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Purpose: Modic changes (MC) on MRI have been associated with the development
and severity of LBP. The etiology of MC remains elusive, but it has been suggested
that altered metabolism may be a risk factor. As such, this study aimed to identify
metabolomic biomarkers for MC phenotypes of the lumbar spine via a combined
metabolomic-genomic approach.

Methods: A population cohort of 3,584 southern Chinese underwent lumbar spine
MRI. Blood samples were genotyped with SNP arrays (n=2,482) and serum
metabolomics profiling using magnetic resonance spectroscopy (n=757), covering 130
metabolites representing three molecular windows, were assessed. Genome-wide
association studies (GWAS) were performed on each metabolite, to construct
polygenic scores for predicting metabolite levels in subjects who had GWAS but not
metabolomic data. Associations between predicted metabolite levels and MC
phenotypes were assessed using linear/logistic regression and LASSO. Two-sample
Mendelian randomization analysis tested for causal relationships between metabolic
biomarkers and MC.

Results: 20.4% had MC (10.6% type 1, 67.2% type 2, 22.2% mixed types). Significant
MC metabolomic biomarkers were mean diameter of very-low-density lipoprotein
(VLDL)/low-density lipoprotein (LDL) particles and cholesterol esters/phospholipids in
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large LDL. Mendelian randomization indicated that decreased VLDL mean diameter
may lead to MC.

Conclusions: This large-scale study is the first to address metabolomics in subject
with/without lumbar MC. Causality studies implicate VLDL related to MC, noting a
metabolic etiology. Our study substantiates the field of “spino-metabolomics” and
illustrates the power of integrating metabolomics-genomics-imaging phenotypes to
discover biomarkers for spinal disorders, paving the way for more personalized spine
care for patients.
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ABSTRACT

Purpose: Modic changes (MC) on MRI have been associated with the development and severity of
LBP. The etiology of MC remains elusive, but it has been suggested that altered metabolism may be
a risk factor. As such, this study aimed to identify metabolomic biomarkers for MC phenotypes of
the lumbar spine via a combined metabolomic-genomic approach.

Methods: A population cohort of 3,584 southern Chinese underwent lumbar spine MRI. Blood
samples were genotyped with SNP arrays (n=2,482) and serum metabolomics profiling using
magnetic resonance spectroscopy (n=757), covering 130 metabolites representing three molecular
windows, were assessed. Genome-wide association studies (GWAS) were performed on each
metabolite, to construct polygenic scores for predicting metabolite levels in subjects who had GWAS
but not metabolomic data. Associations between predicted metabolite levels and MC phenotypes were
assessed using linear/logistic regression and LASSO. Two-sample Mendelian randomization analysis

tested for causal relationships between metabolic biomarkers and MC.

Results: 20.4% had MC (10.6% type 1, 67.2% type 2, 22.2% mixed types). Significant MC
metabolomic biomarkers were mean diameter of very-low-density lipoprotein (VLDL)/low-density
lipoprotein (LDL) particles and cholesterol esters/phospholipids in large LDL. Mendelian

randomization indicated that decreased VLDL mean diameter may lead to MC.

Conclusions: This large-scale study is the first to address metabolomics in subject with/without
lumbar MC. Causality studies implicate VLDL related to MC, noting a metabolic etiology. Our study
substantiates the field of “spino-metabolomics” and illustrates the power of integrating
metabolomics-genomics-imaging phenotypes to discover biomarkers for spinal disorders, paving the
way for more personalized spine care for patients.
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INTRODUCTION

Low back pain (LBP) is the world’s most debilitating condition. * Lumbar disc degeneration
is an important factor associated with LBP and has also been a precursor for other spinal phenotypes,
such as disc herniation, endplate abnormalities and Modic changes (MC).2® Throughout the years,
many etiological factors for disc degeneration have been proposed, including age progression,
abnormal physical loading, environmental determinants, hormonal influences, genetics, and
circulatory or metabolic disease. "

