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Abstract

Purpose Several recent studies have reported a possible association between gut microbiota and intervertebral disc degen-
eration; however, no studies have shown a causal relationship between gut microbiota and disc degeneration. This study
was dedicated to investigate the causal relationship between the gut microbiota and intervertebral disc degeneration and the
presence of potentially bacterial traits using two-sample Mendelian randomization.

Methods A two-sample Mendelian randomization study was performed using the summary statistics of the gut microbiota
from the largest available genome-wide association study meta-analysis conducted by the MiBioGen consortium. Summary
statistics of intervertebral disc degeneration were obtained from the FinnGen consortium RS release data. Five basic meth-
ods and MR-PRESSO were used to examine causal associations. The results of the study were used to examine the causal
association between gut microbiota and intervertebral disc degeneration. Cochran's Q statistics were used to quantify the
heterogeneity of instrumental variables.

Results By using Mendelian randomization analysis, 10 bacterial traits potentially associated with intervertebral disc degen-
eration were identified: genus Eubacterium coprostanoligenes group, genus Lachnoclostridium, unknown genus id.2755,
genus Marvinbryantia, genus Ruminococcaceae UCG003, family Rhodospirillaceae, unknown genus id.959, order Rho-
dospirillales, genus Lachnospiraceae NK4A136 grou, genus Eubacterium brachy group.

Conclusion This Mendelian Randomization study found a causal effect between 10 gut microbiota and intervertebral disc
degeneration, and we summarize the possible mechanisms of action in the context of existing studies. However, additional
research is essential to fully understand the contribution of genetic factors to the dynamics of gut microbiota and its impact
on disc degeneration.
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Introduction (IVD) can often lead to a variety of spinal disorders, mainly
characterized by low back pain, ultimately leading to loss of
Intervertebral disc degeneration IVDD) is a complex multi-  labor and a significant socio-economic burden [2]. Although

factorial pathophysiological process [1]. In this process, the  the mechanisms underlying the development of IVD are cur-
destruction of the normal structure of the intervertebral disc ~ rently unknown, there is evidence that microorganisms play
an essential role in the development of IVDD [3-5]. Since
Stirling et al. reported the relationship between Acinetobac-
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Among these studies, we note that the relationship
between the gut microbiota and IVDD has received a great
deal of attention in recent years, and the existence of a "Gut-
disc axis" has been envisaged for this purpose [10]. In the
current research context, the mechanisms by which the gut
microbiota contributes to the development of IVDD are
unclear, and it is unclear whether the gut microbiota plays
a positive or negative role in the development of IVDD.
Therefore, a study is urgently needed to demonstrate the
causal relationship between intestinal flora and IVDD.

Mendelian randomization (MR) is a method used to
reveal potential causal relationships between exposure and
outcome [11]. It can be characterized by its ability to use
exposure-related genetic variation as a proxy for exposure to
assess the association between exposure and outcome [12].
Previous publications have raised questions about the funda-
mental assumption that genetic analysis is the driver of the
microbiome [13]. However, subsequent studies have coun-
tered this assertion from multiple perspectives by demon-
strating that genetic factors do indeed play a role in shaping
the variability of the gut microbiota [14—-16]. In recent stud-
ies, MR has been widely used to explore the gut microbiota
and various diseases, such as Autoimmune Diseases [17],
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major depressive disorder [18], and SLE [19]. In this study,
using the genome-wide association study (GWAS) summary
statistics from the MiBioGen (https://mibiogen.gcc.rug.nl)
and FinnGen (https://www.finngen.fi) consortiums, a two-
sample MR analysis was conducted to evaluate the causal
association between gut microbiota and IVDD.

Methods

MR rests on three basic assumptions: (1) genetic variants are
associated with the risk factor (relevance assumption), (2)
those genetic variants are not associated with any known or
unknown confounders (independence assumption), and (3)
genetic variants affect the outcome only through the risk
factor (exclusion restriction assumption) [12]. Based on the
three basic assumptions above, we designed a study [20]
(Fig. 1A) and developed a roadmap (Fig. 1B).
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Data sources

