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ABSTRACT

Background There is limited evidence suggesting that
osteoporosis might exacerbate depressive symptoms,
while more studies demonstrate that depression negatively
affects bone density and increases fracture risk.

Aims To explore the relationship between major
depressive disorder (MDD) and fracture risk.

Methods We conducted a nested case-control analysis
(32 670 patients with fracture and 397 017 individuals
without fracture) and a matched cohort analysis (16 496
patients with MDD and 435 492 individuals without MDD)
in the same prospective UK Biobank data set. Further, we
investigated the shared genetic architecture between MDD
and fracture with linkage disequilibrium score regression
and the MiXeR statistical tools. We used the conditional/
conjunctional false discovery rate approach to identify the
specific shared loci. We calculated the weighted genetic
risk score for individuals in the UK Biobank and logistic
regression was used to confirm the association observed
in the prospective study.

Results We found that MDD was associated with a 14%
increase in fracture risk (hazard ratio (HR) 1.14, 95% Cl
1.14 10 1.15, p<0.001) in the nested case-control analysis,
while fracture was associated with a 72% increase in
MDD risk (HR 1.72, 95%Cl 1.64 to 1.79, p<0.001) in the
matched cohort analysis, suggesting a longitudinal and
bidirectional relationship. Further, genetic summary data
suggested a genetic overlap between MDD and fracture.
Specifically, we identified four shared genomic loci,

with the top signal (rs7554101) near SGIP1. The protein
encoded by SGIP7 is involved in cannabinoid receptor type
1 signalling. We found that genetically predicted MDD was
associated with a higher risk of fracture and vice versa.

In addition, we found that the higher expression level of
SGIP1 in the spinal cord and muscle was associated with
an increased risk of fracture and MDD.

Conclusions The genetic pleiotropy between MDD and
fracture highlights the bidirectional association observed
in the epidemiological analysis. The shared genetic
components (such as SGIP7) between the diseases
suggest that modulating the endocannabinoid system
could be a potential therapeutic strategy for both MDD and
bone loss.

1,2,3,4

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Limited evidence suggests that osteoporosis might
exacerbate depressive symptoms, while more
studies show that depression negatively affects
bone density and increases fracture risk. However,
the Mendelian randomisation approach using the
genome-wide association study summary data re-
ported that genetic predisposition towards depres-
sion had no casual association with bone mineral
density and fracture.

WHAT THIS STUDY ADDS

= We demonstrated that major depressive disorder
(MDD) was associated with the risk of subsequent
fractures. With the same cohort but different time
series data, we observed a higher risk of MDD fol-
lowing the occurrence of a fracture. Further anal-
ysis using genetic data revealed a genetic overlap
between MDD and fracture. Specifically, we identi-
fied four shared genomic loci, with the top signal
(rs7554101) near SGIP1. We found that genetically
predicted MDD was associated with a higher risk of
fracture and vice versa. In addition, we found that
the higher expression level of SGIP1 in the spinal
cord and muscle was associated with an increased
risk of fracture and MDD.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our findings suggest that concurrent management
of both diseases should be considered. The genetic
contribution to both traits, highlighted by the shared
loci (such asSGIP7), suggests that modulating the
endocannabinoid system could be a potential thera-
peutic strategy for both diseases.

INTRODUCTION

Major depressive disorder (MDD), also known as
clinical depression, is a chronic mood disorder
characterised by a persistent feeling of sadness
and loss of interest in previously enjoyed activ-
ities. It is a leading cause of disability, with inci-
dent cases increasing from 172million in 1990
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to 258 million in 2017." The lifetime prevalence of MDD is
highest in individuals aged 18-29 years (21.0%), followed by
those aged 3044 years (16.6%) and 45-59 years (10.9%) .2
MDD can lead to various complications, including cognitive
changes,” dementia,* weight gain and obesity,” diabetes® and
osteoporosis.” Osteoporosis is a common systemic skeletal
disease characterised by reduced bone mass and impaired
bone quality,” leading to increased bone fragility and a higher
risk of low-trauma fracture, especially in women and older
individuals.

