related parameters, indicators detected in ~58–95% of severe cases of COVID-19 [9,10,11,12,13,14,15,16,17]. Updated information on COVID-19 disease is continuing to emerge, and several lines of evidence have also suggested that vitamin D deficiency is related to a higher risk of severity of infection [18,19,20,21]. Following a PubMed search for this topic, i.e., ‘COVID-19 AND vitamin D’, more than 500 citations were identified in 2021 (until 13 September 2021) and approximately 372 citations were identified in 2020. For instance, an Israeli study on 7800 individuals found that those with COVID-19 positive test results had significantly lower vitamin D levels compared to those with negative COVID-19 ones [18,19,20,21]. Furthermore, a recent prospective study also showed that vitamin D deficiency is associated with higher blood glucose levels and inflammatory markers, as well as to lower levels of serum calcium, albumin, PLTs and lymphocytes, in deceased COVID-19 patients [22]. All these alterations further reflect the hypercoagulable state present in severe COVID-19 patients, which could promote thrombosis in the lungs and in other organs [11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28]. In fact, vitamin D, in addition to its traditional role in mineral metabolism/skeletal health, has anti-inflammatory and antithrombotic effects [29]. Mohammad et al. described the role of vitamin D in inflammatory and coagulation pathways, as well as its role in endothelial activation [30]. The feedback loop linking inflammation, coagulation, and vitamin D also involves PLTs, the plasma coagulation cascade, physiologic anticoagulants, fibrinolytic activity, and proinflammatory cytokines and chemokines. These mediators also lead to overactivation, aggregation, and retention of PLTs, as well as the formation of thrombus at the injured site, which may cause PLTs and megakaryocytes to deplete, resulting in decreased PLT production and increased consumption [25]. In addition to the roles of vitamin D and PLTs in inflammation, thrombosis, and endothelial dysfunction, they could play a critical role in immune response [31]. Thus, vitamin D and PLTs seem to share numerous roles in different physiological and pathophysiological processes. Another ‘fil rouge’ linking vitamin D and PLTs is represented by their role in mineral metabolism and skeletal diseases, where vitamin D deficiency, low PLT count, and altered PLT-related parameters are linked to altered bone remodeling due to osteoporosis (OP) [21,27,28,32,33]. In this context, it is interesting to point out that severe COVID-19 patients are also characterized by the presence of several predisposing factors to bone fragility [34,35,36,37], which are the high expression of proinflammatory cytokines, high hypocalcemia rate, several comorbidities such as diabetes, treatments with high doses of glucocorticoid, vitamin D deficiency, thrombocytopenia, and PTL activation [1,2,38,39,40,41,42]. However, outside of these findings, no clinical data yet exist on the real link between bone fragility and COVID-19 infection. It is plausible that this potential link will emerge in the coming months as it did for the SARS epidemic where reports of arthralgia, reduced bone mineral density (BMD), and osteonecrosis were initially attributed to the high dosages of steroids used to treat the infection. In fact, only after several years was it shown that SARS infection could lead to an alteration of bone metabolism independently of the drugs used to treat the infection [43].



Considering all the shared roles of vitamin D and PLTs in coagulation, thrombosis, inflammation, endothelial dysfunction, immune response, and OP condition, here, we hypothesize different pervasive actions of the vitamin D and PLT association in COVID-19, also allowing for potential preliminary information on bone health status in COVID-19 infection. This overview will provide researchers and clinicians with a potential starting point for linking vitamin D deficiency and PLT levels to COVID-19, while also allowing for prospective preliminary information on bone health status during COVID-19 infection.




