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Assessing the causal relationship
between CRP, IL-1¢, IL-168, and
IL-6 levels and intervertebral
disc degeneration: a two-sample
Mendelian randomization study

Xin-anYan, Erdong Shen, Aiyong Cui, Fengjin Zhou™* & Yan Zhuang™*

Growing research has suggested an association between chronic inflammation and Intervertebral disc
degeneration (IVDD), but whether there is a causal effect remains unknown. This study adopted two-
sample Mendelian randomization (MR) approach to explore the etiological role of chronic inflammation
in IVDD risk. Here, summary statistics for C-reactive protein (CRP), interleukin (IL)-1«, IL-1/, IL-6
expression and IVDD were obtained from genome-wide association studies (GWAS) of European
ancestry. MR analyses were conducted by using inverse variance weighted (IVW), Wald Ratio, weighted
median, and MR-Egger method. Sensitivity analyses were conducted to assess the robustness of the
results. The MR analyses suggested a lack of causal association of CRP, IL-6 , and IL-1« levels on IVDD
(CRP-IVDD: odds ratio [OR] = 0.97, 95% confidence interval [CI] 0.86-1.09, P = 0.583; IL-6-IVDD: OR
=1.04, 95% C1 0.86-1.27, P = 0.679; IL-1a-IVDD: OR = 1.09, 95%CI| 1.00-1.18, P = 0.058). However,
there was a sign of a connection between genetically elevated IL-17 levels and a decreased IVDD
incidence (OR = 0.87, 95%Cl 0.77-0.99, P = 0.03). Our findings suggest a connection between IL-1/3
levels and the risk of IVDD. However, due to the support of only one SNP, heterogeneity and pleiotropy
tests cannot be performed, the specific underlying mechanisms warrant further investigation.
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Intervertebral Disc Degeneration (IVDD) is a common degenerative disease that is considered a major cause
of low back pain (LBP), imposing a significant burden on patients and society'>. Most patients can alleviate
symptoms independently without significant functional impairment. However, 10-20% of patients may require
more than 12 weeks for recovery, with a slow and uncertain progress that often results in residual functional
loss?. Although surgical treatment is effective, it is only applicable to the advanced stage of IVDD. Neither non-
surgical nor surgical strategies can effectively reverse or stop the IVDD process, and the pathogenic mechanism
of IVDD is still unclear. Relevant research has proved that excessive inflammatory responses, exacerbated aging,
apoptosis of the intervertebral disc (IVD) cells, and degradation of the extracellular matrix are considered
key pathological features of IVDD?. In recent years, an increasing amount of evidence has shown that chronic
inflammation is closely related to the progression of IVDD.

IVD consists of the annulus fibrosus (AF), the nucleus pulposus (NP) and the cartilaginous endplate
(CEP), which provides mobility and compressive resistance in the spine. At in vitro experiments, degenerative
changes such as AF rupture, vascular formation, and degradation extracellular matrix (ECM) within NP were
observed after [VD was injected with inflammatory factors®. Inflammatory factors have been proved to promote
the destruction of IVD structure by reducing ECM gene expression and promoting the expression of ECM
degradation enzymes’. research have confirmed that chronic inflammation can induce oxidative damage to IVD
cells, promoting apoptosis and aging of IVD cells®°.

Various inflammatory factors (e.g. interleukin (IL)-6, IL-la, IL-18, C-reactive protein (CRP)) are
significantly increased in degenerated intervertebral discs. The interplay among inflammatory indicators such as
interleukin (IL)-6, IL-1a, IL-13, and C-reactive protein (CRP) involves a mutually reinforcing process, resulting
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in a progressively expanding inflammatory cascade and a sustained inflammatory state. For instance, IL-1/3
significantly upregulates the expression of IL-6 in intervertebral disc (IVD) cells'®!!. Members of the IL-1 family,
including IL-1o and IL-103, are important factors mediating chronic inflammation. IL-13 promotes apoptosis
of nucleus pulposus cells (NPC) and annulus fibrosus cells (AFC) by upregulating the expression of caspase-3
and caspase-9'2. In addition, in clinical observational experiments, Jacobse et al.® observed that the IL-1 and
IL-6 levels of the IVDD group were significantly higher than the normal group. CRP is a serum marker of
chronic inflammation, produced in the liver under the stimulation of IL-1 and IL-6. IL-1 and IL-6, as upstream
stimulating factors of CRP, play a key role in the occurrence of IVDD. Studies on the pathological features of
various bacterial diseases have found that the expression of CRP, IL-1, and IL-6 in plasma is mutually related!?.
Clinical studies have suggested that elevated serum CRP levels are associated with the occurrence of IVDD!.

