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Introduction

While there is an increasing understanding of COVID-19's effect on different organs, little is known about the effect of the disease on bone turnover and remodeling so far. Osteoimmunological biomarkers have been described as potential indicators of bone remodeling in inflammatory conditions, but their potential role in evaluating the effect of COVID-19 on bone fragility has not been explored so far. 





Methods

The present study aims to measure the osteoimmunological biomarkers in elderly patients undergoing orthopedic surgery, to evaluate the potential effect of COVID-19 on the bone response to the surgery. 





Results

In our patients, the RANKL/OPG ratio indicated an increase of bone resorption in COVID-19-positive patients, confirming a strong diagnostic and prognostic value. RANKL/OPG displays a good correlation with the bone fragility maker FGF23, indicating that this parameter is a reliable maker of bone fragility in COVID-19 patients and could provide useful and comprehensive information about inflammation-induced bone loss. Consistently, the RANKL/OPG ratio showed a good correlation also with the two inflammatory markers IL-6 and sRAGE. 





Discussion

Taken together these results indicate that the use of an osteoimmunological biomarker like the RANKL/OPG ratio could provide a significant improvement in the clinical evaluation of the COVID-19 effect on bone loss. This aspect is extremely important in elderly patients undergoing orthopedic surgery, which can manifest more severe effects of COVID-19 and present an increased level of age-induced bone fragility.
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1 Introduction

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by a novel coronavirus (SARS COV-2 or severe acute respiratory syndrome coronavirus) and it was classified as a global pandemic by the World Health Organization (WHO) in March 2020 (1). According to WHO, the number of confirmed cases was over 772.000.000 and the resulting deaths were nearly 7.000.000 (2) as of the end of 2023. From the beginning of the pandemic, an extensive effort was directed to understand the pathogenesis and the clinical effects of COVID-19. Nowadays it is known that COVID-19 includes a wide array of symptoms, but the most common are fever, and fatigue, which can have detrimental pulmonary effects and lung damage. In addition to direct pulmonary damage, COVID-19 has also systemic effects, affecting the cardiovascular system, kidney (3, 4), and the musculoskeletal system with arthralgia and myalgia (2, 5). While there is an increasing understanding of COVID-19’s effect on different organs, little is known about the effect of the disease on bone turnover and remodeling so far. A hallmark of COVID-19 is an acute increase in multiple inflammatory cytokines called “cytokine storm” (6). An increasing number of evidence demonstrated the direct interplay between immune and bone systems, thus leading to a new research field called osteoimmunology. Osteoimmunology is becoming increasingly important for understanding the pathogenesis and developing new therapeutic strategies for, diseases that affect both systems (7). The milestone of osteoimmunology is the RANKL/RANKL/OPG system (8). RANKL/RANK signaling regulates osteoclast formation, activation, and survival in normal bone modeling and remodeling and a variety of pathologic conditions characterized by increased bone turnover. OPG protects bone from excessive resorption by binding to RANKL and preventing it from binding to RANK. Thus, the relative concentration of RANKL and OPG in bone is a major determinant of bone mass and strength (9). Osteoimmunological molecules have been described as potential biomarkers of bone remodeling indicators in inflammatory conditions (10–14), but their potential role in evaluating the effect of COVID-19 on bone fragility has not been explored so far. As COVID-19 has existed for a short time, many effects of the disease still need to be elucidated. Moreover, COVID-19 exerts its major adverse effect on elderly people (15), who are more susceptible to bone fragility. Therefore, the impact of COVID-19 on bone remodeling and bone loss in the elderly is a key issue in the future clinical approach to this disease. In particular, bone fragility is crucial in patients undergoing orthopedic surgery, such as prosthetic arthroplasty, which needs bone remodeling to restore bone tissue homeostasis. To this purpose, the present study aims to measure the osteoimmunological biomarkers in elderly patients undergoing orthopedic surgery, to evaluate the potential effect of COVID-19 on the bone response to the surgery. This could be useful in clinical practice to understand whether the comorbidity of COVID-19 could affect the outcome of orthopedic surgery.




2 Materials and methods



2.1 Study design and participants

We conducted an observational single-center study from April 2021 to April 2023. Patients admitted to the IRCCS Galeazzi Orthopedic Institute for fracture were included in the study and divided into two groups: patients with COVID-19 infection and patients without COVID-19, both ascertained by nasopharyngeal swab during the patients’ clinical routine.

Inclusion criteria were age greater than or equal to 50 years, patients referred to the emergency room for fracture of the proximal femur, subjects of both sexes, pathologies linked to bone fragility (osteoporosis, fractures, parathyroid pathologies), the signature of informed consent, having performed the nasopharyngeal swab as per clinical practice to verify SARS Cov2 infection. Exclusion criteria were previous conditions of hypovitaminosis D, steroid therapy, presence of autoimmune diseases or those that can create alterations in the inflammatory response.

The flow chart of patient enrollment is described in Figure 1: 45 patients (12 male 33 female, age 80,25 ± 10,84) were initially enrolled. Then 10 patients were ruled out for lacking COVID-19 infection positive/negative diagnosis, so the remaining 35 patients (11 Male, 24 female, age 80,51 ± 11,39) were further analyzed in the study. The clinical characteristics of the patients are described in Table 1.




Figure 1 | Patients’ enrollment. Patients’ enrollment flow chart and subdivision in two groups, according to the presence or absence of COVID-19 infection.




Table 1 | Clinical characteristics of the patient’s population (n=35), divided according to the presence or absence of COVID-19 infection.



The determinations were performed on blood analysis conducted in the normal diagnostic flow and using the residual material not used for routine diagnostics. Radiographic investigations were performed routinely (pre-operative and immediately post-operative) on all the patients, as well as laboratory tests required by clinical routine, at different time points: T0 (Pre-operative), T1 (24 hours post-operative day), T2 (3 days post-operative day +/- 1 day).

