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Introduction: The causal relationship between Coronavirus disease 2019 (COVID-19) and osteoporosis (OP) remains uncertain. We aimed to assess the effect of COVID-19 severity (severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, COVID-19 hospitalization, and severe COVID-19) on OP by a two-sample Mendelian randomization (MR) study.

Methods: We conducted a two-sample MR analysis using publicly available genome-wide association study (GWAS) data. Inverse variance weighting (IVW) was used as the main analysis method. Four complementary methods were used for our MR analysis, which included the MR–Egger regression method, the weighted median method, the simple mode method, and the weighted mode method. We utilized the MR-Egger intercept test and MR pleiotropy residual sum and outlier (MR-PRESSO) global test to identify the presence of horizontal pleiotropy. Cochran’s Q statistics were employed to assess the existence of instrument heterogeneity. We conducted a sensitivity analysis using the leave-one-out method.

Results: The primary results of IVW showed that COVID-19 severity was not statistically related to OP (SARS-CoV-2 infection: OR (95% CI) = 0.998 (0.995 ~ 1.001), p = 0.201403; COVID-19 hospitalization: OR (95% CI) =1.001 (0.999 ~ 1.003), p = 0.504735; severe COVID-19: OR (95% CI) = 1.000 (0.998 ~ 1.001), p = 0.965383). In addition, the MR-Egger regression, weighted median, simple mode and weighted mode methods showed consistent results. The results were robust under all sensitivity analyses.

Conclusion: The results of the MR analysis provide preliminary evidence that a genetic causal link between the severity of COVID-19 and OP may be absent.
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1. Introduction

The coronavirus disease 2019 (COVID-19) is a global pandemic caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which has rapidly spread across the world (1). To date, the global count of confirmed COVID-19 cases has surpassed 676.5 million, with over 6.88 million deaths reported (source: https://coronavirus.jhu.edu/map.html). Patients who have recovered from COVID-19 are gradually reporting various complications, such as fatigue, a loss of the sense of smell or taste, impaired pulmonary function, neurological diseases and bone loss (2, 3). Therefore, considering the high infectivity of SARS-CoV-2 and severe adverse consequences of COVID-19, it is necessary to understand the causal relationship between COVID-19 and complications and to take effective preventive measures.

Recent study findings suggest that there is a close correlation between COVID-19 and osteoporosis (OP) (4). OP is a metabolic bone disease that is characterized by a reduction in bone mineral density (BMD), which can lead to bone fragility and an increased risk of fractures (5, 6). However, current research related to COVID-19 and OP is mainly focused on how to prevent and treat OP in patients with COVID-19 (7, 8), and there is a lack of large prospective cohort studies or randomized controlled trials (RCTs) to evaluate the effect of COVID-19 on OP. In addition, RCTs for COVID-19 are difficult to conduct due to the need for extensive human resources and time-consuming follow-up. Furthermore, existing observational studies may have biased conclusions due to the possibility of confounders. To minimize the impact of confounders on the association between COVID-19 and OP, a more efficient method for inferring potential causal relationships is needed.

In recent years, Mendelian randomization (MR) analysis has been widely used in causal inference in epidemiology (9, 10). The main principle behind this approach involves utilizing genetic variants as instrumental variables (IVs) to establish a causal relationship between exposure and outcome (11). As shown in Figure 1, the IVs in an MR analysis should satisfy the three core assumptions of relevance, independence and exclusivity (12); that is, (1) the IVs should be strongly correlated with exposure, (2) the IVs should be independent of confounders that affect the exposure-outcome relationship, and (3) the IVs should be capable of affecting the outcome only through exposure and have no direct correlation with the outcome. Ran et al. conducted a two-sample MR analysis for the association of total body BMD with severe COVID-19 (13). Their results indicate that BMD might be a useful predictor of severe COVID-19 in older adult populations and could help identify individuals at higher risk of disease progression. However, it did not delve into the impact of COVID-19 on osteoporosis.
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FIGURE 1
 Schematic of a two-sample Mendelian randomization (MR) study. The IVs in an MR analysis should satisfy the three core assumptions of relevance, independence and exclusivity; that is, (1) the IVs should be strongly correlated with exposure, (2) the IVs should independent of confounders that affect the exposure-outcome relationship, and (3) the IVs should be capable of affecting the outcome only through exposure and have no direct correlation with the outcome. IVs: instrumental variables; SNPs: single nucleotide polymorphisms; COVID-19: coronavirus disease 2019; OP: osteoporosis.


As there is currently no conclusive proof to establish a causal relationship between COVID-19 and OP, we used single nucleotide polymorphisms (SNPs) strongly associated with COVID-19 severity (SARS-CoV-2 infection, COVID-19 hospitalization, and severe COVID-19) as IVs, and we carried out a two-sample MR analysis using genome-wide association study (GWAS) summary statistics to explore the causal effect of COVID-19 severity on OP.