In the conduct of our MR analysis, the exposure data were
sourced from the MiBioGen consortium, which offers a
comprehensive array of 211 bacterial traits. This dataset
provides an extensive resource for identifying genetic
associations with bacterial traits, serving as a pivotal ele-
ment in establishing the instrumental variables necessary
for our analysis [21]. The outcome data were drawn from
the FinnGen Consortium's R8 release, a rich genomic
resource characterized by extensive phenotypic informa-
tion. Specifically, we extracted data corresponding to the
phenotype labeled "Other intervertebral disc disorders"
within this release. The careful selection of this label
was imperative to ensure a precise and relevant defini-
tion of IVDD for our investigation [22].The choice of
MiBioGen for exposure data and FinnGen for outcome
data was driven by the comprehensive nature and high-
resolution detail offered by both datasets, thereby enhanc-
ing the potential for accurate causal inference in our MR
study. The alignment of these datasets allowed for a robust
assessment of the genetic determinants of bacterial traits
and their causal associations with IVDD.

Summary statistics for the gut microbial taxa were
obtained from a large-scale multi-ethnic GWAS meta-
analysis that included 18,340 individuals from 24 cohorts.
Microbial composition was profiled by targeting three
distinct variable regions of the 16S rRNA gene [21]. To
account for differences in the sequencing depth, all data-
sets were rarefied to 10,000 reads per sample. Taxonomic
classification was performed by direct taxonomic binning.
In each cohort, only the taxa present in > 10% of the sam-
ples were included to explore the effect of host genetics
on the abundance of gut bacterial taxa. The study-wide
cutoffs included an effective sample size of at least 3000
individuals and their presence in at least three cohorts.
A total of 211 taxa (131 genera, 35 families, 20 orders,
16 classes, and nine phyla) were included. After adjust-
ment for age, sex, technical covariates, and genetic prin-
cipal components, Spearman’s correlation analysis was
performed to identify the genetic loci that affected the
covariate-adjusted abundance of bacterial taxa.

GWAS summary statistics for IVDD were obtained
from the FinnGen Consortium R8 release data [23]. The
“Other intervertebral disc disorders” phenotype was
adopted in the current study. This GWAS included 33,360
cases and 248,831 controls [22]. We defined this pheno-
type based on the International Classification of Diseases,
10th Revision (ICD-10), which is widely used in previous
studies [24-26]. Diseases have been classified according
to the ICD-10 coding system within FinnGen's phenotypic
library, thus ensuring the reliability of utilizing FinnGen
for research purposes [27].

No ethical approval was necessary for the publicly
available de-identified data.

Instrumental variable (IV)

The following selection criteria were used to select the
IVs: (1) single nucleotide polymorphisms (SNPs) associ-
ated with each genus at the locus-wide significance thresh-
old (P<1.0x 107%) were selected as potential IVs [12]; (2)
1000 Genomes Project European sample data were used as
the reference panel to calculate the linkage disequilibrium
(LD) between the SNPs, and among those SNPs that had
R%<0.001 (clumping window size = 10,000 kb), only the
SNPs with the lowest p values were retained; (3) SNPs with
minor allele frequency (MAF) <0.01 were removed; and (4)
when palindromic SNPs existed, the forward strand alleles
were inferred using allele frequency information.

We employed a stringent criterion for the selection of IVs,
which necessitated the identification of SNPs significantly
associated with the bacterial traits of interest. This is crucial
as the strength and validity of the MR analysis hinge on
the quality of the I'Vs. During the IV selection process, we
discovered that a subset of bacterial traits did not have any
SNPs that met our eligibility requirements. Specifically, 5
out of the 211 bacterial traits were identified as having zero
eligible SNPs, indicating a lack of suitable IVs for these
traits.

Acknowledging the importance of robust IVs in MR
analysis, we made the decision to exclude these five bacte-
rial traits from the subsequent stages of our analysis. The
absence of appropriate I'Vs for these traits could undermine
the validity of any causal inferences drawn. Consequently,
the refined analysis proceeded with the remaining 206 bacte-
rial traits, each backed by appropriate I'Vs, thereby maintain-
ing the integrity of our MR study (Supplementary Table 6).

