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Abstract
Observational studies suggest a link between depression and osteoporosis, but these may be subject to confounding and 
reverse causality. In this two-sample Mendelian randomization analysis, we included the large meta-analysis of genome-wide 
association studies for depression among 807,553 individuals (246,363 cases and 561,190 controls) of European descent, 
the large meta-analysis to identify genetic variants associated with femoral neck bone mineral density (FN-BMD), forearm 
BMD (FA-BMD) and lumbar spine BMD (LS-BMD) among 53,236 individuals of European ancestry, and the GWAS sum-
mary data of heel BMD (HE-BMD) and fracture among 426,824 individuals of European ancestry. The results revealed that 
genetic predisposition towards depression showed no causal effect on FA-BMD (beta-estimate: 0.091, 95% confidence interval 
[CI] − 0.088 to 0.269, SE:0.091, P value = 0.320), FN-BMD (beta-estimate: 0.066, 95% CI − 0.016 to 0.148, SE:0.042, 
P value = 0.113), LS-BMD (beta-estimate: 0.074, 95% CI − 0.029 to 0.177, SE:0.052, P value = 0.159), HE-BMD (beta-
estimate: 0.009, 95% CI − 0.043 to 0.061, SE:0.027, P value = 0.727), or fracture (beta-estimate: 0.008, 95% CI − 0.071 to 
0.087, SE:0.041, P value = 0.844). These results were also confirmed by multiple sensitivity analyses. Contrary to the findings 
of observational studies, our results do not reveal a causal role of depression in osteoporosis or fracture.
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Introduction

The United Nations have predicted that the ratio of people 
aged more than 65 years to those aged 15–64 years will 
triple globally by 2100 [1]. Disordered musculoskeletal 
conditions may result in severe pain and physical disability, 
and their prevalence will increase as the ageing of society 
[2]. Among the diseases associated with musculoskeletal 
conditions, osteoporosis is a common, aging-related disease 
characterized by decreased bone mineral density (BMD) and 
increased risk of fracture [3–6]. The treatment of osteopo-
rosis is still a big challenge and growing public health prob-
lem in the world [7–9]. Genome-wide association studies 

(GWASs) has demonstrated that BMD is a highly polygenic 
trait [10–12].

Depression is the leading cause of disability and one in 
six people is estimated to develop depression during their 
lifetime [13]. Depression is a chronic disease that affects 
18% of men and 26% of women [14]. Several meta-analyses 
included cross-sectional or case–control studies to inves-
tigate the association of depression and osteoporosis, and 
found that depression might be a significant risk factor for 
low BMD and fracture, but the results were not consist-
ent [15–18]. However, none of these studies assessed the 
their association in the prospective cohort design, and these 
studies were limited by confounding factors and reverse 
causality.

Genetic epidemiology has emerged as an important 
approach to unravel the determinants of diseases, because 
the inheritance of genetic variants at conception is random 
and cannot be confounded by other risk factors. Mendelian 
randomization (MR) study has become an effective, pow-
erful and efficient method to establish the causal relation-
ships between exposure phenotype and exposure phenotype 
through using the GWAS summary statistics [19, 20]. These 
genetic variants in GWAS summary statistics are randomly 
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allocated before birth and fixed at conception, and thus serve 
as unconfounded proxies for modifiable risk factors, which 
affords an analogy to randomized controlled trials (RCTs) in 
a non-experimental (observational) setting [21, 22].

Two-sample MR analysis greatly increases the scope and 
statistical power of MR using the published summary data 
from GWASs [23, 24]. In this study, we use single nucleo-
tide polymorphisms (SNPs) strongly associated with depres-
sion as instrumental variables. To our knowledge, this is the 
first two sample MR study to explore the causal effect of 
depression on forearm BMD (FA-BMD), femoral neck BMD 
(FN-BMD), lumbar spine BMD (LS-BMD), heel BMD (HE-
BMD) and fracture.

