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Causal effect of blood osteocalcin on the risk of Alzheimer’s
disease and the mediating role of energy metabolism
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Growing evidence suggests an association between osteocalcin (OCN), a peptide derived from bone and involved in regulating
glucose and lipid metabolism, and the risk of Alzheimer’s disease (AD). However, the causality of these associations and the
underlying mechanisms remain uncertain. We utilized a Mendelian randomization (MR) approach to investigate the causal effects of
blood OCN levels on AD and to assess the potential involvement of glucose and lipid metabolism. Independent instrumental
variables strongly associated (P < 5E-08) with blood OCN levels were obtained from three independent genome-wide association
studies (GWAS) on the human blood proteome (N = 3301 to 35,892). Two distinct summary statistics datasets on AD from the
International Genomics of Alzheimer’s Project (IGAP, N =63,926) and a recent study including familial-proxy AD patients (FPAD,
N = 472,868) were used. Summary-level data for fasting glucose (FG), 2h-glucose post-challenge, fasting insulin, HbA1c, low-density
lipoprotein cholesterol, high-density lipoprotein cholesterol, total cholesterol (TC), and triglycerides were incorporated to evaluate
the potential role of glucose and lipid metabolism in mediating the impact of OCN on AD risk. Our findings consistently
demonstrate a significantly negative correlation between genetically determined blood OCN levels and the risk of AD (IGAP: odds
ratio [OR, 95%Cl] = 0.83[0.72-0.96], P = 0.013; FPAD: OR = 0.81 [0.70-0.93], P = 0.002). Similar estimates with the same trend
direction were obtained using other statistical approaches. Furthermore, employing multivariable MR analysis, we found that the
causal relationship between OCN levels and AD was disappeared after adjustment of FG and TC (IGAP: OR = 0.97[0.80-1.17],

P =0.753; FPAD: OR = 0.98 [0.84-1.15], P=0.831). There were no apparent instances of horizontal pleiotropy, and leave-one-out
analysis showed good stability of the estimates. Our study provides evidence supporting a protective effect of blood OCN levels on
AD, which is primarily mediated through regulating FG and TC levels. Further studies are warranted to elucidate the underlying

physio-pathological mechanisms.
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INTRODUCTION

Alzheimer's disease (AD) is the most prevalent neurodegenerative
disorder, affecting more than 35 million individuals worldwide [1].
Osteoporosis, characterized by low bone mass and deterioration of
bone quality, is a degenerative condition associated with an elevated
risk of fractures and mortality [2]. Previous studies have revealed a
bidirectional relationship between osteoporosis and AD, yet the
underlying mechanisms remain elusive [3]. Recent evidence suggests
that certain bone-derived factors, known as osteokines, play a role in
regulating various physiological and pathophysiological processes,
including brain development and cognitive function [4-6].

Among these osteokines, osteocalcin (OCN) is a hormone-like
peptide primarily synthesized by osteoblasts responsible for bone
formation and mineral density maintenance [7]. OCN also exerts
significant effects on energy homeostasis, improving glucose and
lipid metabolism, as well as on male fertility, muscle function, brain

development, and cognitive function [8-11]. For instance, our recent
research using a transgenic mouse model of AD demonstrated that
OCN improved memory impairment of AD mice by promoting
glycolysis in neuroglia [12]. Additionally, clinical studies have
indicated that decreased blood OCN levels correlate with an
increased risk of cognitive impairment and AD [13-15]. However,
due to the limitations of traditional observational studies, such as
susceptibility to confounding and reverse causation, the results have
been inconsistent [13, 15], and the causal relationship between
circulating OCN levels and AD remains unclear. Moreover, as
abnormalities in glucose and lipid metabolism are closely associated
with AD risk [16, 17], it is yet unknown whether the effects of OCN
on AD are dependent on its role in regulating glucose and/or lipid
metabolism.

Mendelian randomization (MR) is a powerful statistical approach
that utilizes genetic variants as instrumental variables (IVs) to
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Fig. 1 Flowchart and three assumptions to be satisfied in this Mendelian randomization study. The stop sign means genetic variables not
associated with confounding factors and AD. Relevance assumption indicates that IVs are strongly associated with blood osteocalcin levels,
independence assumption indicates that Vs are not associated with confounding factors, and exclusivity assumption indicates that IVs affect
the risk of AD via blood osteocalcin levels directly. AD Alzheimer’s disease, SNP single nucleotide polymorphism, LD linkage disequilibrium,
2h-Glu 2h-glucose post-challenge, HbA1c glycated hemoglobin, HDL-C high-density lipoprotein cholesterol, LDL-C low-density lipoprotein
cholesterol, TG triglycerides, TC total cholesterol, UVMR univariable Mendelian randomization, MVMR multivariable Mendelian randomization,

IGAP International Genomics of Alzheimer’s Project, N number .

investigate causal relationships between different traits [18]. By
capitalizing on the random allocation of genetic variants during
conception, MR can provide robust evidence for causality while
mitigating the biases introduced by confounding and reverse
causation. The MR study design offers two main approaches:
univariable MR (UVMR) and multivariable MR (MVMR). UVMR
allows for the assessment of the causal association between a
specific exposure and its corresponding outcomes, while MVMR
enables the evaluation of potential mediators in these associa-
tions. In light of this, we employed both UVMR and MVMR
methodologies to ascertain the causal relationship between blood
OCN levels and the risk of AD, while also exploring the role of
energy metabolism in this relationship.

METHODS

Data source and study design

In this MR study, single nucleotide polymorphisms (SNPs) derived from
summary statistics of genome-wide association studies (GWAS) were
employed as instrumental variables (IVs). Summary-level data on blood
OCN levels were obtained from three comprehensive GWAS on the human
blood proteome of European descent, utilizing an aptamer-based
approach known as the SOMAscan assay to measure the concentrations
of human blood proteins. The sample sizes for the three GWAS from
Eldjarn et al. [19], Gudjonsson et al. [20], and Sun et al. [21] were 35892,
5368, and 3301, respectively.

