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association, is not studied to date. In this study, using summary statistics of genome-wide asso-
ciation studies primarily conducted in the individuals of European ancestry, Mendelian
randomization (MR) analyses were performed to investigate: (1) the total and direct effects of EA
on IVDD and LBP, (2) bidirectional associations of EA with MetS or the components of MetS, (3)
causal effects of MetS or its components on IVDD and LBP, and (4) mediating effects of MetS or its
components on the causal associations of EA with IVDD and LBP. Univariable MR analysis
demonstrated that genetically proxied EA was inversely associated with IVDD (ORIVW: 0.90; 95
% CI: 0.87-0.92) and LBP (ORIVW: 0.86; 95 % CI: 0.84-0.89). Consistent results were obtained
after adjusting for potential confounders (cognition, economic level, smoking traits, and meta-
bolic factors). Mediation analysis proved that the effect of EA on IVDD mediated by MetS, waist
circumference, and high-density lipoprotein cholesterol was 11.38 %, 9.22 %, and 2.17 %,
respectively. Besides, MetS mediated 8.42 % and waist circumference mediated 5.81 % of the EA
effects on LBP, respectively. Our findings provided support for MetS mediating the causal pro-
tective effects of EA on IVDD and LBP, which provided causal evidence to the etiology and
intervention targets of IVDD and LBP.

1. Introduction

Low back pain (LBP) is a significant cause of labor loss and disability globally, impacting the psychological well-being and quality
of life of patients while also placing a substantial economic burden on families and society [1,2]. The etiology of LBP is complex and
varied, with intervertebral disc degeneration (IVDD) being identified as a key factor [3]. IVDD is characterized by a progressive loss of
proteoglycans and water content in the nucleus pulposus, marking the initial stage of spinal changes [4]. With the influence of diverse
etiological factors, IVDD gradually causes prolapsing nucleus pulposus, tearing of the fibrous ring, disc narrowing, spinal canal
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stenosis, and ultimately LBP [5]. In general, the etiology of IVDD is complex and multifaceted, mainly including genetic causes, aging,
and lifestyle [6,7]. Recently, growing evidence suggested that metabolic syndrome (MetS) and its components (including central
obesity, hypertension, dyslipidemia, hyperglycemia, and hypertriglyceridemia) might be involved in the development of IVDD, which
shifts the focus of IVDD research to metabolic risk factors [8-10].

Educational attainment (EA) is a robust predictor of cognitive ability and economic success, with broad implications for a person’s
lifestyle behaviors and health resource advantages [11]. Recent univariable Mendelian randomization (UVMR) studies have shown
that higher EA is linked to a lower risk of IVDD or LBP, but it is unclear if this association is influenced by cognition, economic income,
or lifestyle [12,13]. Additionally, other Mendelian randomization (MR) studies suggest that higher EA may also help reduce the risk of
hypertension and diabetes in patients with metabolic syndrome (MetS) [14,15]. As a result, further research is needed to explore the
connections between EA, MetS, IVDD, and LBP.

Mendelian randomization (MR) is a method for causal inference that offers a more robust assessment of potential causal re-
lationships compared to traditional epidemiological studies [16]. By utilizing genetic variants strongly linked to the exposure of in-
terest as instrumental variables (IVs), MR provides estimates of the relationship between exposure and outcome that are less
susceptible to bias from confounding and reverse causality [17]. Multivariable Mendelian randomization (MVMR) is an extension of
MR that enables the examination of the individual effects of related exposures on an outcome and allows for the investigation of
potential mediation [18,19].

In this study, we investigated the independent causal effects of EA on IVDD and LBP with adjustment for cognition, economic
income, and lifestyle (smoking traits). Furthermore, we aimed to assess whether the causal effects of EA on the risk of IVDD and LBP are
mediated by Mets or its components.

(1) Univariate Mendelian randomization analysis
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Fig. 1. Study design overview. IVDD, intervertebral disc degeneration; LBP, low back pain; MetS, metabolic syndrome.
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2. Methods
2.1. Study design

MR analysis has three critical assumptions: (1) relevance assumption, in which the IVs should be strongly correlated with the
exposure; (2) independence assumption, in which the IVs used should be independent of any potential confounders; and (3) exclu-
sion-restriction assumption, in which the IVs should only affect the outcome through the exposure of interest [16]. Based on the
rationale of two-sample MR, the causal relationship of EA with IVDD or LBP was identified, and mediation analyses were designed to
assesse whether this relationship could be mediated by MetS and MetS’ components. A brief description of this MR design is given in
Fig. 1.

2.2. Data sources of exposures, mediators, and outcomes

In this MR study, the data sources of exposures, mediators, and outcomes were derived from the summary-level data of genome-
wide association studies (GWASs) conducted primarily in the individuals of European ancestry (Table 1). All GWASs datasets were
obtained from public databases and had received ethical approval from respective institutions.

Cognition, economic income, and smoking behavior are genetically associated with EA and are potential confounders in the causal
effects of EA on IVDD or LBP [21]. Genetic instruments for cognition were selected from a GWAS meta-analysis of a broadband index
(g) or verbal-numerical reasoning scores in 257,841 individuals from the Cognitive Genomics Consortium and UK Biobank [22].
Regarding economic income, a categorical variable representing annual household income (less than £18,000, £18,000-30,999, £31,
000-51,999, £52,000-100,000, or greater than £100,000) was obtained from the questionnaires established by the MRC-IEU (http://
gwas.mrcieu.ac.uk/). Summary-level data for smoking-related phenotypes, including smoking initiation and cigarettes per day, were
extracted from a recent GWAS meta-analysis [23]. Smoking initiation was defined as a binary phenotype for “current or former
smoking” versus “never smoking”, and cigarettes per day was a quasicontinuous variable defined as the number of cigarettes smoked
per day for smokers.

MetS and its components were used as mediators in this study. Individuals who fulfilled at least 3 of the following 5 criteria were
classified as having MetS: abdominal obesity, increased blood pressure, increased blood glucose, increased triglyceride levels, and
decreased high-density lipoprotein cholesterol (HDL-C). The MetS data were obtained from the Complex Trait Genetics Lab (https://
ctg.cner.nl/software/summary statistics), consisting of 461,902 valid subjects of European ancestry [24]. The GWAS summary sta-
tistics for five components of MetS (hypertension, fasting blood glucose [FBG], waist circumference [WC], triglycerides, and HDL-C)
were derived from the IEU Open GWAS Project (http://gwas.mrcieu.ac.uk/).