Methods

Data on Depression

A large GWAS meta-analysis of depression involved 
807,553 individuals of European ancestry (246,363 cases 
and 561,190 controls) from the three largest GWASs [13]. 
Depression was defined as a debilitating psychiatric illness 
that was typically associated with low mood and anhedo-
nia. Initially, 102 independent SNPs were identified to have 
robust association with depression at the GWAS threshold of 
statistical significance (P < 5 ×  10–8) after adjusting for sex 
and age (Supplementary Table 1). These SNPs involved both 
genes and gene-pathways associated with synaptic structure 
and neurotransmission.

In one MR study, SNPs were ideally expected to not be 
in linkage disequilibrium (LD), because SNPs in strong LD 
may produce some bias. We performed the clumping process 
(R2 < 0.001, window size = 10,000 kb) with the European 
samples from the 1000 genomes project and estimated LD 
between SNPs. Among the pairs of SNPs with r2 ≥ 0.001, the 
SNP with a larger association P value would be removed. 
We also excluded the SNPs that were absent from the LD 
reference panel. Therefore, 23 SNPs were excluded due 
to LD and 79 SNPs remained for the subsequent analysis. 
Finally, 78 SNPs for FA-BMD, 79 SNPs for FN-BMD and 
LS-BMD, 74 SNPs for HE-BMD and fracture were used as 
the instrumental variables (Table 1).

Data on BMD and Fracture

Osteoporotic fractures commonly occur in the skeletal sites 
including femoral neck, forearm, lumbar spine and heel 
[25]. One large meta-analysis reported the genetic variants 
associated with FN-BMD, FA-BMD and LS-BMD among 
53,236 individuals of European ancestry. Each SNP was 
tested after adjusting for sex, age,  age2 and weight [25]. In 
addition, the GWAS summary data for the associations with 

HE-BMD and fracture were obtained from 426,824 indi-
viduals of European ancestry after adjusting for age, sex and 
genotyping [3]. Table 1 presented the genetic associations 
between depression and each outcome including FN-BMD, 
FA-BMD, LS-BMD, HE-BMD and fracture.

Statistical Analyses

To determine MR estimates of depression for FN-BMD, 
FA-BMD, LS-BMD, HE-BMD and fracture, we conducted 
the inverse variance-weighted (IVW) meta-analysis of Wald 
ratio for individual SNPs. The weighted median and MR-
Egger regression methods were also applied to estimate the 
effects. The MR method was based on the following three 
assumptions: (i) instrumental variables were strongly asso-
ciated with depression; (ii) instrumental variables affected 
outcomes only through their effect on depression and not 
through any alternative causal pathway; and (iii) instrumen-
tal variables were independent of any confounders [26]. The 
strength of each instrument was measured by calculating the 
F-statistic using the following formula: F = R2(N−2)/(1−R2), 
where R2 was the proportion of the depression variability 
explained by each instrument and N was the sample size of 
the GWAS for the depression association [27].

Sensitivity Analyses

Several sensitivity analyses were used to check and cor-
rect for the presence of pleiotropy in the causal estimates. 
Cochran’s Q was computed to quantify heterogeneity across 
the individual causal effects, and the random effects IVW 
MR analysis was used [28, 29]. To assess the potential viola-
tion of these assumptions, we evaluated the directional plei-
otropy based on the intercept obtained from the MR-Egger 
analysis [30]. We also assessed the presence of pleiotropy 
using the MR pleiotropy residual sum and outlier test (MR-
PRESSO), during which outlying SNPs were excluded and 
the effect estimates were reassessed [31].

All tests were two-tailed, and differences with P < 0.05 
were considered statistically significant. All of these analy-
ses were conducted in R V.4.0.4 by using R packages of 
‘MendelianRandomization’ [32] and ‘TwoSampleMR’ [33].

