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The impact of lipidome on
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Degeneration of intervertebral discs is a significant factor in chronic lower back pain, impacting
millions annually. Existing studies propose a potential link between lipids and disc disease, though
causal relationships remain unclear. The objective of this study is to explore the causal connections
between lipids, lower back pain, disc degeneration, and the risk of sciatica In this research, we utilized
a comprehensive GWAS dataset encompassing 179 lipid traits to explore the causal connections
between lipids and the susceptibility to conditions such as lower back pain (LBP), intervertebral

disc degeneration (IVDD), and sciatica. To establish causality, we employed two-sample Mendelian
randomization, supplemented by Bayesian model averaging for verification. Our assessment of
diversity and mutual influence involved Cochran’s Q test, MR-Egger intercept assessment, and MR-
PRESSO. Additionally, we performed a sensitivity analysis by systematically excluding individual
elements to gauge theirimpact on outcomes in Mendelian randomization. Lastly, bidirectional
Mendelian randomization was conducted to explore potential inverse associations between lipids and
IVDD. Analyzing 179 lipidomic features as exposures and IVDD, LBP, and sciatica as outcomes, this
study reveals significant causal relationships of glycerophospholipids, sterols, and glycerolipids with
the risk of IVDD, LBP, and sciatica. Phosphatidylcholine, triglycerides, and sterols consistently exerted
risk influences on IVDD, while phosphatidylethanolamine (0-16:1_18:2) among glycerophospholipids
exhibited a protective effect (OR: 0.927-0.998, P <0.05). Regarding LBP, sphingomyelin (d38:2) in
sphingolipids demonstrated a protective effect (OR: 0.925-0.997, P <0.05). For sciatica, triglycerides
exhibited a risk influence, with varying effects observed for phosphatidylcholine and sterols with
different molecular structures. Notably, sterol ester (27:1/16:1) consistently showed a risk effect across
all three conditions. Our research provides valuable insights into how certain lipids are linked to the
risks of LBP, IVDD, and sciatica. Our findings indicate that phosphatidylcholine and triglycerides may
increase the incidence of IVDD, LBP, and sciatica, suggesting potential adverse effects. In contrast,
sphingomyelin appears to reduce the occurrence of LBP and sciatica, indicating a protective role. Sterol
esters also show a protective effect against sciatica; however, the sterol ester (27:1/16:1) consistently
demonstrates a detrimental impact on IVDD, LBP, and sciatica. Additionally, our study underscores
the intricate nature of lipid metabolism concerning IVDD, LBP, and sciatica. It uncovers a range of
structural variations among lipids and explores how these variations may lead to different effects
across various molecular subtypes.

Abbreviations

LBP Lower back pain

IVDD Intervertebral disc degeneration
MR Mendelian randomization

RCTs Randomized controlled trials
SNPs Single nucleotide polymorphisms
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IVs Instrumental variables

TSMR Two-sample mendelian randomization

FDR False discovery rate

BMA-MR Bayesian model averaging multivariate mendelian randomization
GWAS Genome-wide association study

LD Linkage disequilibrium

MR-PRESSO MR pleiotropy residual sum and outlier

Ivw Inverse variance weighting

Intervertebral disc degeneration (IVDD) is a common degenerative spine condition marked by the progressive
reduction of proteoglycans, type II collagen, and water content in the nucleus pulposus and annulus fibrosus'.
Clinically, IVDD primarily presents with two main symptoms: low back pain (LBP) and sciatica®. LBP occurs
due to rupture of the degenerated disc’s fibrous ring, leading to posterior protrusion of the nucleus pulposus
and subsequent compression of spinal nerves, often resulting in radiculopathy (IVDD with radiculopathy)?.
Moreover, IVDD impacting lumbar nerves L4 or L5 and sacral nerve S1 can lead to sciatica, characterized by
pain in the lower limbs*®. IVDD significantly contributes to the global burden of lower back pain and sciatica,
affecting nearly two-thirds of adults worldwide and presenting substantial healthcare challenges®. Despite its
impact, the causes and mechanisms of IVDD remain unclear, influenced by a complex interplay of genetic
predisposition and environmental factors such as aging, obesity, cumulative trauma, and smoking’~!°. Current
treatment strategies for IVDD include rest, non-steroidal anti-inflammatory drugs (NSAIDs), conservative
therapies involving traction, and surgical interventions'!. Therefore, elucidating IVDD’s pathogenesis is pivotal
for advancing the development of effective, minimally invasive treatment strategies devoid of side effects.