Recent findings from in vitro experiments and clinical observational trials have elucidated the role of chronic
inflammation in IVDD®®1415, but there is still a lack of related randomized controlled studies. It is not currently
clear whether chronic inflammation is a result or cause of IVDD, and observational studies cannot rule out
the effects of reverse causality and confounding factors. Therefore, it is necessary to introduce some stronger
alternative methods, such as Mendelian randomization (MR). Mendelian randomization solves these problems
by using genetic variations as instrumental variables for testing exposures. The allele of genetic variation related
to exposure is randomly assigned and is not affected by reverse causality. Therefore, this study uses the two-
sample MR (TSMR) analysis method to explore the causal relationship between IL-6, IL-1c, IL-13, CRP, and
IVDD.

Materials and methods

Study design

In this study, we conducted TSMR analysis to investigate potential causal associations between various
inflammatory factors (i.e. CRP, IL-1a, IL-1/3 and IL-6) and IVDD. The research of this study was built upon
three assumptions: (1) The instrumental variables (IVs) should be robustly associated with exposure; (2) The IVs
should not be associated with potential confounders; and (3) the IVs should not have direct association with the
outcomes of interest but affect the outcome exclusively through the exposure not via other biological pathways'®.
The schematic outline of this study is shown in Fig. 1.

Data sources

Summary data for CRP, IL-1a, and IL-1[-related single nucleotide polymorphisms (SNPs) were download
from the genome-wide association study (GWAS) summary data (https://gwas.mrcieu.ac.uk/). The variants
associated with CRP were obtained from a GWAS of up to 204,402 individuals of European ancestry'”. Genetic
variants for IL-1c were collected from a GWAS of European individuals'®. The IL-13-related SNPs were studied
from the INTERVAL study, including 3301 normal subjects!®. Variants associated with IL-6 were obtained from
a GWAS of up to 67,428 individuals of European ancestry®’. The details of these GWAS data sources are listed
in Supplementary Table 1.

The summary results for Intervertebral Disc Degeneration (IVDD) were acquired from the FinnGen
consortium, including 29,508 cases and 227,388 controls?!. The diagnosis of IVDD was based on ICD-10
code M51, ICD-9 code 722 and ICD-8 code 275. Other detailed information of the outcome is presented in
Supplementary Table 2.

Selection of genetic instruments

In the present TSMR analysis, we selected IVs based on consistent criteria. To identify IVs that fit the three MR
assumptions, this study used the following methods to select SNPs: First, genome-wide significance analysis
was performed with threshold of P < 5e — 8 to select SNPs associated with exposures (IL-1cv, IL-15, IL-6, and
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Fig. 1. Overview of the assumptions of the Mendelian randomization (MR) design and the study design.
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CRP)?2. Second, to address linkage disequilibrium (LD), a clumping procedure with 22 < 0.001 and a window
size of 10000 kb was conducted using data from the European ancestry-based 1000 Genomes Project®. Third, in
order to assess weak instrumental variable bias, the F-statistics for each SNP were calculated using the equation
Beta?/SE??*, where Beta and SE represent genetic association with the exposure and standard deviation,
respectively. IVs with the F-statistics values < 10 were considered unreliable and were excluded from the
subsequent MR analysis. Subsequently, after removing SNPs associated with IVDD at a threshold of P < 5e — 8
25, the palindromic SNPs were removed during harmonization to ensure that their association effects were linked
with the same alleles in both the exposure and outcome. Then, the MR Pleiotropy RESidual Sum andOutlier
(MR-PRESSO) method were used to eliminate potential outliers before each MR analysis?. Finally, in order to
satisfy the second key assumption of MR (independence from confounders), we scanned each of the SNPs used
as I'Vs for their potential secondary phenotypes using the GWAS Catalog (https://www.ebi.ac.uk/gwas), then the
significant associations of the selected SNPs with IVDD (P < 5e — 8) were excluded, including BMI, obesity
and serum leptin levels?”?8. After a thorough screening, the remaining SNPs were used for subsequent analyses.
The study frame diagram is presented in Fig. 2.