The role of improper vascular supply or metabolism in the pathway of disc degeneration has
been under heated debate. Although the disc in adults is one of the largest avascular structures in the
human body, it receives nutrients and metabolites from diffusion from the vascular plexuses, through
the endplate, surrounding the disc. Studies have noted that altered metabolism (e.g. oxygen, glucose
etc.) may affect the normal integrity of the disc by affecting proteoglycan synthesis, thereby
contributing to degenerative changes.*** In addition, occlusion or insufficient arterial blood supply
to the lumbar spine due to improper endplate permeability or vascular disorder may have direct
implications upon the integrity of the disc, leading to degeneration. ° Deficiencies in nutrient supply
reduce the number of viable disc cells and their metabolic activity,'® which may limit the ability of
the disc to recover from an injury. In fact, studies noting elevated body mass index (BMI), increased
lipid and apolipoprotein-E levels, Vitamin C deficiency, and increased lactate production may play a
role in disc degeneration and LBP,*"131720  fyrther providing credence of a potential metabolic
component to the development of spine changes.

Modic changes are subchondral bone marrow lesions adjacent to the endplate and are
commonly observed alongside disc degeneration (Figure 1). Modic changes also have a high
specificity for discogenic LBP,?! and LBP patients with MC have longer, more frequent and more
painful LBP episodes and seek care more often than patients without MC. 2% Studies have also
noted that pain and disability may exist, irrespective of MC type.* Elevated BMI has been associated
with MC, perhaps serving as a surrogate of more complex metabolic disruption.?* Genetic risk factors
have also been linked with MC but remain questionable and validation in different ethnicities
remains.?® Infection, lifestyle and environmental factors have also been suggested to be associated
with MC but fail to be replicated because the studies have limitations in the study design, analyses
and/or narrow understanding of the phenotype.?’?® As such, the etiology and pathobiology of MC
remains under heated debate. Therefore, studying the underlying biological mechanism of MC will

help determine their role in LBP.?°
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Genomics, transcriptomics and proteomics represent the genome-oriented main disciplines in
life sciences. The information in genomes operates across three diverse time spans: evolution
(millions of years), development (hours to years), and physiology (milliseconds to weeks).
Physiology constitutes the triggering of specific functional pathways by environmental signals, and
thereby the phenotype of a biological system is largely reflected by its metabolite composition and
their interactions. An essential and complementary "omics" approach in understanding biomolecular
function is metabolomics — the quantitative measurement of the time-related multiparametric
metabolic responses of multicellular systems to (patho)physiological stimuli or genetic modification.
3032 Metabolomics has shed light and directed new targeted therapeutics for various conditions, such
as Alzheimer’s disease, cardiovascular disease, diabetes and knee osteoarthritis (OA).3%3133 To date,
no study has addressed the metabolomic risk factors of spine degeneration, especially in the context
of MC.

The following study addressed the possible link between underlying metabolomic changes
with MC using a purely data-driven approach. Through a set of integrative analyses of genomic,
metabolomic and phenotypic data from a large population-based cohort, we assessed the association
between metabolomic features, predicted via a novel polygenic scoring scheme, and MC phenotypes.
In addition, we performed Mendelian randomization, which allows to establish “causation” of an
exposure (metabolite) to the outcome (MC). Our main goal was to identify potential metabolomic
biomarkers related to the etiology of MC, which could aid personalized diagnosis and targeted

treatment of LBP in future.

METHODS

Study sample

The Hong Kong Disc Degeneration Cohort Study +®111224 js a population-based initiative
consisting of 3,584 Southern Chinese volunteers at baseline (age range: 10-88 years) whereby
subjects were recruited by open invitation and not based on their pain profiles. Individuals with a
known history of spinal tumor, infection or deformities were excluded. Age, sex, weight (kg), height
(m) and cigarette smoking pack-years were noted of all subjects. Body mass index (kg/m?) was
calculated of each individual. The different stages of this study are illustrated in Figure 2.
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Imaging assessment

All subjects underwent 3T MRI of L1-S1, which was performed using axial T1-weighted and
sagittal T2-weighted fast spin-echo sequences (repetition time = 3,000 milliseconds; echo time = 92
milliseconds; slice thickness = 5 millimeters). 4111224 Utilizing the second follow-up images of the
longitudinal assessment of the cohort subjects since baseline, two experienced individuals assessed
the lumbar region of the MRI scans, blinded to the clinical data. The first rater evaluated the
presence/absence of MC at each lumbar level (L1 to L5) of 1,416 cohort participants. The second
examined the lumbar MC types (types 1, 2, 3 and mixed types) of 1,713 volunteers assessed at a later
time point than the first rater whereby the image availability of the cohort had increased. Reliability
scores of our rating method have been previously reported and were good to excellent. 4°