LBP and IVDD were the outcomes of this MR study. The GWAS for IVDD (20001 cases and 164682 controls) and LBP (13178 cases
and 164682 controls) were all from the FinnGen consortium (https://www.finngen.fi/en).

2.3. Selection of genetic instruments and data harmonization
For each MR analysis, all single nucleotide polymorphisms (SNPs) used as IVs were selected by the following criteria: (1) SNPs were

significantly associated with the exposure of interest at a genome-wide significance (P < 5 x 10’8); (2) SNPs were set to near-
independence using a linkage disequilibrium (LD) threshold of r? < 0.001 at a window size of 10,000 Kb [25]; (3) ambiguous and

Table 1
Summary of the GWAS Data Used in the Mendelian randomization analyses.
Phenotype Sample size Year of publication Pubmed ID GWAS ID
Exposure
Educational attainment 461457 2018 29892013 ebi-a-GCST90029013
Confunders
Cognition 257841 2018 30038396 NA
Income level 397751 2018 NA ukb-b-740
Smoking initiation 249171 2019 30643251 ieu-b-4877
Cigarettes smoked per 143210 2019 30643251 ieu-b-4877
Mediators
Metabolic syndrome 461902 2022 35983957 NA
Triglycerides 343992 2021 34594039 ebi-a-GCST90018975
HDL-cholesterol 403943 2020 32203549 ieu-b-109
Waist circumference 462166 2018 NA ukb-b-9405
Fasting blood glucose 200622 2021 34059833 ebi-a-GCST90002232
Hypertension 484598 2021 33959723 ebi-a-GCST90038604
Outcomes
intervertebral disc disorders 184683 2021 NA finn-b-M13_INTERVERTEB
Low back pain 177860 2021 NA finn-b-M13_LOWBACKPAIN

EA, defined as years of schooling quantified by the International Standard Classification of Education (ISCED) category, was used as exposure in this
study. Genetic associations with EA were extracted from a GWAS of years of schooling in 461,457 individuals of European ancestry conducted by Loh
PR et al. [20].
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palindromic SNPs were excluded by harmonizing processes; and (4) SNPs containing pleiotropy as detected by MR-PRESSO were
removed [26]. In addition, the F-statistic was calculated to quantify the strength of genetic tool for all SNPs by formula F—=R?
(N—k—1)/K (1-R?), where R?is the proportion of explained variance, N is the sample size, and K is the number of SNPs [27]. The SNPs
with an F value < 10 were considered weak IVs [28].

2.4. Univariable mendelian analysis

As recommended by Burgess et al. [29], inverse-variance weighted (IVW) analysis with random effects was employed as the
primary analysis method, because it efficiently combines the Wald ratio estimates of each SNP into 1 causal estimate for each exposure
and accounts for the heterogeneity of individual variants in the causal estimates [29,30]. The IVW approach provides the most precise
estimates but ignores the invalid IVs and pleiotropic effects. Therefore, we used four complementary methods including MR-Egger,
weighted median (WM), simple mode, and weighted mode to evaluate the robustness of effects. The MR-Egger approach based on the
assumption of Instrument Strength Independent of Direct Effect (InSIDE) can identify and adjust for the directional pleiotropic effect
but suffers from underpower [31]. The WM stipulates that at least 50 % of the weight in the analysis comes from valid IVs, while the
weighted mode requires a plurality of variants which identify the same causal effect to be valid instruments [32]. The simple mode
assumes that the most common causal effect is consistent with the true causal effect, allowing some instruments to be invalid without
biasing the estimated causal effect [33]. Moreover, to avoid the possibility of reverse causation, we additionally estimated each of
these causal effects in the direction opposite using bidirectional MR [34].

2.5. Multivariable Mendelian analysis

As an extension of UVMR, the MVMR can jointly estimate the causal effects of various risk factors on outcome risk by incorporating
all exposures within the same model [35]. Accounting for strong genetic correlation between EA and cognition, economic income, or
smoking traits [21], the MVMR was adopted to assess the direct effect of EA on IVDD or LBP that is not affected by other confounders.
Significant SNPs (P < 5 x 10™%) were extracted from the relevant GWASs, and the IVs of all included exposures were integrated. After
excluding the duplicate SNPs, the effects and corresponding standard errors were obtained for each SNP from the exposures and
outcomes [36]. Both the weighted linear regression based IVW and MR-Egger approaches were applied to infer causal effects in MVMR
analysis.

2.6. Mediation analysis

The formula and process of the mediation analysis are described in Fig. 2. The p value of IVW method was used for the mediation
analysis. Mediation effect M was calculated using the formula: M = 1 x 4, and the proportion of the mediating effect was calculated
by the formula: P(M) = /,Ms x 100%. The corresponding 95 % CI of the mediation effect was calculated using the following formula: 95%

CI = eM*196SEM) | where SE(M) represents the standard error of the mediation effect and was calculated as: SE(M) = M x

2 2
SEp SEpa
(71) + (74) :

Mediator Adjusted exposure: f4
(Mets and components)

p1

Exposure p3 - Outcome
(Educational attainment) (IVDD and LBP)

Adjusted mediator:  p5

Fig. 2. Mediation analysis. p1, the causal effect of the exposure on the mediator in UVMR analysis; 2, the causal effect of the mediator on the
outcome in UVMR analysis; p3, the total causal effect of the exposure on the outcome in UVMR analysis; p4, the causal effect of the mediator on the
outcome after adjusted for exposure in MVMR analysis; p5, the causal effect of the exposure on the outcome after adjusted for mediator in
MVMR analysis.
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2.7. Sensitivity analysis
For sensitivity analysis, five approaches of heterogeneity test, MR-Egger test, funnel plot, MR pleiotropy residual sum and outlier

(MR-PRESSO) test, and leave-one-out method were employed. Cochrane’s Q-test was used to test for heterogeneity, and Q P value <
0.05 was considered as indicative of heterogeneity [37]. The intercept in MR-Egger regression depicts the average pleiotropic effect
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Fig. 3. UVMR and MVMR analyses for the causal associations of genetically predicted EA with IVDD and LBP. (A) EA on IVDD; (B) EA on LBP. EA,
educational attainment; IVDD, intervertebral disc degeneration; LBP, low back pain; OR, odds ratio; CI, confidence interval; UVMR, univariable
Mendelian randomization; MVMR, multivariable Mendelian randomization; IVW, inverse variance weighted method.
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across the IVs. So that if the MR-Egger intercept term was statistically significant (P value < 0.05), there is evidence of pleiotropy [31].
By visual inference of the funnel plot, asymmetry can also be recognized as an indicator of horizontal pleiotropy [38]. MR-PRESSO test
was applied to identify and correct for outliers in IVW linear regression [26]. To determine the impact of a single SNP on the causal
association, “leave-one-out” analysis was used to eliminate each SNP in turn.