2. Methods


2.1. Definitions

SARS-CoV-2 infection was defined as laboratory-confirmed infection with SARS-CoV-2 with or without symptoms. COVID-19 hospitalization was defined as first hospital admission between 7 days before and 15 days after the first COVID-19 positive date. Severe COVID-19 was defined as dyspnea, respiratory rate ≤ 30/min, SpO2 ≤ 93%, PaO2/FiO2 < 300 mmHg, or more than 50% infiltration of the lung fields (14). Osteoporosis was defined as a BMD T-score ≤ −2.5 at any anatomical site (15).



2.2. Study design

In this study, we performed a two-sample MR analysis to examine the causal effects of COVID-19 severity (SARS-CoV-2 infection, COVID-19 hospitalization, and severe COVID-19) on OP using GWAS summary statistics, and we tested the reliability of the results (Figure 2).
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FIGURE 2
 Flow chart of the MR study design. A two-sample MR analysis was performed to examine the causal effects of COVID-19 severity (severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, COVID-19 hospitalization, and severe COVID-19) on OP using GWAS summary statistics, and the reliability of the results was tested. LD, linkage disequilibrium; IVW, inverse variance weighted; MR-PRESSO, Mendelian randomization pleiotropy residual sum and outlier; GWAS, genome wide association study.




2.3. Data source

In this two-sample MR study, the exposures were SARS-CoV-2 infection (cases:controls = 38,984:1,644,784), COVID-19 hospitalization (cases:controls = 9,986:1,877,672) and severe COVID-19 (cases:control = 5,101:1,383,241), and the outcome was OP (cases:controls = 7,547: 455,386). GWAS summary statistics of exposure were obtained from the COVID-19 Host Genetic Initiative (HGI) (Round 5) (16). Summary statistics of OP were extracted from a GWAS conducted in UK Biobank1 participants. Detailed information about the aggregated GWAS results is shown in Table 1.



TABLE 1 Detailed information about the aggregated GWAS results.
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2.4. Selection of the genetic instruments

To filter eligible genetic IVs that fulfilled the three core MR assumptions, we performed a set of quality control techniques. Independent SNPs associated with genome-wide exposure (p < 5 × 10−8) were selected as instrumental SNPs according to the three assumptions of MR analysis, and parameters (R2 < 0.001 and kb = 10,000) were set to exclude SNPs with strong linkage disequilibrium (LD) (17). To verify that the selected IVs satisfied the independence assumptions, a study was conducted by PhenoScanner2 to check whether the remaining SNPs were associated with other phenotypes. An MR pleiotropy residual sum and outlier (MR-PRESSO) test was performed to detect and remove outlier instruments (18).



2.5. Statistical analysis


2.5.1. Weak IV test

The hypothesis of association was further tested by calculating the F-statistic to assess the presence of weak IV bias in the selected IVs (19).



2.5.2. MR analyses and power calculations

The main statistical approach used to evaluate the relationship between COVID-19 severity and OP was the inverse variance weighted (IVW) method. This method is commonly used in MR studies and is known for providing robust causal estimates, even in the absence of directional pleiotropy (20). A p value below 2.78E−03 (0.05/18) after Bonferroni correction was considered statistically significant. In addition, other methods were used to complement the MR results, including the MR–Egger regression method, the weighted median method, the simple mode method and the weighted mode method. The power calculations were carried out utilizing the online tool available at https://shiny.cnsgenomics.com/mRnd/ (21).



2.5.3. Evaluation of reliability

The MR-Egger intercept test and MR-PRESSO global test were used to detect the presence of horizontal pleiotropy (22). Cochran’s Q statistics were used to reflect the presence of the heterogeneity of instruments. A sensitivity analysis of the results was performed separately using the leave-one-out method.



2.5.4. Software and pre-registration

All analyses were carried out using the “TwoSampleMR” (23) and “MRPRESSO” packages in R version 4.0.3. Since the study was based on existing publications and public databases, and therefore did not require additional ethical approval or consent.





3. Results


3.1. Results of SNPs and the weak IV test

Finally, 7 SNPs for SARS-CoV-2 infection-OP, 5 SNPs for COVID-19 hospitalization-OP, and 7 SNPs (A missing SNP was deleted) for severe COVID-19-OP were used as the IVs, and the F values were 4,560.3626, 28,378.09481 and 40,410.013, respectively (Tables 2–4). Weak IVs are less likely to occur when F > 10 (19), so the results of the MR analysis were not likely to be affected by weak IV bias.