The research related to human use has complied with all the relevant national regulations, and institutional policies and in accordance with the tenets of the Helsinki Declaration. Informed consent was obtained from all participants. The study was approved by the local ethics committee (CE of IRCCS San Raffaele Hospital, Milan, CE 18/INT/2021 Details that might disclose the identity of the subjects under the study were omitted, in accordance with HIPAA. The study was registered as COVID BONE (NCT05352295) to CLINICALTRIALS.GOV.




2.2 Blood sample collection and serum preparation

Blood drawing was performed from all the patients and serum and plasma EDTA were obtained at T0 (Pre-operative), T1 (24 hours post-operative day), and T2 (3 days post-operative day +/- 1 day). Serum samples were collected after whole blood collection, clotting, and centrifugation at 400g for 10 minutes at RT without brake. The undiluted serum was aliquoted and stored in polypropylene tubes. Plasma + EDTA and serum samples obtained were stored at -80°C.




2.3 Quantification of osteoimmunological markers

RANKL, and OPG, were measured using an ELISA sandwich Quantikine Assay, according to manufacturer protocol (Pikokine ™ ELISA for OPG, quantitative sandwich ELISA for RANKL and FGF23, MyBioSource, San Diego, CA, USA). IL-6 and sRAGE were measured using an ELISA sandwich Quantikine Assay, according to manufacturer protocol (R&D System, Minneapolis, MN, USA). CRP was measured using immunoturbidimetry on an automated biochemical analyzer (Olympus CRP-Latex assay, Central Valley, PA, USA).




2.4 Statistical analysis

For all the parameters analyzed, the normality of the distribution of the groups was verified by KS normality. Data are expressed as the mean standard deviation (SD). Longitudinal evaluation of the biomarkers was performed by Mixed Effect Model analysis (NCSS 2024 software), considering p < 0.05 quite significative (*), p < 0.01 very significative (**), p < 0.001 extremely significative (***). Correlation analysis was measured using PRISM 5.0 software, by performing linear regression analysis between the different groups of data and calculating the 95% confidence interval of the regression line. The Pearson correlation coefficient (r2) was calculated to determine the correlation between values measured by the different assays. Statistical analysis of Receiver Operating Characteristic (ROC) curves and Area Under the Curve (AUC) was performed by PRISM 5.0 software.





3 Results



3.1 Osteoimmunological biomarkers and bone fragility evaluation

The level of osteoimmunological biomarkers was evaluated in COVID-19-positive and negative patients at different time points, as shown in Figure 2. RANKL (panel A), a marker of inflammatory -induced, bone resorption, was significantly higher in COVID-19-positive patients in the pre-surgery (T0) and early post-surgery time point (T1), while it dropped to a comparable level to COVID-19 negative ones at T2. In COVID-19-negative patients, RANKL displays very low levels at any time point. Conversely, OPG (panel B), a bone protective marker, resulted significantly higher in COVID-19 negative patients at any time point, with some not significant fluctuation over time. In COVID-19-positive patients, OPG resulted significantly lower at any time point, with no significant difference over time. The significant difference between the two groups of patients is also confirmed by their ROC AUC, which resulted in very high RANKL (0.912 panel D) and OPG (0.959 panel E). In order to give a comprehensive evaluation, the RANKL/OPG ratio was calculated for the two groups of patients over time (panel C). RANKL/OPG ratio resulted clearly and significantly higher in COVID-19 patients at any time point, with a very high diagnostic value as confirmed by AUC ROC (0.931 panel F). RANKL/OPG also displayed a significative decrease over time, with a weak but quite significant decrease at T1 and a stronger reduction at T1, compared to the pre-surgery time point T0.




Figure 2 | Osteoimmunological biomarkers longitudinal evaluation. Longitudinal evaluation of RANKL (A) OPG (B) OPG/RANKL ratio (C) and the relative ROC (receiving operating curve)) (RANKL (D), OPG (E), RANKL/OPG ratio (F), respectively) in COVID negative patients (white triangle) and COVID positive patients (black dot) (***p < 0.001 extremely significative).



In order to evaluate the impact of COVID-19 on bone metabolism and fragility, the serum biomarker FGF23 was evaluated Covid19 in positive and negative patients at different time points, as shown in Figure 3. FGF23 showed a very significant increase in COVID-19-positive patients at any time point (panel A), indicating a good diagnostic potential as confirmed by its ROC AUC (0.972 panel B). On the other hand, FGF23 didn’t show a significant variation over time, suggesting that this molecule could be more suitable in the diagnosis rather than in the early prognosis of Covid19 - induced bone fragility.




Figure 3 | Longitudinal evaluation bone fragility biomarker FGF23. Longitudinal evaluation of FGF23 (A) and the relative ROC CURVE (receiving operating curve) (B), in COVID negative patients (white triangle) and COVID positive patients (black dot). (***p < 0.001 extremely significative).






3.2 Inflammatory markers evaluation

In order to evaluate the inflammatory status of the patients, which could affect bone remodeling, routine parameters of inflammation such as White blood cell WBC (Figure 4A) and C-reactive protein (Figure 4D) were measured in COVID-19 positive and negative patients. Surprisingly, WBC displayed a weak but quite significantly higher level in COVID-19-negative patients compared to positive ones at T0. This difference slightly reduced over time, becoming not significant at T1 and reaching comparable levels between the two groups at T2. Similarly, CRP (Figure 4D) displayed higher but not significant level in COVID-19-positive patients compared to negative at T0, while in the early preoperative time point, T1 showed a weak but opposite trend, until reaching a comparable level between the two groups at T2. In any case, there were no significant differences neither between the two groups of patients nor in the longitudinal evaluation. For this reason, the AUC ROC for WBC and CRP were non-significant and were not presented among the results.




