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A B S T R A C T

Objectives: Osteoblast is known to regulate hematopoiesis according to preclinical studies but the causal rela
tionship in human remains uncertain. We aimed to evaluate causal relationships of bone mineral density (BMD) 
with blood cell traits using genetic data.
Methods: Summary statistics from the largest available genome-wide association study were retrieved for total 
body BMD (TBBMD), lumbar spine BMD (LSBMD), femoral neck BMD (FNBMD) and 29 blood cell traits including 
red blood cell, white blood cell and platelet-related traits. Using two-sample Mendelian randomization (MR) 
approach, inverse-variance weighted method was adopted as main univariable MR analysis. Multivariable MR 
(MVMR) analysis was conducted to evaluate whether the casual effect is independent of confounders.
Results: BMD was positively associated with reticulocyte-related traits, including high light scatter reticulocyte 
count and percentage, immature reticulocyte fraction, reticulocyte count and percentage, with causal effect 
estimate (beta) ranging from 0.023 to 0.064. Conversely, inverse association of BMD with hematocrit, hemo
globin, and red blood cell count was observed, with beta ranging from − 0.038 to − 0.019. The association 
remained significant in MVMR analysis after adjustment for confounders. For white blood cells, BMD was 
inversely associated with neutrophil count (beta: 0.029 to − 0.019) and white blood cell count (beta: 0.024 to 
− 0.02). Results across TBBMD, LSBMD, and FNBMD were consistent.
Conclusions: This study suggested bone metabolism had a causal effect on hematopoietic system in humans. Its 
causal effect on red blood cell traits was independent of confounders. Further studies on how improving bone 
health can reduce risk of hematological disorders are warranted.

1. Introduction

Bone has been recognized as an organ affecting hematopoiesis and 
immune system [1,2]. The cross-talk between bone, immune system, 
and hematopoiesis was coined osteoimmunology [3], which primarily 
involves the studies of the interaction of bone and immune system. 
Indeed, bone has also been shown to affect non-immune blood cells, 
such as erythrocyte. For example, osteoblast regulates erythropoiesis via 
erythropoietin production [4]. However, most, if not all, of these studies 
were conducted using in vitro and in vivo models. Although there were 

human observational studies investigating the cross-sectional relation
ship between bone mineral density (BMD) and blood cells [5–9], 
inconsistent results were observed, and no causality can be inferred due 
to its cross-sectional nature. Thus, whether bone could affect blood cells 
in humans remains largely unknown.

Mendelian randomization (MR) is now considered one of the ap
proaches for inferring exposure-outcome causal relationship. MR study 
design, if conducted appropriately, should be free from confounding and 
reverse causation. Genetic variation was used as instrumental variable 
that could exert a life-long effect. This is particularly useful to infer 
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genetic causal relationship between traits (eg, BMD and blood cells), 
when their causality is difficult or impossible to be inferred using con
ventional epidemiological studies. In this study, we aimed to evaluate 
the genetic causality of BMD on blood cells using a MR approach.

2. Methods

A two-sample MR study design was purposed for evaluating causal 
relationship of BMD with different blood cells. The assumptions and 
study design were illustrated in Fig. 1. Gene-exposure and gene-outcome 
statistics were retrieved from published genome-wide association study 
(GWAS)/GWAS meta-analysis of predominantly European ancestry. 
Dual-energy X-ray absorptiometry (DXA) derived BMD at lumbar spine 
(LSBMD) (N = 32961; ~70% European) [10], femoral neck (FNBMD) 
(N = 32961; ~70% European) [10] and total body (TBBMD) (N =
56284; ~86% European) [11] were used as the exposures in the MR 
analysis.

The outcome of interest were 29 blood traits, including 6 immature 
red blood cell (RBC) traits, 8 mature RBC traits, 11 white blood cell 
traits, and 4 platelet traits. Summary statistics of the genetic association 
for the blood traits were retrieved from the published GWAS comprising 
408,112 participants from the UK Biobank [12].

2.1. Genetic instruments

From the GWAS meta-analysis of LSBMD/FNBMD comprising 17 
cohorts, 96 single nucleotide polymorphisms (SNPs) were genome-wide 
significant (P-value < 5 × 10− 8) in the discovery dataset using linear 
mixed-effect model [10]. Among the 64 SNPs that remained 
genome-wide significant in the meta-analysis of discovery and replica
tion cohorts, the SNPs were considered independent if they were sepa
rated by at least 1 Mb from the top SNPs [10]. A total of 48 and 49 
independent genome-wide SNPs were selected as the instruments for 
LSBMD and FNBMD, respectively [10]. For TBBMD, genome-wide 
complex trait analysis (GCTA) was used to perform conditional anal
ysis after meta-analyzing the European cohorts [11]. A total of 81 in
dependent genome-wide SNPs were identified [11] and they were 
selected as the instruments for TBBMD. All the data sources were 
retrieved from published studies. Participants’ consent and ethic 
approval were available from original studies.