Statistical analyses

To evaluate the causal effects of exposure on outcome, MR Analyses were performed using several methods,
including inverse variance weighting (IVW)?%, MR-Egger regression®’, weighted median?!, and Wald Ratio (for
IL-1c and IL-1[3,because single SNP is available), with the IVW method or Wald Ratio method (for a single
SNP) being the primary analysis, and the MR-Egger regression and the weighted median served as an auxiliary
method to enhance the reliability of our finding. The IVW assumes that all SNPs are valid genetic variants and
that there is no pleiotropy*2. The MR-Egger method has the advantage of being less susceptible to directional
pleiotropy and can provide causal estimates even if all IVs are invalid, but the statistical power of MR-Egger is
low®. The weighted median method is less sensitive to outliers but generally less efficient’!.

Experimental conditions, analysis platforms and different study subjects may contribute to heterogeneity,
resulting in biased causal effect estimates. In this study, Cochran’s Q statistics were used to test heterogeneity
in causal estimates. A P value < 0.05 of Cochran’s Q statistics was considered significant heterogeneity, thereby
random-effects model was employed; otherwise there was no heterogeneity and a fixed effects model was used™.
Pleiotropy was evaluated using the MR-Egger intercept test based on the intercepts and P value®. If the MR-
Egger regression intercept was close to 0(< 0.1) and P > 0.05, there was no evidence of horizontal pleiotropy
in the test. Additionally, leave-one-out analysis was applied to measure the dependability of the results. Namely,
each SNP was removed sequentially and then reperformed MR analysis on the remaining SNPs to identify
potential influential SNPs.

All statistical analyses were performed using the Two-Sample MR and MR-PRESSO packages in R version
4.2.1. To account for multiple testing, the Bonferroni method was used to adjust the test level as o = 0.05/number
of statistical tests. P value below 0.0125 (where P = 0.05/4) represented strong evidence of causal association, and
P value below 0.05 but above 0.0125 were considered suggestive evidence of association in MR Analysis.
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Fig. 2. The flowchart of the selection of instrumental variables (1Vs).
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Exposure Outcome Method nsnp OR(95%CI) P value
CRP IVDD
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MR Egger 46 P 1.11(1.01-1.22) 0.038
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Wald Ratio 1 — 1.09(1.00-1.18) 0.058
IL-18 IVDD

Wald Ratio 1 P 0.87(0.77-0.99) 0.030
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Fig. 3. The MR estimate results of CRP, IL-1¢, IL-1/3, and IL-6 association with IVDD. IVW: inverse variance
weighted; CI: confidence interval; OR: odds ratio; nsnp: number of single nucleotide polymorphism.

MR-Egger
Heterogeneity tests intercept
Exposure | Outcomes | Methods | Cochran’s Q (P) | Intercept | P value
MR Egger | 74.62 (2.67E—03)
CRP IVDD 4.94E-03 | 0.122*
IVW 78.83 (1.34E—03)
IL-6 IVDD IVW 1.77 (1.82E-01) | - -

Table 1. MR sensitivity analyses of the causal association between CRP and IL-6 with IVDD. IVW Inverse
variance weighted.

Results

Causal effects of CRP on IVDD

In our study, 46 SNPs of CRP-IVDD were incorporated as IVs for the analysis of CRP and the risk of IVDD.
Detailed information on the selected IVs for CRP is listed in Supplementary Table 3. No SNP was excluded after
comprehensive lookup of the GWAS Catalog (Supplementary Table 4). The F-statistics values for CRP-related
SNPs ranged from 29 to 1245, indicating a strong association between IVs and exposure. The results for the
causal analysis of CRP on IVDD are presented in Fig. 3. The main results of IVW found no evidence of a causal
effect between IVDD and CRP (OR, 0.97; 95% CI 0.86-1.09; P = 0.583). No significant relationship result was
yielded using the weight median method (OR, 1.04; 95% CI 0.96-1.12; P = 0.290). Noted that the MR Egger
method showed a suggestive associations between CRP levels and risk of IVDD (OR, 1.11; 95% CI 1.01-1.22; P
=0.038). Cochrane’s Q results suggested some significant differences in the causal estimates between CRP levels
and IVDD risk (Cochrane’s Q in MR-Egger = 74.62, P = 2.67E-03; Cochrane’s Q in IVW = 78.83, P = 1.34E—03,
Table 1). In this scenario, the IVW random effects method was employed, because it addresses the heterogeneity
issue of variant-specific causal estimates, compared to the fixed effects model**. P value > 0.05 was obtained
for MR-Egger intercept test, suggesting the absence of horizontal pleiotropy(intercept = 4.94E—03, P = 0.122,
Table 1). As is shown in Fig. 4A, the leave-one-out analysis revealed that causal estimates for CRP and IVDD
were not influenced by a single SNP, indicating that the MR results were robust. The funnel plot showed general
symmetry, suggesting the absence of directional horizontal pleiotropy (Fig. 4B). The scatter plot and forest plot
were shown in Supplementary Figs. S1 and S2.