Figure 4 | Inflammatory markers evaluation. Longitudinal evaluation of WBC (A) IL-6 (B) sRAGE (C) and CRP (RANKL (D), in COVID negative patients (white triangle) and COVID positive patients (black dot)). (*p < 0.05 quite significative, **p < 0.01 very significative, ***p < 0.001 extremely significative). ROC CURVES (receiving operating curve) of IL-6 (E) and sRAGE (F).



Since the canonical inflammatory markers were not informative in the differentiation of our two groups of patients, we evaluated a marker that could provide information about the cytokine response. Among primary cytokines, IL-6 is the main responsible of the systemic effect of inflammation and therefore a very suitable serum maker of inflammatory status. Therefore IL-6 was evaluated in COVID-19 positive and negative patients at different time points, as shown in Figure 4. Differently from the previous inflammatory markers, IL-6 displays a significative difference between the two groups of patients, showing a very significative higher level in COVID-19-positive patients at T0. This difference is maintained, even though less significative, at T0, while at the last time point, IL-6 decreases reaching comparable levels measured in COVID-19 patients. IL-6 displayed also a longitudinal value, showing a significative decrease in COVID-19-positive patients over time. This value is confirmed by the IL-6 ROC AUC resulting in a quite good value of 0.783 (panel E).

Blood levels of the soluble receptor for advanced glycation end-products (sRAGE) are acutely elevated during the host inflammatory response to infection and have an important prognostic role in COVID-19. In this study, the diagnostic and prognostic value of sRAGE was evaluated in orthopedic COVID-19-positive and negative patients in order to complete the panel of inflammatory markers. The marker sRAGE displayed a very strong increase in COVID-19-positive patients compared to negative ones at any time point (Figure 4C), confirming a very good diagnostic value, as confirmed by a very strong ROC AUC (0.847, panel F). It also displays a very good prognostic value in the longitudinal evaluation, showing a progressive and significant decrease in COVID-19-positive patients over time.




3.3 Correlation of osteoimmunological markers with inflammatory and bone fragility makers

In order to highlight how osteoimmunological biomarkers can describe the link between COVID -19 infection, inflammation and bone fragility, a correlation analysis was performed between the osteoimmunological biomarker RANKL/OPG and the inflammatory marker IL-6 as well as well as the bone fragility marker FGF23, as shown in Figure 5. RANKL/OPG displayed a very good correlation with all the three parameters evaluated, resulting in r2 = 0.897, r2 = 0.791, r2 = 0.958 with FGF23 (panel A), IL-6 (panel B), and sRAGE (panel C), respectively.




Figure 5 | Correlation of osteoimmunological markers with inflammatory and bone fragility makers. Correlation (Spearman r, 95% confidence interval) of RANKL/OPG with the bone fragility biomarker FGF23 (A), and inflammatory biomarkers IL-6 (B) and sRAGE (C).







4 Discussion

The role of the virus in bone loss has long been underestimated, but investigation in recent decades revealed the involvement of the virus in bone turnover. The first studies were performed on human immunodeficiency virus (HIV) indicating that infected patients showed an increased prevalence of bone-related disease (16, 17), due to a disruption of the bone-skeleton interface resulting in increased bone fragility and fractures. In the context of SARS-COV infections, the first evidence came from studies on 2003 SARS–COV–1 outbreak: during the previous epidemic of SARS, bone necrosis and decreased bone mineral density (BMD) were reported in infected patients (18). On the basis of this experience, few recent evidence has begun to explore the possible effect of the recent SARS-COV 2 pandemic on bone loss. Few recent studies on murine models of SARS-CoV 2 infection described a significant increase in osteoclast production, leading to bone loss (19, 20). Observation from the pandemic indicates that bone loss and mineral metabolism may be altered with SARS-CoV-2 infection. In particular, initial studies indicate that COVID-19 patients can manifest alteration in mineral metabolism, bone turnover makers, and risk of vertebral fracture (21), but further studies are needed to understand better the mechanism of COVID-19 -induced bone loss, to define the clinical approach to evaluate and monitor this effect. These effects are prominent in elderly patients, therefore the risk of bone loss in these patients should be closely monitored. It is well-recognized that the degree of local and systemic inflammation is related to the degree of bone loss. Therefore, a comprehensive approach to the effect of COVID-19 infection on bone loss could come from osteoimmunology, a new interdisciplinary field that emerged in the last two decades and describes the direct interaction between the skeletal system and host immune system (7). Indeed, bone cells interact with immune cells under physiological and pathological conditions. Osteoimmunology was created as a new interdisciplinary field in large part to highlight the shared molecules and reciprocal interactions between the two systems in both health and disease. The concept of a unified osteoimmune system has become absolutely indispensable for basic and translational approaches to diseases related to bone and/or the immune system. Osteoimmunology has therefore become indispensable for understanding the pathogenesis of a number of diseases, such as rheumatoid arthritis (RA) (9), where the inflammation induces bone erosion and could provide new insight in understanding the effect of host response to COVID-19 on bone.