2.8. Statistical analysis

UVMR analysis was conducted using the package “Two Sample MR” in R (version 4.2.0). MVMR was performed using the
“MendelianRandomization,” “MRPRESSO,” “MVMR,” and “TwoSampleMR” R packages. In MR analysis, P < 0.05 indicated a sig-
nificant causal relationship between exposure and outcome.

3. Results
3.1. Inverse association of genetically predicted EA with IVDD and LBP

According to the genetic instrument selection criteria, 202 SNPs were chosen as genetic instruments for EA after excluding 9
palindromic SNPs. The F-statistic values for each individual IVs were all above the threshold 10 (Tables S1-S2) (Supplementary
Tables S1-52). In UVMR analysis, the results of primary IVW method indicated that each standard deviation (SD) increase in
genetically predicted EA was associated with a 10 % reduction in odds of IVDD (ORyyw: 0.90, 95 % CI: 0.87-0.92, P = 5.29E-15). Other
complementary methods also showed an inverse association between EA and IVDD in addition to the MR-Egger analysis (Fig. 3A).
Meanwhile, IVW, WM, and simple mode analyses also revealed a negative causal relationship between EA and LBP (ORyyw: 0.86, 95 %
CI: 0.84-0.89, P = 1.22E-21; ORww: 0.87, 95 % CI: 0.84-0.91, P = 2.05E-10; ORgimple mode: 0.87, 95 % CI: 0.76-1.00, P = 0.049)
(Fig. 3B). For sensitivity analysis, genetic IVs of EA showed persistent heterogeneity (Q P-value <0.05), but no outliers were detected
by the MR-PRESSO test and no horizontal pleiotropy was observed using the MR-Egger test (Piptercept > 0.05) (Supplementary
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Fig. 4. Scatter plots, funnel plot, and leave-one-out plot for the associations of genetically predicted EA with IVDD and LBP in the UVMR analysis.
(A, B, C) EA on IVDD; (D, E, F) EA on LBP. UVMR, univariable Mendelian randomization; EA, educational attainment; IVDD, intervertebral disc
degeneration; LBP, low back pain.
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Table S3). Additionally, the fitting results of five analysis methods have the same trend in scatter plot, and no asymmetry was detected
in the funnel plot and no distortion was observed in the leave-one-out plot (Fig. 4A-F).

In the MVMR analyses, a causal association between EA and IVDD persisted even after adjusting for cognition (ORpyw: 0.91, 95 %
CI: 0.87-0.96, P = 1.08E-04), economic income (ORjyw: 0.90, 95 % CI: 0.86-0.95, P = 1.79E-04), cigarettes per day (ORyw: 0.84, 95 %
CI: 0.73-0.98, P = 2.80E-02), or smoking initiation (ORyw: 0.89, 95 % CI: 0.83-0.95, P = 5.48E-04) (Fig. 3A). Similarly, the causal
association of EA with LBP was also statistically significant with adjustment for cognition (ORyw: 0.89, 95 % CI: 0.85-0.94, P = 5.32E-
06), economic income (ORpyw: 0.85, 95 % CI: 0.80-0.91, P = 2.52E-07), cigarettes per day (ORyw: 0.78, 95 % CI: 0.68-0.90, P =
4.81E-04), or smoking initiation (ORyyw: 0.85, 95 % CI: 0.80-0.91, P = 5.82E-06) (Fig. 3B). Most of the statistical significance of IVW
results in MVMR were consistent with those of MVMR Egger sensitivity analyses, indicating a low risk of bias attributed to horizontal
pleiotropy (Supplementary Table S4).
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Fig. 5. UVMR assess the causal effects of EA on MetS and the component of MetS. EA, educational attainment; MetS, metabolic syndrome; HDL-C,
high-density lipoprotein cholesterol; WC, waist circumference; FBG, fasting blood glucose; OR, odds ratio; CI, confidence interval.
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Fig. 6. Scatter plots, funnel plot, and leave-one-out plot for the associations of genetically predicted EA with MetS and MetS' component in the
UVMR analysis. (A) EA on MetS; (B) EA on triglyceride; (C) EA on HDL-CUVMR; (D) EA on WC; (E) EA on FBG; (F) EA on hypertension. UVMR,
univariable Mendelian randomization; EA, educational attainment; MetS, metabolic syndrome; HDL-C, high-density lipoprotein cholesterol; WC,
\Lvaist circumference; FBG, fasting blood glucose.

3.2. Association of genetically predicted EA with MetS and MetS components

Two-sample UVMR analysis was conducted to investigate the causal effects of EA on MetS and MetS’ components. In the analyses of
MetS, hypertension, triglycerides, HDL-C, WC, and FBG, 81, 206, 204, 202, 206, and 204 independent SNPs were selected as IVs for EA
after removing palindromic SNPs, respectively (Supplementary Table S5). All F-statistic values for individual IVs were all above the
threshold 10, which suggested strong instrument variables (Supplementary Table S5). The IVW results demonstrated that genetically
predicted EA was associated with a reduced risk of MetS (Bryw: —0.042, 95 % CI: —0.059,-0.025, P = 2.25E-06), lower risk of hy-
pertension (Bryw: —0.007, 95 % CI: —0.011,-0.004, P = 7.12E-06), lower triglycerides (Bryw: —0.032, 95 % CI: —0.014, —0.024, P =
4.98E-13), higher HDL-C (Bryw: 0.034, 95 % CI: 0.025, 0.043, P = 8.71E-14), and lower WC (Bryw: —0.043, 95 % CL: —0.053, —0.033, P
= 1.64E-16), but no causal association between EA and FBG (P = 0.89) (Fig. 5). The consistency of these IVW estimates was confirmed