For each individual, we defined 5 composite MC phenotypes based on the MRI readings of
these raters. Three composite scores were defined utilizing the first rater’s readings. The original MC
readings were first transformed into continuous scores using truncated normal conversion, and overall
MC was defined as the sum of MC scores at all levels, upper MC sum scores (L1-L3) and lower MC
sum scores (L4 —S1). Two binary composite phenotypes of type 1 and 2 MC were also utilized.

Metabolomic measurements

OnJanuary 1, 2010, a cardiovascular assessment of all cohort subjects >40 years old (n=1,800
out of N=3,584 overall subjects) from the cohort was initiated. Around the same period of imaging,
blood serum samples of approximately 50 ul were obtained, and stored at -80 degrees Celsius, from
814 subjects during the morning fasting state for metabolomic analysis. Metabolomic profiling of 130
metabolic measures was conducted on three platforms: lipoprotein lipids (LIPO), low molecular
weight metabolites (LMWM) and lipid extracts (LIPID) (Supplement A). Proton (1H) serum NMR
spectroscopy, via a Bruker AVANCE 500 DRX spectrometer operating at 500.13 MHz machine,
analyzed the samples. Among the 814 volunteers with serum samples collected, 757 had complete
metabolomic measurements (i.e. no missing data). After data filtering, data normalization (sample-
wise: normalization by sum; measurement-wise: auto-scaling) was performed using
MetaboAnalyst.>*

Genotyping

The blood samples of 2,482 subjects were obtained for genotyping. Deoxyribonucleic acid
(DNA) was extracted from the blood samples and underwent concentration quality control. The DNA
samples were genotyped using Illumina’s OmniZhongHua-8 BeadChip, which is a population-

specific whole genome array covering 77% of common variation (minor allele frequency, or MAF >
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5%), 73% of intermediate variation (MAF > 2.5%) as well as 65% of low frequency variation (MAF >
1%) in the Chinese population. In total, 900,015 single nucleotide polymorphisms (SNPs) on
chromosomes 1 to 22 and chromosome X were genotyped. The raw data was converted to PLINK®

format using Illumina’'s GenomeStudio.

GWAS and polygenic scoring of metabolomic measures

To guarantee the quality of samples used in genome-wide association studies (GWAS), we
filtered out 369 low-quality samples with high SNP missing rates, sample mislabeling, gender
inconsistencies, sample contamination or high relatedness to other samples. After conducting quality
control (QC), variant QC was performed. 88,625 SNPs of poor quality were removed, including those
of low call rates, low minor allele frequencies (MAF) and deviating from the Hardy-Weinberg
equilibrium (HWE). The GWAS QC was performed using PLINK.*®> After QC, the genotype data
contained 2,113 individuals and 805,525 SNPs.

In PLINK, we performed 130 genome-wide association analyses (one for each metabolomic
measurement) on the quality-controlled genotype data of the 571 individuals with both genomic and
metabolomic data. Sex, age and the first ten principal components (PC's) calculated using
EIGENSTRAT 3 were considered as covariates. To increase power and reduce false positives, meta-
analysis of our GWAS was next performed in PLINK using a random effect approach for the 116
metabolomic measurements present in both studies.®’

The summary statistics from meta-analysis were then used for polygenic scoring through the
standard pipeline of Lassosum.®® Only chromosomes 1 to 22 were used in polygenic risk score (PRS)
construction, and pseudo-validation was performed to select the best set of parameters for Lassosum
when calculating the PRS. Since GWAS loci for metabolomic traits typically have a large effect size,

we could treat the metabolomic PRS as "predicted" metabolomic measurements. 3940

Regression analysis of Modic changes (MC) phenotypes - standard

A set of linear and logistic regression analyses were conducted in order to look into the
relationship between metabolomic polygenic risk scores (PRS) and the five MC composite
phenotypes. The composite scores consisted of the following: continuous - overall MC (sum of all
disc MC scores); upper MC (sum MC scores L1-L4); lower MC (sum MC scores L4-S1); binary -
presence of type 1 MC; presence type 2 MC. To avoid over-fitting, we excluded the samples used in
previous GWAS. In total, 580 regression models (5 MC phenotypes * 116 metabolomic PRS) were
fitted, and the issue of multiple testing arose. Certain MC phenotypes may have a number of

associated metabolites with relatively low, but insignificant p-values. To take advantage of this group
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information, we grouped the resulting p-values by MC phenotype and controlled the false discovery

rate (FDR) at 0.1 through the adaptive group Benjamini-Hochberg (B-H) procedure.