The hallmark of osteoimmunology is the RANKL/RANK/OPG system, known for its roles in osteoclast maturation, bone modeling, and bone remodeling. The receptor activator of NF-kB (RANK), receptor activator of NF-kB ligand (RANKL), and osteoprotegerin (OPG) are the main components of this signaling system. In the RANKL/RANK/OPG pathway, RANKL binds to RANK as its receptor and eventually leads to osteoclast precursor maturation. Osteoprotegerin is known as a decoy receptor for RANKL which prevents RANKL-RANK binding (22, 23). RANKL and OPG exist as soluble circulating molecules and can be measured as circulating biomarkers of bone remodeling in inflammatory conditions. In our study, RANKL and OPG displayed different behaviors in COVID-19-positive and negative patients. In Covid-positive patients, RANKL, the marker of bone resorption was clearly higher at early time points and, consistently OPG, the bone protective marker, was significantly lower. Only RANKL showed a significative decrease at the last time point, while OPG showed no significant variation over time, indicating that these two markers have a great diagnostic value, as confirmed by their strong ROC AUC, but not a great prognostic value if considered singularly. To overcome this limit, the information of these two markers was combined together with the RANKL/OPG ratio. The RANKL/OPG ratio is critical for guiding bone resorption, and it is considered the ultimate parameter that provides clear information on bone turnover balance in inflammatory conditions. The altered RANKL/OPG ratio has been described in multiple autoimmune diseases and has been linked to decreased BMD (24). In our patients, the RANKL/OPG ratio clearly indicated the increase of bone resorption in COVID-19-positive patients, confirming a strong diagnostic value, as indicated by the strong ROC AUC, and it also added a prognostic value, indicating a slight but significative reduction of bone resorption over time after surgery. The increased bone loss in COVID-19 patients has recently been described in terms of bone mineral density (BMD) evaluation (2). BMD is a good biomarker of bone fragility but is not a practical measurement to take from COVID-19-positive patients during illness (25), therefore a serum biomarker of bone fragility could be easier to measure and less invasive on the patients. Recent studies described the relationship between the serum fibroblast growth factor 23 (FGF23) level and bone fragility (26). In our patients, FGF23 displays a strong increase in COVID-19-positive patients compared to negative ones, with no significative variation over time, suggesting a good diagnostic potential, as confirmed by a very strong AUC ROC. These results also confirmed that the surgery has no impact on the bone fragility status of the patients, which is mainly related to the presence or absence of COVID-19 infection, reinforcing the concept of infection-induced bone loss.

It is interesting to notice that aging is recently regarded as a chronic systemic inflammatory condition, named “inflammaging”, and characterized by metabolic dysregulation and the increase of several inflammatory biomarkers (27, 28). Mechanisms involved in the pathogenesis of “inflammaging” are multiple, but the crucial input is the continuous stimulus of internal activation in “inflammaging” that makes immune cells less responsive and predisposes patients with “inflammaging” to infectious complications, such as COVID-19 (29). Thus, a derangement in bone niche function interfering with the intense crosstalk between immune cells and bone cells is likely. Our patients are mainly elderly people undergoing major orthopedic surgery, therefore the potential effect of COVID-19 on their bone status is important to the clinical outcome. To this purpose, the inflammatory status of COVID-19 positive and negative patients was evaluated, but surprisingly the canonical biomarkers in inflammation, such as WBC and C- C-reactive protein (CRP), display little if no difference between the two populations, with a slightly but not significative increase in COVID 19negative patients. This result could appear contradictory, but since the overall level of CRP and WBC are very low, the results of these biomarkers can be more due to a general inflammatory response to surgery rather than a host response to the infection. Recent findings of our group showed that CRP is not a preferential marker of COVID-19 (30): this study was conducted on ICU patients, therefore this consideration is even more applicable to less severe conditions of infection, as in the case of COVID -19 patients of the present study. These results suggest the need for different makers of inflammation that could be more informative. A significant role in the COVID-19 cytokine storm is played by the inflammatory cytokine IL-6 (31), acting as a major player in the systemic effect of pro-inflammatory acute inflammatory response. Moreover, IL-6 has been recently described as a COVID-19 severity predictor (32–35). Therefore, IL-6 was evaluated in this study in COVID-19-positive and negative patients over time. IL-6 confirmed a good diagnostic power, showing quite a significant increase in COVID -19 Patients at any timepoint. IL-6 also confirmed a significant prognostic value, showing a significant decrease in COVID-19 patients at later time points. The increase of IL-6 in COVID-19-positive patients compared to negative ones is not as striking as in patients requiring ICU (30) confirming that the inflammatory response to SARS-COV 2 infection is not as extreme as in severe conditions. All the patients received at least two doses of anti-COVID-19 vaccine at the moment of the enrollment, so this could explain the absence of extremely severe inflammation in response to the infection, but still able to affect bone remodeling.

There are multiple mechanisms for how COVID-19-induced inflammation can affect bone status. Besides osteoimmunological biomarkers production, inflammation can result in an increase of reactive oxidative species (ROS) which may cause protein damage and an increase of advanced glycation end-products (AGEs) (36). AGEs can have detrimental effects on crosslinks in bone, destabilizing bone structure (37). Therefore, inflammation, occurring in COVID-19, induces changes in the bone microenvironment thus having a direct effect on bone composition and strength. Furthermore, it has been observed that during inflammation, the activation of receptors of AGEs (RAGE) can increase osteoclastogenesis (38, 39). In particular, the soluble receptor of AGEs (sRAGE) has been recently described as a biomarker of COVID-19 disease severity (40). Being present as a soluble form in circulation, sRAGE can be easily measured and has already been described as a biomarker in several diseases, ranging from cardiovascular to renal and liver disorders and sepsis (41). In our patients, sRAGE confirmed a good diagnostic and prognostic value in COVID -19 positive patients, showing a good AUC ROC curve and a significative reduction in sRAGE from a high level over time. Oxidative stress has been found to induce apoptosis of osteocytes and osteoblast through the regulation of RANKL and OPG, inducing osteoclastogenesis and leading to bone loss (42, 43). In agreement with these reports, in our patients, sRAGE displays the same behavior of RANKL/OPG ratio, with a significant increase in COVID-19-positive patients and a progressive decrease over time.