The instruments were matched with the GWAS summary statistics of 
the 29 blood cell traits [12] and confounders (for multivariable MR 
analysis). Palindromic instruments with minor allele frequency > 0.3 or 
instruments being unavailable from the GWAS of blood cell traits were 
replaced with proxies identified from the European population of the 

1000 Genomes Project. Only proxies with high linkage disequilibrium 
with the original instruments (r2 ≥ 0.8) and showed genome-wide sig
nificant association with the exposure were chosen for the analysis.

2.2. Power calculation

For each analysis, proportion of variance (R2) explained by in
struments on the exposure was estimated by the effect estimate (beta) 
and allele frequency of instruments. Causal estimate on blood traits 
required to achieve 80% statistical power and F-statistics evaluating 
strength of genetic instruments were computed using the online calcu
lators [13,14].

2.3. MR statistical analysis

Radial regression was performed before the statistical analysis for 
detection of influential data points in inverse-variance weighted (IVW) 
method [15]. After removing the influential instruments, the IVW 
method was conducted as the main analysis. The IVW method assumed 
that all instruments were valid [16]. Cochran’s Q statistics was 
computed to evaluate heterogeneity of instruments [15]. For traits with 
heterogeneous instruments, the causal estimates were calculated using 
the random-effect model. Weighted median (WM), MR-Egger and 
contamination mixture methods were performed as sensitivity analyses. 
WM method provided a consistent measure if more than 50% of in
struments were valid [17]. MR-Egger method provided a less biased 
estimate even in the presence of pleiotropy, yet the power of this method 
is considerably low [17,18]. Its regression intercept was used to estimate 
the mean pleiotropic effect [18]. Contamination mixture method eval
uated the causal effect with the lowest mean square error compared to 
other methods, even in the presence of invalid instruments [19]. Mul
tiple testing correction for the casual relationships between each bone 
site and the 29 blood cell traits was performed on the main analysis 
results using false discovery rate (FDR) q-value [20]. A causal rela
tionship would be considered significant only if the significant associa
tion was observed in the IVW, weighted median and contamination 
mixture methods, while insignificant P-value was observed in the 
MR-Egger intercept test [21]. The insignificance of MR-Egger intercept 
test indicated the absence of horizontal pleiotropy. Results were pre
sented as changes in blood cell traits in standard deviation (SD) per SD 
increase in BMD at different sites.

Fig. 1. Assumptions in MR analysis and study design.
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2.4. Sensitivity analysis by excluding SNPs associated with potential 
confounders

Potential confounders between exposure and outcome might bias the 
causal effect estimate. Risk factors for osteoporosis, including low body 
mass index (BMI) and renal disease, were also associated with blood 
cells [22]. Besides, the correlation between blood cell traits might also 
bias the association with BMD. To address the independence assumption 
of the MR study design (Fig. 1), analyses with significant associations 
between BMD and blood traits were repeated by excluding instruments 
that were genome-wide significant (P-value < 5 × 10− 8) with potential 
confounders (including obesity, renal-related markers and blood cell 
traits) identified by PhenoScanner [23].

2.5. Multivariable MR (MVMR)

To further explore the independent causal effects of BMD on blood 
traits, a MVMR analysis was performed to evaluate the direct effect of 
risk factor on the outcome. MVMR was conducted by adjusting for the 
beta estimate of each confounding variable separately. BMI, phosphate 
and calcium were known for their correlations with bone metabolism 
[24–26]. BMI is a known predictor for BMD while calcium and phos
phate are the main component of bone. These factors might also play a 
role in hematopoiesis [27–29]. Furthermore, chronic kidney disease 
(CKD) patients were reported to have an elevated risk of anaemia [30] 
and fracture [31]. Kidney function is linked to bone metabolism through 
several mechanisms, including the regulation of hormones. On the other 
hand, it is also linked to RBC production by regulating the production of 
erythropoietin. To measure kidney function, estimated glomerular 
filtration rate (eGFR) is one of the parameters used in the diagnosis of 
CKD. BMI, phosphate, calcium, eGFR and CKD were included as con
founding factors in the MVMR analysis, aiming to examine the direct 
effect of exposure on the outcome by keeping these confounding factors 
constant [32]. Summary statistics of the genetic instruments were 
extracted from the respective GWAS of phosphate [33], calcium [33], 
BMI [34], eGFR [35] and CKD [35]. Several MVMR methods were 
applied in this study, such as MVMR-IVW, median-based method 
(MVMR-Median) and MVMR-Egger, which were developed based on 
IVW, WM and MR-Egger in the univariable MR analysis, respectively 
[36]. Multivariable MR-Egger intercept test could also help detect re
sidual pleiotropic effect [36].