A Mets and Mets components on IVDD

Mediation SNPs OR(95%CI) P value
UVMR

MetS 186 1.24 (1.09-1.41) 9.15E-04
Triglycerides 218 1.05 (0.98-1.12) 1.83E-01
HDL-C 310 0.91 (0.86-0.97) 4.43E-03
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Fig. 7. UVMR and MVMR analyses for the causal associations of MetS and MetS' components with IVDD and LBP. (A) MetS and MetS' components
on IVDD. (B) MetS and MetS' components on LBP. UVMR, univariable Mendelian randomization; MVMR, multivariable Mendelian randomization;
IVW, inverse variance weighted method; OR, odds ratio; CI, confidence interval; EA, educational attainment; IVDD, intervertebral disc degeneration;
LBP, low back pain; MetS, metabolic syndrome; HDL-C, high-density lipoprotein cholesterol; WC, waist circumference; FBG, fasting blood glucose.
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by at least 2 or 3 complementary methods. In bidirectional MR analyses, the causal associations of MetS or its components with EA
were primarily driven by horizontal pleiotropy (Pintercept <0.05) (Supplementary Table S7).

In the sensitivity analysis comparing EA with MetS or MetS’ components, most analyses revealed significant heterogeneity in the
variant-specific causal estimates (Q P-value <0.05), but MR-Egger intercept test did not detect any evidence of horizontal pleiotropy in
any of MR analyses (Pintercept > 0.05) (Supplementary Table S6). Furthermore, the fitting results of five analysis methods have the same
trend in scatter plot, symmetry was detected in the funnel plots, and none of the leave-one-out plots displayed distortion (Fig. 6A-F).

3.3. Effects of MetS and MetS components on IVDD and LBP with or without adjustment for EA

In the UVMR analysis of MetS and its components to IVDD, the detailed IVs for MetS, hypertension, FBG, WG, triglyceride, and HDL-
C were shown in Supplementary Table S8. The IVW results indicated significant causal associations of MetS (ORyw: 1.24, 95 % CL:
1.09-1.41, P = 9.15E-04), HDL-C (ORyw: 0.91, 95 % CI: 0.86-0.97, P = 4.43E-03), and WC (ORyw: 1.39, 95 % CL: 1.25-1.54, P =
1.53E-09) with the risk of IVDD, but no causal associations were found between hypertension, FBG, and triglyceride with IVDD (Pyw >
0.05) (Fig. 7A). Furthermore, the causal associations of MetS (ORyyw: 1.35, 95 % CI: 1.21-1.50, P = 5.88E-08), HDL-C (ORyyw: 0.93, 95
% CI: 0.88-0.99, P = 2.52E-02), and WC (ORyyw: 1.27, 95 % CI: 1.13-1.43, P = 7.29E-05) with IVDD remained after adjusting for EA in
MVMR analyses (Fig. 7A). The robustness of IVW results was tested by the complementary methods, and no horizontal pleiotropy was
detected in sensitivity analyses (Supplementary Table S10 and Table S12).

In the UVMR analysis of MetS and MetS’ components to LBP, the detailed IVs for MetS, hypertension, FBG, WC, triglyceride, and
HDL-C are shown in Supplementary Table S9. The primary IVW method of UVMR analysis provided evidence that MetS (ORyyw: 1.33,
95 % CI: 1.07-1.65, P = 1.07E-02), HDL-C (ORyw: 0.93, 95 % CI: 0.86-0.99, P = 3.24E-02), and WC (ORyw: 1.39, 95 % CI: 1.23-1.57,
P =1.35E-07) were causally associated with the risk of LBP, but no causal associations of hypertension, FBG, and triglyceride with LBP
(Pryw > 0.05) (Fig. 7B). In MVMR analysis, only MetS (ORyw: 1.35, 95 % CI: 1.21-1.50, P = 5.30E-08) and WC (ORyw: 1.22, 95 % CI:
1.07-1.40, P = 3.33E-03) had independent causal effects on LBP, while the causal association between HDL-C and LBP (Pryw = 0.07)
was no longer statistically significant after correcting for EA (Fig. 7B). Furthermore, no horizontal pleiotropy was detected in MR-Egger
intercept tests for any of the MR analyses (Supplementary Table S10 and Table S12).

3.4. Mediation analysis

If MetS or MetS' components play the mediating role in the causal effects of EA on IVDD and LBP, the following criteria should be
met: (1) there were causal effects of EA on IVDD and LBP; (2) there were causal effects of EA on MetS and MetS’ components, with the
effects being unidirectional; and (3) the causal association consistently exists between the MetS and IVDD (or LBP) with or without
adjustment for EA. The findings from the network analysis indicate that MetS, WC, and HDL-C may act as mediators in the impact of EA
on IVDD, while MetS and WC may mediate the causal relationship between EA and LBP.

The results of Mediation analysis showed that the proportion of the causal effects of EA on IVDD mediated by MetS, HDL-C, and WC
were 11.38 % (95 % CI: 5.12%-17.63 %), 2.17 % ((95 % CI: 0.19%-4.15 %), and 9.22 % (95 % CI: 4.17%-14.28 %), respectively
(Table 2). Additionally, the mediating proportion of MetS and WC in the relationship between EA and LBP was 8.42 % (95 % CIL:
3.78%-14.05 %) and 5.81 % (95 % CIL: 1.69%-9.92 %), respectively (Table 2).

4. Discussion

This MR Study with mediation analyses provides new evidence for the causal associations of EA with IVDD and LBP, and assesses
the mediating effects of MetS and each component of MetS in these associations. Our findings suggested that a high level of EA was
associated with a reduced risk of IVDD or LBP, independent of the effects of cognition, economic income, and smoking behavior.
Additionally, we found that the protective effects of EA on IVDD and LBP mediated by MetS were slight (only about 10 %). of which,
HDL-C and WC respectively mediated 2.17 % and 9.22 % in the association between EA and IVDD, and WC mediated 5.81 % in the
pathway from EA to LBP.