Genome-wide association studies (GWAS) identified many
genetic loci associated with depression.” For example, a large
GWAS meta-analysis conducted by the Psychiatric Genomics
Consortium identified 44 risk variants for MDD."” The heri-
tability of MDD was estimated to be between 20% and 50%,""
indicating a substantial genetic contribution to its develop-
ment. Similarly, GWAS have identified various genetic vari-
ants associated with fracture risk, particularly those involved
in bone metabolism and mineral density."* Osteoporotic
fractures showed a substantial genetic component, with the
extent of heritability varying depending on the specific bone
site. Twin studies indicated that approximately 50% of the
risk for non-vertebral fracture was attributable to genetic
factors, while the heritability estimate for vertebral fracture
was lower at around 24%." *

A previous study showed an association between depression
and an increased risk of bone loss and fracture.” An updated
meta-analysis suggested individuals with MDD were more
likely to experience low bone mineral density (BMD) in areas
such as the spine, total hip and femoral neck, particularly
in adults and women.'® A longitudinal study of 4224 older
Australian men showed that past and present depression were
both associated with a modest increase in the risk of incident
fractures.”” On the other hand, limited findings suggested
that osteoporosis might exacerbate depressive symptoms.'®'?
A study of age-matched individuals with (296women) and
without (h90women) fracture demonstrated that fracture
was associated with an increased risk of depression in older
women.” However, the Mendelian randomisation approach
using the GWAS summary data reported that genetic predis-
position towards depression had no casual association with
BMD and fracture.”

In this study, using large-scale prospective biobank data,
we first conducted a nested case-control study to investigate
the association between MDD and fracture. Additionally, we
carried out a matched cohort study to investigate the effect
of fracture on MDD. Further, by integrating the genetic
summary data for both MDD and fracture, we examined
whether there are shared genetic architecture components
between MDD and fracture, and assessed whether the
observed relationship could be explained, at least partially, by
genetic architecture.

METHODS

Study participants

Similar to previous studies,22_24 the UK Biobank data were
used in this study (application #41376). We identified

the individuals with MDD and fracture using the Inter-
national Classification of Diseases (ICD) codes. The
detailed information on the field ID and the codes for
data extraction from the UK Biobank are listed in online
supplemental table 1. Among the 502 461 participants,
30 481 who self-reported as non-European descendants
were excluded. The remaining 471 980 participants
were followed until death, emigration or the latest diag-
nosis of MDD in the cohort (31 March 2021), whichever
occurred first (figure 1). Within this nationwide study
base, we identified 39 964 participants with a diagnosed
fracture. Each patient with a fracture had a diagnosis
date (ie, the reference date), which was used to calculate
their age at the onset of the fracture. Among the partici-
pants who were free of fracture, we selected up to 15 age-
matching participants (when possible). Finally, 431 564
participants free of fracture were individually matched,
with 452 participants with fracture who were not matched
(figure 1). Among the 39 964 participants with fracture,
the matched participants free of fracture followed a
varied pattern, with a peak at 10 matching participants,
where 8670 participants with fracture fell within this cate-
gory (online supplemental figure 1).

Nested case-control analysis

We conducted a nested case-control analysis to assess
the association between MDD and subsequent fracture
with the incidence of fracture as the endpoint and the
diagnosis date of fracture as the reference date, ensuring
the validity of a full prospective cohort analysis.”> We
ascertained the date of a first-ever diagnosis of MDD (10
January 1983). We excluded 15 530 patients with MDD
diagnosed after the reference date and 26 311 partic-
ipants diagnosed with a fracture with known primary
diseases or diagnosed with diseases associated with bone
loss (online supplemental table 2), remaining 429 687
participants (10 200 patients with MDD and 419 487 age-
matched individuals without MDD) (figure 1). We also
conducted stratified analysis by sex and by age group.
There were 199 738 men and 229 949 women (online
supplemental table 3). The population was divided into
three age groups: ‘young adults’ (age <44 years, n=42
321), ‘middle-aged adults’ (age 45-59 years, n=197980)
and ‘older adults’ (age >60 years, n=189386) (online
supplemental table 4). We derived ORs and 95% CIs from
the logistic regression by comparing patient cases with
controls. The estimates should be interchangeably inter-
preted as the relative risk of fracture among patients with
MDD.* The estimates were conditioned on the factors
impacting bone metabolism, such as age (reference age),
body mass index (BMI), smoking, alcohol consump-
tion frequency, employment status (paid employment,
self-employed, others or unknown), education (college
degree or below or unknown), physical activity, sleep
duration, grip strength (right), falls, BMD and antidepres-
sant medication in model 1. Individuals treated with any
antidepressant medication including citalopram, escit-
alopram oxalate, fluoxetine, fluvoxamine, paroxetine,
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502 461 participants in the UK Biobank

Excluded 30 481 participants who self-reported as
non-European descendants

471 980 European participants

Each patient with fracture matched up to 15
individuals without fracture (when possible)

Phenotypic association

39 964 patients with fracture and 431 564 individuals without fracture (452 patients not matched)

Mean duration of depression: 5.2 years Mean duration for fracture: 7.5 years
Nested case-control analysis Matched cohort analysis
The first diagnosis of depression The reference date _| The last diagnosis of depression
(10 Jan 1983) ] (the diagnosis date of fracture) ] (31 Mar 2021)
Excluded:
Excluded:

- 15 530 patients with
depression diagnosed
after the reference date;
- 26 311 participants
diagnosed with known
primary diseases or
disease associated with

- 10 750 patients with
depression diagnosed
| —»| before the reference
date;

- 8 790 participants died
or emigrated before the
reference date.

bone loss.
A 4 y
429 687 participants included to testify 451 988 participants included to
the association between depression and investigate the association between
subsequent fracture fracture and subsequent depression

.. inth iobank eQTL data of the
o 502 461 participants in the UK Bioban Depression GWAS Eracture GWAS spinal cord
§ Wray et al, 2018 Morris et al, 2019 (cervical)
@ Participants were excluded if Nease=170 756 Nease=45 087 (9 298 573 SNPs)
s they were: Nooreo=329 443 Neonto=317 775 and muscle
[ . . - 8483 301 SNPs 2539 800 SNPs (gastrocnemius)
3 - Ethnically identified as non- (9 804 435 SNPs)
s European (n=30 481); T I
S | | - Diagnosed as fracture with |
= known primary diseases (n= v v v
g 7222);
< - Participants with relatedness 4 SNPs

(kinship) with others (n= exceed a 8104770 LDSC
154 086). conjFDR overlapping MiXeR
Lo SNPs
y significance
310 672 participants included

74 independent genetic variants

v y
Summary-data-
based MR analysis

WGRS analysis MR-egger regression analysis

Figure 1 The overall study design: flowchart of inclusion and exclusion in the phenotypic and genetic studies. conjFDR,
conjunctional false discovery rate; eQTL, expression quantitative trait loci; GWAS, genome-wide association studies; LDSC,
linkage disequilibrium score regression; MR, Mendelian randomisation; SNPs, single nucleotide polymorphisms; wGRS,
weighted genetic risk score.
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sertraline, Cymbalta, Elavil, tofranil, nortriptyline,
Sinequan, Marplan, Nardil and Parnate were recorded as
having received medical treatment. We further adjusted
for cannabis intake as model 2.

Matched cohort analysis

We assessed the association between fracture and subse-
quent MDD using a matched cohort design (figure 1).
In this analysis, we excluded 10 750 participants (1924
patients with fracture) who were diagnosed with MDD
before the reference date and 8790 participants (11
patients with fracture) who died or emigrated before the
reference date (figure 1). Prospective follow-up of the
remaining 451 988 participants commenced from the
reference date until the earliest of the following events:
(1) diagnosis of MDD; (2) death; (3) emigration; (4)
end of the study, defined as the diagnose date of the last
patient with MDD (31 March 2021). We also conducted
stratified analysis by sex and by age group. There were 205
249 men and 246 739 women (online supplemental table
3). Additionally, the population was divided into three
age groups: ‘young adults’ (age <44 years, n=44 590),
‘middle-aged adults’ (age 45-59 years, n=208889) and
‘older adults’ (age 260 years, n=198509) (online supple-
mental table 4). We calculated the hazard ratio (HR) of
MDD and 95% CI by using the stratified Cox proportional
hazards regression comparing MDD cases and controls.
In the basic model, we adjusted for the clinical risk
factors including reference age, BMI, smoking, alcohol
consumption frequency, employment status, education,
physical activity, sleep duration, grip strength (right) and
other mental disorders (mental and behavioural disor-
ders, schizophrenia, schizotypal and delusional disorders,
anxiety disorders, reaction to severe stress and adjust-
ment disorders) using ICD codes® (detailed information
is listed in online supplemental table 1) (model 1). We
further adjusted for cannabis intake as model 2.

Infer the shared genetics

The summary-statistic data for MDD were obtained
from the most recent meta-analysis of GWAS of 33
cohorts from the Psychiatric Genomics Consortium, '’
including 170 756 MDD cases and 329 443 controls
analysed for 8 483 301 genetic variants. The summary-
statistic data for fracture (45 087 cases and 317 775
controls) were extracted from another recent compre-
hensive study that investigated the genetic determi-
nants of BMD and fracture'® (figure 1).