Multiple testing with FDR was applied for the main analysis. A two- 
sided q-value < 0.05 was considered statistically significant. For the 
remaining analysis, a two-sided P-value < 0.05 was considered statis
tically significant. All statistical analysis was conducted using R (version 
4.1.3). The packages “MendelianRandomization” and “RadialMR” were 
employed for MR analysis and Radial regression, respectively.

3. Results

Variance explained by instruments ranged from 7% to 9% for 
TBBMD (Table S1), 4% to 5% for LSBMD (Table S2) and 3% to 4% for 
FNBMD (Table S3), respectively. Random-effect model was applied in 
the IVW analyses as heterogeneous instruments were discovered from 
Cochran’s Q test statistics (Tables S1–S3).

For RBC traits, TBBMD, LSBMD and FNBMD were positively associ
ated with five immature RBC traits (q-value < 0.05), including high light 
scatter reticulocyte count [IVW beta for TBBMD (95% CI): 0.042 (0.024 
to 0.06); LSBMD: 0.044 (0.02 to 0.067); FNBMD: 0.062 (0.037 to 
0.088)], high light scatter reticulocyte percentage [TBBMD: 0.044 
(0.027 to 0.062); LSBMD: 0.046 (0.021 to 0.07); FNBMD: 0.064 (0.036 
to 0.092)], immature reticulocyte fraction [TBBMD: 0.038 (0.02 to 
0.055); LSBMD: 0.052 (0.028 to 0.076); FNBMD: 0.048 (0.021 to 
0.075)], reticulocyte count [TBBMD: 0.023 (0.005 to 0.041); LSBMD: 
0.033 (0.013 to 0.052); FNBMD: 0.045 (0.019 to0.071)] and reticulo
cyte percentage [TBBMD: 0.038 (0.022 to 0.055); LSBMD: 0.04 (0.021 

to 0.059); FNBMD: 0.053 (0.025 to 0.08)], respectively (Fig. 2 & 
Tables S4–S6). Consistent results were observed with weighted median 
and contamination mixture methods (P-value < 0.05). Conversely, BMD 
was inversely associated (q-value < 0.05 for the IVW method and P- 
value < 0.05 for both weighted median and contamination mixture 
methods) with three of the mature RBC traits including hematocrit 
[TBBMD: 0.027 (− 0.042 to − 0.011); LSBMD: 0.035 (− 0.057 to − 0.013); 
FNBMD: 0.037 (− 0.064 to − 0.011)], hemoglobin [TBBMD: 0.019 
(− 0.035 to − 0.002); LSBMD: 0.033 (− 0.054 to − 0.011); FNBMD: 0.028 
(− 0.053 to − 0.004)] and RBC count [TBBMD: 0.03 (− 0.046 to − 0.014); 
LSBMD: 0.034 (− 0.055 to − 0.013); FNBMD: 0.038 (− 0.066 to − 0.01)] 
(Fig. 3 & Tables S4–S6).

For white blood cell traits, BMD was partially associated with 
neutrophil count [TBBMD: 0.021 (− 0.037 to − 0.006); LSBMD: 0.029 
(− 0.05 to − 0.008); FNBMD: 0.019 (− 0.041 to 0.004)] and white blood 
cell count [TBBMD: 0.021 (− 0.037 to − 0.005); LSBMD: 0.024 (− 0.045 
to − 0.003); FNBMD: 0.02 (− 0.042 to 0.003)] (Tables S4–S6). No evi
dence of association was found with platelet-related traits.

A sensitivity analysis was conducted upon exclusion of instruments 
associated with confounders, and the association of five immature and 
three mature RBC traits remained essentially unchanged (Tables S7–S8).

Since both the main analysis and sensitivity analysis revealed a sig
nificant causal relationship for BMD with RBC traits using univariable 
MR approach, a MVMR analysis was conducted to determine whether 
the results were affected by further adjustment for the beta estimates of 
the confounding factors. In the MVMR analysis upon adjustment for 
phosphate (Table S9), calcium (Table S10), BMI (Table S11), eGFR 
(Table S12) and CKD (Table S13) separately, the association was com
parable to that in univariable MR analysis. Consistent and significant 
findings (P-value < 0.05) were observed between MVMR-IVW and 
MVMR-Median approaches.