2. Vitamin D


Vitamin D, usually evaluated through the dosage of the active metabolite hepatically hydroxylated, 25-hydroxyvitamin D (25OHD), is a fat-soluble vitamin, mainly produced during exposure to sunlight and partially taken via the diet, which plays a key role in calcium homeostasis. Its activity can be mediated by both genomic and nongenomic actions via interplay with the vitamin D receptor (VDR), modulating the expression of several genes, including some involved in immune response [44]. Vitamin D is able to modulate both proinflammatory cytokines (tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ)) and anti-inflammatory cytokines (interleukin-10 (IL-10)), promote the production of antimicrobial peptides (human cathelicidin, LL-37, and defensins), and induce the expression of genes related to cellular junctions, thereby preserving the integrity of the epithelium [45].



The possibility of identifying a correlation between COVID-19 infection and vitamin D arises from the evidence that negative fluctuation of vitamin D levels is associated with the onset of cytokine storm, increased risks of arterial and venous cardiovascular events, and higher susceptibility to viral and bacterial infective diseases. Such evidence has also been observed in COVID-19 patients [46,47]. The actual correlation between vitamin D levels and the severity of COVID-19 infection is a topic of debate, despite several observations to this effect. Many retrospective clinical studies have highlighted the consistency of a negative correlation between vitamin D levels and COVID-19 infection, statistically significant in many European countries (p = 0.033). A retrospective observational analysis of 191,779 patients highlighted a higher positivity rate of SARS-CoV-2 infection in subjects with vitamin D deficiency, identifying a strong correlation between SARS-CoV-2 positivity and circulating 25(OH)D levels, independent of gender, age, ethnicity, or environmental influences [48]. The same association was found in another study that also highlighted a link between 25(OH)D levels and lymphocyte percentage count and C-reactive protein (CRP) levels in COVID-19 patients. The intuitive relapse of this correlation on the course of the disease seems to be validated by the lower percentage of fatal outcomes in patients with ‘sufficient’ levels of vitamin D in comparison to those with lower parameters (9.7% vs. 20%). [49] However, other studies did not find a strong correlation between low levels of vitamin D and increased severity or higher risk of fatal outcome in COVID-19 patients. [50] Certainly, the fact that vitamin D deficiency is a very frequent condition in the world population may have led to this aspect being little considered. It is estimated, in fact, that almost half of the European population does not receive an adequate intake of vitamin D and, interestingly, this aspect can be seen reflected in the higher incidence of SARS-CoV-2 infection in Europe [20,51]. Surely, an impairment of the vitamin D levels is a negative prognostic factor for infective diseases, especially viral ones [20,51]. With reference to COVID-19 infection, a concomitant vitamin D deficiency seems to worsen some risk factors, such as old age or belonging to ethnic groups with little exposure to the sun and comorbidities such as obesity or cardiocirculatory imbalances. As for gender, it is now clear that the male gender is a predisposing factor for SARS-CoV-2 infection, and this evidence may be correlated with the different gender-related expression of ACE2 and TMPRSS2, which are both involved in the viral mechanism of SARS-CoV-2, in addition to the stronger immune response of the female gender. The discordant data emerging from literature do not allow establishing a gender correlation between vitamin D and COVID-19 infection onset or worsening. However, some researchers have highlighted the gender-related activity of vitamin D3 in autoimmune disease. In this context, vitamin D3 seems to be influenced by estrogen levels, leading to a more aggressive inflammatory response and cytokine activity in females. [52] Nevertheless, analyses of randomized controlled trials, as well as causal modeling studies and analyses of variance, highlight the biological plausibility of a correlation between low vitamin D levels and aggressiveness of COVID-19 disease, influencing viral replication and development of the “cytokine storm” [53]. Vitamin D seems to also play a role in the manifestation of other serious COVID-19-related symptoms such as those linked to cardiovascular and hemostasis systems [47]. In this context, a recent prospective cohort study on patients with severe vitamin D deficiency demonstrated that supplementation with high-dose cholecalciferol (vitamin D3) was linked with reduced thrombin generation and decreased clot density, without a change in fibrinolytic times, suggesting that vitamin D supplementation decreases