Using these summary-statistic GWAS data, we
performed a genome-wide genetic correlation analysis
between MDD and fracture by using linkage disequi-
librium score regression (LDSC).27 We used MiXeR
(V.1.2.0), an open-source software package available
on GitHub (https://github.com/precimed/mixer),
to compute the polygenic overlap between MDD and
fracture, independent of genetic correlation.”® MiXeR
models the additive genetic effects as a combination

of four components, representing null single nucle-
otide polymorphisms (SNPs) in both traits (w,), SNPs
with a specific effect on either MDD (x,) or fracture
(m,) and SNPs with non-zero effect on both traits (w,,).
The degree of similarity between the two traits was esti-
mated using the Dice coefficient, which was calculated
as 2m,/(m, + n2+2n]2).28 To provide a visual pattern of
pleiotropic enrichment between the two phenotypes,
we generated conditional quantile-quantile (Q-Q)
plots conditioning fracture on MDD and vice versa at
various thresholds (p<0.1, p<0.01and p<0.001).*

We used the conditional/conjunctional false
discovery rate approach (https://github.com/prec-
imed/pleiofdr) to identify the specific shared loci
between MDD and fracture risk.”’ To identify SNPs
linked to one trait given associations with another, we
used the conditional false discovery rate (condFDR)
method with a significance cut-off of less than 0.01.
We designated condFDR for fracture given associ-
ations with MDD as condFDR (fracturelMDD) and
vice versa. The conjunctional FDR (conjFDR) method
was applied to determine SNPs that were jointly asso-
ciated with MDD and fracture. After conducting the
condFDR procedure for both traits, the conjFDR anal-
ysis reported the loci that exceeded a condFDR signif-
icance threshold for two traits simultaneously (the
maximum between the condFDRs for both traits), with
the significance level set at conjFDR<0.05.

We constructed the weighted genetic risk score
(wGRS) for individuals in the UK Biobank data set
using a linear combination of the selected SNPs
weighted by their B coefficients on MDD/fracture:
wGRS=p xSNP, + B,xSNP, + ... + B xSNP , where n
represents the number of instrumental variables. In
the wGRS analysis, we excluded participants who met
the following criteria: (1) ethnically identified as non-
European (n=30 481); (2) diagnosed with a fracture
with known primary diseases (n=7222); (3) partici-
pants with kinship relations with others (n=154086).
This left a cohort of 310 672 participants, including
24 376 patients with fracture and 17 158 patients
with MDD (figure 1). We selected SNPs exceeding a
conjFDR significance for MDD and fracture as instru-
mental variables (n=4) (figure 1). Next, logistic
regression analyses were performed to analyse the
association between the wGRS and fracture/MDD,
adjusted for sex and age.

In order to verify shared loci, we merged the two
summary data sets for MDD and fracture, resulting in
8 104 770 overlapping SNPs. Among these, 4425 SNPs
were genome-wide significant for MDD (figure 1). The
significance level for the GWAS of MDD or fracture
in the summary data sets was set at the traditional
genome-wide significance threshold of p<5x10®. We
applied linkage disequilibrium clumping based on
r°<0.1 in a 500 kb window, resulting in 74 independent
genetic variants (figure 1 and online supplemental
table 5). We regressed the effects of these 74 SNPs for
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the two traits to highlight the overall effect of MDD
on fracture by Mendelian randomisation-egger regres-
sion with the ‘grs.summary’ function in the R package
‘gtx (http://www2.uaem.mx/r-mirror/web/pack-
ages/gtx/gtx.pdf).

We employed the summary-data-based Mende-
lian randomisation (SMR) method developed by
colleagues® to test the association between gene
expression levels and both MDD and fracture using
summary-level data from GWAS and expression
quantitative trait loci (eQTL) data of the spinal cord
(cervical, 9 298 573 SNPs included) and muscle
(gastrocnemius, 9 804 435 SNPs included) from the
GTEx database (release V.8) (https://www.gtexportal.
org/home/)32 (figure 1).

’

Gene mapping and enrichment analysis

We aligned the four candidate SNPs with genes using
the following two strategies: (1) aligning SNPs to
genes based on physical proximity, and (2) mapping
SNPs to the genes whose expression level is influenced
by allelic variation at the SNP level with the eQTL data
from whole blood sourced from eQTLGen (a meta-
analysis of 14 115 samples).”> We used GENE2FUNC
as one of the core processes of functional mapping
and annotation®® for the enrichment of differentially
expressed gene sets in a specific tissue compared with
all other tissue types. In addition, independent signifi-
cant SNPs were also linked to the GWAS catalogue™ to

A
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provide insight into previously reported associations
of the SNPs in the risk loci with various phenotypes.