For the AD phenotype, summary statistics were obtained from a GWAS
meta-analysis conducted by the International Genomics of Alzheimer's
Project (IGAP). This meta-analysis incorporated data from various consortia,
including the Alzheimer Disease Genetics Consortium (ADGC), Cohorts for
Heart and Aging Research in Genomic Epidemiology Consortium
(CHARGE), European Alzheimer's Disease Initiative (EADI), and Genetic
and Environmental Risk in AD/Defining Genetic, Polygenic and Environ-
mental Risk for Alzheimer's Disease Consortium (GERAD/PERADES). The
IGAP dataset comprised 21,982 AD cases and 41,944 controls of European
descent [22]. Additionally, summary statistics from the latest GWAS
analysis involving familial-proxy AD (FPAD) patients from the UK Biobank
were utilized to further validate the MR results [23].

For the glucose metabolism phenotype, summary-level data on fasting
glucose (FG, N =200,622), post-challenge 2h-glucose (2h-Glu, N = 63,396),
fasting insulin (FI, N=151,013), and glycated hemoglobin (HbA1c,
N=200,622) were obtained from the Meta-Analysis of Glucose and
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Insulin-related Traits Consortium (MAGIC) [24]. Summary statistics for lipid
metabolism traits, including low-density lipoprotein cholesterol (LDL-C),
high-density lipoprotein cholesterol (HDL-C), total cholesterol (TC), and
triglycerides (TG), were obtained from a meta-analysis of GWAS conducted
by the Global Lipid Genetics Consortium (GLGC). To avoid potential bias
introduced by sample overlapping, only the summary statistics excluding
UK Biobank samples from the GLGC with up to 930,672 participants of
European descent were used in this study [25]. For detailed information on
the study design, please refer to the original publication (Supplementary
Table S1). This study was performed using publicly available data, and no
separate ethical approval was required.

Instrumental variables selection and mendelian
randomization analysis

To ensure the validity of our MR analysis, three key assumptions must be
satisfied. First is the relevance assumption, which requires IVs to be
strongly associated with blood OCN levels. Second is the independence
assumption, which states that IVs should not be associated with any
confounding factors. Lastly, the exclusivity assumption suggests that IVs
should directly affect the risk of AD through blood OCN (Fig. 1). To meet
these MR assumptions, we selected SNPs that surpassed the genome-wide
significance threshold (P < 5E-08) as IVs. These SNPs were then clumped
based on the linkage disequilibrium (LD) structure from the 1000 Genomes
Project, with a threshold of r?2<0.01 within 10Mb for individuals of
European descent. In cases where a corresponding outcome had missing
SNPs, we substituted them with overlapping proxy SNPs that exhibited
complete LD (r* =1). Additionally, we also calculated the F-statistic value
for each IVs using the formula (B/SE)2 [26]. Meanwhile, the Steiger filtering
test was applied, and only those SNPs with a higher explanatory variance
in the exposure than the outcome was retained [27]. For MVMR analysis,
conditional F-statistics were computed to evaluate the strength of the
genetic instruments after conditioning on other exposures in the model
[28]. This MR study was conducted in compliance with the strengthening
the reporting of observational studies in epidemiology using MR (STROBE-
MR) guideline [29, 30].

The random-effect inverse variance weighted (IVW) model served as the
primary approach for calculating causal estimates. To assess the stability of
the MR results, we conducted six sensitivity analyses, including MR-Egger,
weighted median, weighted mode, simple median, maximum likelihood,
and MR-Pleiotropy RESidual Sum and Outlier (MR-PRESSO) tests. The MR-
Egger regression intercept was used to examine the presence of horizontal
pleiotropy in the MR analysis. The MR-PRESSO method enabled the
identification of outliers and provided a causal estimate without their

Translational Psychiatry (2024)14:205



X. Guo et al.

Table 1.
SNP CHR BP? EA NEA EAF BETA
rs1831272 1 196766611 G A 0.182  —0.057
rs185320691 6 32522515 C G 0.094 0.087
rs2019727 1 196705584 A T 0.165 0.107
rs241430 6 32835043 C T 0.597 0.050
rs3132469 6 31488790 G A 0.810 0.120
rs3830076 6 32128467 T C 0.091 0.085
rs61803031 1 161632464 T C 0.182 —0.055
rs76359966 6 32487803 G T 0.659 0.136
rs9263708 6 31127493 C T 0.191 0.084
rs9273429 6 32659679 A G 0.562 0.164
rs3117116 6 32399240 A G 0.775 0.209
rs35617250 1 196710552 T C 0.167 0.166
rs71631868 1 196846581 C T NA 0.168

Effect sizes of single nucleotide polymorphism associated with blood osteocalcin levels (r* <0.01).

SE P-VALUE N F-statistic Gene PMID

0.010 6.71E-09 35667 33.62 Near CHFR3 37794188
0.013 9.70E-11 35768 41.88 HLA-DRB5 37794188
0.010 4.31E-25 35667 107.06 CFH 37794188
0.008 1.39E-10 35767 41.18 TAP2 37794188
0.010 1.29E-34 35768 150.57 MICB-DT 37794188
0.013 2.25E-10 35772 40.24 ATF6B/FKBPL 37794188
0.010 3.37E-08 35689 30.48 FCGR3B 37794188
0.007 3.48E-77 35768 345.77 Near HLA-DRB9 37794188
0.010 8.28E-18 35771 73.88 PSORS1C1 37794188
0.008 1.18E-99 35768 448.98 HLA-DQB1 37794188
0.023 6.59E-20 5368 84.10 BTNL2/TSBP1-AS1 35078996
0.026 8.73E-11 5368 42.26 CFH 35078996
0.031 4.27E-08 3301 30.03 CHFR2 29875488

SNP single nucleotide polymorphism, CHR Chromosome, BP Base position, EA Effect allele, NEA Non-effect allele, SE Standard error, N Number, NA Not available.

“based on GRCh38.

influence. We also performed leave-one-out analysis to evaluate the
stability of the MR estimates, and Cochran’s Q statistic was utilized to
assess heterogeneity. For the MVMR analysis, we iteratively combined the
IVs for blood OCN levels from Eldjarn et al. and glucose metabolism (FG,
2h-Glu, Fl, HbA1c) as well as lipid metabolism (LDL-C, HDL-C, TC, TG) as
previously described [31]. After that, we included those putative mediators
(P < 0.05) in the same MVMR model to further assess their role in mediating
the relationship between blood OCN and AD risk. Three statistical
methods, namely IVW, MR-Egger, and Lasso, were employed to calculate
the MVMR estimates. For multiple comparisons adjustment, a P-value less
than 0.017 (0.05/3 exposures) were considered as statistical significance,
while a P-value less than 0.05 as suggestive significance. To perform the
statistical analyses and generate plots, we utilized the following software
packages: TwoSampleMR (V-0.5.6), MR-PRESSO (V-1.0), MendelianRando-
mization (V-0.7.0), MVMR (V-0.4.0), and forestploter (V-0.2.3) in R software
(V-4.2.2) [28, 32-34].

