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Immune cells mediate the effects of gut e
microbiota on neuropathic pain: a Mendelian
randomization study

Hao Pan', Cheng-xiao Liu', Huijuan Zhu? and Guang-fen Zhang"

Abstract

Background The gut microbiota may be involved in neuropathic pain. However, the causal association between
gut microbiota and neuropathic pain remains unclear. Whether immune cells and inflammatory factors mediate the
pathway from gut microbiota to neuropathic pain has not been elucidated.

Methods We obtained the summary data of 412 gut microbiota, 731 immune cells, 91 inflammatory factors, and
five types of neuropathic pain (drug-induced neuropathy, postherpetic neuralgia, sciatica, trigeminal neuralgia, and
unspecified neuralgia) from large-scale genome-wide association study (GWAS) datasets and the FinnGen database.
We used bidirectional Mendelian randomization (MR) analysis to explore the causal association between gut
microbiota and neuropathic pain. Additionally, we conducted a mediation analysis to identify whether immune cells
and inflammatory factors act as mediators within these causal relationships.

Results Our study revealed 30 causal relationships between 26 gut bacterial taxa and five types of neuropathic

pain, including four associated with drug-induced neuropathy, six with postherpetic neuralgia, five with sciatica,
eight with trigeminal neuralgia, and seven with unspecified neuralgia. Moreover, we identified 35 gut bacterial
pathway abundances causally involved in neuropathic pain. The reverse MR analysis showed no evidence of reverse
causality from gut microbiota to neuropathic pain. Mediation analysis demonstrated that the immune cell phenotype
"HLA-DR™ monocyte % leukocyte” mediated the causal relationship between p_Proteobacteria and sciatica with a
mediation proportion of 36.15% (P=0.038), whereas“CD11c on CD62L" myeloid dendritic cell”mediated the causal
pathway from assimilatory sulfate reduction to trigeminal neuralgia with a mediation proportion of 27.90% (P=0.041).

Conclusion This study identified the causal relationships between several specific gut microbiota and various
neuropathic pain subtypes. Additionally, two immune cells may act as potential mediators in the pathways from gut
microbiota to neuropathic pain.
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Background

Neuropathic pain is a common chronic condition char-
acterized by sustained, irreversible pain caused by a
lesion or disease of the somatosensory system involving
the peripheral and central neurons [1, 2]. It is caused by
various etiologies, including traumatic injuries, infec-
tions, diabetes, and exposure to toxins, such as chemo-
therapy agents [3]. Most patients with neuropathic pain
experience either continuous or intermittent spontane-
ous pain, which may be accompanied by hyperalgesia,
allodynia, aftersensations, and referred pain [2]. Neuro-
pathic pain may induce sleep disturbances, fatigue, and
emotional disorders, resulting in an imbalance in work,
leisure activities, and family relationships [1]. However,
the mechanisms underlying neuropathic pain have not
been elucidated, resulting in a lack of effective drugs and
methods for its treatment.

In humans, the gastrointestinal tract is a vast, popu-
lous, and complex microbial ecosystem estimated to
contain>10"* microorganisms, including archaea and
eukaryotes, but predominantly bacteria [4, 5]. Substan-
tial evidence strongly demonstrated that neuropathic
pain may lead to disturbance of gut microbiota [6], which
plays a crucial role in neuropathic pain processes [1].
However, current studies, primarily observational and
preclinical, showed inconsistent results. One study sug-
gested that pain was exacerbated after transplanting fecal
microbiota from anhedonia-susceptible spared nerve
injury (SNI) rats into antibiotic-treated pseudo-germ-
free mice, whereas microbiota from resilient SNI rats
significantly improved pain [7]. Ma et al. reported that
depleting the gut microbiota in mice with various anti-
biotics prevented or completely suppressed mechanical
allodynia and thermal hyperalgesia induced by chronic
constriction injury (CCI), oxaliplatin, or streptozotocin
[8]. Conversely, an observational study indicated that flu-
oroquinolone or amoxicillin-clavulanate intake increased
the incidence of peripheral neuropathy [9]. Nevertheless,
the causal relationship between gut microbiota and neu-
ropathic pain remains unclear.

Interestingly, gut microbiota may regulate immune
cells and cytokines, whereas immune cells and inflam-
mation play vital roles in neuropathic pain processes
[10-12]. Gut microbiota-derived metabolites, such as
short-chain fatty acids (SCFAs), inhibit macrophages
activation through negatively regulating the NLRP3
inflammatory signaling pathway [13]. In addition, mac-
rophages contribute to the initiation and maintenance of
mechanical hypersensitivity in neuropathic pain [14]. In
a recent study, gut microbiota may reduce CCI-induced
neuropathic pain by regulating T cells to shift from a pro-
inflammatory to an anti-inflammatory profile [15]. Thus,
we hypothesized that immune cells and inflammatory
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factors may be mediators in the relationship between gut
microbiota and neuropathic pain.