In order to show the potential value of osteoimmunological biomarkers to provide a direct hint about the correlation between COVID-19 infection, inflammation, and the resulting bone remodeling, a correlation analysis was performed between RANKL/OPG, and the most significative biomarkers evaluated, as shown in Figure 5. RANKL/OPG provides direct information about the balance between bone formation and resorption and displays a good correlation with the bone fragility maker FGF23, indicating that this parameter is a reliable maker of bone fragility in COVID19 patients and could provide useful and comprehensive information about the inflammation-induce bone loss. Consistently, the RANKL/OPG ratio showed a good correlation also with the two inflammatory parameters that resulted significantly in this study to highlight the inflammatory response to COVID-19, namely IL-6 and sRAGE: IL- 6 as a systemic primary inflammatory cytokine involved in the cytokine storm resulting in COVID 19 disease, sRAGE as a predictive biomarker of COVID -19 severity. RANKL/OPG showed a good positive correlation with IL-6 and a very strong positive correlation with sRAGE. This is consistent with the trend over time of both RANKL/OPG and sRAGE, which displayed not only a significative difference between COVID-19 positive and negative patients but a progressive decrease over time, therefore suggesting both a diagnostic and prognostic value. These results indicate that RANKL/OPG can reflect not only the bone status but also the inflammatory status of the patient, confirming the intrinsic capacity of osteoimmunology to link bone and the immune system.

The limits of the study can be represented by the number of patients and the time points examined. The limits of COVID-19 patients are due to the difficulty of recruiting COVID-19 patients undergoing orthopedic surgery. The kind of surgery considered was not an emergency one so it could be delayed for a long time in case of infection. Moreover, at the time of recruitment, there was more awareness about the COVID-19 protocols and preventive measures, therefore a patient who accidentally discovered to be positive would just delay the surgery. There the positive patients enrolled in the study were those found incidentally positive in the routine pre-surgery nasopharyngeal swab test. As far as the time points are concerned, being an observational study, they were evaluated according to the orthopedic surgery clinical protocol, but the author cannot exclude that longer time points would provide a more significant longitudinal value for the biomarkers evaluated over time.

Even considering this limitation, the results of this study clearly indicate that the use of an osteoimmunological biomarker like the RANKL/OPG ratio could provide a significant improvement in the clinical evaluation of the COVID-19 effect on bone loss. This aspect can be extremely important in those elderly patients undergoing orthopedic surgery, which, on the one hand, can manifest, more severe effects of COVID-19 and, on the other hand, present an increased level of age-induced bone fragility.

The evolution of COVID-19 to an endemic state would mean that COVID-19 continues to circulate in the population at a steady rate. This could happen through a combination of factors such as widespread immunity from vaccination or previous infection, along with the virus becoming less severe over time, but specific attention should be addressed to the elderly. Indeed, COVID-19 had a particularly significant impact on the elderly population. Older adults have been identified as being at higher risk of severe illness and death from COVID-19 compared to younger age groups. The elderly population is also the one undergoing bone surgery more frequently and, as the global population continues to age and life expectancy increases, the demand for orthopedic surgeries among the elderly is expected to rise. Elderly individuals often have pre-existing conditions that can make them more susceptible to complications from COVID-19. Many older adults with long COVID experience persistent inflammation, fatigue, and musculoskeletal pain. This ongoing inflammation can worsen inflammaging, maintaining a cycle of bone loss and increasing the risk of fractures, particularly in already fragile elderly individuals Age-related changes in bone density and immune function can exacerbate the impact of the virus. Moreover, prolonged inflammation and immune dysregulation associated with severe COVID-19 might accelerate bone loss or exacerbate conditions like osteoporosis. In addition, elderly people with COVID-19 often experience long periods of immobility due to hospitalization or fatigue during recovery. Lack of physical activity can lead to muscle weakness and bone demineralization, increasing the risk of falls and fractures. Recovery from severe COVID-19 may lead to post-acute sequelae (long COVID), including persistent fatigue, which further reduces mobility and bone strength over time. The combination of decreased bone density, reduced mobility, and general frailty makes elderly COVID-19 survivors more prone to fractures. Hip and vertebral fractures are particularly common and can have devastating impacts on quality of life and survival rates in this population. One of the aims of this study is to understand better how COVID-19 affects bone health and to identify ways to mitigate these effects. To this purpose, osteoimmunology offers valuable perspectives on how COVID-19 might affect bone health, especially in the elderly. The interplay between immune responses and bone metabolism highlights the importance of managing inflammation and maintaining bone health in vulnerable populations during and after the pandemic. In order to mitigate the bone fractures, vitamin D and calcium supplementation, could support bone health, as well as regular check of bone fragility in elderly individuals post-COVID, particularly those with long-term symptoms or steroid treatments. Addressing these issues is essential in supporting the elderly during recovery from COVID-19, given their heightened vulnerability to bone-related complications. The use of an osteoimmunological biomarker that could provide information about both the inflammatory and bone fragility status at the same time would have important implications in the clinical management of COVID-19-related complications affecting bone health. Potential interventions could include targeted treatments to manage inflammation and promote bone health during and after COVID-19 infection.





Data availability statement

The original contributions presented in the study are included in the article/supplementary materials, further inquiries can be directed to the corresponding author/s.