Mendelian randomization analysis

To investigate the causal relationship between gut micro-
biota and IVDD, we performed an MR analysis [28]. Causal
effects were calculated by dividing the SNP-outcome effect
by the SNP-exposure effect estimate [11, 29]. To contain
multiple SNPs, various tests were performed, including
inverse variance weighted (IVW), weighted median and MR-
Egger [20]. Cochrane's Q tests were performed to assess het-
erogeneity between SNPs associated with each classification
[28]. In the presence of heterogeneity (p < 0.05), a random-
effects IVW test was used to provide a more conservative
but robust estimate [12]. The weighted median test produced
consistent estimates when > 50% of the weights were from
valid IVs. The MR-Egger regression test allowed for the
presence of polymorphism in more than 50% of the IVs [30].
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To elucidate the causal relationships between bacterial
traits and IVDD, we applied a robust array of MR methods,
each offering unique advantages and serving as mutual vali-
dation for the analyses conducted. These methods include
Inverse Variance Weighted IVW), Weighted Median, MR-
Egger, Weighted Mode, and Simple Mode. Our primary
method of analysis was the IVW approach, which is tra-
ditionally favored for its precision in basic causal estima-
tion under the assumption that all SNPs employed are valid
instrumental variables. The validity of the IVW results, and
hence their credibility in causality assessment, hinges on this
crucial assumption. To assess the validity of the SNPs used
as instrumental variables and ensure they are not subject to
heterogeneity, which could bias the estimates, we utilized
Cochran’s Q statistic. The heterogeneity analysis indicated
no significant heterogeneity among the SNPs for the identi-
fied bacterial traits (Q-value > 0.05, Table 1), suggesting that
the IVW estimates are reliable. Additionally, we conducted
MR-Egger regression to examine the presence of horizontal
pleiotropy, where an instrumental variable affects the out-
come through pathways other than the exposure of interest.
Furthermore, the MR-PRESSO global test was employed to
detect outliers, which can be indicative of SNPs that deviate
significantly from the MR assumptions.

All statistical analyses were performed using R (version
4.2.2). IVW, weighted median and MR-Egger regression
methods were performed using the "TwoSampleMR" pack-
age (version 0.5.6). The MR-PRESSO test was performed
using the "MRPRESSO" package. The MR-PRESSO tests
were performed using the "MRPRESSO" (version 1.0)
package.

Table 1 Ten bacterial traits causally associated with IVDD

Results

Our analysis provided a robust examination of the causal
relationships between specific bacterial traits and IVDD. Out
of 211 bacterial traits, ten were identified with a significant
causal link to IVDD, as established through an extensive
IV analysis. Sensitivity assessments including MR-Egger
regression and MR-PRESSO tests confirmed the absence
of horizontal pleiotropy and heterogeneity, underscoring
the precision of our findings. Visual representations such
as scatter, funnel, and forest plots corroborated the positive
or negative associations of these bacterial traits with IVDD,
enhancing the interpretability of the genetic influence. The
'leave-one-out' sensitivity analysis further validated our
results, demonstrating their consistency and resilience to the
potential bias of individual SNPs. This thorough analytical
approach affirms the reliability of our identified bacterial
traits as potential contributors to IVDD, paving the way for
targeted research.

All 211 bacterial traits were analyzed using MR and the
10 bacterial traits (IVW-p value < 0.05, Q-value > 0.05, p
value > (0.05) that we associated with IVDD were: genus
Eubacterium coprostanoligenes group, genus Lachnoclo-
stridium, unknown genus id. 2755, genus Marvinbryantia,
genus Ruminococcaceae UCGO003, family Rhodospiril-
laceae, unknown genus id.959, order Rhodospirillales, genus
Lachnospiraceae NK4A 136 grou, genus Eubacterium brachy
group (Table 1). The SNPs corresponding to each exposure
factor, information corresponding to each SNP, and infor-
mation on each SNP in the outcome can be found in Sup-
plementary Table 2.

Within our MR analysis, the initial step involved con-
ducting IV extraction on data associated with all 211 bac-
terial traits. During this process, it was observed that 5
of these bacterial traits lacked appropriate instrumental
variables, as the count of eligible SNPs was 0. Following