Causal effects of IL-6 on the risk of IVDD

A total of 2 SNPs were included as IVs for the analysis of IL-6 and the risk of IVDD. Detailed information on
the selected IVs for IL-6 is listed in Supplementary Table 3. No SNP was excluded after comprehensive lookup
of the GWAS Catalog (Supplementary Table 4). The range of F-statistics for SNPs related to IL-6 is between 36
and 398, suggesting a strong correlation between the IVs and the exposure. No evidence of a causal association
between IL-6 and IVDD was identified (OR, 1.04; 95% CI 0.86-1.27; P = 0.679). The heterogeneity test revealed
no evidence of heterogeneity (Cochrane’s Q in IVW = 1.77, P = 1.82E—01).

Causal effects of IL-1a on the risk of IVDD

One SNP was selected as the instrument variant for the analysis of IL-1a and the risk of IVDD. Detailed
information of the selected instrument variant was listed in Supplementary Table 3. No SNP was excluded after
comprehensive lookup of the GWAS Catalog (Supplementary Table 4). F-statistics value for the IL-1a-associated
SNP was 31.36, suggesting that the SNP was unlikely to be affected by weak instrument bias. MR Estimates
showed no significant relationship between genetically predicted IL-1« levels and IVDD (OR, 1.09; 95% CI
1.00-1.18; P = 0.058). The heterogeneity test could not be performed at IL-1a because there was only a single
SNP.
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Fig. 4. Leave-one-out analysis (A) and funnel plot (B) for CRP on IVDD.

Causal effects of IL-13 on the risk of IVDD

In the analysis of IL-1/3 and the risk of IVDD, one SNP was included, with Supplementary Table 3 providing
detailed information on the instrument variant for IL-13. No SNP was excluded after comprehensive lookup of
the GWAS Catalog (Supplementary Table 4). With the F-statistic value of 34.20 for the SNP associated with IL-
11, it suggested that there was a strong correlation between the instrument variant and the exposure. The Wald
Ratio result suggested suggestive association between genetically elevated IL-1/3 levels and a decreased risk of
IVDD(OR, 0.87; 95% CI 0.77-0.99; P = 0.03).

Discussion

In this study, TSMR analysis was employed to study a potential causal relationship between CRP, IL-6, IL-1c and
IL-1/3 on Intervertebral disc degeneration(IVDD). No evidence was discovered to support a causal relationship
between IL-1c, IL-6 and CRP in the occurrence of IVDD. The present study discovered a correlation between
genetically increased IL-13 expression and a lower risk of IVDD, but this finding is based on just one SNP
and lacks heterogeneity and horizontal pleiotropy analysis. Sensitivity analyses also suggested that IVs affected
outcomes only through exposure, not through confounding and other pathways. Therefore, this means that there
is no pleiotropy.

Previous studies have confirmed a strong association between CRP, IL-6, IL-1a, and IL-13 with IVDD. CRP
is a biomarker for monitoring infections and various diseases (including IVD protrusion, rheumatism, etc.).
Clinical observational studies found that plasma CRP levels in patients with lumbar IVDD were significantly
higher than those patients with lumbar pain who had normal MRI findings'*. Similar findings were also noted
in cervical IVDD®. In vitro experiments found that CRP had a significant pathogenic effect in the intervertebral
disc. CRP can also cause a sharp increase in the expression of inflammatory mediators in normal IVD cells*.
It had been revealed by in vitro experiments that there was a balance between IL-1 (IL-1cv and IL-1/3) and its
inhibitor IL-1Ra in normal IVD cells, which can maintain local homeostasis*’. IL-1/3 and IL-1« are significantly
increased in degenerated intervertebral disc (IVD) tissues and cells, leading to an increase in degrading enzymes
and a decrease in matrix protein gene expression®**°. Clinical observational studies found that IL-6 levels were
significantly increased in IVDD patients'>. A meta-analysis involving eight studies found that IL-6 levels were
positively correlated with the degree of disc protrusion’.