the prothrombotic profile [47]. Thus, the increased thrombotic risk in COVID-19 infection could also be linked to hypovitaminosis D; however, to date, there have been no intervention studies with vitamin D. In addition, the involvement of vitamin D in endothelial repair and in the inhibition of transformation of macrophages in foam cells, thus preventing the development of atherosclerosis, is also well known. These mechanisms are in a delicate balance, which can be impaired by significant increases and decreases in vitamin D levels. Intriguingly, the correlation between vitamin D status and severity of COVID-19 infection goes through the renin–angiotensin–aldosterone system (RAAS) [54]. In fact, preclinical studies have shown a mechanism of overexpression of the RAAS system related to vitamin D receptor depletion, with a consequent increase in thrombogenic events. Therefore, an impairment of vitamin D levels might further negatively influence the course of COVID-19 disease, whose infection exploits the ACE2 receptor, which is a known key player of the RAAS system [55]. On the other hand, since COVID-19 is an infectious disease principally affecting the pulmonary system, vitamin D deficiency in itself represents a worsening factor. Historically, supplementation with vitamin D, directly with diet or indirectly via encouraging exposure to sunshine, has been employed as a therapeutic strategy for many lung infections, such as tuberculosis, and, in recent years, many clinical studies have shown its beneficial effects in association with standard pharmacological therapy [56]. A genomic study highlighted the presence of 108 differentially expressed host genes (DEHGs) in SARS-CoV-2-infected normal human bronchial epithelial (NHBE) cells. Exploiting bioinformatic and systems biology tools, a “host response signature network” was identified and associated with pathways involved both in inflammatory response and in nongenomic vitamin D activity. Considering the involvement of vitamin D in immune response via inhibition of the TNF-induced NF-κB1 signaling pathway and activation of the IFN-α-induced Jak–STAT signaling pathway, these findings indicate of the promise of combining vitamin D and INF-α in counteracting COVID-19 disease [57]. The possible efficacy of vitamin D supplementation in the therapeutic plans of patients affected by COVID-19 disease exploits the effects on both adaptive and innate immunity. The antiviral effect does not act directly on viral load or replication but acts on the “cytokine storm” via the VDR and CYP27B1, the enzyme responsible for the conversion of vitamin D into calcitriol, its active metabolite. This action leads to a negative modulation of IL-6, IL-8, TNF-α, IFN-β, macrophage chemotactic protein-1, type 1 interferon, TNF-α, and reactive oxygen species, thus mitigating the effects of COVID-19 infection [58]. Some trials are also exploring the use of dexamethasone which, by modulating the immune system, seems to have beneficial effects in preventing the most acute symptoms of COVID-19 infection, such as the development of acute respiratory distress syndrome (RDS) and critical pneumonia, while avoiding the use of invasive artificial ventilation systems. Dexamethasone administration seems to positively regulate vitamin D levels and transcription of the VDR gene, while also reducing the CRP rate, thus preventing a fatal outcome [59]. These ongoing trials provide controversial results and many open issues, such as the correct dosage of vitamin D to administer, in terms of both amount and frequency, and the appropriate pharmacological formulation (vitamin D, active vitamin D, or analogues). The great variety of choices in these aspects, together with the heterogeneity of treated patients for previous clinical history, presence of comorbidities, and presentation of coronavirus disease, makes it difficult to analyze data collected so far and to establish a consensus [60]. On the other hand, vitamin D toxicity is quite a rare occurrence unlike the pathological conditions related to an inadequate vitamin D supply, and this might lead some authors to consider that the benefits of supplementation outweigh the disadvantages [61,62]. Such misleading feedback has also led to a distrustful view of vitamin D supplementation by some clinicians in the treatment of COVID-19 patients. An aspect that generates concern is that supplementation with vitamin D, while mitigating the more severe effects and symptoms of COVID-19, may nevertheless make patients more susceptible to disease recurrence and secondary lung infections, thus undermining the effects of the therapy [63]. Other findings that should be considered are suggested by data collected from patients, which indicate a lowering of 25(OH)D levels dependent on system infection, focusing on the possibility that the low vitamin D level is a consequence of and not a contributing cause to the infection [64].