4. Discussion

The present study attempted to investigate the role of bone meta
bolism on hematopoiesis. Genetically determined DXA-derived BMD 
was positively associated with reticulocyte measures but inversely 
associated with erythrocyte-related traits. Consistent and significant 
results across TBBMD, LSBMD, and FNBMD were observed. The results 
were consistently observed from both univariable MR and MVMR ana
lyses. For the immune cell, BMD was inversely associated with the 
neutrophil and white blood cell counts. We also examined the causal 
relationship between BMD and other immune cells, but no significant 
association was observed. And there was insufficient evidence to prove 
the causation of BMD on platelet.

Our study suggested that BMD was positively associated with 
immature RBC traits but inversely associated with mature RBC traits. 
Reticulocytes are the transitional cells from erythroblasts to mature 
erythrocyte [37], while elevated reticulocyte is a sign of anaemia for 
clinical diagnosis [38]. In addition, osteopetrosis, a disease charac
terised by defective osteoclast and intensified BMD, can lead to anaemia 
and pancytopenia [39,40]. However, a previous observational study 
showed that high BMD loss was associated with an increased risk of 
anaemia [7]. This is contradictory to our findings. Notably, that study 
[7] showed a null association of BMD with the risk of anaemia. Thus, the 
high BMD loss could indeed represent a general health deterioration, 
instead of reflecting bone health or bone metabolism alone. Neverthe
less, our findings, together with the clinical observation in the rare bone 
disease, suggest that higher bone mass may be causally associated with 
increased risk of anaemia.

On the other hand, bone marrow is also a storage for iron. Iron 
deficiency is a typical cause for anaemia. Bone metabolism was known 
for its interaction with iron homeostasis. For example, iron homeostasis 
is known to regulate bone metabolism [41]; while osteocyte regulates 
hepcidin secretion and iron homeostasis through fibroblast growth 
factor 23 production and cleavage [42]. In humans, a recent Korean 
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study demonstrated that BMD was positively associated with total 
iron-binding capacity (TIBC) but inversely associated with serum iron 
level among postmenopausal women [43]. Elevated TIBC and reduced 
serum iron may indicate iron-deficiency anaemia in clinical practice. 
Results from the Korean study was in line with our observation that bone 
metabolism might be inversely linked with RBC production through 
interacting with iron homeostasis.

Although our observed relationship between BMD and RBC traits 
were consistent in the univariable MR analysis, there could be some 
unmeasured confounding factors that might affect the result. Bone ma
trix is mainly constituted by hydroxyapatite, a calcium phosphate 
compound. Not only do calcium and phosphate serve as a component of 
bone matrix, but they also regulate production of osteogenic cell and 
interfere production rate of bone matrix. In addition, they can also play a 
role in hematopoiesis. For example, phosphate can freely diffuse in bone 
marrow and regulate maintenance of hematopoietic stem cell [27]. 
Besides, elevated calcium concentration may enhance bone marrow 
hematopoiesis by creating unique stem cell-niche interaction [28]. 
Therefore, the causal relationship of BMD with blood cell traits could be 
confounded by the correlation with calcium and phosphate. Neverthe
less, the association remained statistically significant in MVMR analysis 
(Tables S9–S10), demonstrating that there was an independent causal 
effect of BMD on the RBC traits.

Moreover, BMI is a marker for obesity, which is also known as a 
predictor for BMD. Increase in weight-related mechanical stress would 

increase osteoblast differentiation and hence improving bone density 
[44]. Obesity might also broadly affect hematopoiesis. For instance, 
obesity-related inflammation would elevate hepcidin concentration and 
limit the expression of duodenal ferroportin, reducing duodenal iron 
absorption and affecting erythroid lineage [29]. Nevertheless, the 
conclusion was essentially unchanged after adjusting for BMI in MVMR 
analysis, providing evidence that BMD could have an independent effect 
on the RBC traits (Table S11).

The kidneys play a crucial role in regulating both bone metabolism 
and blood cell production. The kidneys affect with bone metabolism 
through its regulation of bone-related hormones such as calcitriol and 
parathyroid hormone [45]. On the other hand, the kidney is responsible 
for the production of erythropoietin, which stimulates RBC production, 
in adults. Therefore, the association between BMD and RBC could be 
potentially confounded by renal function. Nevertheless, with the 
adjustment on eGFR (Table S12) and CKD (Table S13) in MVMR anal
ysis, the results suggested that bone might have an independent effect on 
hematopoiesis.

There was evidence for the causal relationship of BMD with white 
blood cells. In the present study, genetically determined TBBMD and 
LSBMD were inversely associated with neutrophil and white blood cell 
count. Insignificant associations for FNBMD might be due to the lower 
statistical power (Table S3). Our findings aligned with an observational 
study [7] showing that lower BMD was associated with an increased risk 
of high neutrophil count. We previously showed that reduced FNBMD 

Fig. 2. Forest plot for MR IVW analysis of BMD at different sites on immature RBC traits with significant association.

