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(MR) analysis.

Materials and Methods: This study leverages genetic data from public Genome-Wide
Association Studies (GWAS). Bidirectional MR was employed to investigate the causal
relationships between 44 inflammatory cytokines and scoliosis. The inflammatory
cytokine data include 8293 Finnish individuals, while the scoliosis data consist of
165 850 participants of European descent, including 1168 scoliosis cases and
164 682 controls. Causal links were assessed using the inverse variance-weighted
method, supplemented by MR-Egger, weighted median, and weighted mode analyses.
Heterogeneity and pleiotropy were assessed using standard tests, with sensitivity
analysis conducted through leave-one-out analysis.

Results: Our analysis demonstrated a significant causal association between the cyto-
kine Resistin (RETN) and the development of scoliosis (p = 0.024, OR 95%
Cl = 1.344 [1.039-1.739]). No other cytokines among the 44 studied showed signifi-
cant associations.

Discussion: The findings highlight the critical role of RETN in scoliosis progression

and underscore the complex interplay of genetic and inflammatory pathways. Further

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2024 The Author(s). JOR Spine published by Wiley Periodicals LLC on behalf of Orthopaedic Research Society.

JOR Spine. 2024;7:e70019. jorspine.com 10f 15
https://doi.org/10.1002/jsp2.70019


https://orcid.org/0009-0000-9315-177X
https://orcid.org/0000-0002-3051-9183
https://orcid.org/0000-0001-6653-1881
https://orcid.org/0000-0001-6503-7443
mailto:jiangshengdan@xinhuamed.com.cn
mailto:jiangleisheng@xinhuamed.com.cn
mailto:zhengxinfeng@xinhuamed.com.cn
http://creativecommons.org/licenses/by/4.0/
http://www.jorspine.com
https://doi.org/10.1002/jsp2.70019

MARDAN ET AL.

20t15 | [HIgY sz N €

scoliosis.

KEYWORDS

1 | INTRODUCTION

Scoliosis is a common spinal disorder characterized by a lateral curva-
ture of the spine in the coronal plane, often accompanied by vertebral
rotation.>? This condition impacts millions across all age groups glob-
ally, not only possibly resulting in morphological changes in the shoul-
ders, waist, and chest but also associated with chronic pain and
respiratory dysfunction.>~> Although the exact pathogenesis of scolio-
sis remains not fully elucidated, recent studies have progressively
uncovered the pivotal role that cytokines may play in its
development.®

Cytokines are a category of small proteins secreted by immune
system cells that can affect intercellular communication, regulate
inflammatory responses, and influence cell growth. Within the patho-
physiology of scoliosis, inflammation is considered a critical factor in
disease progression. Studies have indicated that alterations in certain
cytokine levels are closely linked to the incidence, progression, and
severity of scoliosis. For instance, research has discovered variations
in the expression levels of pro-inflammatory cytokines such as tumor
necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), and interleukin-17
(IL-17) in individuals with scoliosis, which may relate to abnormal spi-
nal curvature and bone remodeling.” *° Moreover, changes in the
levels of anti-inflammatory cytokines in patients with scoliosis suggest
a complex network of inflammation regulation during disease
progression. This network involves not only an imbalance between
pro-inflammatory and anti-inflammatory factors but may also be asso-
ciated with patients' genetic backgrounds, immune status, and other
environmental factors.'*"2 Thus, a deeper understanding of the role
cytokines play in scoliosis is essential for unveiling the disease's path-
ogenesis and identifying potential therapeutic targets, with significant
theoretical and practical implications.

Although existing research has offered valuable insights, research
on the causal relationship between cytokines and scoliosis remains
limited. Traditional epidemiological approaches have limitations in this
area of research, as they often cannot eliminate the interference of
confounding factors, nor can they determine the direction of
causality.

The Mendelian randomization (MR) research design is grounded
in the basic tenets of Mendelian genetics, wherein alleles from parents
are randomly allocated to their offspring. This foundational principle

supports the notion that an individual's genotype is a primary

research is needed to explore additional biomarkers and their mechanisms in

Conclusion: This study provides evidence of a significant causal relationship between
RETN and scoliosis, emphasizing its potential as a therapeutic target. These findings
contribute to understanding scoliosis pathogenesis and pave the way for future

research on inflammation-related pathways and therapies.

causal, genetic, GWAS, inflammatory factors, Mendelian randomization, scoliosis

determinant of their phenotype, thereby suggesting that genotypes
influence disease mainly through their effect on phenotypes. As a
result, genotypes can act as instrumental variables (IVs) for deducing
relationships between phenotypes and diseases. The MR approach
uses genetic variants as IVs to build a model for inferring causal
effects. In the field of epidemiological research, the challenge of con-
founding factors has often obscured the establishment of causal links
between exposures and outcomes. Theoretically, the MR technique
provides an effective strategy for minimizing the influence of con-
founders and eliminating the issues related to reverse causation. Pres-
ently, MR methodology is extensively applied in assessing causal
connections between traits and diseases, as well as among various
diseases. This study seeks to delve into the genetic-level causal rela-
tionships between inflammatory cytokines and scoliosis using MR

analysis, aiming to augment the body of research on scoliosis.

2 | MATERIALS AND METHODS

21 | Study design

Utilizing summary data from a Genome-Wide Association Study
(GWAS) focused on inflammatory cytokines and scoliosis, this
research undertook the task of identifying appropriate IVs for con-
ducting MR analysis. The goal was to examine the causal link between
inflammatory cytokines and scoliosis. This study was meticulously
designed to align with the three fundamental assumptions integral to
MR analysis: (1) The selected Vs exhibited a direct association with
the exposure of interest; (2) the IVs were not correlated with any
potential confounders; and (3) the influence of the IVs on the out-
comes was exclusively mediated through their effect on the exposure
(Figure 1). The datasets employed in this research were obtained from
publicly available sources, and the originating studies had received

ethical approval, including informed written consent.
2.2 | GWAS summary data for inflammatory
cytokines

The MR analysis leveraged GWAS data for 44 inflammatory cytokines,
derived from a cohort of 8293 Finnish individuals. These data
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FIGURE 1
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encompassed 44 specific inflammatory cytokines.2* Additionally,
GWAS data for these cytokines are available in the IEU Open GWAS
project database (https://gwas.mrcieu.ac.uk/), with  specific

GWAS IDs provided in Supplementary Material 1.