RESULTS

Longitudinal phenotypic association between MDD and
fracture

First, we examined the association between MDD and
subsequent fracture in a nested case-control study. The
nested case-control analysis (ie, assessing the incidence
of MDD before the fracture diagnosis/matching date)
is, by design, equivalent to a prospective analysis using
the full cohort.” We identified 32 670 (7.60%) partici-
pants with fracture among the 429 687 UK Biobank
participants (figure 1 and online supplemental table 6).
Notably, patients with MDD exhibited a higher preva-
lence of fractures compared with those without MDD
(x?=2988.82, p<0.001), with 2222 (21.78%) fractures
occurring in individuals with MDD and 30 448 (7.26%)
in those without (figure 2A, online supplemental table
3 and online supplemental table 6). The prevalence
of fractures was higher in MDD patients than in those
without MDD among both female and male participants
(figure 2A and online supplemental table 3). Interest-
ingly, female patients with MDD have a higher preva-
lence of fracture than their male counterparts (23.32%
vs 19.30%, X2=22.63, p<0.001) (figure 2A). Patients with
MDD across all age groups exhibited a significantly higher
prevalence of fracture (young adults: 17.82%, middle-
aged adults: 20.79% and older adults: 23.55%) compared

B
|| Outcome:depression | Sum |
No

Yes
Fracture 2709 35320 38029
Non- fracture 13787 400172 413 959
Sum 16 496 435 492 451 988
5
-a 10-
7]
g 7.78
% 87 7.12
E 6.17
o 6
(V]
© 3.92
; 4+ 333
o 2.64
c
g 2 H
©
o
o 0 T T T
Female Male Pooled
=3 Non-fracture B3 Fracture

Figure 2 The prevalence rates in men, women and pooled samples. (A) The prevalence rates of fracture in samples with or
without MDD. (B) The prevalence rates of MDD in samples with or without fracture. MDD, major depressive disorder.
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Table 1 Longitudinally bidirectional association between MDD and fracture
OR (95% CI)* P value* OR (95% CI)t P valuet
Nested case-control design to assess the association of MDD with subsequent fracture
Pooled 1.14 (1.14t0 1.15) <0.001 1.13 (1.12 to 1.14) <0.001
Female 1.15(1.14t0 1.16) <0.001 1.15(1.13 to 1.16) <0.001
Male 1.13(1.12t0 1.14) <0.001 1.09 (1.08 to 1.11) <0.001
HR (95% Cl){ P valuet HR (95% CI)§ P value§
Matched cohort design to assess the association of fracture with subsequent MDD
Pooled 1.72 (1.64t0 1.79) <0.001 1.80 (1.64 to 1.98) <0.001
Female 1.78 (1.69t0 1.88) <0.001 1.98 (1.78 to 2.21) <0.001
Male 1.62 (1.51t0 1.75) <0.001 1.42 (1.19t0 1.70) <0.001

*Model 1 adjusted for reference age, BMI, smoking, alcohol consumption frequency, employment status, education, physical activity, sleep

duration, grip strength, falls, BMD and antidepressant medication.
TModel 2 adjusted for *+cannabis intake.

FModel 1 adjusted for reference age, BMI, smoking, alcohol consumption frequency, employment status, education, physical activity, sleep

duration, grip strength and pre-existing psychiatric disorder.
§Model 2 adjusted for +cannabis intake.

BMD, bone mineral density; BMI, body mass index; HR, hazard ratio; MDD, major depressive disorder.

with individuals without MDD (5.28%, 6.31% and 8.70%,
respectively) (all p<0.001) (online supplemental figure
2A and online supplemental table 4). Further, in the
basic model of the logistic regression analysis (model
1, adjusted for reference age, BMI, smoking, alcohol
consumption frequency, employment status, education,
physical activity, sleep duration and grip strength), MDD
was associated with a 14% increased risk of subsequent
fracture (95% CI 14% to 15%, p<0.001; table 1), and it
was found to be associated with 15% and 13% increase
in fracture risk in women and men, respectively (women
95% CI 14% to 16%, p<0.001; men: 95% CI 12% to 14%,
p<0.001). The results were similar when cannabis intake
was included as a covariate (model 2) in pooled, female
and male samples, respectively (table 1).

Second, we assessed the association between fracture
and subsequent MDD in a matched cohort study (ie,
addressing the incidence of MDD after the fracture diag-
nosis/matching date). During the follow-up (from the
matching date to 31 March 2021), we identified 16 496
(3.65%) participants with MDD among the 451 988 UK
Biobank participants (figure 1 and online supplemental
table 6). Notably, individuals with fracture exhibited a
higher prevalence of MDD compared with those without
fracture, with 2709 (7.12%) occurrences in participants
with fracture and 13 787 (3.383%) in those without
(x*=1423.88, p<0.001) (figure 2B, online supplemental
table 3 and online supplemental table 6). Furthermore,
female patients with fractures had a higher prevalence
of MDD than their male counterparts (7.78% vs 6.17%,
%°=36.11, p<0.001) (figure 2B and online supplemental
table 3). Across all age groups, patients with fractures
experienced higher rates of MDD compared with their
respective counterparts without fractures (young adults:
8.06% vs 3.62%, middle-aged adults: 7.75% vs 3.39%
and older adults: 6.52% vs 3.19%, respectively) (online