RESULTS

After harmonizing exposure and outcome effects, there were ten,
two, and one valid IVs for blood OCN levels from Eldjarn et al,,
Gudjonsson et al., and Sun et al., respectively. For the ten IVs from
Eldjarn et al. two of them were missing in AD GWAS from IGAP
and only eight IVs were available for MR analysis using the IGAP
dataset. The F-statistic values for the MR study ranged from 30.03
to 448.98, indicating no weak instrument bias. Detailed informa-
tion on each IV is provided in Table 1.

Using the IVW method and summary statistics from Eldjarn
et al, the UVMR results demonstrated a negative association
between genetically determined blood OCN levels and the risk of
AD (IGAP: odds ratio [OR] = 0.83, 95% confidence interval [CI] =
0.72-0.96, P=0.013; FPAD: OR=0.81, 95%Cl=0.70-0.93,
P=0.002) (Fig. 2A). This association was further confirmed using
summary-level data from Gudjonsson et al. and Sun et al. (Fig. 2B,
Q). The results obtained from other sensitivity analysis approaches
showed consistent trends, although not all of them reached
statistical significance (Fig. 2). The MR-Egger regression intercept
test indicated no apparent horizontal pleiotropy. The Cochran Q
statistic suggested potential heterogeneity in the AD-proxy
dataset but not in the IGAP datasets (Supplementary Table S2).
There were two potential outliers (rs185320691 and rs241430)
were identified in the MR-PRESSO test using the AD-proxy dataset,
but the results consistently showed an inverse association
between OCN levels and AD risk after correcting the outliers
(OR=0.82, 95%Cl =0.73-0.93, P=0.013). Leave-one-out analysis
did not reveal any significant single SNP driving the bias of
estimates, indicating robust results (Fig. 3). In addition, to explore

Translational Psychiatry (2024)14:205

the biological relevance of OCN in AD, we further used IVs within
gene regions involved in bone homeostasis to validate the effect
of OCN on AD. Four SNPs, including rs1831272, rs2019727,
rs3830076, and rs61803031 previously reported to be associated
with genes suggestively linked to bone homeostasis were used
[35-40] (Table 1). The results consistently suggested an inverse
relationship between OCN levels and AD risk (IGAP: OR = 0.59,
95%Cl=0.38-093, P=0.022; FPAD: OR=0.77, 95%
Cl=0.62-0.96, P =0.019) (Supplementary Fig. S1).

Using the IVW approach and summary statistics from Eldjarn
et al. in the MVMR analysis, the results indicated a significant and
consistent association between blood OCN levels and a reduced
risk of AD after adjusting for 2h-Glu (OR = 0.81, 95%CI| = 0.72-0.91,
P<0.001), FI (OR=0.80, 95%Cl=0.71-0.91, P<0.001), HbA1c
(OR =0.83, 95%Cl = 0.72-0.96, P = 0.009), HDL-C (OR = 0.83, 95%
Cl=0.75-0.93, P<0.001), LDL-C (OR=10.85, 95%Cl| = 0.76-0.96,
P=0.007), and TG (OR=0.87, 95%Cl=0.77-0.97, P=0.013).
These associations were further validated in the FPAD dataset,
as shown in Table 2. However, using the IGAP dataset, the causal
association between blood OCN levels and AD risk disappeared
after adjusting for FG (OR = 0.88, 95%Cl = 0.76-1.02, P = 0.087) or
TC (OR=0.89, 95%Cl=0.78-1.01, P=0.066), but not well
replicated in the FPAD dataset with MR-Egger and Lasso methods
(Table 2). The conditional F-statistics were larger than 10 for blood
OCN levels and glucose profiles (2h-Glu, Fl, HbA1c, and FG), but
less than 10 for lipid profiles (HDL-C, LDL-C, TG, and TC), indicating
that weak instrument bias may occur in the MVMR analysis for
OCN and lipid profiles (Table 2).

To further assess the combined impact of FG and TC in
mediating the effect of OCN on AD, a MVMR was performed by
putting FG and TC in the same MVMR model. Using the IVW
approach, the MR estimates showed that the protective effect of
OCN on AD was disappeared after adjusting for FG and TC at the
same time dataset (IGAP: OR = 0.97, 95%Cl = 0.80-1.17, P=0.753;
FPAD: OR=0.98, 95%Cl=0.84-1.15, P=0.831). The MVMR
estimates obtained from the MR-Egger and Lasso methods were
consistent with the IVW results (Table 3), indicating good stability.
The conditional F-statistics were larger than 10 for blood OCN
levels in MVMR analysis after conditioning on both FG and TC
(Table 3).

DISCUSSION
The association between OCN, cognitive function, and AD has
been a subject of significant research interest over the past
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A Outcome Method SNP(N) OR (95% ClI) P value
AD (IGAP) IVW 8 —— 0.83 (0.72 to 0.96) 0.013
Weighted median 8 —— 0.87 (0.73 t0 1.03) 0.095
Weighted mode 8 ——H 0.86 (0.72 to 1.02) 0.130
Maximum likelihood 8 —— | 0.83 (0.73 to 0.95) 0.006
w Simple median 8 >—0—<: 0.80 (0.65 to 0.99) 0.041
< MR Egger 8 * 1 0.79 (0.53 to 1.16) 0.266
£ MR-PRESSO 8 —— 0.83 (0.72 to 0.96) 0.042
._g. AD (with familial-proxy) IVW 10 —— 0.81 (0.70 t0 0.93) 0.002
w Weighted median 10 —— | 0.84 (0.76 t0 0.94) 0.002
Weighted mode 10 —— | 0.85 (0.76 to 0.94) 0.013
@ Maximum likelihood 10 ——i : 0.81 (0.74 t0 0.88) <0.001
° Simple median 10 —— 0.81 (0.70 to 0.92) 0.002
E MR Egger 10 * i 0.77 (0.53 t0 1.13) 0.224
g MR-PRESSO 10 —— : 0.81 (0.70 to 0.93) 0.014
E 1
?3 Decreased Increased
@ B
'g T Outcome Method SNP(N) OR (95% ClI) P value
E? E AD (IGAP) IVW 2 —_—— ! 0.74 (0.64 to 0.86) <0.001
8 Maximum likelihood 2 —_ : 0.74 (0.63 t0 0.87) <0.001
& AD (with familial-proxy) VW 2 —_—— ; 0.83 (0.75 to 0.93) <0.001
._g. Maximum likelihood 2 — | 0.83 (0.75 t0 0.92) <0.001
= |
G} 1
Decreased Increased
c_. Outcome Method SNP(N) OR (95% CI) P value
3 AD(IGAP) Waldrato 1 - " 077(06110098) 0032
s AD (with familial-proxy) Wald ratio 1 r—o—?o 0.87 (0.75t0 1.01) 0.061
7]
1