Liposomes are defined as spherical vesicles containing one or more concentric phospholipid bilayers
surrounding an aqueous core'?. They represent a significant category of lipid-based nanocarriers used in
nanomedicine!®. Their biodegradable and non-toxic properties render them versatile platforms for delivering
therapeutic agents. Liposomes not only stabilize compounds but also surmount cellular and tissue absorption
barriers, thereby improving drug pharmacokinetics and biodistribution to targeted body sites, enhancing
therapeutic efficacy, and minimizing systemic toxicity'. Liposomes are widely acknowledged and extensively
researched, serving crucial roles in various health domains as essential carriers for small molecules, peptides,
genes, and monoclonal antibodies'>~%°.

In immature IVDD tissue, vascularization extends into approximately one-third of the fibrous outer ring.
However, a hallmark of IVDD associated with LBP is the invasion of neovascularization and neural structures
from the outer annulus fibrosus into the nucleus pulposus®. The impact of IVDD on plasma liposome
concentrations and metabolite levels remains uncertain. Furthermore, there is a critical need to broaden the
range of metabolites linked to IVDD. Nevertheless, the confirmation of the association between plasma lipidome
and IVDD awaits evidence from randomized controlled trials (RCTs).

Mendelian randomization (MR) is a notable method in genetic epidemiology for examining causal
relationships between exposures and outcomes. When RCTs are impractical, MR serves as a valuable alternative,
offering robust evidence on causal links between exposures and disease risks?!~2%. By utilizing single nucleotide
polymorphisms (SNPs) as instrumental variables (IVs), MR assesses the causal impact of exposures on
outcomes’*.Genetic variations are randomly assigned during gamete formation, and gene types typically remain
unaffected by external environmental factors. Thus, well-designed MR studies can effectively address concerns
about confounding and reverse causation. This investigation seeks to establish a definitive causal relationship
between lipidome and IVDD through compelling evidence presentation. Ultimately, the study aims to enhance
early detection and treatment of IVDD.Thus, the suggestion is to use Two-Sample Mendelian Randomization
(TSMR) to investigate the potential link between lipidome and IVDD, followed by validation through Bayesian
Model Averaging Mendelian Randomization (BMA-MR).

Methods

Data sources

The summary statistics for a Genome-wide Association Study (GWAS) on the lipidome were obtained from
entries in the GWAS Catalog (https://www.ebi.ac.uk/gwas/, accession codes GCST90277238-GCST90277416).
Our study cohort consisted of 7174 unrelated individuals of Finnish descent, drawn from the GeneRISK
cohort. We conducted an analysis focusing on SNPs linked to 179 lipid species spanning 13 lipid classes and
categorized into 4 groups (refer to Supplementary Table 1)*. The study identifies outcomes related to disc
diseases: intervertebral disc degeneration (41,669 cases and 294,770 controls), low back pain (32,845 cases and
294,770 controls), and sciatica (46,707 cases and 365,474 controls). These results are based on the latest data
release (R10) from the FinnGen consortium?®. Diagnostic criteria were primarily classified under ICD-10: M51
for intervertebral disc degeneration, M54.5 for low back pain, and M54.3/M54.4 for sciatica. Furthermore,
summary statistics related to intervertebral disk degeneration, low back pain, and sciatica were obtained
from the R10 edition of the FinnGen GWAS findings. The phenotypic classification for intervertebral disk
degeneration was designated as ‘M13_INTERVERTEB; while low back pain and sciatica were classified under
“M13_LOWBACKPAINORANDSCIATICA? These traits showed minimal GWAS overlap with lipids (less than
5%), thereby mitigating potential bias (https://r10.finngen.fi)?.

Instrumental variable extraction

To assess the impact of lipidome on IVDD using SNPs as instrumental variables, adherence to three Mendelian
randomization (MR) assumptions is essential. Firstly, there must be a significant genetic association with
lipidome. Secondly, chosen instrumental variables should be free from confounding factors, ensuring they
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reliably influence the liposome-IVDD relationship. Lastly, these variables should exclusively affect IVDD
through lipidome. Specific criteria guided SNP selection: initial selection based on robust correlation with
lipidome (P<5x10A-8), independence from linkage disequilibrium (LD) effects (excluding SNPs with LD
rA220.001 and those within 10,000 kb), and exclusion of SNPs with minor allele frequencies not in Hardy-
Weinberg equilibrium. To curtail the influence of correlated SNP associations, linkage disequilibrium (LD)
scrutiny was performed using the European 1000 Genomes Project Phase 3 as a reference, with an r2 threshold
0f<0.001 and a clumping distance set at 10,000 kb. Palindromic SNPs were omitted to avoid inconsistencies
in allelic interpretations that could skew causal inferences. SNPs with strong associations to the outcome were
also discarded. The MR Steiger filter was applied to eliminate SNPs with an incorrect direction of effect. The
IVs for lipid species were evaluated using the variance explained (R?) and the F-statistic, with those yielding an
F-statistic below 10 being eliminated. The F-statistic is calculated using the formula R3(N-K-1)/[K(1-R?)], where
R? is the variance of the exposure explained by the IVs, N is the effective sample size, and K is the number of
variants in the IV model. Instrumental variables were identified using the PhenoScanner website. Prior to MR
analysis, SNPs directly associated with IVDD were excluded. Comprehensive evaluation, including MR-Egger
regression and MR-PRESSO outlier tests?’, assessed potential pleiotropic effects. No SNPs were removed post-
assessment. Two-Sample MR analysis was subsequently employed to explore exposure-outcome relationships.