Ethics statement

The studies involving humans were approved by CE of IRCCS San Raffaele Hospital, Milan, CE 18/INT/2021. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

EG: Conceptualization, Data curation, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. LuM: Data curation, Formal analysis, Investigation, Methodology, Supervision, Validation, Writing – original draft, Writing – review & editing. LaM: Data curation, Investigation, Resources, Supervision, Validation, Writing – original draft, Writing – review & editing. ED: Investigation, Methodology, Validation, Writing – original draft, Writing – review & editing. FV: Methodology, Supervision, Validation, Writing – original draft, Writing – review & editing. MC: Resources, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. GP: Conceptualization, Funding acquisition, Investigation, Project administration, Resources, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The study was supported by Italian Ministry of Health Grant “Ricerca Corrente” 2021 to IRCCS Galeazzi Orthopedic Institute and by the grant “linea 2 2021” by the Department of Biomedical Sciences for Health, University of Milan.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Dong, E, Du, H, and Gardner, L. An interactive web-based dashboard to track COVID-19 in real time. Lancet Infect Dis. (2020) 20:533–4. doi: 10.1016/S1473-3099(20)30120-1

2. Hu, CL, Zheng, MJ, He, XX, Liu, DC, Jin, ZQ, Xu, WH, et al. COVID-19 and bone health. Eur Rev Med Pharmacol Sci. (2023) 27:3191–200. doi: 10.26355/eurrev_202304_31953

3. Amann, K, Boor, P, Wiech, T, Singh, J, Vonbrunn, E, Knöll, A, et al. COVID-19 effects on the kidney. Pathologe. (2021) 42:76–80. doi: 10.1007/s00292-020-00900-x

4. Salabei, JK, Asnake, ZT, Ismail, ZH, Charles, K, Stanger, GT, Abdullahi, AH, et al. COVID-19 and the cardiovascular system: an update. Am J Med Sci. (2022) 364:139–47. doi: 10.1016/j.amjms.2022.01.022

5. Disser, NP, De Micheli, AJ, Schonk, MM, Konnaris, MA, Piacentini, AN, Edon, DL, et al. Musculoskeletal consequences of COVID-19. J Bone Joint Surg Am. (2020) 102:1197–204. doi: 10.2106/JBJS.20.00847

6. Jarczak, D, and Nierhaus, A. Cytokine storm-definition, causes, and implications. Int J Mol Sci. (2022) 23:11740. doi: 10.3390/ijms231911740

7. Okamoto, K, and Takayanagi, H. Osteoimmunology. Cold Spring Harb Perspect Med. (2019) 9:a031245. doi: 10.1101/cshperspect.a031245

8. Nakashima, T, and Takayanagi, H. Osteoimmunology: Crosstalk between the immune and bone systems. J Clin Immunol. (2009) 29:555–67. doi: 10.1007/s10875-009-9316-6

9. Okamoto, K, Nakashima, T, Shinohara, M, Negishi-Koga, T, Komatsu, N, Terashima, A, et al. Osteoimmunology: The conceptual framework unifying the immune and skeletal systems. Physiol Rev. (2017) 97:1295–349. doi: 10.1152/physrev.00036.2016

10. Li, X, Liu, Y, Wu, B, Dong, Z, Wang, Y, Lu, J, et al. Potential role of the OPG/RANK/RANKL axis in prostate cancer invasion and bone metastasis. Oncol Rep. (2014) 32:2605–11. doi: 10.3892/or.2014.3511

11. Spelling, P, Bonfa, E, Caparbo, VF, and Pereira, RMR. Osteoprotegerin/RANKL system imbalance in active polyarticular-onset juvenile idiopathic arthritis: A bone damage biomarker? Scand J Rheumatol. (2008) 37:439–44. doi: 10.1080/03009740802116224

12. Vega, D, Maalouf, NM, and Sakhaee, K. Clinical review: The role of receptor activator of nuclear factor-κB (RANK)/RANK ligand/osteoprotegerin: Clinical implications. J Clin Endocrinol Metab. (2007) 92:4514–21. doi: 10.1210/jc.2007-0646

13. Colombini, A, Lombardi, G, Galliera, E, Dogliotti, G, Randelli, P, Meerssemann, A, et al. Plasma and drainage fluid levels of soluble receptor activator of nuclear factor-kB (sRANK), soluble receptor activator of nuclear factor-kB ligand (sRANKL) and osteoprotegerin (OPG) during proximal humerus fracture healing. Int Orthop. (2011) 35:777–82. doi: 10.1007/s00264-010-1088-3

14. Canciani, E, Dellavia, C, Marazzi, MG, Augusti, D, Carmagnola, D, Vianello, E, et al. RNA isolation from alveolar bone and gene expression analysis of RANK, RANKL and OPG: A new tool to monitor bone remodeling and healing in different bone substitutes used for prosthetic rehabilitation. Arch Oral Biol. (2017) 80:56–61. doi: 10.1016/j.archoralbio.2017.03.011

15. Chen, Y, Klein, SL, Garibaldi, BT, Li, H, Wu, C, Osevala, NM, et al. Aging in COVID-19: Vulnerability, immunity and intervention. Ageing Res Rev. (2021) 65:101205. doi: 10.1016/j.arr.2020.101205

16. Titanji, K, Vunnava, A, Sheth, AN, Delille, C, Lennox, JL, Sanford, SE, et al. Dysregulated B cell expression of RANKL and OPG correlates with loss of bone mineral density in HIV infection. PloS Pathog. 10:e1004497. doi: 10.1371/journal.ppat.1004497

17. Titanji, K. Beyond antibodies: B cells and the OPG/RANK-RANKL pathway in health, non-HIV disease and HIV-induced bone loss. Front Immunol. (2017) 8. doi: 10.3389/fimmu.2017.01851

18. Lau, EMC, Chan, FWK, Hui, DSC, Wu, AKL, and Leung, PC. Reduced bone mineral density in male Severe Acute Respiratory Syndrome (SARS) patients in Hong Kong. Bone. (2005) 37:420–4. doi: 10.1016/j.bone.2005.04.018

19. Haudenschild, AK, Christiansen, BA, Orr, S, Ball, EE, Weiss, CM, Liu, H, et al. Acute bone loss following SARS-CoV-2 infection in mice. J Orthop Res. (2023) 41:1945–52. doi: 10.1002/jor.25537