Decreased Increased

Fig. 2 Effects of blood osteocalcin levels on the risk of Alzheimer’s disease. Using two different summary-level data on AD, genetically
predicted blood osteocalcin levels were associated with a decreased risk of AD via seven different statistical approaches. A-C Showed the MR
estimates using summary-level data on blood osteocalcin from Eldjarn et al. (A), Gudjonsson et al. (B), and Sun et al. (C), respectively. AD
Alzheimer's disease, IVW inverse variance weighted, SNP single nucleotide polymorphism, MR Mendelian randomization, MR-PRESSO
MRPleiotropy RESidual Sum and Outlier, OR odds ratio, IGAP International Genomics of Alzheimer’s Project, N number.

decade, revealing some observed associations. In this MR study,
utilizing summary statistics from two different AD studies, we
further strengthen the evidence by demonstrating a causal
relationship between genetically predicted blood OCN levels
and a decreased risk of AD. These findings suggest a protective
role of OCN in the development of AD. Furthermore, our MVMR
analysis results indicate that the protective effect of OCN on AD
may primarily rely on its regulation of FG and TC levels.

OCN, a crucial peptide derived from osteoblasts, is known to
play a role in bone remodeling and is closely linked to bone
mineral density (BMD) [41, 42]. Clinical studies have shown that
individuals with osteopenia or osteoporosis are at a higher risk of
developing AD [43, 44]. Moreover, lower blood OCN levels have
been associated with brain microstructural changes and poorer
cognitive function in elderly adults [13, 45]. Consistent with these
findings, our MR analysis demonstrates an inverse relationship
between genetically determined blood OCN levels and the risk of
AD. Additionally, a recent animal study from our research group
has shown that OCN can improve cognitive impairment in an AD
transgenic mouse model (APP/PS1 mice) [12]. However, it is worth
noting that some studies have suggested increased blood OCN
levels in AD patients [15, 46]. It remains unclear whether this is a
compensatory response of the bone to combat underlying
diseases, similar to the situations observed in obesity and diabetes
[47, 48], or if there are other unidentified mechanisms.

Dysfunction in both glucose metabolism and lipid metabolism
has been consistently associated with an increased risk of AD
[16, 17, 49]. For example, patients with Type 2 diabetes (T2D) or

SPRINGER NATURE

elevated levels of TC and LDL-C were at a higher risk of AD
[50, 51]. A cohort study reported an association between early-
onset AD and higher levels of LDL-C [52]. Similarly, a systematic
review involving nearly 6500 AD patients revealed elevated LDL-C
levels in individuals with AD [53]. Another meta-analysis by Liu
and colleagues with up to 5948 individuals also showed that
blood TC and LDL-C levels were tightly associated with mild
cognitive impairment and AD [50]. Pathologically, increased blood
levels of LDL-C, TC, TG, and decreased levels of HDL-C have been
linked to an accumulation of B-amyloid plaques in the hippo-
campus and adjacent temporal lobe of AD patients [54].
Furthermore, previous MR studies have demonstrated a positive
association between blood FG, TC and LDL-C levels and the risk of
AD [55, 56], while lowering blood glucose and LDL-C levels has
shown a causal effect in reducing the risk of AD [57, 58].

To evaluate the role of glucose and lipid metabolism in the
causal relationship between OCN and AD, we conducted an MVMR
analysis. Our findings indicate that the inverse association
between blood OCN levels and AD risk is diminished after
adjusting for FG and TC, suggesting that OCN may ameliorate AD
through its regulation of both FG and TC. Indeed, population
studies have shown a negative correlation between serum OCN
levels, FG, and TC [59]. Our previous meta-analysis involving
23,381 participants also revealed a negative correlation between
blood levels of OCN and FG and HbA1c [60]. Moreover, animal
studies have further revealed that OCN treatment significantly
reduces serum FG and TC levels in both diabetic and non-diabetic
rats [61].