Two samples of MR analysis

Inverse variance weighting (IVW) is a widely employed method for effectively amalgamating multiple random
variables to decrease overall variance. This technique assigns weights based on the dispersion of each variable
within the ensemble, facilitating the integration of outcomes across diverse studies. IVW stands as the primary
analytical approach when considering all genetic variations as valid instruments, yielding the most precise and
dependable estimates®®. To ensure study precision, diverse methodologies such as MR-Egger, weighted median,
and both simple and weighted models were utilized. These supplementary analyses function as safeguards,
ensuring sturdy and trustworthy outcomes. For instance, consistent directional findings across multiple
methodologies enhance confidence in causal relationships. Furthermore, this study utilized MR-BMA to
validate the causal impact of exposure on outcomes, mitigating biases and allowing for simultaneous modeling
of multiple interrelated risk factors. MR-BMA proves especially suitable for datasets characterized by high
throughput and strong correlations®.

Sensitivity analysis

Sensitivity analyses were conducted to ensure the robustness of our study findings. Initially, we assessed the
intercept term of the MR-Egger regression model to evaluate potential pleiotropic effects®®. A P-value greater
than 0.05 for the intercept term indicated minimal influence from genetic pleiotropy, supporting the conclusion
that instrumental variables exclusively affect IVDD risk through lipids. Cochran’s Q test was utilized to investigate
heterogeneity among instrumental variables and their potential impact on causal estimates®!. Funnel plots
were employed to visually assess data heterogeneity. Additionally, leave-one-out analysis iteratively conducted
Mendelian randomization by sequentially excluding one SNP at a time to assess result sensitivity. Subsequently,
MR-PRESSO tests were applied to detect discrepancies in MR analysis outcomes pre- and post-correction. The
combined use of MR-Egger intercept tests and MR-PRESSO tests provided comprehensive sensitivity analysis
from various perspectives. In cases where MR-Egger intercept tests indicated directional pleiotropy, MR-
PRESSO helped identify and rectify potential bias-inducing outliers. Collectively, these methodologies ensured
thorough sensitivity analysis, thereby enhancing the reliability and validity of our study’s findings.

Results

Causal effects of lipidomes and IVDD

Using Two-Sample Mendelian Randomization (TSMR),our studyinvestigatestheroleoflipidsinIntervertebral Disc
Degeneration (IVDD). The findings suggest that sterol esters, phosphatidylcholine, phosphatidylethanolamine,
and triglycerides potentially influence IVDD risk. Specifically, sterol esters, triglycerides, and certain
phosphatidylcholine structures exhibit protective effects, whereas phosphatidylethanolamine is associated with
increased IVDD risk (Fig. 1). Detailed results from various analytical methods are presented in Supplementary
Table 2. The Inverse-Variance Weighted (IVW) method serves as the primary indicator. Consistency among
causal relationships identified by the remaining four analytical methods with IVW findings, achieving a
significance level of P<0.05, would enhance confidence in these relationships. Overall, alignment between
TSMR and Bayesian Model Averaging Mendelian Randomization (BMA-MR) analyses was observed, with
exceptions noted for specific instances involving Phosphatidylethanolamine (O-16:1_18:2), Phosphatidylcholine
(16:0_20:3), and Phosphatidylcholine (18:2_0:0).

Causal effects of lipidomes and LBP

TSMR analysis identified potential causal effects on LBP, highlighting sterol esters, phosphatidylcholine,
sphingomyelin, and glycerides. Protective effects were observed specifically with sterol esters and sphingomyelin,
whereas various phosphatidylcholine variants indicated risk factors. Triacylglycerol within the glyceride family
showed a risk effect on LBP (Fig. 2). For a comprehensive overview of various analytical approaches, please refer
to Supplementary Material 3. IVW findings are pivotal as our main benchmark. Consistency in causal direction
among the remaining four methods alongside IVW outcomes, coupled with achieving statistical significance
(P<0.05), would substantially enhance confidence in confirming causal associations. Overall, findings from
TSMR and BMA-MR analyses exhibit substantial consistency (Fig. 2).
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lipidome OR Pval B-OR B-Pval OR(95% Cl)