The importance of integrating treatment plans with vitamin D supplementation has also been highlighted for countering and mitigating the effect of the “cytokine storm” on bone tissue health [65]. The higher expression of inflammatory cytokines, such as IL-6 and IL-1, induces an overactivation of the RANK/RANKL pathway, leading to an unbalanced bone resorption and OP risk [66]. In fact, IL-6 promotes RANKL upregulation in osteoblastic cells. IL-1 may not only stimulate osteoclast generation, but also seemingly promote mature osteoclasts to perform more resorption cycles via RANKL activity modulation. IL-1 is further implicated in bone metabolism as an osteoblast activator; osteoblasts secrete RANKL, which stimulates survival and differentiation of the osteoclast precursors to mature osteoclasts through RANK. IL-1 and IL-6 also directly enhance osteoclast activity via RANKL-independent mechanisms [67]. Evidence from both epidemiological and observational studies has shown that the immunoregulatory mechanisms of vitamin D may modulate the effect of these cytokines on bone health and subsequent fracture risk [68]. It is this ability of vitamin D to suppress cytokine production that motivated our focus on vitamin D deficiency and its association with severe COVID-19 and altered bone remodeling due to OP. In fact, recent data indicate a correlation between vitamin D treatment for OP and COVID-19 incidence, with beneficial effects for patients already undergoing such therapy. Blanch-Rubiò et al. showed that, in a cross-sectional study on 2012 patients affected by OP or fibromyalgia, two-thirds of those treated with vitamin D and calcium supplements had reduced risk of contracting COVID-19 [69]. This might suggest that patients receiving adequate treatment, including vitamin D, for already diagnosed bone metabolism alterations, could benefit from a protective effect against SARS-CoV-2 infection and a preventive effect on possible related bone sequelae. This implies that, on the other hand, patients for whom the diagnosis and/or treatment of impaired bone remodeling is less frequent are more exposed to the risks associated with the disease. For example, there is growing recognition of the underestimation of OP in male patients. Recent data highlight not only a great incidence of this pathology in males but also a higher risk of complications, such as fractures [70]. Considering the higher incidence of SARS-CoV-2 infection in men, it could be interesting to observe the infection bone effects in the male age group at higher risk for OP. This might also be true for other categories, for which OP is underdiagnosed and consequently undertreated, such as patients suffering from rare diseases leading to bone metabolism alteration [71]. Furthermore, it might be worth assuming that subjects with borderline BMD index, both men and women, as well as those already suffering from vitamin D deficiency, such as elderly people [72], may be more at risk of rapidly developing an altered bone remodeling pathology and, consequently, more prone to SARS-CoV-2 infection, due to the combined effect of pre-existing low vitamin D levels, not compensated for by adequate treatment, as well as more prone to the effects of the “cytokine storm” of infection, further exacerbated by vitamin D imbalance (Figure 1).




3. Platelets


PLTs are complex anucleate cells containing different types of granules, i.e., α-granules, dense or δ-granules, and lysosomes [73,74,75,76]. Present throughout the vascular system, PLTs replicate signals from the endothelium, circulating cells, or other blood components [77]. The vascular relevance of PLTs is due to their key role in thrombosis and in intervening in myocardial infarction, stroke, and VTE [74,76,77,78,79]. In addition to their hemostatic function, PLTs actively participate in the immune response [75,80]. Even though the immune role of PLTs is not yet fully understood, there is a delicate balance between its pathogenic response and its regulation of thrombotic and hemostatic functions [75,80]. PLTs also interact with several types of viruses that are often associated with thrombocytopenia and, in some cases, also with thrombosis [81]. Thrombocytopenia is a simple and readily available biomarker related to infection severity and risk of mortality in the ICU. Furthermore, thrombocytopenia is also associated with higher disease severity scores such as Multiple Organ Dysfunction Score (MODS), Simplified Acute Physiology Score (SAPS) II, and Acute Physiology and Chronic Health Evaluation (APACHE) II [82].