There has been a large amount of research on the mechanisms driving IVDD by inflammatory factors such
as CRP, IL-1 (IL-1« and IL-1/3), and IL-6, but these mechanisms have not been fully revealed. The association
between CRP, IL-1 (IL-1avand IL-1/3), and IL-6 is intricate, with these inflammatory factors reciprocally inducing
one another and thereby leading to a stepwise amplification of the inflammatory response. For example, CRP
can increase IL-6 and IL-8 expression in IVD AF cells*, and IL-1/3 stimulation significantly enhances IL-6
and IL-8 expression in human IVD cells'®!!. CRP is produced in the liver under the stimulation of IL-1 and
IL-6. In vivo experiments, degenerative changes including ECM degradation and AF rupture can be observed
after IVD injection of inflammatory factors®. In normal IVD cells, inflammatory factors and their inhibitors are
in a dynamic equilibrium, but in IVDD cells, inflammatory factors such as IL-1/ are significantly increased,
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the expression of ECM degradation metabolites such as matrix metalloproteinases (MMP) is increased, and
ECM synthesis metabolism does not significantly increase, resulting in ECM degradation and IVD structure
destruction”*42, There was research proving that inflammatory factors can promote IVD cell aging and
apoptosis. Inflammatory factors can promote an increase in blood vessels on the IVD surface®?, as well as nerve
growth into the IVD, increasing the risk of back pain*!. All of these mechanisms contribute to the gradual
instability of the IVD, leading to lumbar disc degeneration, protrusion, and back pain.

Although a large number of literature have proved the correlation between CRP, IL-1«, and IL-6 with
IVDD®, our research findings indicate that CRP, IL-1«, and IL-6 have no significant causal relationship with
IVDD. Our speculation is that these three inflammatory factors do not directly cause IVDD but may be reactive
elements to other chronic inflammatory risk factors, which requires further in-depth research. A MR study*®
found that increased IL-6 may be associated with a reduced risk of LBP. Our research findings differ from this
MR study, possibly because IVDD is only a part of the spectrum of LBP diseases, with varying levels of IL-6 in
different diseases within the LBP spectrum. Weber et al.'® found that compared to patients with LBP caused by
disc herniation, patients with LBP resulting from spinal stenosis and IVDD had higher IL-6 levels.

Our research shows that elevated levels of IL-13 may reduce the risk of IVDD, which is contrary to the
conclusions of many observational studies. However, since only one SNP is supported, heterogeneity and gene
pleiotropy tests cannot be performed, so we are more cautious in interpreting this result. Research found that the
IL-1bT3954 allele is a common IL-1/5 gene polymorphism, which has been proven to be associated with elevated
levels of IL-1/3%¢ and has the potential to reduce the risk of disc degeneration*’. However, the specific underlying
mechanism needs to be further studied in future experiments.

This study conducted the first TSMR study to explore the etiological role of chronic inflammation in IVDD
risk, which utilized the MR method to significantly reduce the common confounding factors and reverse causation
bias in observational studies. However, our study also had some limitations. Firstly, we selected individuals of
European ancestry as our study subjects to reduce population stratification bias. Consequently, the generalization
of our findings to other racial groups may be subject to limitations. Second, we merely investigated the causal
relationship between CRP, IL-1, IL-6 expression levels and IVDD, and did not analyze other biomarkers and
transcription factors of chronic inflammation, which may also be critical for the development of IVDD. Thirdly,
we only used genetic tools to assess the causal relationship between inflammatory biomarkers and IVDD risk,
and further mechanistic studies are needed to elucidate our findings.

Conclusion

Our research used Mendelian randomization methods and found that there was no significant causal relationship
between the levels of CRP, IL-1¢, and IL-6 and susceptibility to IVDD. A decrease in IL-1/3 levels may increase
the risk of IVDD.

Data availibility
All data generated or analysed during this study are included in this published article and its supplementary
information files. Further inquiries can be directed to the corresponding authors.
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