Translational Psychiatry (2024)14:205
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Fig. 3 Scatter plots and leave-one-out plots for the causal association between blood osteocalcin levels and Alzheimer’s disease.
A, B Showed the SNPs’ effect on blood osteocalcin levels (Eldjarn et al.) and AD using GWAS summary-level data from IGAP and study with
familial-proxy AD. The slope indicated the causal estimates for each method. C, D Showed the leave-one-out plots for the causal effect of
blood osteocalcin levels on AD. AD Alzheimer’s disease, IVW inverse-variance weighted, MR Mendelian randomization, SNP single nucleotide
polymorphism, IGAP International Genomics of Alzheimer’s Project.
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Table 2. MVMR results of blood osteocalcin on the risk of AD after adjustment of each mediator.
Exposure Mediators Method AD (IGAP) AD (with familial-proxy)
SNP (N) OR(95%Cl) P Conditional F-statistics SNP (N) OR(95%Cl) P Conditional
F statistics
Blood osteocalcin levels® 2h-Glu VW 23 0.81 (0.72-0.91) <0.001 3148 24 0.81 (0.72-0.91) <0.001 31.48
Egger 23 0.82 (0.72-0.92) 0.001 24 0.81 (0.71-0.92) 0.001
Lasso 23 0.81 (0.72-0.92) <0.001 24 0.81 (0.72-0.90) <0.001
FG VW 102 0.88 (0.76-1.02) 0.087 13.83 105 0.86 (0.77-0.96) 0.008 13.45
Egger 102 0.80 (0.67-0.94) 0.008 105 0.86 (0.77-0.96) 0.007
Lasso 102 0.85 (0.75-0.96) 0.010 105 0.87 (0.80-0.95) 0.002
FI VW 52 0.80 (0.71-0.91) <0.001 22.06 54 0.81 (0.73-0.91) <0.001 21.56
Egger 52 0.83 (0.71-0.95) 0.009 54 0.83 (0.74-0.93) 0.001
Lasso 52 0.81 (0.72-0.91) <0.001 54 0.83 (0.76-0.91) <0.001
HbA1c VW 95 0.83 (0.72-0.96) 0.009 15.26 99 0.83 (0.74-0.92) <0.001 14.69
Egger 95 0.83 (0.72-0.96) 0.009 99 0.83 (0.75-0.92) <0.001
Lasso 95 0.82 (0.73-0.92) <0.001 929 0.81 (0.75-0.88) <0.001
HDL-C VW 798 0.83 (0.75-0.93) <0.001 2.65 844 0.83 (0.77-0.89) <0.001 2.59
Egger 797 0.83 (0.73-0.94) 0.004 843 0.83 (0.77-0.90) <0.001
Lasso 797 0.82 (0.75-0.89) <0.001 843 0.85 (0.80-0.90) <0.001
LDL-C VW 554 0.85 (0.76-0.96) 0.007 7.94 577 0.85 (0.78-0.92) <0.001 7.48
Egger 552 0.85 (0.74-0.97) 0.020 575 0.85 (0.78-0.92) <0.001
Lasso 552 0.85 (0.77-0.94) 0.001 575 0.90 (0.84-0.96) 0.002
TG VW 642 0.87 (0.77-0.97) 0.013 278 680 0.89 (0.82-0.96) 0.003 2.70
Egger 642 0.82 (0.71-0.94) 0.005 680 0.86 (0.78-0.94) 0.002
Lasso 642 0.84 (0.76-0.93) <0.001 680 0.89 (0.84-0.95) <0.001
TC VW 713 0.89 (0.78-1.01) 0.066 1.99 748 0.89 (0.82-0.98) 0.016 1.96
Egger 713 0.87 (0.73-1.03) 0.098 748 0.90 (0.82-0.98) 0.021
Lasso 713 0.84 (0.76-0.94) 0.002 748 0.94 (0.87-1.01) 0.090

MVMR Multivariable Mendelian randomization, IGAP International Genomics of Alzheimer’s Project, IVW Inverse variance weighted, AD Alzheimer’s disease, 2h-Glu
2h-glucose post-challenge, FG Fasting glucose, FI fasting insulin, HbATc Glycated hemoglobin, HDL-C High-density lipoprotein cholesterol, LDL-C Low-density
lipoprotein cholesterol, TG Triglycerides; TC Total cholesterol, P P-value, N Number, SNP Single nucleotide polymorphism, OR Odds ratio, C/ Confidence interval.

2summary-level data from Eldjarn et al.

Table 3. MVMR results of blood osteocalcin on the risk of AD after adjustment of FG and TC.
Exposures Method AD (IGAP) AD (with familial-proxy)
SNP (N) OR(95%Cl) P Conditional SNP (N) OR(95%Cl) P Conditional
F statistics F statistics

Osteocalcin VW 798 0.97(0.80-1.17) 0.753 32.24 839 0.98(0.84-1.15) 0.831 32.37
levels®

MR-E 790 0.97(0.81-1.18 0.790 831 0.98(0.84-1.15 0.821
(FG and TC) 2l ! ) d i

Lasso 790 0.89(0.80-0.99) 0.032 831 0.96(0.89-1.03) 0.230

MVMR Multivariable Mendelian randomization, IGAP International Genomics of Alzheimer’s Project, IVW Inverse variance weighted, AD Alzheimer’s disease,
FG Fasting glucose, TC Total cholesterol, P P-value, N Number, SNP Single nucleotide polymorphism, OR Odds ratio, C/ Confidence interval.

“based on summary-level data from Eldjarn et al.

The underlying mechanism behind the beneficial role of OCN in
reducing the risk of AD through the amelioration of glucose and
lipid metabolism, particularly by lowering FG and TC levels, is
complex. There are reports linking dysregulated lipid metabolism
to AD. For example, elevated cholesterol levels within the lipid
rafts of neuron cell membranes can enhance the activity of key
enzymes involved in amyloid protein precursor (APP) cleavage,
such as B-secretase/B-site amyloid precursor protein cleavage
enzyme-1 (BACE-1) and y-secretase, leading to increased produc-
tion of B-amyloid [62-64]. Additionally, the neurotoxic cholesterol
oxidation product 27-hydroxycholesterol has been implicated in
the pathogenesis of AD [65]. Therefore, regulating lipid metabo-
lism may be an important approach to reduce the development of
AD. It is worth noting that OCN stimulates the release of
adiponectin, an important adipokine that can have a beneficial
effect on lipoprotein metabolism, including TC reduction [66].

SPRINGER NATURE

Meanwhile, our MVMR results revealed that the causal effect of
OCN on AD was also partially dependent of glucose metabolism,
especially for FG. Numerous studies have showed that impaired
FG was related to increased cerebral beta-amyloid accumulation
and atrophy, and associated with a higher risk of AD [67, 68]. It is
reported that the levels of glucose transporter-3 in AD patients
were decreased, leading to impaired glycolytic flux, which was
related to the severity of AD pathology [69]. In contrast, studies in
both humans and animals have showed that blood osteocalcin
levels were associated with improved glucose metabolism and
insulin sensitivity [60, 70, 71]. Furthermore, in our recent mouse
study, we discovered that OCN can improve cognitive defects in
AD mice by promoting glycolysis in neuroglia [12]. Taken together,
these findings suggest that both glucose and lipid metabolism
may play an essential mediating role in the causal pathway
between OCN and AD.
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LIMITATIONS

There are several limitations to consider in this study. Firstly, we
employed a relatively relaxed r* threshold (=0.01) to select a
sufficient number of instrumental variables (IVs) for MR analysis,
which may have led to an overestimation of the causal association.
Secondly, although the MR estimates from different approaches
showed consistent trends, some of them did not reach statistical
significance, possibly due to the small sample size for blood OCN
levels. Thirdly, the Cochran Q test revealed potential heterogeneity.
However, the results of MR-PRESSO test consistently showed an
inverse association between OCN levels and AD after correcting the
outliers. Fourthly, despite the genetic instruments strongly predict-
ing blood OCN levels in the UVMR analysis, the MVMR analysis may
remain susceptible to bias due to conditionally weak instruments,
diminishing the power of MVMR in estimating causal effects. Thus,
the potential mediating influence of energy metabolism, especially
lipid profiles, on the causal pathways linking blood OCN levels with
AD in our study requires further confirmation. Finally, the findings
of this study were based on individuals of European descent, and
further validation in other racial/ethnic groups is needed.