2.3 | GWAS summary data for scoliosis

GWAS summary data for scoliosis were sourced from the IEU
Open GWAS project (https://gwas.mrcieu.ac.uk/). The study con-
centrated on individuals of European descent, comprising 1168
cases and 164 682 controls of European ancestry, and encom-
passed a total of 16 380 270 Single Nucleotide Polymorphisms
(SNPs). The corresponding GWAS IDs are detailed in Supplemen-
tary Material 2.

24 | IV selection

Initially, we set a genome-wide significance threshold of p < 5 x 1078
to identify SNPs highly correlated with inflammatory cytokines and
Scoliosis. Due to the limited number of SNPs identified for certain
inflammatory cytokines and Scoliosis when considered as the expo-
sure, we adjusted to a slightly higher cutoff (p <5 x 107%). To miti-
gate linkage disequilibrium and avoid bias, we conducted a linkage
disequilibrium analysis with a threshold of (> = 0.001, kb = 10 000),
ensuring the independence of instrumental variables. Finally, to
ensure a robust association with the exposure, we selected SNPs with
an F-statistic >10 as IVs. The F-statistics were calculated using the
formula F = R2N — K — 1)/K(1 - R?), where R? was calculated using
the formula R?=(2 x EAF x (1 — EAF) x Beta?)/[(2 x EAF x
(1 — EAF) x Beta?) + (2 x EAF x (1 — EAF) x N x SE?)].1>1¢
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2.5 | Statistical analysis

Utilizing the IVs previously selected, we performed bidirectional MR
analyses to investigate the relationship between inflammatory cyto-
kines and Scoliosis. These analyses were conducted using the Two-
SampleMR and MRPRESSO packages within R software (version
4.1.2). Our MR analysis incorporated five distinct methodologies: the
random-effect Inverse Variance-Weighted (IVW) method as the pri-
mary approach, supplemented by MR-Egger, weighted median, simple
mode, and weighted mode methods. The results from the random-
effects IVW were primarily relied upon in our study. Although each
genetic variant met the criteria for Vs, the IVW method applied a
meta-analytical framework to integrate Wald ratio estimates of the
causal link from multiple SNPs, thus offering a robust evaluation of
the causal relationship between the exposure and outcome.l” The
MR-Egger was not dependent on nonzero mean pleiotropy, but it
reduced statistical power.'® Weighted medians can provide strong
estimates of effective IVs with at least a 50% weight.}” The simple
mode is a model-based assessment approach that offers pleiotropy
robustness.?° For mode assessment, the weighted mode is sensitive
to the hard throughput collection.?*

We employed Cochran's Q statistic (MR-IVW) and Rucker's Q sta-
tistic (MR-Egger) to assess the heterogeneity in our MR analysis,
where p > 0.05 indicated the absence of heterogeneity. The intercept
test of MR-Egger was utilized for detecting horizontal pleiotropy, with
p > 0.05 indicating no horizontal pleiotropy.?? Additionally, MR pleiot-
ropy residual sum and outlier (MR-PRESSO) not only detects horizon-
tal pleiotropy but also identifies outliers. The “leave-one-out” analysis
was employed to examine whether an SNP influenced the causal rela-
tionship between inflammatory cytokines and Scoliosis.!” The global
test in MR-PRESSO analysis served as the horizontal pleiotropy test,
with p > 0.05 indicating the absence of horizontal pleiotropy. Further-
more, the distortion test in MR-PRESSO analysis was utilized to iden-

tify potential outliers in our MR analysis.®

3 | RESULTS
3.1 | Influence of 44 inflammatory cytokines on
scoliosis

Among the inflammatory markers examined in this study, when the
genome-wide significance threshold was set at 5 x 1078, four factors
(namely MIP1p, TRAIL, VD, VC) exhibited a sufficient number of effec-
tive SNPs. For other inflammatory factors, we adopted a higher
threshold of p < 5 x 107 to ensure an adequate number of SNPs for
subsequent MR analysis. Additionally, all F-statistics exceeded 10, sug-
gesting a minimal likelihood of weak instrumental bias (all SNPs
involved in MR analysis can be found in Supplementary Material 3).
To evaluate the impact of 44 inflammatory cytokines on scoliosis, we
primarily employed the IVW method, supplemented by MR-Egger,
weighted median, simple mode, and weighted mode. The IVW analysis

revealed a significant positive correlation between Resistin (RETN)

and scoliosis, with an odds ratio (OR) of 1.344 (95% Cl: 1.039-1.739,
p = 0.024). The remaining 43 inflammatory cytokines did not exhibit a
positive or negative correlation with scoliosis (p > 0.05). The results of
the IVW analysis for the 44 inflammatory cytokines can be found in
Figure 2 (all Mendelian randomization analysis results, including MR-
Egger, weighted median, IVW, simple mode, and weighted mode, are
available in Supplementary Material 3). Cochran's Q test did not
detect any evidence of heterogeneity, and no significant intercept
was observed, indicating the absence of pleiotropy. Additionally, the
results of MR-PRESSO indicated no horizontal pleiotropy in this MR
analysis, and the MR-PRESSO distortion test revealed no outliers.
Table 1 provides a summary of the tests for multidirectionality and
heterogeneity. (Due to the abundance of images, only partial results
of the MR analysis forest plot, scatter plot, funnel plot, and “leave-
one-out” analysis are shown in Figures 3-6; the rest of the images

can be found in Supplementary Material 3).