Outcome Exposure Inverse variance weighted Q-value p value
beta se P
IVDD genus Eubacterium coprostanoligenes group id.11375 —0.183 0.049 0.000 0.616 0.510
IVDD genus Lachnoclostridium id.11308 - 0.109 0.045 0.017 0.536 0.289
IVDD Unknown genus id.2755 - 0.071 0.031 0.023 0.479 0.097
IVDD genus Marvinbryantia id.2005 0.135 0.060 0.024 0.069 0.425
IVDD genus Ruminococcaceae UCGO003 id.11361 —0.092 0.041 0.025 0.940 0.664
IVDD Family Rhodospirillaceae id.2717 - 0.072 0.032 0.025 0.330 0.117
IVDD Unknown genus id.959 - 0.073 0.033 0.028 0.099 0.677
IVDD Order Rhodospirillales id.2667 —0.067 0.031 0.029 0.814 0.256
IVDD genus Lachnospiraceae NK4A136 group id.11319 - 0.079 0.036 0.030 0.415 0.257
IVDD genus Eubacterium brachy group id.11296 0.055 0.026 0.034 0.686 0.933
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Fig.2 MR analysis for 10 bacterial traits using five methods: inverse x-axis shows the effect of each IV on exposure, and the y-axis shows
variance weighted, weighted median, MR-Egger, weighted mode, and the effect of the IV on the outcome. The colored lines show the fitted
simple mode. We plotted the primary outcome for 10 bacterial traits results, and the slope of the line reflects the causal effect of exposure
in a scatterplot, where each point represents an instrumental vari- on the outcome

able (IV), and the error bars represent 95% confidence intervals. The
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«Fig.3 Plot of leave-one-out method, which involves removing each
SNP one by one, calculating the meta-effect of the remaining SNPs,
and observing whether the results change after removing each SNP. If
the results change significantly after removing one SNP, it means that
one SNP has a large influence on the results, which is undesirable.
Ideally, the results will not change much after removing each SNP
one by one. In our analysis, the results did not vary much along the
overall error line after removing each SNP, which indicates that the
results are robust

the exclusion of these five bacterial traits, the subsequent
analysis was carried out on the remaining 206 bacterial
traits (Supplementary Table 6).

Five methods, IVW, weighted median, MR-Egger,
weighted mode, and simple mode, were used to analyze
the data (Figs. 2, 3) (Supplementary Table 3). The IVW
method is mainly used for basic causal estimation, which
provides the most accurate results when all selected SNPs
are valid IVs [31]. IVW results are generally considered
to be the most credible when assessing causality [27].
Following sequential analysis using MR on 211 bacterial
traits, a subset of 10 bacterial traits was identified as hav-
ing a statistically significant causal association with IVDD,
as determined by screening the [IVW-p value (Table 1).
Cochran’s Q statistic was used to quantify the heteroge-
neity among the selected SNPs, and the results showed
that there was no evidence (Q-value > 0.05) of heterogene-
ity (Table 1). The horizontal pleiotropy between IVs and
outcomes was assessed by MR-Egger regression, and the
results showed that there was no evidence (p value > 0.05)
of horizontal pleiotropy (Table 1). MR-PRESSO was also
used to test for Outlier and during the test we found p
value < 0.05 for genus Marvinbryantia (Table 2), so we did
further testing and the results confirmed that there was no
Outlier in the data [32-36].

We plotted scatter plots of the primary outcomes for the
10 bacterial traits (Fig. 2), where each point represents an
IV and the line on the points represent 95% confidence inter-
vals. The horizontal coordinates show the effect of each IV
on exposure, and the vertical coordinates show the effect
of the IV on outcome. The colored lines indicate the fitting
results, and the slope of the lines reflects the effect of expo-
sure on outcome. The plots suggest that the expression of
genus Eubacterium brachy group and genus Marvinbryantia
is positively associated with the incidence of IVDD. Simi-
larly, genus Eubacterium coprostanoligenes group, genus
Lachnoclostridium, unknown genus id. 2755, genus Rumi-
nococcaceae UCGO003, family Rhodospirillaceae, unknown
genus id.959, order Rhodospirillales, genus Lachnospiraceae
NK4A136 grou, is negatively associated with the incidence
of IVDD.

We plotted a funnel plot of the main analyses of the 10
bacterial traits, where each point represents an IV, which
shows a relatively symmetrical shape (Fig. 4). This indicates

that our results have a small bias and that there is heteroge-
neity among SNPs.

We mapped forest plots of the main analyses of 10 bacte-
rial traits, where each point represents an IV and each hori-
zontal solid line reflects the outcome estimated by a single
SNP using the Wald ratio method (Fig. 3). Some solid lines
are entirely to the left of 0, suggesting that an increase in
the trait reduces the risk of IVDD; some solid lines are
entirely to the right of 0, suggesting that an increase in the
trait elevates the risk of IVDD; and some solid lines cross 0,
indicating that the results are not significant. The results of
a single SNP are not a substitute for exposure, and a reason-
able result can only be obtained by looking at the combined
effect, which is the bottom red line. This is consistent with
the conclusions of the previous scatter plot.