Sterols :
Sterol ester (27:1/16:1) 1.0586 0.0042 1.0640 0.0043 1.059 (1.018-1.101) ——

Glycerophospholipids
Phosphatidylcholine (18:2_0:0) 1.0509 0.0447 1.0474 0.0617 1.051 (1.001-1.103) '—.—'
Phosphatidylcholine (16:0_18:3) 1.0740 0.0003 1.0777 0.0003 1.074 (1.033-1.116) P
Phosphatidylcholine (16:0_20:3) 1.0380 0.0473 1.0398 0.0569 1.038 (1.000-1.077) —e—
Phosphatidyicholine (O-16:0_16:0) 1.0542 0.0314 1.0551 0.0166 L1.054 (1.005-1.106) —e—i
Phosphatidylcholine (O-16:0_20:3) 1.0482 0.0498 1.0549 0.0268 1.048 (1.000-1.009) —e—
Phosphatidylcholine (O-16:1_20:3) 1.0519 0.0031 1.0548 0.0043 1.052 (1.017-1.088) e
Phosphatidylethanolamine (0-16:1_18:2)  0.9618 0.0386 0.9598 0. 0540 0.961(0.927-0. 998) '_'_'

Glycerolipids E
Triacylglycerol (48:2) 1.0406 0.0419 1.0429 0.0494 1.041(L. 001-1.081) —e—i
Triacylglycerol (58:7) 1.0445 0.0063 1.0462 0.0069 1.045(1.012-1.077) —e—

P < 0.05 was considered stiatistically significant

T T T T T 1
0.90 0.95 1.00 1.05 1.10 1.15
«— ———»

Protective Factor Risk Factor

Fig. 1. Examines the impact of lipids on intervertebral disc degeneration using Mendelian randomization
forest plots and Bayesian model averaging. The IVW method computed odds ratios (OR), P-values (P-val),
and 95% confidence intervals (CI). Bayesian odds ratios (B-OR) and Bayesian P-values (B-Pval) were derived
from MR-BMA analysis, while IVW outcomes were depicted visually via forest plots. Phosphatidylcholine (O-
16:1/20:3), characterized by specific molecular structure, comprises a choline head group linked to the glycerol
backbone, incorporating a 16-carbon unsaturated fatty acid at the first position and a 20-carbon unsaturated
fatty acid at the second position. The arrangement and composition of these components are pivotal for the
structural and functional integrity of phospholipids within biological membranes. This naming convention
similarly applies to phosphatidylethanolamine and phosphatidylinositol. In lipid terminology, "triacylglycerol
58:7" specifies the composition of triacylglycerol molecules, where “58” denotes the total carbon atoms in the
three fatty acid chains, and "7" represents the total double bonds within these chains.

lipidome OR Pval B-OR  B-Pval OR(95% Cl)

Sterols ;

Sterol ester (27:1/16:1) 1.0509 0.0256 1.0479 0.0481 1.051(1.006-1.098) —e——
Glycerophospholipids :
Phosphatidylcholine (16:1_18:0)  1.0743  0.0025 1.0769 0.0042 1.074(1.025-1.125) Do e——
Phosphatidylcholine (18:1_20:2)  1.0322 0.0212 1.0288 0.0412 1.032(1. 005-1. 060) ‘—e—
Sphingolipids

Sphingomyelin (d38:2) 0.9601 0.0324 0.9568 0.0259 0.960(0.925-0.997) +—e—i

Glycerolipids

Triacylglycerol (48:1) 1.0692 0.0077 1.0647 0.0173 1.069(1.018-1.123) f——
Triacylglycerol (48:2) 1.0659 0.0150 1.0550 0.0446 1.066(1.013-1.122)  ——e—
Triacylglycerol (48:3) 1.0423  0.0422 1.0437 0.0471 1.042(1.002-1.085) —e—
Triacylglycerol (50:2) 1.0559 0.0166 1.0601 0.0143 1.056(1.010-1.104) L—e—
Triacylglycerol (50:5) 1.0402 0.0199 1.0415 0.0233 1.040(1.006-1.075) —e—
Triacylglycerol (52:3) 1.0490 0.0041 1.0494 0.0095 1.049(1.015-1.084) P ——i
Triacylglycerol (52:6) 1.0520 0.0158 1.0502 0.0323 1.052(1.009-1.096) I —
Triacylglycerol (54:3) 1.0469 0.0148 1.0477 0.0156 1.047(1.009-1.086) i —e—
Triacylglycerol (58:7) 1.0570  0.0046 1.0600 0.0057 1.057(1. 017—1.098)I | 1 '—I'—'I |
P < 0.05 was considered stiatistically significant 0.90 0.95 1.00 1.05 1.10 1.15