3.2 | Influence of scoliosis on 44 inflammatory
cytokines

Initially, the genome-wide significance threshold was set at 5 x 1078,
but this cutoff yielded an insufficient number of SNPs for the MR
analysis. Consequently, we adjusted the threshold to 5 x 107¢ to
ensure a sufficient SNP count for robust analysis. Additionally, all F-
statistics exceeded the value of 10, suggesting a minimal likelihood of
weak instrument bias (all SNPs involved in the MR analysis can be
found in Supplementary Material 4). To assess the impact of scoliosis
on 44 inflammatory cytokines, we primarily utilized the IVW method,
supplemented by MR-Egger, the weighted median, simple mode, and
weighted mode. The IVW analysis showed that when scoliosis was
considered as the exposure and the 44 inflammatory cytokines as the
outcome, there was no evidence of either a positive or negative corre-
lation (p > 0.05). The detailed results of the IVW analysis for the
44 cytokines are available in Figure 7. All results of the Mendelian ran-
domization analysis, including MR-Egger, weighted median, IVW, sim-
ple mode, and weighted mode, can be found in Supplementary
Material 4. The Cochran's Q test did not detect any evidence of het-
erogeneity, and no significant intercept was observed, indicating the
absence of pleiotropy. Moreover, the MR-PRESSO results showed no
horizontal pleiotropy in this analysis, and the MR-PRESSO distortion
test revealed no outliers. Table 2 provides a summary of the tests for
multidirectionality and heterogeneity. (Due to the excessive number
of images, only partial results of the MR analysis forest plot, scatter
plot, funnel plot, and “leave-one-out” analysis are displayed in
Figures 8-11; the additional images are accessible in Supplementary
Material 4).

4 | DISCUSSION

Our study employed a bidirectional Mendelian randomization analysis

to explore the causal relationship between inflammatory cytokines
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Exposure Outcome Sample size Method OR (95%CI) p Value
Interleukin-1-receptor antagonist Scoliosis 6 VW 0.979 (0.730-1.313) 1 0.886
Interleukin-1-beta Scoliosis 5 VW 1.249 (0.885—1.764) Pf——' 0.207
Interleukin-2 Scoliosis 9 VW 0.958 (0.763—1.204) '-*;" 0.713
Interleukin-2 receptor antagonist Scoliosis 6 VW 1.013 (0.830—1.237) "i—' 0.896
Interleukin-4 Scoliosis 9 VW 1.126 (0.801—1.584) "'%—" 0.495
Interleukin-5 Scoliosis 5 VW 1.22 (0.908—1.638) "i-—' 0.186
Interleukin-6 Scoliosis 5 VW 1.160 (0.510—2.639) ’—E"—‘ 0.724
Interleukin-7 Scoliosis 9 VW 0.912 (0.768—1.082) '—%' 0.290
Interleukin-8 Scoliosis 4 VW 0.998 (0.998—1.425) '—':—' 0.990
Interleukin-9 Scoliosis 6 VW 1.016 (0.704—1.465) '—+—' 0.934
Interleukin-10 Scoliosis 10 VW 1.018 (0.819—1.265) '—Er—' 0.874
Interleukin-12p70 Scoliosis 10 VW 0.933 (0.777—1.120) '—i" 0.456
Interleukin-13 Scoliosis 9 VW 1.038 (0.886—1.215) 'J;-' 0.647
Interleukin-16 Scoliosis 10 VW 1.105 (0.933—1.310) *i'-' 0.247
Interleukin-17 Scoliosis 10 VW 0.833 (0.628—1.106) ""51 0.207
Interleukin-18 Scoliosis 15 VW 0.883 (0.754—1.034) '—é' 0.122
Cutaneous T-cell attracting Scoliosis 9 VW 0.946 (0.781—1.146) '—}* 0.569
Stromal-cell-derived factor 1 alpha Scoliosis 9 VW 0.986 (0.671—1.449) : 0.942
Regulated on activation, normal T cell expressed and secreted Scoliosis 9 VW 1.204 (0.951—1.525) ﬁ-—' 0.122
Macrophage inflammatory protein 1b Scoliosis 6 VW 1.04 (0.887—1.220) ";‘-' 0.627
Macrophage inflammatory protein 1a Scoliosis 7 VW 0.789 (0.602—1.033) '—f 0.085
Monokine induced by gamma interferon Scoliosis 14 VW 0.936 (0.783—1.121) "‘%1 0.473
Monocyte chemoattractant protein 3 Scoliosis 3 VW 1.008 (0.798—1.274) '-1:—' 0.947
Monocyte chemoattractant protein 1 Scoliosis 14 VW 0.950 (0.751—1,203) ’—i-' 0.674
Interferon gamma-induced protein 10 Scoliosis 10 VW 1.116 (0.898—1.387) '*;—' 0.323
Growth-regulated protein alpha Scoliosis 10 VW 0.997 (0,870—1.142) '-f-' 0.963
Growth factors Scoliosis 16 VW 0.886 (0.700—1.121) "":" 0.312
beta-nerve growth factor Scoliosis 7 VW 1.007 (0.740—1.370) '—%—' 0.967
Vascular endothelial growth factor Scoliosis 10 VW 1.011 (0.874—1.169) '-i-' 0.884
Stem cell growth factor beta Scoliosis 14 VW 0.955 (0.817—1.117) '-é* 0.566
Stem cell factor Scoliosis 9 VW 1.252 (0.905—1.732) H:——' 0.175
Platelet-derived growth factor BB Scoliosis 13 VW 0.865 (0.689—1,086) ""E‘ 0.212
Macrophage colony stimulating factor Scoliosis 8 VW 1.005 (0.843—1.198) '75" 0.955
Hepatocyte growth factor Scoliosis % VW 1.213 (0.85—1.731) '—f—'—' 0.286
Granulocyte-colony stimulating factor Scoliosis 8 VW 0.831 (0.58—1.192) '—"é-' 0.314
Fibroblast growth factor basic Scoliosis 5 vw 1.053 (0.584—1.900) '—:P—1 0.863
Macrophage migration inhibitory factor Scoliosis 6 VW 1.053 (0.802—1.382) '—E—' 0.710
TNF-related apoptosis inducing ligand Scoliosis 6 VW 1.146 (0.981—-1.338) i:-* 0.085
Tumor necrosis factor alpha Scoliosis 5 VW 1.187 (0.88—1.601) Pf—' 0.261
Tumor necrosis factor beta Scoliosis 4 VW 1.053 (0.862—1.287) '-é'—' 0.612
Interferon gamma Scoliosis 9 VW 0.733 (0.513—1.047) ’—‘—i' 0.088
Resistin Scoliosis 39 VW 1.344 (1.039—1.739) I?—' 0.024
Serum 25-Hydroxyvitamin D Scoliosis 115 VW 0.978 (0.695—1.378) '—é—' 0.901
Ascorbate Scoliosis 65 VW 1.032 (0.959—1.111) " 0.402