Regression analysis of Modic changes (MC) phenotypes - penalized

Five LASSO models (each corresponding to one of the 5 MRI composite phenotypes) were
fitted using the R package "glmnet". The LASSO tuning parameter was selected via ten-fold cross
validation — the loss used for cross validation was squared error for Gaussian models (i.e. continuous
phenotypes) and deviance for logistic models (i.e. binary phenotypes). To avoid over-fitting, the
models were fitted using a subset of individuals with both GWAS and MC phenotypic data, but no
metabolomic data.

Mendelian randomization analysis

To test for a potential causal relationship between the metabolomic measurement (exposure)
and MC phenotype (outcome), pairs with significant associative findings were identified. We further
performed two-sample Mendelian randomization analysis with metabolomic measurements as the
exposure and composite MC phenotypes as the outcome Figure 3.

First, we performed GWAS on all the individuals with MRI (outcome), BMI (confounder) or
smoking (confounder) and genetic data. Age, sex and the first ten PCs were selected as the covariates
for all the studies. To avoid bias due to participant overlap in two- sample Mendelian randomization,
we excluded the subjects who were among the 571 individuals in the metabolomic GWAS.
Following, for each exposure-case pair with significant associative findings, we retrieved all the
GWAS hits (p<5x1078) of the metabolomic measurement. These SNPs were clumped in PLINK using
the default parameters of the R package TwoSampleMR. The physical distance threshold for
clumping was set to be 10,000 kb, the LD threshold was chosen to be 0.001, and both the significance
threshold for index SNPs and the secondary significance threshold for clumped SNPs was set to be
1. After clumping, we removed the SNPs that were also GWAS hits (p< 5x107®) of the confounders
in our model (BMI and smoking), if any. To avoid pleiotropy, we also removed any SNPs
significantly associated with the outcome (the MC phenotype) at the significance level of p=107°. If
there were <=1 SNPs (i.e. instruments) left after the previous steps, we dropped the pair (metabolomic
measurement, MC phenotype) from subsequent analysis.

For the remaining (metabolomic measurement, MC phenotype) pairs, we performed two-
sample Mendelian randomization with the R package TwoSampleMR, utilizing five different

methods — inverse variance weighted (IVW), Egger regression, weighted median, simple mode and
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weighted mode. To control for multiple testing, the FDR, stratified by the Mendelian randomization

method used, was controlled at 0.2.

RESULTS

The mean age of the subjects was 50 years and mean BMI was 22.9 kg/m?. The majority were
female (59.7%) and the prevalence of MC was 20.4% (10.6% type 1, 67.2% type 2, 0% type 3, 22.2%

mixed types), mainly occurring at L4-S1.

Regression modeling and polygenic risk score (PRS)

The MC scoring scheme was based on types 1 and 2 and not on mixed types since a component
was to determine biomarker association with specific individual types and mixed types prevented that
distinction. Out of the 580 standard regression models fitted, only one model had a significant bs at
the FDR cut-off of 0.1 — as the PRS of the mean “diameter” of very-low-density lipoprotein particles
(VLDL.D) decreased, MC in the lower lumbar region (b 3 = -0.1148; g-value = 0.0396) became more
severe on average.

The LASSO coefficients (B's) of the metabolomic PRS with a non-zero f in at least one of the
fitted LASSO models were plotted in Figure 4. The negative influence of VLDL.D PRS on MC,
which we identified through standard regression studies, was supported by the LASSO results (overall
MC: B ~ -0.0387; lower MC: B ~-0.1118; type 2 MC: B ~ -0.0469). Similarly, the PRS of the mean
“diameter” of low-density lipoprotein (LDL.D)/intermediate-density lipoprotein (IDL.D) particles
also had a negative effect on type 2 MC (§ = -0.1981).