supplemental figure 2B and online supplemental table
4). After adjusting for the potential confounding effects
of reference age, BMI, smoking, alcohol consumption
frequency, employment status, education, physical activity,
sleep duration, grip strength and previous diagnoses of
psychiatric disorders (model 1), we observed that fracture
was associated with a high risk of MDD with an HR of 1.72
(95% CI 1.64 to 1.79, p<0.001) in pooled samples, 1.78
(95% CI 1.69 to 1.88) in women and 1.62 (95% CI 1.51 to
1.75) in men, respectively (table 1). Even after additional
control for cannabis intake (model 2), we still observed
an increased risk of MDD in fracture (HR=1.80, 95% CI
1.64 to 1.98, p<0.001) (table 1).

Genetic overlap between MDD and fracture
We calculated the genetic correlation between MDD and
fracture using LDSC?” and found a significantly positive
correlation between them (rg:O.Ql, SE=0.03, p<0.001)
(online supplemental table 7). We then used MiXeR to
quantify the polygenic overlap (eg, the number of unique
and shared polygenic SNPs) for MDD and fracture®,
and also demonstrated a significantly positive correlation
(r,=0.23, SE=0.02) (figure 3A and online supplemental
table 7). Of the 1069 causal variants linked to fracture,
866 SNPs (SE=0.1) were also shared with MDD, while
the overall measure of polygenic overlap, on a 0%-100%
scale, was 12.97% (as quantified by the Dice coefficient)
(online supplemental table 7). The conditional Q-Q
plots, which displayed a consistent increase in leftward
deflection for subsets of variants with higher significance
in the conditional trait in both directions (MDD given
fracture and fracture given MDD), further indicated
substantial polygenic overlap between MDD and fracture
(figure 3B).

We used the condFDR/conjFDR approach to iden-
tify the specific shared loci and SNPs jointly associated
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Figure 3 Genetic overlap between MDD and fracture. (A) The shared number of variants between MDD and fracture. (B)

The conditional Q-Q plots at the level of p<0.1, p<0.01, p<0.001. (C) The genetic variants jointly associated with MDD and
fracture at conjFDR <0.05. (D) The forest plot of the four shared SNPs to show the association with MDD and fracture. (E) The
association of genetically predicted MDD with fracture and vice versa. (F) Visualised the association of lead SNPs for MDD with
the risk of fracture. conjFDR, conjunctional false discovery rate; MDD, major depressive disorder; Q-Q, quantile-quantile; SNPs,

single nucleotide polymorphisms.

with MDD and fracture. Four distinct genomic loci
(rs7554101, 1s310749, rs10217595 and rs2311117)
were identified as jointly associated with MDD and
fracture (figure 3C and online supplemental table 8),
with the top SNP rs7554101 in the intron of gene SGIP1

(conjFDR=0.008). By comparing the effect directions
of the lead SNPs at the shared loci (conjFDR<0.05),
we found that three lead SNPs on chromosomes 1, 9
and 18 had consistent effect directions in MDD and
fracture, while one SNP (rs310749) exhibited opposite
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effects (figure 3D). Further, we calculated the wGRS
for the UK Biobank participants with these four SNPs.
When we regressed the observed fracture on the
wGRS, we found that the genetically predicted MDD
was associated with a higher risk of fracture (OR=1.03,
95% CI 1.01 to 1.06, p=0.049) (figure 3E). Also, the
genetically predicted fracture was associated with a
higher risk of MDD (OR=1.04, 95% CI 1.02 to 1.07,
p<0.001) (figure 3E), with stronger effects in women
than in men (online supplemental figure 3). More-
over, the Mendelian randomisation-egger regression
also suggested a positive association between MDD
and fracture (OR=1.10, 95% CI 1.04 to 1.16, p<0.001)
(figure 3F). The individual effect of the SNPs for MDD
on fracture was adjusted using a false discovery rate
of <0.05.”> Among the 74 lead SNPs analysed of MDD,
two SNPs (including rs6656912 in the intron of gene
SGIP1, whose r* with the rs7554101 is 0.79) remained
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08
06 chr1:67083671 (rs6656912)
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as potential variants with effects on fracture (figure 3F
and online supplemental table 5).