The sensitivity analysis of MR analysis included the test
of pleiotropy, the test of heterogeneity, and the leave-one-
out method. For the test of pleiotropy, we used MR-PROSS
to detect gene-level pleiotropy and confirmed the absence
of horizontal pleiotropy when the p value was greater than
0.05. In our study species, all the results were greater than
0.05, indicating no pleiotropy (Table 2). For the test of het-
erogeneity, we used Cochran’s Q test to detect heterogeneity
and confirmed the absence of heterogeneity when Q-value
was greater than 0.05 (Table 2). The results of the study
did not need to account for the effect of heterogeneity. The
“leave-one-out” method involves removing each SNP step
by step (Fig. 5), calculating the meta effect of the remaining
SNPs, and observing whether the results change after remov-
ing each SNP. If the results change a lot after removing an
SNP, it means that there is a SNP that has a great influ-
ence on the results, which is undesirable. Ideally, the results
should not change much after removing each SNP step by
step. In our analysis, the results did not change much at the
overall error line after removing each SNP, which indicates
the reliability of the results.

Discussion

In this study, we performed MR analysis to determine the
potential causal relationship between 211 bacterial traits
of the gut microbiota and IVDD. This is a shred of posi-
tive evidence for the existence of the “Gut-disc axis”. Ulti-
mately, we found a causal effect between 10 gut microbiota
and IVDD, namely the genus Eubacterium coprostanoli-
genes group, genus Lachnoclostridium, and unknown genu
1d.2755. genus Marvinbryantia, genus Ruminococcaceae
UCGO003, family Rhodospirillaceae, unknown genus id.959,
order Rhodospirillales, genus Lachnospiraceae NK4A136
group, genus Eubacterium brachy group.

According to our study, the genus Eubacterium copros-
tanoligenes was concluded to be a protective factor against
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Table2 MR-PRESSO for

bacterial traits. MR.PRESSO Exposure MRPROSS-p value MRTPRESSO results &

results and outlier test for outlier test

Marvinbryantia (p value <0.05) RSSobs P value
genus Eubacterium coprostanoligenes group 0.7 1 2.668E—03 0.9
genus Lachnoclostridium 0.53 2 1.620E—-04
Unknown genus id.2755 0.41 3 3.713E-05 1
genus Marvinbryantia 0.04 4 3.731E-04 0.6
genus Ruminococcaceae UCG003 0.88 5 4.760E—-05 1
Family Rhodospirillaceae 0.33 6 3.177E-06 1
Unknown genus id.959 0.06 7 5.157E-04 0.4
Order Rhodospirillales 0.83 8 4.589E-04 1
genus Lachnospiraceae NK4A136 group 0.5 9 9.420E-04 0.6
genus Eubacterium brachy group 0.73 10 3.724E-05 1

IVDD. As a group of anaerobic gram-positive bacteria, the
genus Eubacterium coprostanoligenes can convert choles-
terol to unabsorbable coprostanol, thereby regulating cho-
lesterol levels [37]. In a previous study, it was demonstrated
that cholesterol promotes IVDD by mediating apoptosis
and pyroptosis in NP cells and metabolism of ECM [38].
Additionally, cholesterol metabolites affect the immune
microenvironment by enriching immunosuppressive cells,
inhibiting immune effector cells, and inhibiting antigen pres-
entation. Wang L et al. showed that during the development
of IVDD, the immune microenvironment of the interver-
tebral disc changes, characterized by infiltration of CD68
macrophages, T cells (CD4 /CD8) and neutrophils [39],
accompanied by the release of inflammatory factors that are
thought to be promoters of pain and IVDD [38, 39]. Tar-
geting cholesterol metabolism provides novel insights into
IVDD. Therefore, Future studies should elucidate the exact
relationship between the genus Eubacterium coprostanoli-
genes and cholesterol levels in IVDD.

Genus Lachnoclostridium is thought to be causally linked
to a variety of diseases, but the exact mechanisms are not yet
clearly described. It is known to be involved in the synthesis
of glutamate, butyrate, serotonin, and GABA, and we con-
sider that these mediators may be responsible for the influ-
ence of the genus Lachnoclostridium on the development
of IVDD; however, researchers will need to further studies
are required to determine the role of the genus Lachnoclo-
stridium in the development of IVDD.