Additionally, the fitted LASSO models showed that the PRS of cholesterol esters (CE) and
phospholipids (PL) in large LDL could potentially lead to overall, lower lumbar region and type 2
MC (Figure 4). These findings were consistent with the VLDL.D results, since a low VLDL.D is
typically associated with higher VLDL particle levels in patients, and VLDL/LDL levels are closely
related to each other.*! It is worth noting, though, that the PRS of phospholipids (PL) in chylomicrons
and extremely large VLDL was negatively associated with lower MC at L4-S1 (B = -0.0089) and type
2 MC (B =-0.3265). This may indicate that PL in large LDL and extremely large VLDL play different
roles in the development of MC.
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Mendelian randomization

In our MR studies, no significant results were found when using the IVW, weighted median,
simple mode and weighted mode approaches. Utilizing the Egger regression method, there were three
(metabolomic measurement, MC phenotype) pairs with a significant causal effect, as shown in Figure
5. We identified a negative causal effect of VLDL.D on overall MC ( =-0.4592, p-value ~ 0.0499,
g-value~0.1747) and lower MC (~-0.4812, p-value~0.0397, g-value~0.1747) (Figure 5). No other
(metabolomic measurement, MC phenotype) pairs had significant results at 0.2 FDR cut-off.

DISCUSSION

Our large-scale study is, to our knowledge, the first to address the link between metabolomic
signatures with degenerative spine pathology, in particular focusing on MC. Employing Mendelian
randomization techniques that can establish causation, our study noted a potential metabolic etiology
of MC and noted decreased diameter of VLDL as the significant risk factor in that pathway. Secondly,
our study is unique in its utilization of an ‘integrative” framework” approach analyzing “panOmics
data (metabolomics, genomics) and imaging-based phenotype data to discover unique biomarkers
related to the spine. This approach has demonstrated significant viability and can serve as a model
for any future initiative targeting complex traits, such as degenerative pathology of the spine.

Metabolomics, Human Disease and Clinical Relevance

With respect to the spine, magnetic resonance (MR) spectroscopy has been utilized to assess
the disc's metabolic profile.!” Although findings have been promising, in particular assessing painful
discs, this approach can be extremely costly and does not provide an extensive metabolic profile of
the disc or systems. In the field of metabolomics, "serum-based" NMR spectroscopy has become a
key technology, with validated utility in many diseases, that is specific yet non-selective and cost-
effective. Particularly, 'H NMR has the advantage of efficiently obtaining information on large
numbers of metabolites in biofluids.*? As such, a metabolome-wide association study (MWAS) is
plausible.

The application of metabolomics has noted promise in elaborating upon Alzheimer’s
disease,*® diabetes,** and atherosclerosis “° among other conditions. For example, with regards to
Alzheimer’s disease, a multi-metabolite assessment has identified that the interaction of inflammation
and the metabolic syndrome increases the risk of cognitive decline.*® In atherosclerosis, metabolomic

assessment has targeted metabolic phenotypes that will complement and might even replace
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conventional lipid measurements for comprehensive cardiovascular risk assessment.*® In the context
of diabetes, metabolomic longitudinal studies have noted the complex interactions between diabetes,
insulin resistance, and the metabolic syndrome.** Serum-based NMR spectroscopy was able to
identify the polydiagnostic metabolite profile of type 1 diabetes and how its variations may translate
to clinical phenotypes, potential vascular complications, and mortality. In knee OA, serum-based
metabolomics has found significant analytes related to the presence and severity of OA changes,
independent of age and BMI.3 As such, metabolomics has elaborated upon the understanding of
various disease processes and has provided a new perspective upon the assessment of disease with
direct clinical implications that would lead to improving health outcomes. Furthermore, the
combination of metabolomic data with genome-wide and gene expression information has added
clinical value in various diseases.®® These findings show the importance and opportunity for

systematic molecular investigation in human populations.*’