Protecﬁve Factor  Risk Factor

Fig. 2. Presents forest plots illustrating the outcomes of Mendelian randomization (MR) and Bayesian model
averaging (BMA-MR) analyses evaluating the effects of lipids on LBP. The results include odds ratios (OR), P-
values (P-val), and 95% confidence intervals (CI) derived from the IVW method. Furthermore, the outcomes
of MR-BMA analysis are illustrated by B-OR and B-Pval, complemented by the forest plot that encapsulates the
results of IVW investigations. Specifically, sphingomyelin (d38:2) refers to a distinct category of sphingomyelin
lipids characterized by the fatty acid composition "d38:2," indicating a primary chain of 38 carbons with 2
double bonds within the sphingomyelin molecule.
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lipidome OR Pval B-OR  B-Pval OR(95% Cl)
Sterols :
Sterol ester (27:1/16:0) 0.9683 0.0096 0.9704 0.0174 0.968(0. 945-0. 992) —o—
Sterol ester (27:1/16:1) 1.0518 0.0036 1.0532 0.0046 1.052(1.017-1.088) P —e—
Sterol ester (27:1/18:0) 0.9552 0.0358 0.9648 0.0853 0.955(0.915-0.997) —e—i
Sterol ester (27:1/20:3) 0.9709 0.0293 0.9706 0.0311 0.971(0.945-0.997) I—.—i
Glycerophospholipids ;
Phosphatidylcholine (16:1_18:0) 1.0547 0.0048 1.0582 0.0045 1.055(1.016-1.095) b —e—
Phosphatidylcholine (18:1_20:2) 1.0271 0.0212 1.0247 0.0381 1.027(1. 004-1.051) —e—
Phosphatidyicholine (O-16:1_18:1)  0.9627 0.0266 0.9613 0.0283 0. 963 (0. 931-0. 996) —e—i!
Sphingolipids ;
Sphingomyelin (d34:2) 0.9612 0.0231 0.9572 0.0045 0.961(0.929-0. 995) —e—i:
Sphingomyelin (d38:2) 0.9663 0.0178 0.9613 0.0115 0. 966 (0. 939-0. 994) —eo—i:
Glycerolipids
Triacylglycerol (48:2) 1.0415 0.0374 1.0389 0.0697 1.042(1. 002-1.082) —e—
Triacylglycerol (50:2) 1.0534 0.0067 1.0565 0.0061 1.053(1.015-1.094) P —e—
Triacylglycerol (52:3) 1.0298 0.0369 1.0312 0.0379 1.029(1. 002-1. 059) —e—i
Triacylglycerol (54:3) 1.0444 0.0024 1.0459 0.0025 1.044(1.015-1.074) —eo—i
Triacylglycerol (56:4) 1.0392 0.0277 1.0419 0.0210 1.039(1.004-1.075) i—e—
Triacylglycerol (58:7) 1.0375 0.0131 1.0394 0.0178 1.038(1.008-1.068) (—e—
P < 0.05 was considered stiatistically significant 0.I90 0_|95 1-60 1 _65 1 |1 0 1 ll 5

<7
Protective Factor Risk Factor

Fig. 3. Presents a Forest Plot depicting the findings from Mendelian randomization (MR) and Bayesian
model averaging (BMA) analyses assessing the impact of lipids on sciatica. The plot displays OR (odds ratio),
P-val (P-value), and 95% CI (confidence interval) derived from the IVW (inverse variance weighted) method.
Results from MR-BMA analysis are denoted as B-OR and B-Pval, though the plot exclusively features IVW
outcomes.

Causal effects of lipidomes and sciatica

The TSMR analysis highlights significant influences of glycerophospholipids, sphingolipids, glycerides, and sterols
on sciatica. Certain sterols show correlations with sciatica incidence, their risk and protective effects contingent
upon molecular structure (Fig. 3). This pattern extends to phosphatidylcholine; Phosphatidylcholine (16:1_18:0)
and Phosphatidylcholine (18:1_20:2) consistently indicate risk factors. Triacylglycerols among glycerides are
associated with increased risk, while sphingolipids consistently exhibit protective effects against breast cancer
incidence. Detailed results from various analytical methods are provided in Supplementary Material 4, with IVW
results serving as the primary reference metric. Alignment of directional causal relationships from the other four
analytical methods with IVW results, achieving P <0.05, would significantly enhance confidence in establishing
causality. Overall, findings from TSMR and BMA-MR analyses demonstrate considerable consistency (Fig. 3),
though exceptions exist notably with Sterol ester (27:1/18:0) and Triacylglycerol (48:2).