05 1 15 2 25 3

FIGURE 2 Mendelian randomization (MR) analysis between inflammatory cytokines and scoliosis (Exposure: Inflammatory cytokines,

Outcome: Scoliosis).

and the development of scoliosis. The results indicated a significant
positive correlation between RETN and the progression of scoliosis.
This finding aligns with recent research on the role of cytokines in
scoliosis, suggesting that inflammatory pathways may play a crucial
role in its pathomechanism. Research by M Constantine Samaan and
colleagues has previously explored the role of the immune system in
adolescent idiopathic scoliosis (AlS), proposing that the association

between immunometabolic processes and scoliosis might be mediated

through inflammatory pathways.2* In this study, the discovery of
RETN presents new potential therapeutic targets for inflammation
modulation. To date, direct research linking RETN and scoliosis has
been relatively scarce. RETN is commonly associated with inflamma-
tory states, insulin resistance, and other metabolic disorders. Research
by Ivan Nagaev and colleagues has emphasized that in humans, RETN
is primarily regulated by CEBPE—a transcription factor in myeloid
cells. This regulation underscores RETN's significant role within the
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TABLE 1 Sensitivity analysis of the MR analysis results of exposures (inflammatory cytokines) and outcomes (scoliosis).

Heterogeneity test MR-PRESSO
Pleiotropy test
Cochran's Q test (p value) Rucker's Q test (p value) Egger intercept (p value) Distortion test Global test

Exposure Outcome VW MR-Egger MR-Egger Outliers p value
IL-1RA Scoliosis 0.508 0.426 0.543 NA 0.876
IL-18 Scoliosis 0.438 0.289 0.917 NA 0.432
IL-2 Scoliosis 0.325 0.241 0.853 NA 0.479
IL-2RA Scoliosis 0.655 0.582 0.546 NA 0.687
IL-4 Scoliosis 0.581 0.807 0.136 NA 0.652
IL-5 Scoliosis 0.38 0.253 0.79 NA 0.334
IL-6 Scoliosis 0.005 0.006 0.619 NA 0.001
IL-7 Scoliosis 0.957 0.928 0.756 NA 0.981
IL-8 Scoliosis 0.801 0.661 0.718 NA 0.809
IL-9 Scoliosis 0.176 0.248 0.266 NA 0.313
IL-10 Scoliosis 0.812 0.821 0.378 NA 0.718
IL-12p70 Scoliosis 0.463 0.399 0.576 NA 0.607
IL-13 Scoliosis 0.397 0.927 0.046 NA 0.61
IL-16 Scoliosis 0.918 0.939 0.353 NA 0.943
IL-17 Scoliosis 0.972 0.95 0.845 NA 0.894
IL-18 Scoliosis 0.281 0.223 0.842 NA 0.411
CTACK Scoliosis 0.655 0.56 0.765 NA 0.701
SDF-1a Scoliosis 0.828 0.744 0.956 NA 0.859
RANTES Scoliosis 0.391 0.434 0.26 NA 0.499
MIP1p Scoliosis 0.142 0.107 0.583 NA 0.254
MIP1a Scoliosis 0.73 0.786 0.328 NA 0.737
MIG Scoliosis 0.56 0.486 0.756 NA 0.661
MCP3 Scoliosis 0.986 0.867 0.983 NA 0.998
MCP1 Scoliosis 0.279 0.217 0.964 NA 0.121
IP-10 Scoliosis 0.798 0.72 0.824 NA 0.722
GRPa Scoliosis 0.85 0.786 0.772 NA 0.888
Eotaxin Scoliosis 0.154 0.302 0.074 NA 0.236
BNGF Scoliosis 0.206 0.136 0.848 NA 0.124
VEGF Scoliosis 0.942 0.905 0.792 NA 0.861
SCGFp Scoliosis 0.402 0.945 0.014 NA 0.476
SCF Scoliosis 0.796 0.725 0.697 NA 0.899
PDGFbb Scoliosis 0.226 0.171 0.868 NA 0.28
MCSF Scoliosis 0.775 0.675 0.869 NA 0.82
HGF Scoliosis 0.636 0.508 0.928 NA 0.784
GCSF Scoliosis 0.322 0.236 0.814 NA 0.435
bFGF Scoliosis 0.159 0.094 0.779 NA 0.425
MIF Scoliosis 0.773 0.642 0.93 NA 0.95
TRAIL Scoliosis 0.501 0.369 0.82 NA 0.456
TNFa Scoliosis 0.633 0.861 0.271 NA 0.657
TNFB Scoliosis 0.707 0.903 0.389 NA 0.777
IFN-y Scoliosis 0.331 0.281 0.539 NA 0.188
RETN Scoliosis 0.071 0.071 0.358 NA 0.053
VD Scoliosis 0.594 0.568 0.952 NA 0.952
vC Scoliosis 0.809 0.813 0.308 NA 0.801

Abbreviations: CTACK, cutaneous T-cell attracting; IVW, Inverse Variance-Weighted; MR, Mendelian randomization; MR-PRESSO, MR pleiotropy residual sum and
outlier; RETN, Resistin; TNF-a, tumor necrosis factor-alpha; TNFp, Tumor necrosis factor beta; VEGF, vascular endothelial growth factor.



MARDAN ET AL.

(A)

Al MR Egger -
Al nverse variance weighted -

(D)

152070074~

25

MR o for
*lid:ebi-a-GCSTI0012034' on Scoliosis idinn-b-M13_SCOLIOSIS'

53766110~

52731674 -

5145902143~

5116303454 =

555764737 -

57333764~

A=

03 02 0.1 0.0 0.1 02
1R leave-one-out senstivity analysis for
* 1id:ebi-a-GCST004420" on ‘Scobosis | K:finn-b-1413_SCOLIOSIS®

FIGURE 3

1576856708~ T e
1513412535 S——————
1573273528~ —

;$1333040- ———————+——
rs72831623- ——————————

All- IR Egger

All- Inverse variance weighted -

-1 [ 1 2
UR effect size for
*id:ebi-a-GCST004446' on ‘Scofosis | id:finn-b-1413_SCOLIOSIS"

(E)