Table 2
Mediation effect of MetS and MetS’ components in the association of EA with IVDD and LBP.
Exposure Outcome Mediator Mediation effect (95 % CI) Mediation proportion (95 % CI)
EA IVDD MetS —0.013 (—0.006, —0.020) 11.38 % (5.12%-17.63 %)
HDL-C —0.002 (—0.000, —0.005) 2.17 % (0.19%-4.15 %)
wC —0.262 (—0.141, —0.383) 9.22 % (4.17%-14.28 %)
LBP MetS —0.012 (-0.006, —0.019) 8.42 % (3.78%-14.05 %)
WC —0.008 (—0.002, —0.014) 5.81 % (1.69%-9.92 %)

IVDD, intervertebral disc degeneration; LBP, low back pain; EA, educational attainment; MetS, metabolic syndrome; HDL-C, high-density lipoprotein
cholesterol; WC, waist circumference.
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4.1. Effect of EA on the risk of IVDD and LBP

The results of our study support the protective causal effect of education on IVDD and LBP, which is consistent with previous MR
studies and systematic reviews [39-41]. However, a cross-sectional study of 2,876 Chinese Army soldiers found no correlation between
EA and LBP [42], while some studies suggested that the protective effect of EA on LBP may be influenced by gender [43]. The con-
flicting evidence in these observational studies could be attributed to differences in ethnicity or the control of confounding variables.
Education level, cognition, economic income, and smoking behaviors are intricately linked and cannot be separated, supported by
robust genetic evidence from previous GWAS and MR studies [21,44]. Our findings extended previous studies by adjusting for con-
founders including cognition, income, smoking traits, and metabolic factors, we then identified higher EA as an independent protective
contributor to IVDD and LBP. By focusing on EA as the main variable of interest, we highlight its potential as a modifiable factor that
significantly influences the development of healthy habits throughout an individual’s lifespan [45]. Therefore, our results suggest that
emphasizing educational policies and determining the duration of mandatory schooling could be effective strategies for the primary
prevention of IVDD and LBP at a population level.

4.2. MetS on the risk of IVDD and LBP

A Wakayama Spine Study manifested that MetS was strongly associated with an increased risk of IVDD in the cervical, thoracic, and
lumbar vertebrae, and that the accumulation of MetS’ components significantly increased the risk of IVDD [10]. In line, our MR study
revealed that genetically predicted MetS was causally associated with IVDD or LBP, and this causal association partially mediates the
protective effect of education on IVDD and LBP. As we know, MetS may increase the risk of cardiovascular events, because the
accumulation of MetS components induces the development of atherosclerosis [46,47]. This could lead to a lack of nutrient supply to
disc cells, resulting in gradual disc degeneration in MetS patients [48,49]. Moreover, growing evidence suggests that MetS triggers
chronic inflammation and oxidative stress throughout the body, ultimately leading to nucleus pulposus cell death, extracellular matrix
degradation, fibrosis, and IVDD [50]. Notably, the mediated effect of MetS is relatively slight in the pathway from EA to IVDD and LBP,
suggesting that there may be other significant factors influencing the protective effect of EA on IVDD and LBP.

In terms of a single component of MetS, traditional observational studies have consistently found a strong relationship between
abdominal obesity and increased risk of IVDD and LBP [51-54]. Strong genetic evidence from this study and previous MR studies also
supports an adverse association of abdominal obesity with IVDD and LBP. The causal relationship between lipid metabolism and IVDD
or LBP remains unclear, although two Chinese observational studies have shown that high levels of cholesterol, LDL cholesterol, and
triglycerides are independent risk factors for IVDD [55,56]. Our study is the first to discover a causal link between high HDL-C levels
and a reduced risk of IVDD and LBP, but did not find a causal effect of triglycerides on IVDD or LBP.

Surprisingly, even though compelling observational studies demonstrated that diabetes is an important factor in IVDD and LBP, our
findings had no causal associations of genetically determined FBG with IVDD and LBP [57,58]. It is important to note that our study
defined diabetes using FBG, which only reflects short-term blood sugar levels. In contrast, fasting insulin and HbAlc can reflect
pancreatic function and an average change in glucose levels over a longer time, suggesting that further studies are required to prove the
causal associations of various glucose characteristics with IVDD and LBP. The current literature presents conflicting views on the
impact of hypertension on IVDD or LBP, with observational studies yielding inconsistent results [59-61]. In our UVMR analyses,
hypertension manifested no causal effect on IVDD or LBP, part of which is in line with the causal associations reported by an MR
analysis between modifiable risk factors and IVDD [12]. This suggests that significant associations observed in observational studies
may be influenced by residual confounding or reverse causation bias.

4.3. Strengths and limitations

To the best of our knowledge, this is the first MR study to elucidate the independent causal effects of EA on IVDD and LBP and to
evaluate the mediating effects of MetS and each component of MetS in the pathway from EA to IVDD and LBP. This work has several
strengths. First, this design is much less likely to be affected by the confounders and reverse causation than traditional observational
studies because the alleles have random allocation and are static throughout the life of an individual [62,63]. Second, UVMR was used
to study the linear link between exposure and outcome, as well as MVMR analysis were used to examine potential nonlinear
correlations.

However, this study has some limitations. First, MR Estimates are susceptible to horizontal pleiotropy, and to control for the
confounders associated with genetic variants that bias the main results, we adjusted for potential confounders to minimize the effect of
horizontal pleiotropy. Second, the association of EA with IVDD or LBP may be mediated by specific genetic variation and many factors,
and our study could not completely avoid these interferences. Third, the data of IVDD and LBP used in this study were from public
databases; a subgroup analysis of specific factors, such as gender, age, and occupation, could not be conducted. Fourth, as the majority
of GWASs used in the analyses were restricted to European populations, our results should be cautiously generalized to other
populations.

5. Conclusion

Our MR study elaborated on the causal protective impact of EA on the risk of IVDD and LBP, independently of cognition, economics,
and smoking behavior. MetS and its componenets (abdominal obesity and HDL-C) might be involved in the mechanism of EA reducing
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the risk of IVDD and LBP. This study adds causal evidence to the etiology of IVDD and LBP, and informs prevention and intervention
targets for IVDD and LBP.