TABLE 2 Summary genetic instruments between SARS-CoV-2 infection and OP.
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TABLE 3 Summary genetic instruments between COVID-19 hospitalization and OP.
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TABLE 4 Summary genetic instruments between severe COVID-19 and OP.
[image: Table4]



3.2. Results of the two-sample MR analyses

The MR estimates of different methods are presented in Table 5 and Figure 3. Overall, there were no causal associations between COVID-19 severity (SARS-CoV-2 infection, COVID-19 hospitalization, and severe COVID-19) and OP. The primary results of the IVW analysis showed that COVID-19 severity was not statistically related to OP (SARS-CoV-2 infection: OR (95% CI) = 0.998 (0.995 ~ 1.001), p = 0.201403; COVID-19 hospitalization: OR (95% CI) =1.001 (0.999 ~ 1.003), p = 0.504735; severe COVID-19: OR (95% CI) = 1.000 (0.998 ~ 1.001), p = 0.965383). In addition, the MR–Egger regression, weighted median, simple mode and weighted mode methods showed consistent results.



TABLE 5 Results of the two-sample MR analyses.
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FIGURE 3
 Scatter plot and forest plot of the causal relationships between COVID-19 severity and OP using different MR methods. (A) Scatter plot of the causal relationships between SARS-CoV-2 infection and OP; (B) Forest plot of the causal relationships between SARS-CoV-2 infection and OP; (C) Scatter plot of the causal relationships between COVID-19 hospitalization and OP; (D) Forest plot of the causal relationships between COVID-19 hospitalization and OP; (E) Scatter plot of the causal relationships between severe COVID-19 and OP; (F) Forest plot of the causal relationships between severe COVID-19 and OP. The slope of each line corresponds to the causal estimates for each method. The individual SNP effect on the outcome (point and vertical line) against its effect on the exposure (point and horizontal line) was delineated in the background. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; COVID-19, coronavirus disease 2019; MR, Mendelian randomization; OP, osteoporosis; SNP, single nucleotide polymorphism.




3.3. Evaluation of reliability

As shown in Table 6, the results of the MR-Egger intercept, Cochran’s Q heterogeneity, and MR-PRESSO global tests were all statistically nonsignificant, indicating that the MR analysis results were reliable. The results of the leave-one-out method showed that after gradually removing each SNP, the results with remaining SNPs were similar to the original results, with a p value>0.05 (Figures 4A,C,E), and the funnel plots appeared generally symmetrical (Figures 4B,D,F), indicating that no SNPs with a strong influence on the results were found in the IVs.



TABLE 6 Reliability test of MR analysis results.
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FIGURE 4
 Results of leave-one-out method sensitivity analysis and funnel plots. (A) Leave-one-out sensitivity analysis for the effect of SARS-CoV-2 infection on OP; (B) Funnel plot for the effect of SARS-CoV-2 infection on OP analysis; (C) Leave-one-out sensitivity analysis for the effect of COVID-19 hospitalization on OP; (D) Funnel plot for the effect of COVID-19 hospitalization on OP analysis; (E) Leave-one-out sensitivity analysis for the effect of severe COVID-19 on OP; (F) Funnel plot for the effect of severe COVID-19 on OP analysis. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; COVID-19, coronavirus disease 2019; OP, osteoporosis.





4. Discussion

There is a lack of large prospective cohort studies or RCTs to evaluate the effect of COVID-19 on OP. Furthermore, existing studies may have biased conclusions due to the possibility of confounders. To minimize the impact of confounders on the association between COVID-19 and OP, we used SNPs strongly associated with COVID-19 severity (SARS-CoV-2 infection, COVID-19 hospitalization, and severe COVID-19) as IVs and carried out a two-sample MR analysis using GWAS summary statistics, and we obtained more reliable results. Because genetic variants are formed in utero and remain with the person throughout life, exposure differences throughout life exist between genetic subgroups, and because an exposure precedes an outcome, thus being temporally sequential, reverse causality is less likely. Additionally, the examination of each SNP as an IV revealed that it was associated with the exposure factor COVID-19 but not with other phenotypes, and it is unlikely that it would affect the outcome through other genetic pathways. Identifying the causal relationship between COVID-19 and OP is important for the prevention, diagnosis and treatment of OP. To our knowledge, this is the first two-sample MR study to explore the causal effect of COVID-19 severity on OP.