20. Awosanya, OD, Dalloul, CE, Blosser, RJ, Dadwal, UC, Carozza, M, Boschen, K, et al. Osteoclast-mediated bone loss observed in a COVID-19 mouse model. Bone. (2022) 154:116227. doi: 10.1016/j.bone.2021.116227

21. Di Filippo, L, Formenti, AM, Doga, M, Pedone, E, Rovere-Querini, P, and Giustina, A. Radiological thoracic vertebral fractures are highly prevalent in COVID-19 and predict disease outcomes. J Clin Endocrinol Metab. (2021) 106:E602–14. doi: 10.1210/clinem/dgaa738

22. Tobeiha, M, Moghadasian, MH, Amin, N, and Jafarnejad, S. RANKL/RANK/OPG pathway: A mechanism involved in exercise-induced bone remodeling. BioMed Res Int. (2020) 2020:6910312. doi: 10.1155/2020/6910312

23. Liu, W, and Zhang, X. Receptor activator of nuclear factor-κB ligand (RANKL)/RANK/osteoprotegerin system in bone and other tissues (Review). Mol Med Rep. (2015) 11:3212–8. doi: 10.3892/mmr.2015.3152

24. Eid, R, Abdelsalam, M, Fathy, AA, Abolenein, HM, Elmarghany, EB, El-Hanafy, AA, et al. Bone mineral density in Egyptian children with juvenile idiopathic arthritis: possible correlation to serum RANKL / osteoprotegerin (OPG) ratio and OPG gene polymorphisms. Pediatr Rheumatol Online J. (2023) 21:58. doi: 10.1186/s12969-023-00843-6

25. Creecy, A, Awosanya, OD, Harris, A, Qiao, X, Ozanne, M, Toepp, AJ, et al. COVID-19 and bone loss: A review of risk factors, mechanisms, and future directions. Curr Osteoporos Rep. (2024) 22:122–34. doi: 10.1007/s11914-023-00842-2

26. Slouma, M, Aissaoui, T, Abbes, M, Bahlous, A, Laadhar, L, Smaoui, W, et al. New markers of bone fragility in hemodialysis patients: A monocentric study. J Clin Densitom. (2021) 24:22–7. doi: 10.1016/j.jocd.2020.11.002

27. Santoro, A, Bientinesi, E, and Monti, D. Immunosenescence and inflammaging in the aging process: age-related diseases or longevity? Ageing Res Rev. (2021) 71:101422. doi: 10.1016/j.arr.2021.101422

28. Fulop, T, Larbi, A, Pawelec, G, Khalil, A, Cohen, AA, Hirokawa, K, et al. Immunology of aging: the birth of inflammaging. Clin Rev Allergy Immunol. (2023) 64:109–22. doi: 10.1007/s12016-021-08899-6

29. Asghari, F, Asghary, A, Zolbanin, NM, Faraji, F, and Jafari, R. Immunosenescence and inflammaging in COVID-19. Viral Immunol. (2023) 36:579–92. doi: 10.1089/vim.2023.0045

30. Galliera, E, Massaccesi, L, Yu, L, He, J, Ranucci, M, and Corsi Romanelli, MM. SCD14-ST and new generation inflammatory biomarkers in the prediction of COVID-19 outcome. Biomolecules. (2022) 12:826. doi: 10.3390/biom12060826

31. Li, T, Wang, D, Wei, H, and Xu, X. Cytokine storm and translating IL-6 biology into effective treatments for COVID-19. Front Med. (2023) 17:1080–95. doi: 10.1007/s11684-023-1044-4

32. Ferrigno, I, Verzellesi, L, Ottone, M, Bonacini, M, Rossi, A, Besutti, G, et al. CCL18, CHI3L1, ANG2, IL-6 systemic levels are associated with the extent of lung damage and radiomic features in SARS-CoV-2 infection. Inflammation Res. (2024) 73:515–30. doi: 10.1007/s00011-024-01852-1

33. Elahi, R, Karami, P, Heidary, AH, and Esmaeilzadeh, A. An updated overview of recent advances, challenges, and clinical considerations of IL-6 signaling blockade in severe coronavirus disease 2019 (COVID-19). Int Immunopharmacol. (2022) 105:108536. doi: 10.1016/j.intimp.2022.108536

34. Potere, N, Batticciotto, A, Vecchié, A, Porreca, E, Cappelli, A, Abbate, A, et al. The role of IL-6 and IL-6 blockade in COVID-19. Expert Rev Clin Immunol. (2021) 17:601–18. doi: 10.1080/1744666X.2021.1919086

35. Liu, QQ, Cheng, A, Wang, Y, Li, H, Hu, L, Zhao, X, et al. Cytokines and their relationship with the severity and prognosis of coronavirus disease 2019 (COVID-19): A retrospective cohort study. BMJ Open. (2020) 10:e041471. doi: 10.1136/bmjopen-2020-041471

36. Ohtsu, A, Shibutani, Y, Seno, K, Iwata, H, Kuwayama, T, and Shirasuna, K. Advanced glycation end products and lipopolysaccharides stimulate interleukin-6 secretion via the RAGE/TLR4-NF-κB-ROS pathways and resveratrol attenuates these inflammatory responses in mouse macrophages. Exp Ther Med. (2017) 14:4363–70. doi: 10.3892/etm.2017.5045

37. Wang, B, and Vashishth, D. Advanced glycation and glycoxidation end products in bone. Bone. (2023) 176:116880. doi: 10.1016/j.bone.2023.116880

38. Wang, QN, Yan, YZ, Zhang, XZ, Lv, JX, Nie, HP, Wu, J, et al. Rescuing effects of periostin in advanced glycation end-products (AGEs) caused osteogenic and oxidative damage through AGE receptor mediation and DNA methylation of the CALCA promoter. Chem Biol Interact. (2022) 354:109835. doi: 10.1016/j.cbi.2022.109835