Data availability

All GWAS data analyzed in this study were available in the IEU open GWAS project (https://gwas.mrcieu.ac.uk/), except for the
GWAS data of metabolic syndrome that was obtained from the Complex Trait Genetics Lab (https://ctg.cncr.nl/software/summary_
statistics).

CRediT authorship contribution statement

Xijie Tang: Writing — review & editing, Visualization, Software, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. Qiu Li: Writing — original draft, Validation, Methodology, Investigation, Data curation, Conceptualization. Zhang-
Hua Li: Writing — review & editing, Validation, Supervision.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments
We sincerely acknowledge the authors and participants of all GWASs used in our study for their contributions.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e30272.

References

[1] M. Zhou, H. Wang, X. Zeng, P. Yin, J. Zhu, W. Chen, et al., Mortality, morbidity, and risk factors in China and its provinces, 1990-2017: a systematic analysis for
the Global Burden of Disease Study 2017, Lancet (N. Am. Ed.) 394 (2019) 1145-1158.
[2] C.C.Lin, Q. Li, C.M. Williams, C.G. Maher, R.O. Day, M.J. Hancock, et al., The economic burden of guideline-recommended first line care for acute low back
pain, Eur. Spine J. 27 (2018) 109-116.
[3] G. Livshits, M. Popham, I. Malkin, P.N. Sambrook, A.J. Macgregor, T. Spector, et al., Lumbar disc degeneration and genetic factors are the main risk factors for
low back pain in women: the UK Twin Spine Study, Ann. Rheum. Dis. 70 (2011) 1740-1745.
[4] P.J. Roughley, Biology of intervertebral disc aging and degeneration: involvement of the extracellular matrix, Spine 29 (2004) 2691-2699.
[5] E.IL de Schepper, J. Damen, J.B. van Meurs, A.Z. Ginai, M. Popham, A. Hofman, et al., The association between lumbar disc degeneration and low back pain: the
influence of age, gender, and individual radiographic features, Spine 35 (2010) 531-536.
[6] D. Hemanta, X.X. Jiang, Z.Z. Feng, Z.X. Chen, Y.W. Cao, Etiology for degenerative disc disease, Chin. Med. Sci. J. 31 (2016) 185-191.
[7] N.V. Vo, R.A. Hartman, P.R. Patil, M.V. Risbud, D. Kletsas, J.C. Iatridis, et al., Molecular mechanisms of biological aging in intervertebral discs, J. Orthop. Res.
34 (2016) 1289-1306.
[8] J.Yi, Q. Zhou, J. Huang, S. Niu, G. Ji, T. Zheng, Lipid metabolism disorder promotes the development of intervertebral disc degeneration, Biomed.
Pharmacother. 166 (2023) 115401.
[9] F. Cannata, G. Vadala, L. Ambrosio, S. Fallucca, N. Napoli, R. Papalia, et al., Intervertebral disc degeneration: a focus on obesity and type 2 diabetes, Diabetes-
Metab Res. 36 (2020) e3224.
[10] M. Teraguchi, N. Yoshimura, H. Hashizume, S. Muraki, H. Yamada, H. Oka, et al., Metabolic syndrome components are associated with intervertebral disc
degeneration: the Wakayama spine study, PLoS One 11 (2016) e0147565.
[11] M. Lovden, L. Fratiglioni, M.M. Glymour, U. Lindenberger, E.M. Tucker-Drob, Education and cognitive functioning across the life span, Psychol. Sci. Publ.
Interest 21 (2020) 6-41.
[12] W. Guo, B.L. Li, J.Y. Zhao, X.M. Li, L.F. Wang, Causal associations between modifiable risk factors and intervertebral disc degeneration, Spine J. 24 (2024)
195-209.
[13] K. Sun, Y. Ming, Y. Wu, Y. Zeng, J. Xu, L. Wu, et al., The genetic causal association between educational attainment and risk of 12 common musculoskeletal
disorders: a two-sample mendelian randomization, Orthop. Surg. 15 (2023) 2814-2821.
[14] J. Zhang, Z. Chen, K. Parna, S. van Zon, H. Snieder, C. Thio, Mediators of the association between educational attainment and type 2 diabetes mellitus: a two-
step multivariable Mendelian randomisation study, Diabetologia 65 (2022) 1364-1374.
[15] S.van Oort, J. Beulens, A.J. van Ballegooijen, D.E. Grobbee, S.C. Larsson, Association of cardiovascular risk factors and lifestyle behaviors with hypertension: a
mendelian randomization study, Hypertension 76 (2020) 1971-1979.
[16] V.W. Skrivankova, R.C. Richmond, B. Woolf, J. Yarmolinsky, N.M. Davies, S.A. Swanson, et al., Strengthening the reporting of observational studies in
epidemiology using mendelian randomization: the STROBE-MR statement, JAMA, J. Am. Med. Assoc. 326 (2021) 1614-1621.
[17] S.G. Davey, G. Hemani, Mendelian randomization: genetic anchors for causal inference in epidemiological studies, Hum. Mol. Genet. 23 (2014) R89-R98.
[18] E. Sanderson, Multivariable mendelian randomization and mediation, Csh Perspect Med 11 (2021) a038984.
[19] AR. Carter, E. Sanderson, G. Hammerton, R.C. Richmond, S.G. Davey, J. Heron, et al., Mendelian randomisation for mediation analysis: current methods and
challenges for implementation, Eur. J. Epidemiol. 36 (2021) 465-478.
[20] P.R. Loh, G. Kichaev, S. Gazal, A.P. Schoech, A.L. Price, Mixed-model association for biobank-scale datasets, Nat. Genet. 50 (2018) 906-908.
[21] X. Shi, W. Yuan, Q. Cao, W. Cui, Education plays a crucial role in the pathway from poverty to smoking: a Mendelian randomization study, Addiction 118 (2023)
128-139.