Fig. 3. Forest plot for MR IVW analysis of BMD at different sites on mature RBC traits with significant association.
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was associated with infection and sepsis [46]. These findings suggested 
that bone metabolism also plays a role in immunity. However, given that 
neutrophil production increases during infection, the clinical signifi
cance of the change in neutrophil count within the normal range is 
unclear.

The intricate relationship between bone metabolism and hemato
poiesis is well-documented. Numerous proteins associated with bone 
metabolism also play pivotal roles in hematopoiesis. For example, the 
chemokine C-X-C motif chemokine 12 (CXCL12), regulated by bone 
metabolism, is highly expressed in the bone marrow niche. This che
mokine is essential for maintaining hematopoietic stem and progenitor 
cells within the bone marrow niche [47] and also regulates the differ
entiation of various immune cells [48]. Besides, Insulin-like Growth 
Factor 1 (IGF-1), which is stored in and secreted by osteoblast, was 
found to positively influence the erythropoiesis [49]. These biological 
interactions suggest a potential causal link between bone metabolism 
and hematopoiesis in humans. However, the clinical significance of this 
association remains to be determined. Therefore, further studies utiliz
ing real-world data are warranted to elucidate this complex relationship.

The current study sheds light on the role of bone metabolism on 
hematopoiesis. This study also has important clinical implication. Bone 
biomarkers may provide valuable information for predicting or moni
toring hematological disorders, such as anaemia, which is associated 
with poor functional outcomes and higher mortality in the older popu
lation. Current study may also provide insight for understanding the 
complex interaction between bone and blood cells that may help 
developing new therapy for bone and hematological disorders.

The strength of this study lies in the genetically determined causal 
effect of bone metabolism with hematopoiesis estimated by the MR 
analysis. A two-sample MR analysis with a non-overlapping population 
and adequately high F-statistics suggested that results were less likely to 
be influenced by weak instrumental bias. Moreover, consistent findings 
across TBBMD, LSBMD and FNBMD could suggest the causal effect of 
bone metabolism on hematopoiesis was likely to be true. Furthermore, 
coherent findings between univariable MR and MVMR analyses might 
advocate the effects of bone metabolism, independent of BMI, circu
lating calcium and phosphate levels and renal function on blood traits. 
Nevertheless, there are limitations. First, biases in the MR analysis could 
not be excluded completely. Although the insignificant MR-Egger 
intercept test suggested that horizontal pleiotropy was unlikely, there 
could still be a possibility of a potential pleiotropic effect with unmea
sured phenotypes. Unmeasured phenotypes may include proteins that 
are regulated by bone metabolism, and their unexamined roles in he
matopoiesis necessitate additional investigation. Second, unmeasured 
confounders typically lead to biased results in epidemiological studies. 
Yet, we did a sensitivity analysis by excluding instruments associated 
with potential confounders. The robust results suggested that the inde
pendence assumption of the MR setting was likely to be valid against 
unmeasured confounding. Third, predominant European population 
genetic data were utilized for the MR analysis. The generalizability of 
the findings on other populations is unclear. Fourth, although we 
adjusted for circulating calcium and phosphate levels in the MVMR 
analysis, the local concentration of calcium and phosphate in the bone 
environment could play a role. However, no such data is available in 
human. Fifth, the current two-sample MR approach assumes the causal 
effect is linear in nature. Nevertheless, we were unable to evaluate the 
non-linear relationship between bone and blood traits due to the lack of 
individual data. Further study evaluating the non-linear relationship 
between BMD and blood cells is warranted. Lastly, whether the causal 
effect observed from genetic evidence could be translated into clinical 
practice remains uncertain. Therefore, a further analysis of real-world 
cohorts and studies in other population is warranted.

5. Conclusions

This study showed that bone metabolism played an important role in 

hematopoiesis in humans. The causal effect of bone metabolism on RBC 
production was independent of confounding factors. Further study to 
examine whether improving bone health can reduce risk of hemato
logical disorders is warranted.

Credit author statement

Shun-Cheong Ho: Methodology, Formal analysis, Writing - Original 
Draft, Visualization. Gloria Hoi-Yee Li: Methodology, Writing - Review 
& Editing. Anskar Yu-Hung Leung: Writing - Review and Editing. 
Kathryn Choon-Beng Tan: Writing - Review and Editing. Ching-Lung 
Cheung: Conceptualization, Methodology, Writing - Review & Editing, 
Supervision, Project administration.