154082730~ ———————————
1510153304 - —
110967186~ e e

15143479231 - —

113209117~ =
110934631~ > ——

156921438 - —

159472183~ —
1573418461 - —————t

158045833~ ———————————————————

All- MR Egger - —
All- Inverse variance weighted = e
4 0 1

1R effect size for
*id:ebi-a-GCST004422 on ‘Scobosis | id:finn-b-1413_SCOLIOSIS"

Splne 7 of 15

15187475560~
162191444 -
1517108604~

1578296352~

151530455~
15117556572~
1517282552
1578512928~
15117029961 -

All- WR Egger-

il

All- Inverse variance vreighted -

(F)

4 1

1R effect size for
* 11 id:ebi-a-GCST004442" on ‘Scobosis | i:finn-b-1413_SCOLIOSIS'

15753274~
1510925040~
157629875 -
1576296352~ =
All- WR Egger - —_—
Al-Inverse variance veighted - —_—
-050 025 000 025 050 075

1R effect size for
* [1id:ebi-a-GCST004425' on ‘Scoliosis | id:finn-b-1413_SCOLIOSIS'

Forest plot of MR analysis: impact of inflammatory (A: RETN, B: IL-6, C: IL-17, D: CTACK, E: VEGF, F: TNFp) cytokines on

scoliosis. CTACK, cutaneous T-cell attracting; IL-17, interleukin-17; IL-6, interleukin-6; MR, Mendelian randomization; RETN, Resistin; TNFp,
Tumor necrosis factor beta; VEGF, vascular endothelial growth factor.

( A) MR Test
Inverse variance weighted / Weighted median
17 r eaome Weihted e
Simple mode
@
Q
]
=]
Q
Q
%
o
b3
2
<
£
€
z
n
g
k-3
g .
@ .0.25- +
< .
§
g
E
;3
o
z
& -050- ; " ; ;
2] [

02 X
SNP effect on || id:ebi-a-GCST90012034

E

MR Test
Inverse variance weighted  Weighted median
/ WREgger Weighted mode
simple mode
2}
@
]
3
3 .
3, 02
!
2

SNP effect on Scoliosis || id:finn-b-

0.2 0. .4
SNP effect on || id:ebi-a-GCST004420

FIGURE 4

MR Test
Inverse variance weighted  Weighted median

/ uREgger

Simple mode

(B)

(23
@
ol
3
Q
o
®?
o
=
3
<

Weighted mode

°
e

SNP effect on Scoliosis ||

SNP effect on || id:ebi-a-GCST004446

MR Test
Inverse variance weighted / Weighted median
/ uREgger Weighted mode
Simple mode
1]
@
o
b=
8
302
©
p= .
2
£ 01-
L
3
S 00— —
S
3 .
I g
<
5
8-0.1-
£
5
o
%
01 02 0: 05

3 04
SNP effect on || id:ebi-a-GCST004422

MR Test
Inverse variance weighted  Weighted median

/ uREgger

S

Weighted mode

Simple mode

n-b-i 13_SCOLIOSIS

2
3
®»
<
S -
g
&
5
o
z
[

(F)

MR Test
Inverse variance weighted  Weighted median
/ uREgger Weighted mode
Simple mode
}24
]
o
5
Q o0a-
O
(/)I
o
=
Y
<
£

0. .2 0'4 0. .6
SNP effect on || id:ebi-a-GCST004442

SNP effect on Scoli
o
Y

05 10
SNP effect on || id:ebi-a-GCST004425

Scatter plot of MR analysis: impact of inflammatory (A: RETN, B: IL-6, C: IL-17, D: CTACK, E: VEGF, F: TNFB) cytokines on

scoliosis. CTACK, cutaneous T-cell attracting; IL-17, interleukin-17; IL-6, interleukin-6; MR, Mendelian randomization; RETN, Resistin; TNFp,
Tumor necrosis factor beta; VEGF, vascular endothelial growth factor.



MARDAN ET AL.

80of15 ) DN Caics

rstdz006

r$72831623 -

151333040 -

1s73273528~

1513412535 -

157306680 -
15200182464 -

00 o 2 04 06
A Rlaav e utsensivity anai or
“lig ebaGCSTO0OIS00R on “Scoliosis | idfinn-b-M13_SCOLIOSIS"

0.0 05

1.0 0.5
* | id:ebi-a- GCS’NM«S on S:oliDSBﬂ id:finn-t h-"13 scoLiosis'

156921438~

152070074~

158045833~

1576395525 -

159472183~

153766110~
1573418461 -

152731674~
1510934631 -

15143479231 -

1557338032
1513209117 -

75116303454 -
1510957186 -

rSS5764737 -
1510153304 -

157333764~
154082730~

A - ar

D 03 02 01 00 01 02 E 02
MR leave-one-out sensitivity analysis

L iebia GESTS0L450 an Scomoes | 6 M ai13. ScoLoSIS

FIGURE 5

0.0 02
1R leave-one-out sensitvity analysis fo
* Fidiebis-GLSTO04452 an Scoloss 1 4T o-113_SCOLOSIS

5117029961 -

1517282552~

rs117556572-

1578512928~

151530455 -

178296352~

517106604 -

rs62191444 -

(©)

0.4 02 0.0 02
R leave-one-out sensitiviy analysis
Diebia GESTO0LAS o Seomoet | 6 a3 SCoLOSS

rs78296352 -

157629875 -

1510925040~

15753274~

A=

G

00 02 04
IR leave-one-out sensitivity analysis for
Lot GCSTOOEEES on Seoes 1 6 e i3, SCOLOSIS

“Leave-one-out” analysis: impact of inflammatory (A: RETN, B: IL-6, C: IL-17, D: CTACK, E: VEGF, F: TNFp) cytokines on scoliosis.

CTACK, cutaneous T-cell attracting; IL-17, interleukin-17; IL-6, interleukin-6; MR, Mendelian randomization; RETN, Resistin; TNFp, Tumor

necrosis factor beta; VEGF, vascular endothelial growth factor.