Severe forms of COVID-19 are associated with a high thrombosis incidence and a high percentage of pulmonary and systemic PLT-rich microthrombi that may finally progress to overt disseminated intravascular coagulation [83,84,85,86]. Numerous studies have reported a moderate thrombocytopenia and an increase in PLT activation, PLT reactivity, and PLT–leukocyte aggregates in COVID-19 patients in comparison to heathy controls [87,88,89,90]. A temporal trend of lowering PLT counts in COVID-19 patients could indicate a worsening thrombotic state [87,88,89,90]. It was reported that a PTL count <200 × 109/L at admission was related to a threefold higher mortality rate [91]. On the other hand, improvement of thrombocytopenia in COVID-19 patients can indicate clinical progress [91]. It was also reported that patients with severe COVID-19 displayed a higher degree of PTs activation, PLT–monocyte aggregation, and PLT–lymphocyte ratio (PLR) [88,92,93,94]. In a recent case–control study, a lower PLT count in COVID-19 patients was also associated with a higher mean PLT volume (MPV), PLT distribution width (PDW), and PLT large cell ratio [95]. It was also reported that MPV differences between the first and third days of hospitalization were significant parameters in patients with COVID-19 in predicting mortality, and a one unit increase in MPV led to a 1.76-fold increase in the mortality rate [96,97,98]. However, it was shown that this trend toward greater MPV persists even in COVID-19 patients without thrombocytopenia. The increased MPV suggests an increase in circulating young PLTs as the body’s response to thrombocytopenia. A significant trend of elevated immature PLT fraction (IPF) (or reticulated PLTs) was also detected in COVID-19 patients [99]. Since immature PLTs are more functional, this aspect could lead to an increased number of clotting events in COVID-19 patients [100]. In addition to having increased numbers of immature PLTs, COVID-19 patients also have increased levels of circulating activated PLTs, as confirmed by the high level of P-selectin on their surface membranes [87]. Although all these data are preliminary and should be confirmed in a larger study population, they provide a scientific rationale to support the design of clinical trials aiming to assess whether the use of anti-PLT agents may mitigate and/or reduce the coagulopathy occurring in COVID-19 patients. Numerous trials, e.g., NCT04324463, NCT04333407, NCT04409834, NCT04518735, NCT04320615, NCT04349410, NCT04479358, and NCT04412772, are now ongoing with the final goal to noticeably improve a patient’s overall prognosis. A key point would be to understand the potential reasons for thrombocytopenia, increased PLT reactivity, and altered PLT-related parameters in COVID-19 patients that are likely multifactorial and could include a direct effect of SARS-CoV-2 on PLT production, autoimmune destruction of PLTs, or increased PLT consumption. According to information on previous infections such as SARS, it was proposed that the combination of viral infection and mechanical ventilation involves endothelial damage that leads to PLTs activation, aggregation, and thrombosis in the lung, which dramatically increases PLT consumption [101]. Additionally, as the lung can be a PLT release site from fully mature megakaryocytes, a decrease in or morphological alternation of the pulmonary capillary bed can lead to unbalanced PLT defragmentation [101]. Coronaviruses can also promptly infect elements of the bone marrow, leading to an abnormal hematopoiesis or to an autoimmune response against blood cells [101,102]. Lastly, persistent low-grade disseminated intravascular coagulation may also lead to a low PLT count in SARS [101]. However, since the pathophysiologic mechanisms behind each infection are different, it should be underlined that numerous differences can be observed between SARS and COVID-19 [102,103]. In fact, Zhang et al. evaluating the specific role of PLTs in COVID-19 infection, showed that ACE2 and TMPRSS2 are expressed in PLTs, and that SARS-CoV-2 directly triggers PLTs and strengthens their prothrombotic role and inflammatory response via spike/ACE2 interactions [104]. This study found a novel function of SARS-CoV-2 in PLT activation, showing that SARS-CoV-2-induced PLT activation may directly participate in thrombus formation and inflammatory responses in COVID-19 patients via the binding of spike to ACE2.