CONCLUSION

In summary, this MR study provides evidence that elevated blood
OCN levels are associated with a decreased risk of AD through the
regulation of FG and TC, indicating a potential beneficial role of OCN
in preventing AD. However, it is essential to conduct additional
studies in both human populations and animal models to verify these
causal associations and fully elucidate the underlying mechanisms.

DATA AVAILABILITY
The GWAS summary statistics for blood osteocalcin levels, AD, glucose metabolism,
and lipid metabolism were from the original articles.

CODE AVAILABILITY
All R scripts applied in this MR study are available from the authors upon reasonable
request.

REFERENCES

1. Gustavsson A, Norton N, Fast T, Frolich L, Georges J, Holzapfel D, et al. Global
estimates on the number of persons across the Alzheimer’s disease continuum.
Alzheimers Dement. 2023;19:658-70.

2. Reid IR, Billington EO. Drug therapy for osteoporosis in older adults. Lancet.
2022;399:1080-92.

3. Fehsel K, Christl J. Comorbidity of osteoporosis and Alzheimer’s disease: Is ‘AKT
“ing on cellular glucose uptake the missing link? Ageing Res Rev.
2022;76:101592.

4. Jiang YL, Wang ZX, Liu XX, Wan MD, Liu YW, Jiao B, et al. The Protective Effects of
Osteocyte-Derived Extracellular Vesicles Against Alzheimer’s Disease Diminished
with Aging. Adv Sci (Weinh). 2022;9:e2105316.

5. Oury F, Khrimian L, Denny CA, Gardin A, Chamouni A, Goeden N, et al. Maternal
and offspring pools of osteocalcin influence brain development and functions.
Cell. 2013;155:228-41.

6. Hou YF, Shan C, Zhuang SY, Zhuang QQ, Ghosh A, Zhu KC, et al. Gut microbiota-
derived propionate mediates the neuroprotective effect of osteocalcin in a
mouse model of Parkinson’s disease. Microbiome. 2021;9:34.

7. Zoch ML, Clemens TL, Riddle RC. New insights into the biology of osteocalcin.
Bone. 2016;82:42-9.

8. Zhou R, Guo Q, Xiao Y, Guo Q, Huang Y, Li C, et al. Endocrine role of bone in the
regulation of energy metabolism. Bone Res. 2021;9:25.

9. Shan C, Yue J, Liu W. Broadening the role of osteocalcin in the hypothalamic-
pituitary-gonadal axis. J Endocrinol. 2021;249:R43-r51.

10. Obri A, Khrimian L, Karsenty G, Oury F. Osteocalcin in the brain: from embryonic
development to age-related decline in cognition. Nat Rev Endocrinol.
2018;14:174-82.

11. Qian Z, Li H, Yang H, Yang Q, Lu Z, Wang L, et al. Osteocalcin attenuates oligo-
dendrocyte differentiation and myelination via GPR37 signaling in the mouse
brain. Sci Adv. 2021;7:eabi5811.

Translational Psychiatry (2024)14:205

X. Guo et al.

12. Shan C, Zhang D, Ma DN, Hou YF, Zhuang QQ, Gong YL, et al. Osteocalcin
ameliorates cognitive dysfunctions in a mouse model of Alzheimer’s Disease by
reducing amyloid 3 burden and upregulating glycolysis in neuroglia. Cell Death
Discov. 2023;9:46.

13. Bradburn S, McPhee JS, Bagley L, Sipila S, Stenroth L, Narici MV, et al. Association
between osteocalcin and cognitive performance in healthy older adults. Age
Ageing. 2016;45:844-9.

14. Ross RD, Olali AZ, Shi Q, Hoover DR, Sharma A, Weber KM, et al. Brief Report:
Undercarboxylated Osteocalcin Is Associated With Cognition in Women With and
Without HIV. J Acquir Immune Defic Syndr. 2022;91:162-7.

15. Pu Z, Tang X, Fei Y, Hou Q, Lin Y, Zha X. Bone metabolic biomarkers and bone
mineral density in male patients with early-stage Alzheimer’s disease. Eur Geriatr
Med. 2020;11:403-8.

16. Dewanjee S, Chakraborty P, Bhattacharya H, Chacko L, Singh B, Chaudhary A,
et al. Altered glucose metabolism in Alzheimer’s disease: Role of mitochondrial
dysfunction and oxidative stress. Free Radic Biol Med. 2022;193:134-57.

17. Xu P, Chang JC, Zhou X, Wang W, Bamkole M, Wong E, et al. GSAP regulates lipid
homeostasis and mitochondrial function associated with Alzheimer's disease. J
Exp Med. 2021;218:20202446.

18. Carter AR, Sanderson E, Hammerton G, Richmond RC, Davey Smith G, Heron J,
et al. Mendelian randomisation for mediation analysis: current methods and
challenges for implementation. Eur J Epidemiol. 2021;36:465-78.

19. Eldjarn GH, Ferkingstad E, Lund SH, Helgason H, Magnusson OT, Gunnarsdottir K,
et al. Large-scale plasma proteomics comparisons through genetics and disease
associations. Nature. 2023;622:348-58.

20. Gudjonsson A, Gudmundsdottir V, Axelsson GT, Gudmundsson EF, Jonsson BG,
Launer LJ, et al. A genome-wide association study of serum proteins reveals
shared loci with common diseases. Nat Commun. 2022;13:480.

21. Sun BB, Maranville JC, Peters JE, Stacey D, Staley JR, Blackshaw J, et al. Genomic
atlas of the human plasma proteome. Nature. 2018;558:73-79.

22. Kunkle BW, Grenier-Boley B, Sims R, Bis JC, Damotte V, Naj AC, et al. Genetic
meta-analysis of diagnosed Alzheimer's disease identifies new risk loci and
implicates AB, tau, immunity and lipid processing. Nat Genet. 2019;51:414-30.

23. Schwartzentruber J, Cooper S, Liu JZ, Barrio-Hernandez |, Bello E, Kumasaka N,
et al. Genome-wide meta-analysis, fine-mapping and integrative prioritization
implicate new Alzheimer’s disease risk genes. Nat Genet. 2021;53:392-402.

24. Chen J, Spracklen CN, Marenne G, Varshney A, Corbin LJ, Luan J, et al. The trans-
ancestral genomic architecture of glycemic traits. Nat Genet. 2021;53:840-60.