(A) MR Method (B) MR

Inverse variance weighted

MR Egger
. .
30
22-
25
z H
ul . u
o u
- . T 20
15 5 .. .
. .
.
. Ol 538 G B .
10- . . . : . .
° . 18
. o .
2 1 0 i 2 3 10 05
By
(D) MR Method (E) MR
Inverse variance weighted
HR Egger
12-
o
o
5
> >
u ul
» %
= =,
"
3 f 3- .
. o | °
. . . .
. .
025 000 025 050 075 025
By

FIGURE 6

Method
Inverse variance weighted
MR Egger

By
Method
Inverse variance weighted
MR Egger
.
000 025
By

050

1/SEy

MR Method
Inverse variance weighted
MR Egger
.
. .
025 0.00 025 05¢
By
MR Method
Inverse variance weighted
MR Egger
. .
00 01 02
By

Funnel plot of MR analysis: impact of inflammatory (A: RETN, B: IL-6, C: IL-17, D: CTACK, E: VEGF, F: TNFp) cytokines on

scoliosis. CTACK, cutaneous T-cell attracting; IL-17, interleukin-17; IL-6, interleukin-6; MR, Mendelian randomization; RETN, Resistin; TNFp,
Tumor necrosis factor beta; VEGF, vascular endothelial growth factor.



MARDAN ET AL.

JOR SPin1€uec MMkl

Exposure Outcome Sample size Method OR (95%CI) p Value
Scoliosis Interleukin-1-receptor antagonist 8 VW 1.027 (0.95—1.111) un) 0.505
Scoliosis Interleukin-1-beta 9 %% 1.007 (0.947—-1.071) + 0.814
Scoliosis Interleukin-2 8 \A%% 1.029 (0.95—-1.115) ";" 0.482
Scoliosis Interleukin-2 receptor antagonist 8 VW 1.032 (0.954—1.116) "i-' 0.430
Scoliosis Interleukin-4 8 VW 0.969 (0.916—1.024) P-I? 0.260
Scoliosis Interleukin-5 8 vwW 1.018 (0.938—1.105) +‘ 0.669
Scoliosis Interleukin-6 8 VW 0.976 (0.926—1.029) ";' 0.373
Scoliosis Interleukin-7 8 VW 1.027 (0.947—1.113) ";-' 0.511
Scoliosis Interleukin-8 8 VW 1.029 (0.950—1.114) "i-' 0.482
Scoliosis Interleukin-9 8 vw 0.971 (0.888—1.061) '-;" 0.516
Scoliosis Interleukin-10 8 vw 1.010 (0.957—1.066) rir‘ 0.707
Scoliosis Interleukin-12p70 9 VW 1.011 (0.960—1.065) '%" 0.688
Scoliosis Interleukin-13 8 VW 1.023 (0.945—1.107) ";-' 0.571
Scoliosis Interleukin-16 8 VW q.048 (0.938—1.172) ﬁ—‘ 0.406
Scoliosis Interleukin-17 9 VW 1.015 (0.958—1.075) 'i" 0615
Scoliosis Interleukin-18 9 VW 1.028 (0.953—1.110) 'v:-' 0.476
Scoliosis Cutaneous T-cell attracting 8 VW 1.027 (0.949—1.111) "E" 0.512
Scoliosis Stromal-cell-derived factor 1 alpha 8 vw 1.007 (0.953—1.064) ";" 0.803
Scoliosis Regulated on activation, normal T cell expressed and secreted 8 vw 0.997 (0.919—1.080) '-f" 0.933
Scoliosis Macrophage inflammatory protein 1b 9 \A%% 1 (0.947—-1.055) ";‘ 0.996
Scoliosis Macrophage inflammatory protein 1a 8 VW 1.032 (0.953—1.117) "i-' 0.440
Scoliosis Monokine induced by gamma interferon 8 VW 0.971 (0.898—1.050) '-:" 0.463
Scoliosis Monocyte chemoattractant protein 3 7 vw 1.105 (0.914—1.338) '-é—' 0.303
Scoliosis Monocyte chemoattractant protein 1 9 VW 0.994 (0.946—1.045) '*:' 0.824
Scoliosis Interferon gamma-induced protein 10 8 \4%% 0.979 (0.906—1.060> "é" 0.602
Scoliosis Growth-regulated protein alpha 8 VW 1.06 (0.979—1.149) 'f—' 0.147
Scoliosis Growth factors 8 VW 1.026 (0.97—1.085) 'E" 0.375
Scoliosis beta-nerve growth factor 8 VW 1.034 (0.955—1.12) '15" 0.407
Scoliosis Vascular endothelial growth factor 8 \%%% 0.982 (0.921—-1.048) "i" 0.590
Scoliosis Stem cell growth factor beta 8 VW 0.983 (0.909—1.062) "é" 0.665
Scoliosis Stem cell factor 8 vw 1.013 (0.959—1.082) 'f-' 0.555
Scoliosis Platelet-derived growth factor BB 8 vw 0.993 (0.933—1.057) r+ 0.831
Scoliosis Macrophage colony stimulating factor 8 VW 1.054 (0.941—1.181) *@—' 0.362
Scoliosis Hepatocyte growth factor 9 vw 1.042 (0.990—1.095) ':" 0.115
Scoliosis Granulocyte-colony stimulating factor 9 vw 0.979 (0.930—1.030) '-é' 0.406
Scoliosis Fibroblast growth factor basic 9 vw 1.018 (0.967—1.073) 'i" 0.496
Scoliosis Macrophage Migration Inhibitory Factor 8 VW 1.002 (0.914—1.097) "é" 0.960
Scoliosis TNF-related apoptosis inducing ligand 8 VW 1.010 (0.958—1.064) + 0.718
Scoliosis Tumor necrosis factor alpha 8 VW 0.993 (0.916—1.075) '-i-' 0.859
Scoliosis Tumor necrosis factor beta 5 VW 1.008 (0.863—1.177) + 0.917
Scoliosis Interferon gamma 8 VW 1.006 (0.953—1.062) '1:" 0.831
Scoliosis Resistin 10 VW 0.978 (0.949—1.008) "i 0.147
Scoliosis Serum 25-Hydroxyvitamin D 8 VW 1.001 (0.995—1.008) é 0.655
Scoliosis Ascorbate 9 vw 0.998 (0.955—1.043) ™ 0.938
T 1
05 1 15

FIGURE 7
Inflammatory cytokines).