The thrombocytopenia altered PLT-related parameters, and increased PLT reactivity present during COVID-19 infection were also previously associated with low bone mineral density (BMD) due to OP, both in women and in men [105,106,107,108,109,110,111]. A recent study showed that high PLT counts were related to low BMD at all sites in a Sweden cohort of OP men (69–81 years) [111]. Aging is a well-known risk factor for OP, as well as for COVID-19, and a mild thrombocytopenia and altered PLT-related parameters, such as MPV and PDW, were also found to increase with aging [112]. Furthermore, megakaryocytes, responsible for PLT production and related to PLT number and size, increase in the bone marrow with aging, leading to an imbalance between osteoblastic and osteoclastic functions that in turn lead to increased production of proinflammatory cytokines such as IL-1, IL-6, and/or TNF-α (‘inflammaging’) [113,114]. These cytokines, also produced in high amounts during COVID-19 and OP, play a key role in osteoclastogenesis, enhancing the bone resorptive capacity via RANK/RANKL/OPG signaling. This system is the central and primary regulator of bone remodeling, but it is not the only involved mechanism. An emerging role in bone pathophysiology has also been attributed to the immune system, specifically to T cells and B cells that are known to contribute to OP pathogenesis [115]. Similarly, under SARS-CoV2 infection, the immune system is damaged with a reduction in lymphocytes in peripheral blood, mainly T cells and B cells [116]. In these situations, T cells were activated and differentiated into Th17 cells that produced IL-17, which in turn stimulated RANK expression, thus accelerating osteoclast differentiation and leading to bone destruction [117]. IL-17 also augments local inflammation. Consequently, the production of inflammatory cytokines such as TNF and IL-6 is increased, thereby strengthening RANKL expression and indirectly promoting osteoclastogenesis [117]. Thus, both COVID-19 and OP seem to share an immune and inflammatory involvement. This shared contribution has been reported for several pathological conditions, some of which are also considered risk factors for more severe forms of COVID-19, i.e., diabetes, immune thrombocytopenia, and Kawasaki disease. In these pathological conditions, T- and B-cell components have been linked with increased PLT activation and surface expression of CD154, a PLT-soluble mediator critical to the initiation and propagation of the adaptive immune response [118,119]. In conclusion, all these data suggest that PLTs share broad and multifaced functions in both COVID-19 and OP [120] (Figure 2).