Very-Low-Density Lipoprotein and its Implications

In this study, we found that as the mean diameter of VLDL particles decreased, the degree of
MC was on average more severe. Through Mendelian randomization analysis, we obtained evidence
that this association may be causal. VLDL are transporters of triglycerides (synthesized in the
liver/intestines) to adipose tissue capillary beds and muscles. At that point, they can be converted to
provide fatty acids to ultimately produce adenosine triphosphate (ATP) for cellular energy or they
can be converted to glycerol and stored as fat; whereas remaining VLDL can then be converted to
LDL. VLDL/LDL have been implicated in arterial plague build-up, atherosclerosis, ischemic heart
disease, macular degeneration, and others.*®4® A low mean diameter VLDL is typically found in
retinopathy, with higher VLDL/LDL particle levels in patients with retinopathy.*! High amounts of
oxidized LDLs activate TLR2/4 (toll-like receptor 2/4), and chronic stimulation of TLRs facilitates
fatty marrow conversion as observed in type 2 MC.? Mechanistic and functional studies can further
elaborate in understanding the underlying pathway of VLDL “particle dimensions” to MC.

In our regression analysis, we also found that high levels of CEs and PLs in large LDL were
positively associated with MC. These results were in line with those regarding diameter of VLDL,
indicating that both VLDL and LDL lipid levels may be potential biomarkers for MC. An association
between atheromatous lesions in the aorta and lumbar disc degeneration has been detected, and LBP
has been found to be associated with aortic calcification and stenosis of lumbar arteries.®° Therefore,
our results may indicate shared metabolomic components of MC and arterial damage or a disruption
in the pathway of triglyceride transport and fat storage that can alter the integrity of the vertebral bone

marrow as seen in MC.

10
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Strengths and Limitations

One limitation of our study is sample size — only a modest proportion of the population had
metabolomics measurements, limiting the accuracy of the metabolomic PRS derived from GWAS.
Nevertheless, by integrating genomic, metabolomic and phenotypic data and improving, our analyses
provided insights into the possible underlying metabolomic mechanism of MC. Cohorts with
metabolomic data are typically small compared to those with genomic data. Furthermore, it will be

important to test the generalizability of our findings in other ethnic populations.

CONCLUSIONS

Our large-scale study has identified a potential metabolic etiology of lumbar MC, noting
specific biomarkers. In fact, 130 genome-wide association studies (GWAS) for the metabolomic traits
were performed with polygenic scoring noting a link between MC and metabolic traits. Furthermore,
Mendelian randomization studies further noted that a decreased mean diameter of VLDL particles
may lead to the development of MC. As such, our study, employing metabolic, genomic and imaging
phenotyping is the “first” in the spine field to utilize such an integrative approach towards big data.
Our large-scale study provides the foundation for new and exciting research into assessing the
relationship between our body’s metabolic state and pathological changes in the spine. Although
further studies are needed, the new field of “spino-metabolomics™ as introduced by this study has the
potential to contribute to personalized spine care, and in that how it can be used for diagnostic,
prognostic and novel therapeutic considerations to treat MC and resulting LBP as well as other spinal

disorders.

11
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FIGURE LEGENDS

Figure 1: Sagittal T1- and T2-weighted MRIs of the lumbar spine illustrating Modic changes types
1,2,and 3.

Figure 2: Flow-chart of the different stages of analyses based on the population-based cohort.
QC: quality control, GWAS: genome-wide association study, SNP: single nucleotide polymorphism,
MC: Modic changes

Figure 3: Flow chart of our Mendelian randomization model.
GWAS: genome-wide association study, SNP: single nucleotide polymorphism, MC: Modic changes,
BMI: body mass index

Figure 4: Plot of the LASSO coefficients. Of the 130 metabolomic measurements, the plot shows
only those with a non-zero coefficient in at least one of the fitted models. Metabolites were clustered
using hierarchical clustering based on Kendall's correlation, and the dendrogram was cut into three
subtrees by height. Positive (Negative) B's were colored blue (red), and the B's shrunk to zero were
colored white. The color was darker when the regression coefficient was of a larger magnitude.

Figure 5: Mendelian randomization scatterplots of the (metabolomic measurement, MC phenotype)
pairs with significant Egger regression results. (A) The causal effect of VLDL particle diameter on

overall MC (regression coefficient, standard error and p-value). (B) The causal effect of VLDL

particle diameter on lower MC (regression coefficient, standard error and p-value).

SUPPLEMENTAL A

Table: List of 130 metabolic biomarkers assessed in this study.
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