12


https://gwas.mrcieu.ac.uk/
https://ctg.cncr.nl/software/summary_statistics
https://ctg.cncr.nl/software/summary_statistics
https://doi.org/10.1016/j.heliyon.2024.e30272
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref1
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref1
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref2
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref2
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref3
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref3
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref4
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref5
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref5
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref6
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref7
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref7
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref8
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref8
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref9
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref9
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref10
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref10
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref11
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref11
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref12
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref12
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref13
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref13
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref14
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref14
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref15
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref15
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref16
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref16
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref17
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref18
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref19
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref19
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref20
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref21
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref21

X. Tang et al. Heliyon 10 (2024) 30272

[22] J.J. Lee, R. Wedow, A. Okbay, E. Kong, O. Maghzian, M. Zacher, et al., Gene discovery and polygenic prediction from a genome-wide association study of
educational attainment in 1.1 million individuals, Nat. Genet. 50 (2018) 1112-1121.

[23] M. Liu, Y. Jiang, R. Wedow, Y. Li, D.M. Brazel, F. Chen, et al., Association studies of up to 1.2 million individuals yield new insights into the genetic etiology of
tobacco and alcohol use, Nat. Genet. 51 (2019) 237-244.

[24] E.S. van Walree, LE. Jansen, N.Y. Bell, J.E. Savage, C. de Leeuw, M. Nieuwdorp, et al., Disentangling genetic risks for metabolic syndrome, Diabetes 71 (2022)
2447-2457.

[25] J.A. Sved, W.G. Hill, One hundred years of linkage disequilibrium, Genetics 209 (2018) 629-636.

[26] M. Verbanck, C.Y. Chen, B. Neale, R. Do, Detection of widespread horizontal pleiotropy in causal relationships inferred from Mendelian randomization between
complex traits and diseases, Nat. Genet. 50 (2018) 693-698.

[27] B.L. Pierce, H. Ahsan, T.J. Vanderweele, Power and instrument strength requirements for Mendelian randomization studies using multiple genetic variants, Int.
J. Epidemiol. 40 (2011) 740-752.

[28] S. Burgess, S.G. Thompson, Avoiding bias from weak instruments in Mendelian randomization studies, Int. J. Epidemiol. 40 (2011) 755-764.

[29] S. Burgess, S.G. Davey, N.M. Davies, F. Dudbridge, D. Gill, M.M. Glymour, et al., Guidelines for performing Mendelian randomization investigations: update for
summer 2023, Wellcome Open Res 4 (2019) 186.

[30] S. Burgess, F. Dudbridge, S.G. Thompson, Combining information on multiple instrumental variables in Mendelian randomization: comparison of allele score
and summarized data methods, Stat. Med. 35 (2016) 1880-1906.

[31] J. Bowden, S.G. Davey, S. Burgess, Mendelian randomization with invalid instruments: effect estimation and bias detection through Egger regression, Int. J.
Epidemiol. 44 (2015) 512-525.

[32] J. Bowden, S.G. Davey, P.C. Haycock, S. Burgess, Consistent estimation in mendelian randomization with some invalid instruments using a weighted median
estimator, Genet. Epidemiol. 40 (2016) 304-314.

[33] F.P. Hartwig, S.G. Davey, J. Bowden, Robust inference in summary data Mendelian randomization via the zero modal pleiotropy assumption, Int. J. Epidemiol.
46 (2017) 1985-1998.

[34] S. Burgess, R.M. Daniel, A.S. Butterworth, S.G. Thompson, Network Mendelian randomization: using genetic variants as instrumental variables to investigate
mediation in causal pathways, Int. J. Epidemiol. 44 (2015) 484-495.

[35] S. Burgess, S.G. Thompson, Multivariable Mendelian randomization: the use of pleiotropic genetic variants to estimate causal effects, Am. J. Epidemiol. 181
(2015) 251-260.

[36] E. Sanderson, S.G. Davey, F. Windmeijer, J. Bowden, An examination of multivariable Mendelian randomization in the single-sample and two-sample summary
data settings, Int. J. Epidemiol. 48 (2019) 713-727.

[37]1 J.P. Higgins, S.G. Thompson, Quantifying heterogeneity in a meta-analysis, Stat. Med. 21 (2002) 1539-1558.

[38] G. Hemani, J. Zheng, B. Elsworth, K.H. Wade, V. Haberland, D. Baird, et al., The MR-Base platform supports systematic causal inference across the human
phenome, Elife 7 (2018) e34408.

[39] C.Liu, J. Ran, B. Hou, Y. Li, J.N. Morelli, X. Li, Causal effects of body mass index, education, and lifestyle behaviors on intervertebral disc disorders: Mendelian
randomization study, J. Orthop. Res. 42 (2024) 183-192.

[40] E.L. Karran, A.R. Grant, G.L. Moseley, Low back pain and the social determinants of health: a systematic review and narrative synthesis, Pain 161 (2020)
2476-2493.

[41] A. Engers, P. Jellema, M. Wensing, D.A. van der Windt, R. Grol, M.W. van Tulder, Individual patient education for low back pain, Cochrane Db Syst Rev. 2008
(2008). CD004057.

[42] G. Wei, H. Li, B. Wang, J. Wu, F. Wu, Z. Lin, A retrospective cross-sectional survey of non-specific lower back pain among a cohort of Chinese army soldiers, Int.
J. Surg. 56 (2018) 288-293.

[43] J.R. Zadro, D. Shirley, M.B. Pinheiro, J.F. Sanchez-Romera, F. Perez-Riquelme, J.R. Ordonana, et al., Does educational attainment increase the risk of low back
pain when genetics are considered? A population-based study of Spanish twins, Spine J. 17 (2017) 518-530.

[44] J.E. Savage, P.R. Jansen, S. Stringer, K. Watanabe, J. Bryois, C.A. de Leeuw, et al., Genome-wide association meta-analysis in 269,867 individuals identifies new
genetic and functional links to intelligence, Nat. Genet. 50 (2018) 912-919.

[45] E.M. Lawrence, Why do college graduates behave more healthfully than those who are less educated? J. Health Soc. Behav. 58 (2017) 291-306.

[46] A. Aboonabi, R.R. Meyer, 1. Singh, The association between metabolic syndrome components and the development of atherosclerosis, J. Hum. Hypertens. 33
(2019) 844-855.

[47] S. Mottillo, K.B. Filion, J. Genest, L. Joseph, L. Pilote, P. Poirier, et al., The metabolic syndrome and cardiovascular risk a systematic review and meta-analysis,
J. Am. Coll. Cardiol. 56 (2010) 1113-1132.