Conflicts of interest

The authors declare no competing interests.

Data availability

Summary statistics of genetic instruments can be obtained from the 
websites listed on the referenced GWAS or GWAS meta-analysis.

Acknowledgments

ORCID Shun-Cheong Ho: 0000-0001-5528-8775. Gloria Hoi-Yee Li: 
0000-0003-0275-2356. Anskar Yu-Hung Leung: 0000-0001-9975-8687. 
Kathryn Choon-Beng Tan: 0000-0001-9037-0416. Ching-Lung Cheung: 
0000-0002-6233-9144.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.afos.2024.10.001.

References

[1] Visnjic D, Kalajzic Z, Rowe DW, Katavic V, Lorenzo J, Aguila HL. Hematopoiesis is 
severely altered in mice with an induced osteoblast deficiency. Blood 2004;103: 
3258–64.

[2] Calvi LM, Adams GB, Weibrecht KW, Weber JM, Olson DP, Knight MC, et al. 
Osteoblastic cells regulate the haematopoietic stem cell niche. Nature 2003;425: 
841–6.

[3] Tsukasaki M, Takayanagi H. Osteoimmunology: evolving concepts in bone-immune 
interactions in health and disease. Nat Rev Immunol 2019;19:626–42.

[4] Rankin EB, Wu C, Khatri R, Wilson TLS, Andersen R, Araldi E, et al. The HIF 
signaling pathway in osteoblasts directly modulates erythropoiesis through the 
production of EPO. Cell 2012;149:63–74.

[5] Kim HL, Cho HY, Park IY, Choi JM, Kim M, Jang HJ, et al. The positive association 
between peripheral blood cell counts and bone mineral density in postmenopausal 
women. Yonsei Med J 2011;52:739–45.

[6] Polineni S, Resulaj M, Faje AT, Meenaghan E, Bredella MA, Bouxsein M, et al. Red 
and white blood cell counts are associated with bone marrow adipose tissue, bone 
mineral density, and bone microarchitecture in premenopausal women. J Bone 
Miner Res 2020;35:1031–9.

[7] Valderrabano RJ, Lui LY, Lee J, Cummings SR, Orwoll ES, Hoffman AR, et al. Bone 
density loss is associated with blood cell counts. J Bone Miner Res 2017;32:212–20.

[8] Kim HS, Park HM, Lee HS, Lee YJ. Hemoglobin levels and low bone mineral density 
in non-anemic older adults: secondary analysis of the Korean National Health and 
Nutrition Examination Survey. Exp Gerontol 2019;126:110706.

[9] Valderrabano RJ, Buzkova P, Chang PY, Zakai NA, Fink HA, Robbins JA, et al. 
Association of bone mineral density with hemoglobin and change in hemoglobin 
among older men and women: the Cardiovascular Health Study. Bone 2019;120: 
321–6.

[10] Estrada K, Styrkarsdottir U, Evangelou E, Hsu YH, Duncan EL, Ntzani EE, et al. 
Genome-wide meta-analysis identifies 56 bone mineral density loci and reveals 14 
loci associated with risk of fracture. Nat Genet 2012;44:491–501.

[11] Medina-Gomez C, Kemp JP, Trajanoska K, Luan J, Chesi A, Ahluwalia TS, et al. 
Life-course genome-wide association study meta-analysis of total body BMD and 
assessment of age-specific effects. Am J Hum Genet 2018;102:88–102.

[12] Vuckovic D, Bao EL, Akbari P, Lareau CA, Mousas A, Jiang T, et al. The polygenic 
and monogenic basis of blood traits and diseases. Cell 2020;182:1214–1231 e11.

[13] Burgess S. Sample size and power calculations in Mendelian randomization with a 
single instrumental variable and a binary outcome. Int J Epidemiol 2014;43:922–9.

S.-C. Ho et al.                                                                                                                                                                                                                                   Osteoporosis and Sarcopenia 10 (2024) 151–156 

155 

https://doi.org/10.1016/j.afos.2024.10.001
https://doi.org/10.1016/j.afos.2024.10.001
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref1
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref1
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref1
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref2
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref2
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref2
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref3
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref3
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref4
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref4
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref4
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref5
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref5
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref5
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref6
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref6
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref6
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref6
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref7
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref7
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref8
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref8
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref8
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref9
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref9
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref9
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref9
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref10
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref10
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref10
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref11
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref11
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref11
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref12
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref12
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref13
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref13


[14] Burgess S, Davies NM, Thompson SG. Bias due to participant overlap in two-sample 
Mendelian randomization. Genet Epidemiol 2016;40:597–608.