We identified a genomic locus approximately 250 kb
upstream and downstream of the gene SGIPI (hgl9,
chrl: 66749044-67466822), which harbours a number
of SNPs associated with MDD and fracture (figure 4A).
This locus was also associated with the expression of
SGIPIin the spinal cord (cervical) and muscle (gastroc-
nemius) (figure 4B). Further, by applying the SMR
method™ with the eQTL summary data of SGIPI in the
two tissues and the genetic summary data of MDD and
fracture, we found that higher expression of SGIPI
(ENSG00000118473) in the spinal cord was associated
with an increased risk of MDD (OR=1.02, 95% CI 1.02
to 1.03, p<0.001) and an increased risk of fracture
(OR=1.02, 95% CI 1.01 to 1.04, p<0.001) (figure 4C
and online supplemental table 9). Meanwhile, the
higher expression of SGIPI (ENSG00000118473) in
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Figure 4 The distinct signal (SGIP1) shared by MDD and fracture. (A) The regional plot of the association between MDD and
fracture. The x axis is the position at chr1: 66749044-67466822 (hg19). Each dot represents a genetic variant within this region.
The upper panel shows the association of genetic variants with MDD, with the most significant SNP rs6656912 shown in purple
diamond. The lower panel shows the association of genetic variants with fracture, with the most significant SNP rs7554101
shown in purple diamond. (B) The regional plot of the association of SG/P7 gene expression in the spinal cord (cervical) and
muscle (gastrocnemius). The upper panel shows the association of SGIP71 gene expression in the spinal cord (cervical), with
the most significant SGIP1 eQTL rs6696812 shown in purple diamond. The lower panel shows the association of SGIP1

gene expression in muscle (gastrocnemius), with the most significant SGIP7 eQTL rs2312154 shown in purple diamond. (C)
The association of genetically predicted SGIP1 gene expression with MDD and fracture risk in spinal cord (cervical). (D) The
association of genetically predicted SGIP1 gene expression with MDD and fracture risk in muscle (gastrocnemius). eQTL,
expression quantitative trait loci; MDD, major depressive disorder; SNP, single nucleotide polymorphism.
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muscle was associated with an increased risk of frac-
ture (OR=1.02, 95% CI 1.01 to 1.03, p=0.001) and an
increased risk of MDD (OR=1.02, 95% CI 1.02 to 1.03,
p<0.001) (figure 4D and online supplemental table 9).

Finally, we mapped the four shared genetic vari-
ants to 53 genes using two strategies (see Methods)
(online supplemental table 10). Enrichment anal-
ysis of the 53 genes within the reported genes in the
GWAS catalogue® revealed that these genes were
significantly enriched in waist-to-hip ratio, ability to
confide in someone, loneliness and heel bone mineral
density (online supplemental file 4A). Moreover,
within the GTEx tissues, we found that the 53 genes
were enriched as differentially expressed gene sets in
brain tissues (hypothalamus, hippocampus, amygdala,
substantia nigra and cortex) compared with other
tissue types (online supplemental figure 4B).

DISCUSSION

Main findings

In this study, using the UK Biobank prospective cohort, we
found an association between MDD and the risk of subse-
quent fracture. With the same cohort but different time
series data, we observed a higher risk of MDD following a
fracture. To further elucidate this complex relationship,
we used the genetic data to evaluate the genetic overlap
between MDD and fracture. Our findings suggest signif-
icant genetic pleiotropy between MDD and fracture,
aligning with the bidirectional association observed in
the epidemiological analysis.

Both MDD and osteoporosis/fracture are prevalent
conditions with substantial impacts on morbidity, mortality
and quality of life. While limited evidence suggests that
osteoporosis might exacerbate depressive symptoms, more
studies show that depression is associated with decreased
bone density and increased fracture risk.'® ' In this study,
we used data from the UK Biobank, which is a large-scale
epidemiological resource, to investigate the association
between MDD and fracture in a prospective context
(https://www.ukbiobank.ac.uk/media/gnkeyh2q/study-
rationale.pdf). We initially defined the event of fracture
first in the UK Biobank data set. Taking the diagnosis
date of the fracture as the reference date, we tracked back
the cohort and conducted a nested case-control analysis
to assess the association between MDD and subsequent
fracture. We also prospectively followed the participants
from the reference date until the truncation date to
assess the association between fracture and subsequent
MDD in a matched cohort. Our regression models were
adjusted for a variety of confounding factors that may
affect both conditions including poor health behaviours
(eg, smoking, alcohol drinking, sleeping habit and phys-
ical inactivity)®® and socioeconomic status (employment
status and education).39 For the model of fracture risk,
we further adjusted for falls, BMD and antidepressant
medication, as some studies suggested that certain antide-
pressants, such as selective serotonin reuptake inhibitors,

might have adverse effects on bone health.*” In the
model of MDD risk, we additionally controlled for pre-
existing psychiatric disorders. Our genetic pleiotropic
analyses between MDD and fracture suggested a shared
component related to the cannabinoid receptor, which
prompted us to include cannabis use in an additional
model, and the association remained robust. Overall, we
observed a bidirectional relationship between MDD and
fracture. These underscore the importance for clinicians
to develop management plans that address both diseases.
For example, Almeida et al suggested that the manage-
ment of depression in older adults should include strat-
egies for fracture prevention.'” On the other hand, van
den Berg et al proposed that clinicians treating patients
with recent low-energy fractures should consider not
only skeletal-related risk factors for fracture but also fall-
related risk factors, including depression.*!