Sensitivity analysis

Sensitivity analyses, detailed in Supplementary Tables 2-4, were conducted to ensure result robustness within
the IVDD framework. Both IVW and MR-Egger tests revealed no evidence of heterogeneity. Similarly, no
heterogeneity was observed in IBP and sciatica. The MR-Egger intercept test resulted in a P-value exceeding 0.05,
suggesting no evidence of horizontal pleiotropy. Additionally, the MR-PRESSO test confirmed result accuracy by
detecting no pleiotropy. Scatter plots illustrating the MR analysis can be found in Supplementary Material 2-4.
Funnel plot examination revealed no significant heterogeneity across these figures. Furthermore, leave-one-out
analysis demonstrated that no single SNP had a significant influence on the MR estimates. While certain SNPs
may have influenced outcomes in IBP and sciatica, their odds ratios consistently aligned on one side of the null
line as depicted in Supplementary Supplementary Material 3 and 4. Supplementary Table 5 in Supplementary
Material 1 lists the F-statistics, R? and SNP counts for each lipid class.

Discussion

This study represents a pioneering investigation into the impact of structurally diverse lipidome on intervertebral
disc degeneration (IVDD), low back pain (LBP), and sciatica, drawing on an analysis of 179 liposome studies. Our
study explores 179 liposome characteristics as exposures linked to IVDD, LBP, and sciatica outcomes, uncovering
intricate causal relationships. We identify significant impacts of glycerophospholipids, sterols, and glycolipids
on these conditions. Specifically, phosphatidylcholine and phosphatidylinositol within glycerophospholipids
emerge as key factors in IVDD, with phosphatidylcholine posing a risk and phosphatidylinositol offering
protection. Sterols and glycolipids are also implicated as contributing risk factors. In the context of LBP,
glycerophospholipids, sterols, and glycolipids not only exert influence but also demonstrate a protective effect of
sphingomyelin. Notably, different structural forms of phosphatidylcholine and sterols exhibit variable impacts
on sciatica.
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Mendelian randomization (MR) techniques have become increasingly important in studying potential causal
connections between exposures and outcomes®’. By mitigating confounding factors and reverse causation
biases, MR analysis provides more reliable assessments of causal associations than conventional observational
studies®. Li et al. utilized MR methods to uncover an inverse relationship, indicating that higher interleukin-6
levels are associated with a decreased likelihood of experiencing low back pain*’. Meanwhile, Jinfeng Luo et
al. conducted MR analysis on lipid levels and LBP incidence, uncovering a negative association between high-
density lipoprotein cholesterol (HDL-C) and LBP prevalence in European populations. However, they did not
establish causal links between low-density lipoprotein cholesterol (LDL-C) / total cholesterol (TG) and LBP
risk®®. These investigations did not delve into specific lipoprotein subtypes or comprehensively examine the
interplay among intervertebral disc degeneration (IVDD), low back pain (LBP), and sciatica.

In our study, we consistently observed a positive correlation between serum triglyceride levels and the risk of
intervertebral disc degeneration (IVDD), lower back pain (LBP), and sciatica. Previous research has highlighted
elevated cholesterol levels as one of the most prevalent risk factors for atherosclerotic lesions®®. Notably, the
independent role of triglycerides in atherosclerosis formation has also been documented®. Atherosclerosis
affecting the lumbar region is considered a significant contributor to both intervertebral disc degeneration and
sciatica®®%, a finding reinforced by our study. From a molecular standpoint, the interplay between triglycerides
(TG) and intervertebral disc degeneration (IVDD) can be examined across several biological layers. In vitro
studies demonstrate that hypertriglyceridaemia predominantly facilitates disc cell apoptosis and extracellular
matrix breakdown via the MAPK signalling cascade, with the ERK pathway being a key contributor’. Moreover,
excessive TG accumulation may provoke inflammatory cascades, aggravating IVDD pathogenesis. TG and its
metabolic byproducts could stimulate inflammatory cytokine secretion by activating pathways such as NF-«B,
thereby inciting localised inflammation within disc tissues and progressively compromising their structural
integrity*!. Dysregulated TG metabolism may additionally disrupt the equilibrium between extracellular matrix
synthesis and degradation in intervertebral discs. Notably, matrix metalloproteinases (MMPs) are pivotal in
degenerative disc disorders*?, and aberrant TG metabolism may dysregulate MMP activity, accelerating matrix
degradation and undermining disc biomechanical properties®’. Oxidative stress emerges as a critical mediator
in TG-associated IVDD. Hypertriglyceridaemia may precipitate oxidative stress*!, inflicting cellular damage
and degenerative alterations within discs. This oxidative imbalance depletes endogenous antioxidant defences,
inducing lipid peroxidation, protein carbonylation, and genomic instability — collectively eroding disc cellular
homeostasis and tissue resilience*’. Further investigation is crucial to fully elucidate the specific underlying
mechanisms linking lipid levels to the onset of lumbar disc herniation.