[15] Bowden J, Spiller W, Del Greco MF, Sheehan N, Thompson J, Minelli C, et al. 
Improving the visualization, interpretation and analysis of two-sample summary 
data Mendelian randomization via the Radial plot and Radial regression. Int J 
Epidemiol 2018;47:2100.

[16] Burgess S, Butterworth A, Thompson SG. Mendelian randomization analysis with 
multiple genetic variants using summarized data. Genet Epidemiol 2013;37: 
658–65.

[17] Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent estimation in 
Mendelian randomization with some invalid instruments using a weighted median 
estimator. Genet Epidemiol 2016;40:304–14.

[18] Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid 
instruments: effect estimation and bias detection through Egger regression. Int J 
Epidemiol 2015;44:512–25.

[19] Burgess S, Foley CN, Allara E, Staley JR, Howson JMM. A robust and efficient 
method for Mendelian randomization with hundreds of genetic variants. Nat 
Commun 2020;11:376.

[20] Storey JD. The positive false discovery rate: a Bayesian interpretation and the q- 
value. Ann Stat 2003;31:2013–35.

[21] Slob EAW, Burgess S. A comparison of robust Mendelian randomization methods 
using summary data. Genet Epidemiol 2020;44:313–29.

[22] Ho SC, Li GHY, Leung AYH, Tan KCB, Cheung CL. Unravelling genetic causality of 
haematopoiesis on bone metabolism in human. Eur J Endocrinol 2022;187: 
765–75.

[23] Kamat MA, Blackshaw JA, Young R, Surendran P, Burgess S, Danesh J, et al. 
PhenoScanner V2: an expanded tool for searching human genotype-phenotype 
associations. Bioinformatics 2019;35:4851–3.

[24] Li GH, Robinson-Cohen C, Sahni S, Au PC, Tan KC, Kung AW, et al. Association of 
genetic variants related to serum calcium levels with reduced bone mineral 
density. J Clin Endocrinol Metab 2020;105:e328–36.

[25] Wagner CA. The basics of phosphate metabolism. Nephrol Dial Transplant 2023; 
38.

[26] Fujii N, Tsukamoto M, Okimoto N, Mori M, Ikejiri Y, Yoshioka T, et al. Differences 
in the effects of BMI on bone microstructure between loaded and unloaded bones 
assessed by HR-pQCT in Japanese postmenopausal women. Osteoporos Sarcopenia 
2021;7:54–62.

[27] Du C, Wang X, Wu Y, Liao W, Xiong J, Zhu Y, et al. Renal Klotho and inorganic 
phosphate are extrinsic factors that antagonistically regulate hematopoietic stem 
cell maintenance. Cell Rep 2022;38:110392.

[28] Adams GB, Scadden DT. The hematopoietic stem cell in its place. Nat Immunol 
2006;7:333–7.

[29] Aigner E, Feldman A, Datz C. Obesity as an emerging risk factor for iron deficiency. 
Nutrients 2014;6:3587–600.

[30] Shiferaw WS, Akalu TY, Aynalem YA. Risk factors for anemia in patients with 
chronic renal failure: a systematic Review and meta-analysis. Ethiop J Health Sci. 
2020;30:829–42.

[31] Pimentel A, Urena-Torres P, Bover J, Luis Fernandez-Martin J, Cohen-Solal M. 
Bone fragility fractures in CKD patients. Calcif Tissue Int 2021;108:539–50.

[32] Burgess S, Thompson SG. Multivariable Mendelian randomization: the use of 
pleiotropic genetic variants to estimate causal effects. Am J Epidemiol 2015;181: 
251–60.

[33] Lyon MS, Andrews SJ, Elsworth B, Gaunt TR, Hemani G, Marcora E. The variant 
call format provides efficient and robust storage of GWAS summary statistics. 
Genome Biol 2021;22:32.

[34] Yengo L, Sidorenko J, Kemper KE, Zheng Z, Wood AR, Weedon MN, et al. Meta- 
analysis of genome-wide association studies for height and body mass index in 
approximately 700000 individuals of European ancestry. Hum Mol Genet 2018;27: 
3641–9.

[35] Wuttke M, Li Y, Li M, Sieber KB, Feitosa MF, Gorski M, et al. A catalog of genetic 
loci associated with kidney function from analyses of a million individuals. Nat 
Genet 2019;51:957–72.

[36] Grant AJ, Burgess S. Pleiotropy robust methods for multivariable Mendelian 
randomization. Stat Med 2021;40:5813–30.