Results

Causal Effect of Depression on FA‑BMD, FN‑BMD 
and LS‑BMD

We evaluated the causal effect of depression on three sites 
of BMD (FA-BMD, FN-BMD and LS-BMD, Table 2 and 
Fig. 1). In the primary IVW analyses, depression showed no 
MR association with FA-BMD (beta-estimate: 0.091, 95% 
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CI − 0.088 to 0.269, SE:0.091, P value = 0.320), FN-BMD 
(beta-estimate: 0.066, 95% CI − 0.016 to 0.148, SE:0.042, 
P value = 0.113) or LS-BMD (beta-estimate: 0.074, 95% 
CI − 0.029 to 0.177, SE:0.052, P value = 0.159). These 
results were also confirmed by weighted-median analyses 
with regards to FA-BMD (beta-estimate: 0.144, 95% CI 
− 0.092 to 0.380, SE:0.120, P value = 0.231), FN-BMD 
(beta-estimate: 0.070, 95% CI − 0.061 to 0.180, SE:0.056, 
P value = 0.215) or LS-BMD (beta-estimate: 0.068, 95% CI 
− 0.702 to 0.197, SE:0.066, P value = 0.302).

Causal Effect of Depression on HE‑BMD and Fracture

Depression showed null association with HE-BMD in 
the IVW (beta-estimate: 0.009, 95% CI − 0.043 to 0.061, 
SE:0.027, P value = 0.727) and weighted-median analyses 
(beta-estimate: − 0.001, 95% CI − 0.034 to 0.033, SE:0.017, 
P value = 0.976, Table 2 and Fig. 2). Consistently, there 
was also no relationship between depression and fracture in 
the results of IVW (beta-estimate: 0.008, 95% CI − 0.071 
to 0.087, SE:0.041, P value = 0.844) or weighted-median 

Fig. 1  Beta (95% CIs) for association between depression and three 
sites of BMD (FA-BMD, FN-BMD and LS-BMD). These effects 
were obtained using summary-level data from the GWASs of 

depression (n = 807,553) on A FA-BMD (n = 53,236), B FN-BMD 
(n = 53,236) and C LS-BMD (n = 53,236). Error bars represented 
95% confidence intervals. All statistical tests were two-sided

Fig. 2  Beta (95% CIs) for association between depression and HE-
BMD/fracture. These effects were obtained using summary-level 
data from the GWASs of depression (n = 807,553) on A HE-BMD 

(n = 426,824) and B fracture (n = 426,824). Error bars represented 
95% confidence intervals. All statistical tests were two-sided
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analyses (beta-estimate: 0.020, 95% CI − 0.075 to 0.115, 
SE:0.049, P value = 0.680, Table 2 and Fig. 2).

Evaluation of Assumptions and Sensitivity Analyses

The strength of the genetic instruments denoted by the F-sta-
tistic was ≥ 10 for all the depression variants (Supplementary 
Table 1). Little evidence of directional pleiotropy was found 
for all models except for FA-BMD (MR-Egger intercept P 
value = 0.014) (Table 2). The estimates from the weighted-
median approach for the SNP instrument were all consistent 
with those of IVW models (Table 2).

Among 79 SNP instrument variables, MR-PRESSO 
method identified 14 outliers (rs301799, rs10789214, 
rs2568958, rs1568452, rs200949, rs3823624, rs1448938, 
rs2509805, rs198457, rs7932640, rs1409379, rs1343605, 
rs12923444, and rs5995992) for HE-BMD and 2 outliers 
(rs1448938 and rs10789214) for fracture. After excluding 
these outliers, depression still revealed no causal effect 
on HE-BMD (beta-estimate: − 0.017, 95% CI − 0.048 to 
0.014, SE:0.016, P value = 0.292) or fracture (beta-estimate: 
0.007, 95% CI − 0.064 to 0.077, SE:0.036, P value = 0.855) 
(Table 3 and Fig. 2).