25. Graham SE, Clarke SL, Wu KH, Kanoni S, Zajac GJM, Ramdas S, et al. The power of
genetic diversity in genome-wide association studies of lipids. Nature. 2021,600:675-9.

26. Zeng R, Wang J, Zheng C, Jiang R, Tong S, Wu H, et al. Lack of Causal Associations
of Inflammatory Bowel Disease with Parkinson’s Disease and Other Neurode-
generative Disorders. Mov Disord. 2023;38:1082-8.

27. Hemani G, Tilling K, Davey Smith G. Orienting the causal relationship between
imprecisely measured traits using GWAS summary data. PLoS Genet.
2017;13:e1007081.

28. Sanderson E, Spiller W, Bowden J. Testing and correcting for weak and pleiotropic
instruments in two-sample multivariable Mendelian randomization. Stat Med.
2021;40:5434-52.

29. Skrivankova VW, Richmond RC, Woolf BAR, Yarmolinsky J, Davies NM, Swanson
SA, et al. Strengthening the Reporting of Observational Studies in Epidemiology
Using Mendelian Randomization: The STROBE-MR Statement. Jama.
2021;326:1614-21.

30. Skrivankova VW, Richmond RC, Woolf BAR, Davies NM, Swanson SA, VanderWeele
TJ, et al. Strengthening the reporting of observational studies in epidemiology
using mendelian randomisation (STROBE-MR): explanation and elaboration. Bmj.
2021;375:n2233.

31. Guo X, Tang P, Zhang X, Li R. Causal associations of circulating Helicobacter pylori
antibodies with stroke and the mediating role of inflammation. Inflamm Res.
2023;72:1193-202.

32. Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird D, et al. The MR-
Base platform supports systematic causal inference across the human phenome.
Elife. 2018;7:e34408.

33. Verbanck M, Chen CY, Neale B, Do R. Detection of widespread horizontal pleio-
tropy in causal relationships inferred from Mendelian randomization between
complex traits and diseases. Nat Genet. 2018;50:693-8.

34. 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.

35. Alexander JJ, Sankaran JS, Seldeen KL, Thiyagarajan R, Jacob A, Quigg RJ, et al.
Absence of complement factor H alters bone architecture and dynamics.
Immunobiology. 2018;223:761-71.

36. Chen X, Wang J, Wang J, Ye J, Di P, Dong C, et al. Several potential serum
proteomic biomarkers for diagnosis of osteoarticular tuberculosis based on mass
spectrometry. Clin Chim Acta. 2023;547:117447.

SPRINGER NATURE



X. Guo et al.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Wang Y, Wang Q, Xu Q, Li J, Zhao F. Single-cell RNA sequencing analysis dis-
sected the osteo-immunology microenvironment and revealed key regulators in
osteoporosis. Int Immunopharmacol. 2022;113:109302.

Lo T, Tsai CF, Shih YR, Wang YT, Lu SC, Sung TY, et al. Phosphoproteomic analysis
of human mesenchymal stromal cells during osteogenic differentiation. J Pro-
teome Res. 2012;11:586-98.

Wang L, Yang X, Cai G, Xin L, Xia Q, Zhang X, et al. Association study of copy
number variants in FCGR3A and FCGR3B gene with risk of ankylosing spondylitis
in a Chinese population. Rheumatol Int. 2016;36:437-42.

Negishi-Koga T, Gober HJ, Sumiya E, Komatsu N, Okamoto K, Sawa S, et al.
Immune complexes regulate bone metabolism through FcRy signalling. Nat
Commun. 2015;6:6637.

Ducy P, Desbois C, Boyce B, Pinero G, Story B, Dunstan C, et al. Increased bone
formation in osteocalcin-deficient mice. Nature. 1996,382:448-52.

Manolagas SC. Osteocalcin promotes bone mineralization but is not a hormone.
PLoS Genet. 2020;16:1008714.

Zhou R, Zhou H, Rui L, Xu J. Bone loss and osteoporosis are associated with
conversion from mild cognitive impairment to Alzheimer’s disease. Curr Alzhei-
mer Res. 2014;11:706-13.

Zhou R, Deng J, Zhang M, Zhou HD, Wang YJ. Association between bone
mineral density and the risk of Alzheimer's disease. J Alzheimers Dis.
2011;24:101-8.

Puig J, Blasco G, Daunis-i-Estadella J, Moreno M, Molina X, Alberich-Bayarri A,
et al. Lower serum osteocalcin concentrations are associated with brain micro-
structural changes and worse cognitive performance. Clin Endocrinol (Oxf).
2016;84:756-63.

Luckhaus C, Mahabadi B, Grass-Kapanke B, Janner M, Willenberg H, Jager M, et al.
Blood biomarkers of osteoporosis in mild cognitive impairment and Alzheimer’s
disease. J Neural Transm (Vienna). 2009;116:905-11.

Mosialou |, Shikhel S, Luo N, Petropoulou PI, Panitsas K, Bisikirska B, et al.
Lipocalin-2 counteracts metabolic dysregulation in obesity and diabetes. J Exp
Med. 2020;217:€20191261.

Xuan Y, Sun LH, Liu DM, Zhao L, Tao B, Wang WQ, et al. Positive association
between serum levels of bone resorption marker CTX and HbA1c in women with
normal glucose tolerance. J Clin Endocrinol Metab. 2015;100:274-81.

Liu P, Wang ZH, Kang SS, Liu X, Xia Y, Chan CB, et al. High-fat diet-induced
diabetes couples to Alzheimer’s disease through inflammation-activated C/EBPB/
AEP pathway. Mol Psychiatry. 2022;27:3396-409.

Liu Y, Zhong X, Shen J, Jiao L, Tong J, Zhao W, et al. Elevated serum TC and LDL-C
levels in Alzheimer's disease and mild cognitive impairment: A meta-analysis
study. Brain Res. 2020;1727:146554.

Michailidis M, Moraitou D, Tata DA, Kalinderi K, Papamitsou T, Papaliagkas V.
Alzheimer's Disease as Type 3 Diabetes: Common Pathophysiological Mechan-
isms between Alzheimer’'s Disease and Type 2 Diabetes. Int J Mol Sci.
2022;23:2687.

Wingo TS, Cutler DJ, Wingo AP, Le NA, Rabinovici GD, Miller BL, et al. Association
of Early-Onset Alzheimer Disease With Elevated Low-Density Lipoprotein Cho-
lesterol Levels and Rare Genetic Coding Variants of APOB. JAMA Neurol.
2019;76:809-17.