Sterol esters, formed by combining sterols with fatty acids through esterification, are essential lipid
components found in plant and animal cells, crucial for cellular membrane structure?. These compounds
significantly influence membrane fluidity and architecture, thereby affecting vital cellular interactions involved
in signal transmission across membranes. Lower levels of sterol esters could disrupt the lipid composition of
membranes, potentially impacting the functionality of cell surface receptors. Such changes in receptor activity
might interfere with signaling pathways governed by growth factors, potentially contributing to the development
of sciatica, as supported by our study. Notably, Sterol ester (27:1/16:1) consistently demonstrates protective
effects against these conditions, contrasting with other forms of sterol esters that may exhibit varying effects due
to structural differences. Further research is necessary to fully elucidate the specific molecular mechanisms and
clinical implications arising from these observations.

Phosphatidylethanolamine and phosphatidylcholine constitute essential components within cellular
membranes. Despite the absence of comprehensive research directly linking these phospholipids to intervertebral
disc degeneration (IVDD), low back pain (LBP), and sciatica on a large scale, our investigations consistently
associate phosphatidylcholine with these conditions. Notably, specific subtypes such as Phosphatidylcholine
(0-16:1_18:1) and Phosphatidylethanolamine (O-16:1_18:2) present exceptions. These connections potentially
involve mechanisms ofimmuneresponse. Itis significant that phosphatidylethanolamine and phosphatidylcholine
are recognized by natural killer cells and T lymphocytes, potentially promoting T lymphocyte proliferation and
augmenting protein kinase C (PKC) activity in diverse cellular contexts?’*8. Studies suggest that heightened
levels of phospholipids can significantly enhance immune system function through modulation of membrane-
associated signaling pathways, directly impacting T cell activation and proliferation®’. Increased phospholipids
enhance membrane fluidity and receptor organization, facilitating interactions between cell surface receptors
and ligands, thereby expediting immune cell responses and amplification®>”!. Research demonstrates that
phospholipid derivatives (e.g., lysophosphatidylcholine) activate cell-surface Toll-like receptor 4 (TLR4),
inducing NF-kB-mediated upregulation of interleukin-6 (IL-6) and tumour necrosis factor-a (TNF-a).
These pro-inflammatory cytokines exacerbate extracellular matrix (ECM) breakdown by elevating matrix
metalloproteinase-3 (MMP-3) and ADAMTS-5 expression'’. Notably, murine studies reveal that intra-articular
LPC (16:0) administration induces chronic pain and anxiety-like behaviours, implicating this lipid species as a
potential driver of persistent joint pain in both sexes®. Clinical correlations exist in fibromyalgia patients, where
elevated LPC (16:0) levels correlate with pain severity>!, while murine fibromyalgia models show concomitant
increases in LPC (18:1)°°. These observations substantiate our findings that Phosphatidylcholine (16:0_20:3)
and (16:0_18:3) constitute IVDD risk factors, whereas Phosphatidylcholine (18:1_20:2) associates specifically
with low back pain (LBP).Mechanistically, phospholipid derivatives like lysophosphatidic Acid stimulate
neuronal sprouting via Trk receptors®, with pathological nerve ingrowth into degenerated discs contributing
to LBP. lysophosphatidic Acid induces inflammation and programmed cell death through the activation of
G-protein-coupled receptors . In contrast, rhBMP2/7 indirectly diminishes LPA generation by reinstating BMP/
Smad signalling, mitigating inflammatory responses and degenerative processes®. Such evidence positions lipid
metabolism as a shared pathogenic axis in IVDD, LBP, and sciatica. Our work particularly underscores how
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distinct phosphatidylcholine subspecies differentially modulate IVDD risk, revealing a nuanced lipid-disease
relationship that warrants deeper investigation into metabolic pathways underlying these spinal disorders.

Sphingomyelin(SM) is crucial for modulating mammalian membrane properties and acts as a significant
reservoir of bioactive compounds. SM hydrolyses to produce sphingosine-1-phosphate (S1P), which binds to
the S1PR1 receptor, inhibiting NF-kB nuclear translocation, and reducing the expression of IL-13 and TNF-a.
Concurrently, ceramide derived from SM upregulates autophagy-related genes (such as LC3 and Beclin-1) via
PPARYy, promoting the clearance of damaged mitochondria and misfolded proteins, thereby maintaining cellular
homeostasis®®. SM is also an important component of lipid rafts, and its enrichment maintains the aggregation
and signal transduction efficiency of membrane receptors (such as growth factor receptors)®’. A reduction in
SM in the degenerated intervertebral disc leads to disruption of lipid raft structure, exacerbating non-specific
activation of inflammatory receptors (such as TLR4), amplifying injury signals. Despite this pivotal role,
comprehensive studies directly associating sphingomyelin with IVDD, LBP, and sciatica risk remain limited.
Our investigation uncovered consistent protective benefits of Sphingomyelin (d34:2) and Sphingomyelin (d38:2)
against IVDD, LBP, and sciatica, providing valuable insights into potential mechanisms and therapeutic avenues.