4. Discussion


Over the past decade, a considerable number of studies evaluated the link of vitamin D deficiency, low PLT count, and altered PLT activation parameters with several diseases, i.e., coronary artery disease, diabetes, hypertension, venous thromboembolism, and altered bone remodeling due to OP [17,111]. However, despite vitamin D deficiency, altered PLT count, and/or related parameters also being associated with severe forms of SARS-CoV-2 infection, to date, no studies have investigated the potential association between vitamin D deficiency and PLT alteration. The main function of vitamin D is calcium metabolism with a role in bone structure, and its deficiency is linked with several pathological conditions, such as OP [2,23]. However, in addition to its ‘classical role’ in bone metabolism, vitamin D deficiency has a critical role in coagulation, inflammation, thrombosis, endothelial dysfunction, and immunological diseases [3,4,5,6,7]. Similarly, PLTs also perform a key role in coagulation, inflammation, thrombosis, endothelial dysfunction, immune response, and bone metabolism. Thus, in COVID-19 patients, the presence of a low levels of vitamin D associated with a low PLT count and a consequent alteration of several PLT activation parameters could represent a higher risk factor for developing a more critical form of the infection, which in turn could also lead to a higher risk of hypercoagulation, thrombosis, endothelial dysfunction, and altered bone remodeling [1,2,38,39,40,41,42]. A potential explanatory mechanism underlying the association of this menacing duo with COVID-19 infection could be represented by the fact that vitamin D deficiency leads to an increase in proinflammatory cytokine levels, such as TNF-α and IL-6, which enhance oxidative stress and, in turn, stimulate megakaryopoiesis, contributing to further PLT activation [45]. The induction of this event leads to the release of immature and activated PLTs from the bone marrow to the circulatory system, which increase and/or alter all parameters related to PLT activation, such as MPV and PDW. The increased release of cytokines in the presence of vitamin D deficiency may be associated with the VDR, a transcription factor that mediates the genomic effects of calcitriol, which is constitutively expressed in monocytes and macrophages. In addition, since vitamin D can decrease vascular cell adhesion molecule (VCAM)-1 and membrane type-1 matrix metalloproteinase (MT1-MMP) expression, thus preventing PLT activation and decreasing fibrinolysis and thrombosis [121], its deficiency also leads to further PLT activation and fibrinolytic activity. Thus, in patients with vitamin D deficiency, the combined effect of elevated TNF-α and IL-6 levels and increased release of adhesion molecules could lead to a further increase in PLT activation and aggregation. These alterations further reflect the hypercoagulable state present in severe COVID-19 patients, which could promote thromboembolic events [13]. Additionally, the associated effect of vitamin D deficiency, elevated TNF-α, and IL-6 with increased PLT activation and aggregation also plays a critical role in several aspects of osteoclastogenesis, enhancing the bone resorptive capacity via RANK/RANKL/OPG signaling, a system known for its roles in osteoclast maturation, as well as bone modeling and remodeling [122].




5. Conclusions


It is possible to speculate the presence of predisposing factors to bone fragility and OP in severe COVID-19 patients. Obviously, further potential risk factors for bone health in COVID-19 infection could be linked to aging, inflammation, metabolic diseases, kidney dysfunction, side-effects of some drugs such as glucocorticoids, and oxidative stress. This is just a hypothesis, and further studies are needed to validate our theory. It is plausible that the potential association between vitamin D deficiency and altered PLT-related parameters will emerge in the coming months; however, we think that the knowledge presented here should increase the sensitivity of clinicians caring for COVID-19 patients with altered vitamin D and PLT parameters, as well as highlight the need for more attention toward bone health status, while considering and stratifying patients for their comorbidities, age, and gender.



The different pervasive actions of vitamin D and PLTs on many organ systems and in several physiological and pathological conditions, such as coagulation, inflammation, thrombosis, endothelial dysfunction, immunological diseases, and bone remodeling, have given rise to many possible interactions between these factors and SARS-CoV-2 infection.



Although the data are far from conclusive in attributing a specific and clear role to the association between vitamin D and PLT in influencing the risk and outcome of COVID-19 disease, further research would be timely and revealing.
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Figure 1. Graphical overview of vitamin D deficiency and its potential relationship with SARS-CoV-2 infection and altered bone remodeling due to osteoporosis. Angiotensin converting enzyme 2 (ACE2), renin–angiotensin–aldosterone system (RASS), reactive oxygen species (ROS), angiotensin (Ang) II, IL-6, interleukin (IL)-1, tumor necrosis factor (TNF)-alpha, IL-12, interferon (IFN)-γ, IL-2, IL-7, IL-10, IL-17, macrophage-colony stimulating factor (M-CSF), granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), C–X–C motif chemokine ligand 10 (IP-10), monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein 1 (MIP 1)-α, receptor activator of NF-kappa B/receptor activator of NF-kappa B ligand (RANK/RANKL). 
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Figure 2. Graphical overview of platelet functions and activities, as well as their potential relationship with SARS-CoV-2 and altered bone remodeling due to osteoporosis. Reactive oxygen species (ROS), interleukin (IL)-1, IL-6, tumor necrosis factor (TNF)-alpha, NF-kappa B/receptor activator of NF-kappa B ligand (RANK/RANKL). 
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