Zhou Z, Liang Y, Zhang X, Xu J, Lin J, Zhang R, et al. Low-Density Lipoprotein
Cholesterol and Alzheimer’s Disease: A Systematic Review and Meta-Analysis.
Front Aging Neurosci. 2020;12:5.

Pappolla MA, Bryant-Thomas TK, Herbert D, Pacheco J, Fabra Garcia M, Manjon M,
et al. Mild hypercholesterolemia is an early risk factor for the development of
Alzheimer amyloid pathology. Neurology. 2003;61:199-205.

Huang SY, Yang YX, Zhang YR, Kuo K, Li HQ, Shen XN, et al. Investigating Causal
Relations Between Circulating Metabolites and Alzheimer's Disease: A Mendelian
Randomization Study. J Alzheimers Dis. 2022;87:463-77.

Pan Y, Chen W, Yan H, Wang M, Xiang X. Glycemic traits and Alzheimer’s disease:
a Mendelian randomization study. Aging (Albany NY). 2020;12:22688-99.

Low LDL cholesterol, PCSK9 and HMGCR genetic variation, and risk of Alzheimer’s dis-
ease and Parkinson’s disease: Mendelian randomisation study. Bmj. 2017. 357: j3170.
Tang B, Wang Y, Jiang X, Thambisetty M, Ferrucci L, Johnell K, et al. Genetic
Variation in Targets of Antidiabetic Drugs and Alzheimer Disease Risk: A Men-
delian Randomization Study. Neurology. 2022;99:e650-e659.

Chen L, Li Q, Yang Z, Ye Z, Huang Y, He M, et al. Osteocalcin, glucose metabolism,
lipid profile and chronic low-grade inflammation in middle-aged and elderly
Chinese. Diabet Med. 2013;30:309-17.

Liu DM, Guo XZ, Tong HJ, Tao B, Sun LH, Zhao HY, et al. Association between
osteocalcin and glucose metabolism: a meta-analysis. Osteoporos Int.
2015;26:2823-33.

Huang L, Yang L, Luo L, Wu P, Yan S. Osteocalcin Improves Metabolic Profiles,
Body Composition and Arterial Stiffening in an Induced Diabetic Rat Model. Exp
Clin Endocrinol Diabetes. 2017;125:234-40.

SPRINGER NATURE

62. Chew H, Solomon VA, Fonteh AN. Involvement of Lipids in Alzheimer’s Disease
Pathology and Potential Therapies. Front Physiol. 2020;11:598.

63. Martins 1), Hone E, Foster JK, Stinram-Lea SI, Gnjec A, Fuller SJ, et al. Apolipo-
protein E, cholesterol metabolism, diabetes, and the convergence of risk factors
for Alzheimer's disease and cardiovascular disease. Mol Psychiatry.
2006;11:721-36.

64. Wong MW, Braidy N, Poljak A, Pickford R, Thambisetty M, Sachdev PS. Dysre-
gulation of lipids in Alzheimer’s disease and their role as potential biomarkers.
Alzheimers Dement. 2017;13:810-27.

65. Marwarha G, Ghribi O. Does the oxysterol 27-hydroxycholesterol underlie Alz-
heimer’s disease-Parkinson’s disease overlap? Exp Gerontol. 2015;68:13-8.

66. Wang X, Chen Q, Pu H, Wei Q, Duan M, Zhang G, et al. Adiponectin improves NF-
kB-mediated inflammation and abates atherosclerosis progression in apolipo-
protein E-deficient mice. Lipids Health Dis. 2016;15:33.

67. Morris JK, Vidoni ED, Wilkins HM, Archer AE, Burns NC, Karcher RT, et al. Impaired
fasting glucose is associated with increased regional cerebral amyloid. Neurobiol
Aging. 2016;44:138-42.

68. Honea RA, John CS, Green ZD, Kueck PJ, Taylor MK, Lepping RJ. et al. Relationship
of fasting glucose and longitudinal Alzheimer's disease imaging markers. Alz-
heimers Dement (NY). 2022;8:12239

69. AnY, Varma VR, Varma S, Casanova R, Dammer E, Pletnikova O, et al. Evidence for
brain glucose dysregulation in Alzheimer's disease. Alzheimers Dement.
2018;14:318-29.

70. Hwang YC, Jeong IK, Ahn KJ, Chung HY. Circulating osteocalcin level is associated
with improved glucose tolerance, insulin secretion and sensitivity independent of
the plasma adiponectin level. Osteoporos Int. 2012;23:1337-42.

71. Mao H, Li L, Fan Q, Angelini A, Saha PK, Coarfa C, et al. Endothelium-specific
depletion of LRP1 improves glucose homeostasis through inducing osteocalcin.
Nat Commun. 2021;12:5296.

ACKNOWLEDGEMENTS
The authors thank all the participants, investigators, and consortia (GLGC, MAGIC,
IGAP) for their contributing studies with data publicly available.

AUTHOR CONTRIBUTIONS

XG, CS, JL, and RL conceived and designed the project. XG, YY, RZ, and GT collected
and analyzed the data. XG and YY drafted the manuscript. JL and RL revised the
manuscript. All authors have reviewed and approved the final manuscript.

FUNDING

This work was supported by the Fundamental Research Funds for the Central
Universities, Xi'an Jiaotong University (XZY012022136) and the Shaanxi Provincial
Traditional Chinese Medicine Administration “Double Chain Integration” Middle
Youth Research and Innovation Team Project (2022-SLRH-LJ-007). The funding
agency had no role in the design, implementation, or interpretation of this study.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
This study was performed based on publicly available data and no separate ethical
approval was required.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41398-024-02924-w.

Correspondence and requests for materials should be addressed to Jian-min Liu or
Rui Li.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Translational Psychiatry (2024)14:205


https://doi.org/10.1038/s41398-024-02924-w
http://www.nature.com/reprints
http://www.nature.com/reprints

X. Guo et al.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Translational Psychiatry (2024)14:205 SPRINGER NATURE


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Causal effect of blood osteocalcin on the risk of Alzheimer&#x02019;s disease and the mediating role of energy metabolism
	Introduction
	Methods
	Data source and study�design
	Instrumental variables selection and mendelian randomization analysis

	Results
	Discussion
	Limitations
	Conclusion
	References
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