There could be various factors that potentially explain the link between COVID-19 and OP. Current research suggests that SARS-CoV-2 may affect bone homeostasis by directly or indirectly affecting osteoblasts and osteoclasts, leading to bone loss. The effects of SARS-CoV-2 on humans have been found to be attributable to its binding to the angiotensin-converting enzyme 2 receptor (ACE2) (24). SARS-CoV-2 downregulates ACE2 expression and enhances angiotensin II (Ang II) levels upon the infection of target cells (25). Shimizu et al. demonstrated that Ang II significantly induced the expression of receptor activator of NF-kappaB ligand (RANKL) in osteoblasts, leading to the activation of osteoclasts (26). A cytokine storm might be another important cause of abnormal bone metabolism. Upon SARS-CoV-2 infection, innate immune cells such as macrophages and neutrophils are immediately activated, leading to a limitation of infection. This activation triggers downstream activation of the persistent adaptive immune system, resulting in the production of neutralizing antibodies and T-cell responses against the virus. However, when inflammation serves its purpose and is not resolved, it leads to dysregulated hyperinflammation, a cytokine storm, and the suppression of the adaptive immune system, which further escalates tissue damage and organ failure. A cytokine storm is characterized by the uncontrolled production of multiple inflammatory cytokines, including IL-6, IL-7, IL-2, IL-17, TNF-α, as well as monocyte chemoattractant protein (MCP)-1 and macrophage inhibitory protein (MIP)-1α (27, 28). Qiao et al. demonstrated that bone loss is associated with SARS-CoV-2-induced cytokine dysregulation, as circulating proinflammatory cytokines not only upregulate osteoclastic differentiation in bone tissues but also trigger an amplified proinflammatory cascade in skeletal tissues to augment their pro-osteoclastogenesis effect (29). It has been suggested that hypoxia and oxidative stress may play a role in the development of osteoporosis in COVID-19 patients (30). Severe COVID-19-induced hypoxemia can trigger the excessive production of reactive oxygen species (ROS), which disrupts the balance of redox homeostasis (31). This disruption has been found to induce apoptosis of osteoblasts and osteoclasts, and to regulate the expression of RANKL/osteoprotegerin (OPG), leading to the generation of osteoclasts and ultimately bone loss (32). Glucocorticoids are beneficial in the treatment of acute respiratory distress syndrome (ARDS) by reducing inflammation and improving the function of the lungs and extrapulmonary organs and are therefore widely used in patients with COVID-19 in most parts of the world (33). However, it is considered to be a double-edged sword in the treatment of patients with COVID-19. Glucocorticoids affect bone homeostasis by inhibiting osteoblast osteogenesis and promoting osteoclast resorption, leading to bone loss, and have been found to be the cause of medically induced OP, commonly known as glucocorticoid-induced osteoporosis (GIOP) (34). Therefore, there is a link and interaction among COVID-19, glucocorticoids and osteoporosis that deserves the attention of clinicians and researchers. Another possible reason is that with the COVID-19 pandemic, many countries implemented an unprecedented array of measures to mitigate the spread of the virus, including mass social isolation, travel bans, restrictions on public gatherings, and national lockdowns (35). While these social distancing strategies were necessary from a public health perspective, they presented challenges in the management of many chronic diseases. A study found that physical activity decreased significantly during the COVID-19 pandemic (36), which undoubtedly had an impact on the onset or progression of OP.

In contrast, there was no evidence observed in our two-sample MR analysis to support the association of genetically predicted OP with COVID-19 severity in individuals of European descent based on the results. Therefore, it is suggested that COVID-19 patients may not require special preventive or treatment measures for osteoporosis. However, we cannot exclude the possibility that we failed to detect the association due to the limitation of this study. First, this study used a population sample of European origin and lacked data from other ethnic groups, so the extrapolation of the results is limited, and data from other ethnic groups are needed for analysis and comparison to make the results more reliable. Second, this study used summary GWAS data and was unable to assess the nonlinear relationship between exposure and outcome, and because of the lack of individual data, it was not possible to stratify the analysis by sex, age, or the site of OP. In addition, there were too few SNPs as IVs in this study, which might have some influence on the results, especially for R2 and MR power. If a larger sample could be obtained and more SNPs could be extracted, the reliability of the results could be further verified. Furthermore, the severity of COVID-19 is likely to be impacted by a myriad of factors, including the healthcare infrastructure, social contact patterns, environmental conditions, and viral strain mutations, among others. It is important to note that these factors can interact with one another, making it challenging to isolate their individual impacts on the severity of COVID-19. Additionally, these factors are complex and challenging to explain through MR Analysis.



5. Conclusion

In summary, the results of the MR analysis provide preliminary evidence that a genetic causal link between the severity of COVID-19 and OP may be absent. Therefore, it is suggested that COVID-19 patients may not require special preventive or treatment measures for osteoporosis. However, the contribution of other factors cannot be dismissed. To corroborate the study’s conclusions, additional MR analyses incorporating more extensive GWAS summary data and a larger set of genetic instruments, coupled with sizable prospective cohort studies or RCTs, are indispensable.
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