immune system.?> Research by Yanran Li and colleagues has shown
that human RETN acts as a pro-inflammatory molecule, impacting a
variety of chronic inflammatory diseases, metabolic disorders, and
cancers, which highlights its potential role in inflammatory path-
ways.2® Additionally, insights from Md S Jamaluddin and others sug-
gest that RETN serves both as an immune modulator and an
antimicrobial agent, enhancing our understanding of how it might
influence diseases characterized by immune dysregulation.?” These
findings underscore the potential indirect impact of RETN on spinal
health. Nevertheless, the specific role of RETN in the pathology of
scoliosis remains unclear, necessitating further research to explore
this. Recent studies have explored RETN as a therapeutic target in a

Mendelian randomization (MR) analysis between inflammatory cytokines and scoliosis (Exposure: Scoliosis, Outcome:

variety of conditions, particularly those involving chronic inflammation
and metabolic dysregulation. For example, interventions targeting
RETN have been shown to reduce inflammation and improve out-
comes in diseases such as insulin resistance, obesity, and cardiovascu-
lar disorders. Yang et al. demonstrated that the endocannabinoid
system regulates resistin production in humans, linking it to insulin
resistance and inflammation in conditions such as obesity.?® This high-
lights the potential of resistin as a broader therapeutic target beyond
its metabolic roles. Additionally, research by Akbari et al. found that
the injection of resistin into specific brain regions induced cardiovas-
cular responses, further emphasizing its systemic effects and potential

implications for treating cardiovascular diseases.?’ Behrouzifar et al.
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TABLE 2 Sensitivity analysis of the MR analysis results of exposures (scoliosis) and outcomes (inflammatory cytokines).

Heterogeneity test MR-PRESSO
Pleiotropy test

Cochran's Q test (p value) Rucker's Q test (p value) Egger intercept (p value) Distortion test Global test
Exposure Outcome VW MR-Egger MR-Egger Outliers p value
Scoliosis IL-1RA 0.75 0.796 0.324 NA 0.769
Scoliosis IL-1B 0.723 0.639 0.712 NA 0.725
Scoliosis IL-2 0.682 0.593 0.674 NA 0.693
Scoliosis IL-2RA 0.736 0.725 0.428 NA 0.723
Scoliosis IL-4 0.357 0.264 0.821 NA 0.393
Scoliosis IL-5 0.962 0.943 0.645 NA 0.967
Scoliosis IL-6 0.486 0.407 0.594 NA 0.521
Scoliosis IL-7 0.884 0.925 0.34 NA 0.878
Scoliosis IL-8 0.814 0.728 0.785 NA 0.8
Scoliosis IL-9 0.252 0.598 0.08 NA 0.263
Scoliosis IL-10 0.573 0.526 0.477 NA 0.607
Scoliosis IL-12p70 0.375 0.418 0.261 NA 0.395
Scoliosis IL-13 0.828 0.916 0.262 NA 0.849
Scoliosis IL-16 0.059 0.083 0.299 NA 0.075
Scoliosis IL-17 0.263 0.235 0.473 NA 0.281
Scoliosis IL-18 0.695 0.79 0.239 NA 0.702
Scoliosis CTACK 0.441 0.344 0.745 NA 0.45
Scoliosis SDF-1a 0.425 0.54 0.206 NA 0.445
Scoliosis RANTES 0.637 0.761 0.226 NA 0.614
Scoliosis MIP1B 0.308 0.225 0.917 NA 0.303
Scoliosis MIP1a 0.689 0.794 0.247 NA 0.732
Scoliosis MIG 0.593 0.509 0.247 NA 0.552
Scoliosis MCP3 0.797 0.159 0.467 NA 0.173
Scoliosis MCP1 0.852 0.82 0.543 NA 0.842
Scoliosis IP-10 0.426 0.392 0.433 NA 0.457
Scoliosis GRPa 0.568 0.549 0.406 NA 0.575
Scoliosis Eotaxin 0.337 0.523 0.146 NA 0.373
Scoliosis BNGF 0.954 0.912 0.898 NA 0.956
Scoliosis VEGF 0.269 0.247 0.442 NA 0.285
Scoliosis SCGFp 0.44 0.517 0.242 NA 0.432
Scoliosis SCF 0.233 0.159 0.928 NA 0.249
Scoliosis PDGFbb 0.189 0.127 0.888 NA 0.18
Scoliosis MCSF 0.194 0.154 0.582 NA 0.216
Scoliosis HGF 0.416 0.358 0.537 NA 0.444
Scoliosis GCSF 0.602 0.524 0.62 NA 0.598
Scoliosis bFGF 0.816 0.731 0.9 NA 0.843
Scoliosis MIF 0.234 0.161 0.892 NA 0.25
Scoliosis TRAIL 0.553 0.672 0.223 NA 0.554
Scoliosis TNFa 0.633 0.584 0.495 NA 0.649
Scoliosis TNFp 0.669 0.508 0.855 NA 0.686
Scoliosis IFN-y 0.453 0.355 0.741 NA 0.47
Scoliosis RETN 0.699 0.681 0.426 NA 0.703
Scoliosis VD 0.485 0.619 0.202 NA 0.535
Scoliosis vC 0.943 0.915 0.665 NA 0.938

Abbreviations: IVW, Inverse Variance-Weighted; MR, Mendelian randomization; MR-PRESSO, MR pleiotropy residual sum and outlier; RETN, Resistin; TNF-«, tumor
necrosis factor-alpha.
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showed that resistin administration in a cerebral ischemia mouse
model reduced infarct size and improved neurological function
through its anti-apoptotic and anti-inflammatory properties.*® Sri-
kanth et al. also suggested resistin as a plausible therapeutic target in
psoriasis, a chronic inflammatory skin disorder, underscoring resistin's
role in modulating inflammation across diverse conditions.>! Recent
findings indicate that adipokines like resistin may contribute to the
development and progression of AIS. Normand et al. identified ele-
vated levels of resistin in AIS patients, particularly in those with more
severe spinal curvature, suggesting a potential role for resistin in mod-
ulating the inflammatory and metabolic pathways that underlie scolio-
sis progression.>> While no specific RETN-targeted therapies have
been developed for scoliosis, its involvement in modulating immune
responses and systemic inflammation makes it a promising candidate
for future therapeutic strategies. Future studies that reveal the poten-
tial connection between RETN and the progression of scoliosis could
provide new insights into the complex pathophysiology of the condi-
tion and may guide the development of new therapeutic strategies.
Particularly considering RETN's role in modulating inflammation and
immune responses, understanding its expression and activity in
patients with scoliosis could be crucial for disease management.