Clinical relevance, The effects presented by statin drugs are consistent with the results of our research. Statins,
including simvastatin, atorvastatin, and lovastatin. Research indicates that the oral administration of statins
can slow down the harmful processes associated with disc degeneration®!. For instance, a study revealed that a
hydrogel containing 5 mg/mL of simvastatin improved disc conditions in SD rats with disc injuries®?. Similarly,
discs treated with 5 and 10 uM concentrations of lovastatin showed increased levels of glycosaminoglycans,
S100 proteins, collagen II, and BMP2%. Rosuvastatin has been found to mitigate ECM degradation, cell aging,
and pyroptosis linked to TNFa by inhibiting the HMGB1 and NF-«B pathways, effectively hindering the
progression of intervertebral disc degeneration (IDD)%!. Consequently, these lipid-lowering agents demonstrate
protective benefits against the advancement of IVDD. These investigations have further yielded novel insights
for our clinical studies, including the potential modulation of intervertebral disc degeneration progression via
lipid-lowering pharmacological interventions. Existing metabolomic and lipidomic profiling of both healthy
and degenerated discs®®, when synthesised with our findings, indicates that lipidomic signatures may serve as
promising biomarkers for assessing IVDD risk.

Strengths and limitations

This study demonstrates multiple strengths. Firstly, we innovatively applied the TSMR method to thoroughly
explore how lipids relate to IVDD, LBP, and sciatica. Our genetic data collection was meticulous, with rigorous
efforts to minimize any potential confounding factors. Secondly, we employed the BMA-MR method to
corroborate our findings, thereby improving the precision of our results. Thirdly, by investigating these three
interrelated conditions, we expanded our comprehension of back pain, thereby enhancing the significance
of our conclusions. However, our research faces limitations. Firstly, there is a slight (<5%) overlap between
exposure and outcome samples, which facilitated database analysis but necessitates future expansion. In
addition, obstacles in acquiring reliable SNPs crucial for Multivariable Mendelian Randomization (MVMR)
have impeded the interpretation of findings. Our objective is to enhance algorithms in forthcoming research
endeavors to tackle this issue effectively. Furthermore, Mendelian randomization (MR) analysis presupposes
that genetic variations’ influence on outcomes is entirely mediated through exposure®. Moreover, differences in
the assessment of importance in Two-Sample Mendelian Randomization (TSMR) compared to Bayesian Model
Averaging-Mendelian Randomization (BMA-MR) may stem from distinct analytical methodologies. TSMR
employs frequentist statistical methods, while BMA-MR incorporates Bayesian approaches, leveraging prior and
posterior distributions for parameter estimation and uncertainty handling. However, this divergence can lead to
associations considered significant in frequentist analyses being non-significant in Bayesian frameworks®”:%. In
specific instances, BMA-MR might necessitate stronger evidence for causal inference compared to conventional
methods. Consequently, while MR techniques enable the assessment of causal relationships, they do not fully
elucidate the mechanisms by which lipids may prevent Intervertebral Disc Degeneration (IVDD), Low Back
Pain (LBP), and sciatica.Therefore, additional research is essential to clarify the underlying processes highlighted
by our findings. Lastly, we refrained from implementing multiple analysis corrections because our primary
focus was identifying potential biomarkers or therapeutic targets. Avoiding the Bonferroni correction due to its
strictness was crucial to prevent excluding meaningful indicators.

Conclusion

Our study offers significant insights into the relationship between specific lipids and the risks associated
with intervertebral disc degeneration (IVDD), low back pain (LBP), and sciatica. Our findings indicate that
phosphatidylcholine and triglycerides may increase the incidence of IVDD, LBP, and sciatica, suggesting
potential adverse effects. Conversely, sphingomyelin appears to reduce the occurrence of LBP and sciatica,
implying a protective role. Sterol esters also exhibit a protective effect against sciatica, but the sterol ester
(27:1/16:1) consistently demonstrates detrimental effects on IVDD, LBP, and sciatica within the Sterols category.
Furthermore, our research highlights the complex nature of lipid metabolism in IVDD, LBP, and sciatica,
uncovering diverse structural variations among lipids and their potentially varying impacts across molecular
subtypes. These discoveries deepen our comprehension of how lipids, including phosphatidylcholine and
triglycerides, impact the risk factors associated with IVDD, LBP, and sciatica. This underscores the necessity for
additional research to uncover the mechanisms at play.
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Data availability
The datasets [Exposure/Outcome] for this study can be found in the [IEU Open GWAS] [https://gwas.mrcieu.
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