The observational findings suggested a longitudinal and
bidirectional association between MDD and fracture. We
subsequently explored whether common genetic factors
might underlie both conditions. We observed a signifi-
cant genetic correlation between MDD and fracture, with
approximately 81% (866 out of 1069) of the genetic vari-
ants impacting the risk of fracture also associated with
MDD. We calculated the wGRS for the individuals with
the SNPs jointly associated with MDD and fracture, and
found that the genetically predicted MDD was associated
with a higher risk of fracture and wvice versa. These results
support the genetic evidence for a bidirectional relation-
ship between MDD and fracture. Interestingly, MDD was
reported to share substantial genetic liability with other
skeleton diseases such as osteoarthritis, suggesting a
potential mutual risk between them.*

We identified the gene SGIPI as a shared genetic
component between MDD and fracture. This locus was
also reported to be associated with anxiety/stress-related
disorders,” depressive symptoms** and bone density."
Interestingly, the protein encoded by the SGIPI gene
inhibits the endocytosis of cannabinoid receptor type
1 (CBIR) and increases its cell surface stability,45 thus
modulating CBIR signalling.** The endocannabinoid
system, particularly CBIR, plays a critical role in the regu-
lation of emotional behaviours.” CBIR is the first canna-
binoid identified and mainly expressed in the brain.** A
recent study suggested that the knockdown of CBIR in a
neuronal circuit increased synaptic activity and suscepti-
bility to stress/depression.*” CB1 receptors are expressed
on nerve fibres within bone*’ and bone cells such as osteo-
blasts, osteoclasts and adipocytes.”” Genetic inactivation
of CBIR has been linked to age-related osteoporosis with
reduced bone formation and bone marrow adipocyte
accumulation.”’ Therefore, cannabinoids may have the
potential to mitigate arthritis progression, protect against
osteoporosis, inhibit the proliferation of bone tumour
cells, alleviate bone cancer pain and promote fracture
healing.”® Given that genetic deletion of SGIPI can
enhance cannabinoid tetrad behaviour,*® a higher level
of SGIP1 may be associated with an increased risk of MDD
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and fracture, consistent with our results. An illustration
of the assumptive mechanism is shown in online supple-
mental figure 5. The interaction between SG/PI and CB1R,
with functional consequences observed both in vitro and
in vivo, implies a potential therapeutic effect for related
diseases.” Research into the SGIPI-CBIR relationship
has been primarily motivated by the aim to enhance the
therapeutic efficacy of CBIR agonists, including the natu-
rally occurring compound cannabidiol (CBD) extracted
from the Cannabis sativa plant. Evidence suggests that
synthetic cannabinoids can induce antidepressant-like
effects.*” Preliminary clinical trials have underscored the
role of CBD in modulating behaviours associated with
anxiety and depression, as well as cognition and locomo-
tion.”*® On the other hand, it was suggested that CBD
usage might positively impact bone morphology in an
osteoporotic population.”® Both preclinical and clinical
studies showed that cannabis-mediated effects through
the endocannabinoid system may be a potentially effec-
tive treatment option for individuals with osteoporosis.””
Therefore, these findings suggest that modulating the
endocannabinoid system could be a potential therapeutic
strategy for both MDD and bone loss.

Limitations

This study has some limitations. First, independent
replication for the longitudinal phenotypic association
between MDD and fracture was not pursued. However,
genetic analysis revealed that genetically predicted MDD
was associated with a higher risk of fracture, and wvice
versa. Therefore, the genetic findings, independent of
confounding factors, confirmed the bidirectional associa-
tion in the observational study. Second, although we had
a comprehensive discussion on the shared genetic loci
(eg, the SGIPI gene), functional studies are needed to
elucidate the genetic overlap between MDD and fracture.

Implications

In summary, our findings revealed both phenotypic and
genetic correlations between MDD and fracture. The
genetic contribution to both traits, exemplified by the
shared loci (such as SGIPI), suggests a common under-
lying biology. This underscores the potential of modu-
lating the endocannabinoid system as a therapeutic
strategy for both diseases.
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