There is a correlation between the genus Marvinbryantia
and low skeletal muscle mass, which may arise by mediat-
ing a reduction in butyrate [40]. Low skeletal muscle mass
has been previously studied for its apparent correlation with
IVDD, a peri-spinal change that predicts altered disc bio-
mechanics and is recognized as an important factor in the
initiation of IVDD [41-43].

The Genus Ruminococcaceae UCGO003 belongs to the
Ruminococcaceae family, and many bacteria in this family

@ Springer

are known to be general butyrate-producing bacteria [44].
The effect of Ruminococcaceae UCG003 on IVDD may be
mediated by butyrate, as shown by Jia et al. [45]. to alleviate
IVDD through inflammatory responses and NF-kB activa-
tion in intervertebral disc tissue.

The genus Lachnospiraceae NK4A136, representing
a type of butyrate-producing bacteria, has been found to
maintain epithelial barrier integrity in mice and is negatively
correlated with intestinal permeability [46]. The genus Lach-
nospiraceae NK4A136 group is thought to play a key role in
maintaining gut barrier stability [47], and epithelial barrier
integrity is thought to be one of the main mechanisms of
action in the "Gut-disc axis" [10]. Therefore, we propose
that the genus Lachnospiraceae NK4A136 group aims to
slow down the development of IVDD by maintaining the
integrity of the epithelial barrier.

In the available studies, descriptions of unknown genu
1d.2755, family Rhodospirillaceae, unknown genus id.959,
order Rhodospirillales, and genus Eubacterium brachy group
are rare; therefore, we were also unable to search for their
potential pathways of action on IVDD in the available stud-
ies. This is worth exploring in future studies, which will
need to rely on advances and developments in existing
experimental techniques.

This study had several limitations. 1. When we obtained
the GWAS data source for gut microbiota, we noted that
it was still a relatively small sample size compared to the
GWAS data for other factors, although it is already the
largest currently available for gut microbiota. Our find-
ings are potentially subject to future changes if GWAS
data with larger sample sizes, stratified by more countries,
regions, ethnicities, and so on, are available. 2. In studying
bacterial traits, our study was limited to hierarchical traits
(class, family, genus, order, and phylum), and we were not
able to study the species; however, this limitation stems
from the backwardness of the current assay technology
and that, in the future, more advanced technologies may
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«Fig.5 Forest plots of the 10 bacterial traits for the primary analy-
sis, where each point represents an instrumental variable (IV) and
each horizontal solid line reflects the Wald ratio estimate from a sin-
gle SNP. Some of the solid lines are entirely to the left of 0, indi-
cating that an increase in the trait decreases the risk of IVDD; some
are entirely to the right of 0, indicating that an increase in the trait
increases the risk of IVDD; and some intersect 0, indicating that the
effect is not significant. The results of a single SNP are not a valid
proxy for exposure, and a reasonable estimate can only be obtained
by looking at the combined effect (i.e., the red line at the bottom)

be available to explore the impact of the gut microbiota
on IVDD at the species level. 3. In the screening step for
IVs, we used P < 1.0 x 107 instead of the widely accepted
P<1.0x107® [48], to obtain more SNPs, which in turn
reduced the reliability of the results to some extent. This
reduces the reliability of the results to some extent; how-
ever, the results are still plausible [28, 30, 32, 49, 50]. 4.
Rothschild et al. (2018) challenged the role of host genet-
ics in shaping the gut microbiota [13]. However, subse-
quent studies have rebutted this claim and demonstrated
that genetic factors also contribute to variation in the gut
microbiota [21, 51, 52]. We adopted this perspective to
investigate the influence of the gut microbiota on IVDD,
and we believe our results are robust. Nevertheless, our
conclusions require further validation by future studies.

In conclusion, this study provides robust support for
the existence of a "gut-disc axis." However, further inves-
tigation is warranted to unravel the influence of genetic
factors on the intricacies of the gut microbiota dynamics.
Additionally, a deeper exploration is needed to understand
how the gut microbiota's role varies under distinct bacte-
rial trait classifications and its subsequent impact on disc
degeneration. Moreover, this study highlights pivotal areas
that merit consideration as potential avenues for future
research. These include cholesterol dynamics, the nuances
of the immune microenvironment, and the role of butyrate.
These directions hold promise in shedding light on criti-
cal mechanisms underlying the interaction between gut
microbiota and disc degeneration.
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