[48] P. Suri, D.J. Hunter, J. Rainville, A. Guermazi, J.N. Katz, Quantitative assessment of abdominal aortic calcification and associations with lumbar intervertebral
disc height loss: the Framingham Study, Spine J. 12 (2012) 315-323.

[49] J.P. Urban, S. Smith, J.C. Fairbank, Nutrition of the intervertebral disc, Spine 29 (2004) 2700-2709.

[50] V. Francisco, J. Pino, M.A. Gonzalez-Gay, F. Lago, J. Karppinen, O. Tervonen, et al., A new immunometabolic perspective of intervertebral disc degeneration,
Nat. Rev. Rheumatol. 18 (2022) 47-60.

[511 S. Shi, Z. Zhou, J.J. Liao, Y.H. Yang, J.S. Wu, S. Zheng, et al., The impact and distinction of ’lipid healthy but obese’ and ’lipid abnormal but not obese’
phenotypes on lumbar disc degeneration in Chinese, J. Transl. Med. 18 (2020) 211.

[52] R. Shiri, K. Falah-Hassani, M. Heliovaara, S. Solovieva, S. Amiri, T. Lallukka, et al., Risk factors for low back pain: a population-based longitudinal study, Arthrit
Care Res 71 (2019) 290-299.

[53] J. Takatalo, J. Karppinen, S. Taimela, J. Niinimaki, J. Laitinen, R.B. Sequeiros, et al., Association of abdominal obesity with lumbar disc degeneration-a
magnetic resonance imaging study, PLoS One 8 (2013) e56244.

[54] R. Shiri, S. Solovieva, K. Husgafvel-Pursiainen, S. Taimela, L.A. Saarikoski, R. Huupponen, et al., The association between obesity and the prevalence of low back
pain in young adults: the Cardiovascular Risk in Young Finns Study, Am. J. Epidemiol. 167 (2008) 1110-1119.

[55] L. Yuan, Z. Huang, W. Han, R. Chang, B. Sun, M. Zhu, et al., The impact of dyslipidemia on lumbar intervertebral disc degeneration and vertebral endplate
modic changes: a cross-sectional study of 1035 citizens in China, BMC Publ. Health 23 (2023) 1302.

[56] Z. Huang, J. Chen, Y. Su, M. Guo, Y. Chen, Y. Zhu, et al., Impact of dyslipidemia on the severity of symptomatic lumbar spine degeneration: a retrospective
clinical study, Front. Nutr. 9 (2022) 1033375.

[57] L.Jacob, W. Rathmann, A. Koyanagi, J.M. Haro, K. Kostev, Association between type 2 diabetes and chronic low back pain in general practices in Germany, Bmj
Open Diab Res CA 9 (2021).

[58] M. Teraguchi, N. Yoshimura, H. Hashizume, H. Yamada, H. Oka, A. Minamide, et al., Progression, incidence, and risk factors for intervertebral disc degeneration
in a longitudinal population-based cohort: the Wakayama Spine Study, Osteoarthr Cartilage 25 (2017) 1122-1131.

[59] S.F. Alsubaie, A.A. Alkathiry, M.I. Aljuaid, M.A. Alnasser, The relationship between chronic diseases and the intensity and duration of low back pain, Eur. J.
Phys. Rehabil. Med. 60 (2023) 55-61.

[60] E. Maurer, C. Klinger, R. Lorbeer, G. Hefferman, C.L. Schlett, A. Peters, et al., Association between cardiovascular risk factors and degenerative disc disease of
the thoracolumbar spine in the general population: results from the KORA MRI Study, Acta Radiol. 63 (2022) 750-759.

[61] Y.H. Bae, J.S. Shin, J. Lee, M.R. Kim, K.B. Park, J.H. Cho, et al., Association between hypertension and the prevalence of low back pain and osteoarthritis in
Koreans: a cross-sectional study, PLoS One 10 (2015) e0138790.

[62] E. Sanderson, M.M. Glymour, M.V. Holmes, H. Kang, J. Morrison, M.R. Munafo, et al., Mendelian randomization, Nat Rev Methods Primers 2 (2022).

[63] T. Blakely, S. McKenzie, K. Carter, Misclassification of the mediator matters when estimating indirect effects, J Epidemiol Commun H 67 (2013) 458-466.

13


http://refhub.elsevier.com/S2405-8440(24)06303-5/sref22
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref22
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref23
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref23
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref24
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref24
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref25
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref26
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref26
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref27
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref27
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref28
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref29
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref29
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref30
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref30
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref31
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref31
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref32
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref32
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref33
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref33
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref34
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref34
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref35
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref35
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref36
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref36
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref37
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref38
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref38
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref39
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref39
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref40
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref40
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref41
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref41
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref42
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref42
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref43
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref43
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref44
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref44
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref45
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref46
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref46
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref47
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref47
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref48
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref48
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref49
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref50
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref50
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref51
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref51
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref52
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref52
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref53
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref53
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref54
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref54
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref55
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref55
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref56
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref56
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref57
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref57
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref58
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref58
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref59
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref59
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref60
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref60
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref61
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref61
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref62
http://refhub.elsevier.com/S2405-8440(24)06303-5/sref63

	Mediating effect of metabolic syndrome in the association of educational attainment with intervertebral disc degeneration a ...
	1 Introduction
	2 Methods
	2.1 Study design
	2.2 Data sources of exposures, mediators, and outcomes
	2.3 Selection of genetic instruments and data harmonization
	2.4 Univariable mendelian analysis
	2.5 Multivariable Mendelian analysis
	2.6 Mediation analysis
	2.7 Sensitivity analysis
	2.8 Statistical analysis

	3 Results
	3.1 Inverse association of genetically predicted EA with IVDD and LBP
	3.2 Association of genetically predicted EA with MetS and MetS components
	3.3 Effects of MetS and MetS components on IVDD and LBP with or without adjustment for EA
	3.4 Mediation analysis

	4 Discussion
	4.1 Effect of EA on the risk of IVDD and LBP
	4.2 MetS on the risk of IVDD and LBP
	4.3 Strengths and limitations

	5 Conclusion
	Data availability
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