[37] Banfi G. Reticulocytes in sports medicine. Sports Med 2008;38:187–211.
[38] Piva E, Brugnara C, Chiandetti L, Plebani M. Automated reticulocyte counting: 

state of the art and clinical applications in the evaluation of erythropoiesis. Clin 
Chem Lab Med 2010;48:1369–80.

[39] Sreehari S, Naik DR, Eapen M. Osteopetrosis: a rare cause of anemia. Hematol Rep 
2011;3:e1.

[40] Wilson CJ, Vellodi A. Autosomal recessive osteopetrosis: diagnosis, management, 
and outcome. Arch Dis Child 2000;83:449–52.

[41] Ru Q, Li Y, Xie W, Ding Y, Chen L, Xu G, et al. Fighting age-related orthopedic 
diseases: focusing on ferroptosis. Bone Res. 2023;11:12.

[42] Courbon G, Thomas JJ, Martinez-Calle M, Wang X, Spindler J, Von Drasek J, et al. 
Bone-derived C-terminal FGF23 cleaved peptides increase iron availability in acute 
inflammation. Blood 2023;142:106–18.

[43] Kim S, Kim A, Ko H, Moon H, Choi H, Song J. Association between bone mineral 
density and serum iron indices in premenopausal women in South Korea. Korean J 
Fam Med 2020;41:175.

[44] Somemura S, Kumai T, Yatabe K, Sasaki C, Fujiya H, Niki H, et al. Physiologic 
mechanical stress directly induces bone formation by activating glucose 
transporter 1 (glut 1) in osteoblasts, inducing signaling via NAD+-Dependent 
deacetylase (sirtuin 1) and runt-related transcription factor 2 (Runx2). Int J Mol Sci 
2021;22:9070.

[45] Costa AF, dos Reis LM, Ribeiro MC, Moyses RM, Jorgetti V. Effects of calcitriol on 
parathyroid function and on bone remodelling in secondary hyperparathyroidism. 
Nephrol Dial Transplant 2003;18:743–9.

[46] Zhang X, Man KW, Li GHY, Tan KCB, Kung AWC, Cheung CL. Osteoporosis is a 
novel risk factor of infections and sepsis: a cohort study. EClinicalMedicine 2022; 
49:101488.

[47] Janssens R, Struyf S, Proost P. The unique structural and functional features of 
CXCL12. Cell Mol Immunol 2018;15:299–311.

[48] Karin N. The multiple faces of CXCL12 (SDF-1alpha) in the regulation of immunity 
during health and disease. J Leukoc Biol 2010;88:463–73.

[49] Maggio M, De Vita F, Fisichella A, Lauretani F, Ticinesi A, Ceresini G, et al. The role 
of the multiple hormonal dysregulation in the onset of “anemia of aging”: focus on 
testosterone, IGF-1, and thyroid hormones. Int J Endocrinol 2015;2015:292574.

S.-C. Ho et al.                                                                                                                                                                                                                                   Osteoporosis and Sarcopenia 10 (2024) 151–156 

156 

http://refhub.elsevier.com/S2405-5255(24)00118-3/sref14
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref14
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref15
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref15
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref15
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref15
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref16
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref16
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref16
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref17
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref17
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref17
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref18
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref18
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref18
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref19
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref19
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref19
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref20
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref20
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref21
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref21
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref22
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref22
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref22
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref23
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref23
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref23
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref24
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref24
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref24
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref25
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref25
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref26
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref26
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref26
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref26
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref27
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref27
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref27
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref28
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref28
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref29
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref29
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref30
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref30
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref30
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref31
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref31
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref32
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref32
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref32
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref33
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref33
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref33
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref34
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref34
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref34
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref34
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref35
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref35
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref35
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref36
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref36
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref37
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref38
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref38
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref38
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref39
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref39
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref40
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref40
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref41
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref41
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref42
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref42
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref42
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref43
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref43
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref43
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref44
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref44
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref44
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref44
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref44
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref45
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref45
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref45
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref46
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref46
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref46
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref47
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref47
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref48
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref48
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref49
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref49
http://refhub.elsevier.com/S2405-5255(24)00118-3/sref49

	Effects of bone metabolism on hematopoiesis: A Mendelian randomization study
	1 Introduction
	2 Methods
	2.1 Genetic instruments
	2.2 Power calculation
	2.3 MR statistical analysis
	2.4 Sensitivity analysis by excluding SNPs associated with potential confounders
	2.5 Multivariable MR (MVMR)

	3 Results
	4 Discussion
	5 Conclusions
	Credit author statement
	Conflicts of interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