However, no significant associations were observed between the
other 43 inflammatory cytokines and scoliosis, which may suggest
that the relationship between inflammatory cytokines and scoliosis is
more complex than the effect of any single cytokine. This complexity
may involve interactions between multiple cytokines and other
unknown biological mechanisms. In further discussions of the role of
inflammatory cytokines in scoliosis, it is noteworthy that the impact
of exercise-induced cytokine changes on musculoskeletal health is
increasingly being studied. Particularly in diseases like osteoarthritis,
exercise-induced cytokine changes may help modulate pathological
processes, influencing the inflammatory environment and disease pro-
gression.®® These findings not only provide a new perspective on
understanding the role of inflammatory cytokines in scoliosis but may
also offer clues for the treatment of other related diseases. Addition-
ally, genetic factors play a crucial role in the development of scoliosis.
Recent systematic reviews have revealed multiple SNPs associated
with the risk of AIS, particularly SNPs near the LBX1 and GPR126
genes showing significant associations.>* These studies highlight the
importance of increasing cohort diversity and selecting appropriate
control groups in different populations to better understand the
impact of genetic backgrounds on the development of scoliosis. As
mentioned above, the role of inflammatory cytokines is not limited to
the inflammation process alone; they play a complex role in disease
models influenced by both genetic and environmental factors. By
thoroughly investigating the relationship between these cytokines
and scoliosis, we can provide a scientific basis for developing more
targeted therapeutic strategies.

A major limitation of this study is that the sample predominantly
consists of individuals of European descent, which may limit the gen-
eralizability of the results to other populations. Future research should
validate these findings across more diverse ethnic and geographic

populations to enhance the study's external validity. In particular, the

JOR SPi ... M Ekadd

genetic architecture of inflammatory cytokines and scoliosis may dif-
fer between populations with distinct genetic backgrounds, such as
Asian, African, and Latin American populations, due to variations in
allele frequencies and gene-environment interactions. For instance,
certain environmental factors like nutrition, physical activity, and
exposure to infections, which may differ significantly across regions,
could influence the expression of cytokines and the progression of
scoliosis.®>3¢ Thus, replicating this study in populations with different
genetic profiles and environmental contexts would be crucial to assess
whether the causal relationships identified in this study hold across
diverse settings. Moreover, exploring how genetic diversity impacts
the effect of cytokines on scoliosis could provide insights into
population-specific treatment strategies. Furthermore, the dataset we
utilized from the OPEN GWAS database for scoliosis does not provide
a detailed classification of scoliosis types (e.g., congenital scoliosis,
AlS, or degenerative scoliosis). As a result, it was not possible to dis-
tinguish the impact of inflammatory cytokines on different types of
scoliosis in terms of onset and severity. This is acknowledged as
another limitation of the current study, and future research incorpo-
rating more detailed scoliosis classifications would be beneficial for
understanding the differential impact of cytokines on various scoliosis
subtypes. Additionally, although high thresholds were used to select
instrumental variables, caution is still needed to mitigate potential
biases due to weak instrumental variables and genetic diversity.%”
Future research should focus on further exploring the specific
pathways through which resistin exerts its effects, particularly those
involved in inflammation and immune regulation. One key pathway is
the Toll-like receptor (TLR) signaling pathway, where resistin has been
shown to activate TLR4, leading to the downstream activation of the
NF-kB pathway. This cascade promotes the expression of
pro-inflammatory cytokines and contributes to chronic inflammation.
Investigating the role of the TLR4/NF-kB pathway in scoliosis could
provide new insights into how resistin influences inflammation-driven
disease progression.>8~4° Another important pathway involves resis-
tin's interaction with the AMPK (AMP-activated protein kinase) signal-
ing pathway, which is crucial for regulating cellular energy balance and
metabolic homeostasis. Disruption of this pathway by resistin has
been linked to metabolic disorders, and exploring how resistin-
mediated AMPK dysregulation might affect scoliosis progression
could open new avenues for research, particularly in understanding
the link between metabolic dysfunction and spinal deformities.***?
Moreover, resistin's influence on adipogenesis and extracellular matrix
(ECM) remodeling through pathways such as the TGF-/SMAD signal-
ing cascade may also play a significant role in scoliosis development.
Future studies could explore how resistin modulates ECM production
and degradation, contributing to the structural changes observed in
scoliosis.*> Animal models should be used to further investigate these
pathways, focusing on how modulating resistin-related signaling could
slow or prevent scoliosis progression. Clinical trials targeting these
pathways, particularly through inhibitors of TLR4 or NF-kB, could also
be designed to assess the efficacy of treatments aimed at reducing
resistin-driven inflammation and its impact on spinal deformity

progression.
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In summary, the bidirectional MR analysis approach employed in
this study provides a new perspective for analyzing the directionality
of the relationship between inflammatory cytokines and scoliosis. Tra-
ditional observational studies often struggle to discern the direction
of causality, whereas our methodology uses genetic variation as a nat-
ural experiment, helping to overcome this limitation to some extent.
Moreover, this study not only enhances our understanding of the
inflammatory mechanisms potentially involved in the pathophysiology
of scoliosis but also provides a scientific basis for the development of
targeted therapeutic strategies. Future research should further
explore other potential inflammatory biomarkers and validate their
effects in animal models and clinical trials to develop new treatment
methods.

5 | CONCLUSIONS

Our study employed a bidirectional MR analysis approach to explore
the causal links between inflammatory cytokines and scoliosis. We
found a significant association between RETN and the progression of
scoliosis, highlighting its potential role in the disease's pathophysiol-
ogy. While RETN emerged as a key factor, other studied cytokines did
not show significant associations, suggesting a complex interplay of
multiple factors in scoliosis development. These findings provide a
foundation for further research to uncover the detailed mechanisms
of scoliosis and develop targeted therapeutic strategies. Importantly,
the identification of RETN as a key player in scoliosis progression
opens new avenues for potential clinical interventions. Future thera-
pies could focus on modulating RETN-related pathways to mitigate
inflammation and slow or prevent disease progression, offering new
hope for improved scoliosis treatment strategies.
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