39. Zhang, M, Li, Y, Rao, P, Huang, K, Luo, D, Cai, X, et al. Blockade of receptors of advanced glycation end products ameliorates diabetic osteogenesis of adipose-derived stem cells through DNA methylation and Wnt signalling pathway. Cell Prolif. (2018) 51:e12471. doi: 10.1111/cpr.2018.51.issue-5

40. Lim, A, Radujkovic, A, Weigand, MA, and Merle, U. Soluble receptor for advanced glycation end products (sRAGE) as a biomarker of COVID-19 disease severity and indicator of the need for mechanical ventilation, ARDS and mortality. Ann Intensive Care. (2021) 11:50. doi: 10.1186/s13613-021-00836-2

41. Schmidt, AM. Soluble RAGEs - Prospects for treating & tracking metabolic and inflammatory disease. Vascul Pharmacol. (2015) 72:1–8. doi: 10.1016/j.vph.2015.06.011

42. Massaccesi, L, Galliera, E, Pellegrini, A, Banfi, G, and Romanelli, MMC. Osteomyelitis, oxidative stress and related biomarkers. Antioxidants (Basel). (2022) 11:1061. doi: 10.3390/antiox11061061

43. Iantomasi, T, Romagnoli, C, Palmini, G, Donati, S, Falsetti, I, Miglietta, F, et al. Oxidative stress and inflammation in osteoporosis: molecular mechanisms involved and the relationship with microRNAs. Int J Mol Sci. (2023) 24:3772. doi: 10.3390/ijms24043772




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Galliera, Massaccesi, Mangiavini, De Vecchi, Villa, Corsi Romanelli and Peretti. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1493643-g004.jpg
ng/mL

d)

16,00
14,00
12,00
10,00
8,00
6,00
4,00
2,00
0,00

b)

14,00
12,00
10,00

8,00

ng/mL

6,00
4,00
2,00

0,00

IL-6
WBC
Y 90,00 ” o
o0 | F
70,00
60,00
50,00
40,00
30,00
20,00
10,00
0,00
T0 m 3 To m T2
e)
CRP
IL-6
1
80
R
2 60
3
s
2 40
3
20 AUC =0.783
(]
T T ) ° 20 40 6 80 100
TO T1 T3 100% - Spedicity%

f)

sensitivity %

3000

2500

2000

1500

1000

500

sRAGE

sede
'_l_‘ ek
stk

ek

e

TO m T3

SRAGE

AUC =0.847

20 40 60 80 100

100% - Specificity%





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

    		Cover



  		

        Effects of COVID-19 on bone fragility: a new perspective from osteoimmunological biomarkers

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Study design and participants

          



          		

            2.2 Blood sample collection and serum preparation

          



          		

            2.3 Quantification of osteoimmunological markers

          



          		

            2.4 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Osteoimmunological biomarkers and bone fragility evaluation

          



          		

            3.2 Inflammatory markers evaluation

          



          		

            3.3 Correlation of osteoimmunological markers with inflammatory and bone fragility makers

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-15-1493643-g002.jpg
a) RANKL

4000

Ahn

00

5000

2500

000

500

000

500

RANKL
100

sensitivity %
8 &8 8 8

AUC =0.912

0 20 40 60 80
100% - Specificity %

100

b)

1800
OPG
600
400
00
1000

800

600

OPG

sensitivity %

AUC =0959

0 20 40 60 80
100% - Specificity %

100

RANKL/OPG ratio
/—*—1
0 " T
8 1
0 e
0 :
f) RANKL/OPG
100
80
N
2 e
=
=
P
o
20 AUC =0.931
0 20 40 60 80 100

100% - Specificity%





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2024.1493643_cover.jpg
& frontiers | Frontiers in Immunology

Effects of COVID-19 on bone fragility: a new
perspective from osteoimmunological
biomarkers





OEBPS/Images/fimmu-15-1493643-g005.jpg
500 1000 1500 2000 2500
sRAGE

b1 N
o =]

OdO / INVY

0.6

c)

IL-6

°  © < ~
o =] o

OdO / TINVY

0.

b)

< @ = N =
S C C S S

9dO / TMNVY

a)





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1493643-g003.jpg
a

4500
4000
3500
3000
2500
2000
1500
1000

500

FGF23

b}

sensitivity %
¥ 5 3 8

100

o

o

20

FGF23

AUC =0.972

40 60
100% - Specificity%

80

100





OEBPS/Images/fimmu-15-1493643-g001.jpg
45 patlents enrolled

10 patients COVID infection
not verified

35 patients COVID positive /negative tested

23 patients COVID negative

12 patients COVID positive






OEBPS/Images/table1.jpg
Clinical parameters

Odds Ratio significance
(IC 95%)
Value + SD Value + SD
age 80.77 + 11.22 79.02+ 9.6 > 0,05 ns
sex 7 male 4 male 1.095 ns
16 female 8 female 0.985 ns
Hb (Hemoglobin) 13,2 g/dL 1.2 14,1 g/dL +0.9 > 0,05 ns
HTC (Hematocrite) 40,5% +0.3 39,2% +0.7 > 0,05 ns
PLT (Platelet count) 235000 +85 211000 £120 > 0,05 ns
Orthopedic diagnosis ‘
Subtrochanteric fracture of the femur 13 7 1.032 ns
Subcapital fracture of the femur 8 4 0.985 ns
midcervical femoral fracture 2 1 0.985 ns
Surgical intervention ‘
Endoprosthesis 6 3 0.985 ns
Intramedullary nail 13 8 1.022 ns
Cannulated screws 1 1 0.985 ns

ns, not statistically significant.