Discussion

Observational studies reported inconsistent results regard-
ing the association between depression and osteoporosis 
[34–38]. Positive associations were supported by previous 
meta-analyses that suggested that depression was associated 
with low BMD and the increased risk of fracture [15–17, 39, 
40]. Previous studies reported that depression may affect 
bone formation and bone resorption through altering the 
concentrations of many hormones. For instance, depression 
elevated the cortisol level through activating the hypotha-
lamic–pituitary–adrenal axis, and hypercortisolemia was an 
important causal factor to decrease BMD [39]. The inverse 
regulation between depression and bone formation may be 
associated with gonadal hormones estrogen, testosterone and 
growth hormone/insulin growth factors [41, 42].

However, several limitations may result in some bias 
for these positive results. First, these meta-analyses only 
included case–control or cross-sectional studies, and it was 
unclear whether depression was prospectively associated 
with increased risk of fracture and bone loss. Second, the 
most of original studies employed self-report scales to define 
depression, which might produce some bias of misclassifica-
tion. Third, some original reports lacked the data of medi-
cation use such as corticosteroid and glucocorticoid, which 
may affect the observed association.

This insistent association may be biased due to the meth-
odological limitations (i.e. confounding, reverse causation 
and measurement error) of traditional observational study 
[43]. The MR study has been widely used to evaluate causal 
inferences between risk factors and disease outcomes using 
genetic variants as instrumental variables [44]. To date, 
our work is the first two-sample MR study to explore the 
causal effect of depression on BMD and fracture. Our study 
included the three large GWASs of depression [13], FA-
BMD, FN-BMD and LS-BMD [25], HE-BMD and fracture 
[3]. This MR analysis revealed no causal effect of depres-
sion on four sites of BMD or fracture. We did not find the 
evidence of a causal link between depression and osteopo-
rosis, which were contrast to previous observational studies. 
These suggested that false associations between depression 
and osteoporosis may be caused by confounding factors such 
as smoking, increased alcohol drinking and decreased physi-
cal activity [45].

Several important strengths exit in this study. This is 
the first two-sample MR study to investigate the causality 
between depression and osteoporosis, which is the closest 
approximation to RCT and allows the random allocation 
based on the genotype. This study design can prevent some 
limitations of conventional observational studies, includ-
ing reverse causation and potential confounding factors. 
The large sample sizes of included studies and instrumen-
tal variables robustly associated with depression (F statis-
tics ≥ 10) are used in our MR study. The intercepts for the 
MR-Egger analysis suggest that all observed causal asso-
ciations are not affected by directional pleiotropy except 
FA-BMD. We conduct multiple sensitivity analyses to test 

Table 3  Mendelian randomization estimates between depression and outcomes after sensitivity analysis excluding outlying SNPs detected by 
MR-PRESSO

MR-PRESSO Mendelian randomization pleiotropy residual sum and outlier test, SNP single nucleotide polymorphism, IVW inverse variance 
weighted, SE standard error, CI confidence interval, HE-BMD heel BMD

Variables Estimate SE 95% CI P value

HE-BMD excluding rs301799, rs10789214, rs2568958, rs1568452, 
rs200949, rs3823624, rs1448938, rs2509805, rs198457, rs7932640, 
rs1409379, rs1343605, rs12923444, rs5995992

− 0.017 0.016 − 0.048,0.014 0.292

Fracture excluding rs1448938, rs10789214 0.007 0.036 − 0.064,0.077 0.855
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the influence of pleiotropy on our causal estimates, and our 
results are robust according to these various tests.

Several limitations also should be taken into considera-
tion. First, all the included participants are of European 
origin, and more studies should be conducted to confirm 
whether our findings are generalizable to other popula-
tions. Secondly, the broader self-declared definitions of 
depression are used in the GWAS meta-analysis of depres-
sion [13], although there is a strong genetic correlation 
between broader self-declared definitions of depression 
and clinically diagnosed depressive disorder [46]. Third, 
significant heterogeneity remains for the analysis of HE-
BMD, which may be caused by different patient population 
and definitions of depression.

Conclusion

This two-sample MR provides strong evidence for no cas-
ual association between depression and osteoporosis, and 
suggests the confounding factors and reverse may cause 
the reported observational associations between them.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00223- 021- 00886-5.
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