Mendelian randomization (MR) is a widely accepted
method to infer causal relationships between exposures
and outcomes by utilizing single nucleotide polymor-
phisms (SNPs) as instrumental variables (IVs) in genetic
studies [16]. Due to the random assignment of SNPs at
conception, MR can simulate a randomized controlled
experiment, avoiding reverse causality bias and reduc-
ing confounding factors in conventional epidemiological
and observational studies [17, 18]. We initially conducted
a bidirectional two-sample MR analysis to explore the
causal effects of gut microbiota on neuropathic pain.
Subsequently, we adopted a mediation analysis to deter-
mine whether immune cells and inflammatory factors
may mediate the causal relationships between gut micro-
biota and neuropathic pain.

Methods

Study design

The study adhered to the Strengthening the Reporting
of Observational Studies in Epidemiology Mendelian
Randomization (STROBE-MR) guidelines [19, 20]. MR
is based on three core principles: (1) relevance hypoth-
esis: IVs should be strongly associated with exposure
(gut microbiota, immune cells, and inflammatory fac-
tors); (2) independence hypothesis: IVs are irrelevant to
confounding factors; (3) exclusivity hypothesis: I'Vs affect
outcomes (NP) exclusively through their effect on the
exposure [21]. Figure 1 shows the study diagram.

Data source

We obtained new data on 412 gut microbiota from the
study by Esteban et al., involving 7738 participants and
analyzing 207 taxa (including 5 phyla, 10 classes, 13
orders, 26 families, 48 genera, and 105 species) and 205
pathways reflecting microbial composition and activity
[22]. We obtained the genome-wide association study
(GWAS) summary data on 731 immune cell traits from
Orru et al. [23]. This dataset includes 3757 individuals
of European ancestry with no overlapping cohorts. The
immune features measured were absolute cell counts
(AC, n=118), median fluorescence intensity for sur-
face antigens (MFI and SAL, »=389), morphological
parameters (MPs, n=32), and relative cell counts (RCs,
n=192). The MFI, AC, and RC features cover mature
stages of various immune cells: B cells, ¢cDCs, T cells,
monocytes, myeloid cells, TBNK cells (T cells, B cells,
and natural killer cells), and Treg cells. The MP features
specifically include ¢cDC and TBNK panels. In addition,
the plasma protein quantitative trait loci (pQTL) data of
91 inflammatory factors were obtained from Zhao et al’s
study [24]. Considering the higher prevalence of periph-
eral neuropathic pain, we obtained the available GWAS
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Confounders

Outcome: Neuropathic pain

FinnGen cohort

Bidirectional MR analysis
e——-

Drug-induced ncuropathy: 405363 cases
Postherpetic neuralgia: 360894 cases
Sciatica: 315469 cascs

Trigeminal neuralgia: 362315 cases

Unspecified neuralgia: 301145 cases

LExclusivity hypothesis

Fig. 1 Study design overview

summary statistics for the five types of neuropathic pain
(drug-induced neuropathy, postherpetic neuralgia, sciat-
ica, trigeminal neuralgia, and unspecified neuralgia) from
the FinnGen R10 database (https://r10.finngen.fi/) [25].
Compared with a recent study [26], we used the same
version of FinnGen R10 dataset for trigeminal neural-
gia, whereas we included more recent data for posther-
petic neuralgia and expanded our analysis to cover three
additional types: drug-induced neuropathy, sciatica, and
unspecified neuralgia. Detailed data source information
is provided in Additional file 1: Table S1. No additional
ethical review was required for our study because ethical
approval for the original GWAS studies was granted.

Instrumental variable selection

First, we set the significance threshold of P<5x1078
to select SNPs as IVs related to 731 immune cells and
91 inflammatory factors. Owing to the limited num-
ber of SNPs related to gut microbiota identified under
the P<5x1078 threshold, a more lenient threshold of
P<1x107° was used to select SNPs related to the gut
microbiota. Second, a linkage disequilibrium (LD) anal-
ysis of SNPs was conducted to ensure independence
among SNPs with thresholds of r*<0.001 and 10,000 kb
distance. Third, we removed palindromic SNPs after har-
monization with the outcome’s GWAS summary statis-
tics to ensure consistency between effect alleles and sizes.
Fourth, the genetic variance explained (R?) and F-statistic

}
I

¢ 91 inflammatory proteins: 14824 I
participants (Zhao et al. 2023)

e 731 immune cells: a cohort of
3757 Sardinians (Valeria Orru I
ct al. 2020)

for each SNP were calculated to estimate the strength of
the selected SNPs, and SNPs with F-statistic<10 were
removed to reduce weak instrumental bias [27]. We cal-
culated R? as 2x(1-MAF) x MAF x beta® (where MAF
is the minor allele frequency and beta is the effect size on
the exposure) and F-statistic as F=R* x (N—-2)/(1-R?),
where N is the effective sample size [28].

MR analysis

MR analysis was conducted to evaluate the causal effects
of gut microbiota, immune cells, and inflammatory fac-
tors on neuropathic pain. To ensure robustness, the
inverse variance weighted (IVW) method was used as
the primary analysis approach, with MR-Egger, weighted
median, weighted mode, debiased IVW, and robust
adjusted profile score (RAPS) as supplementary meth-
ods. Additionally, the Wald ratio method was applied for
exposures that include only one SNP. IVW performs a
meta-analysis of Wald ratios from each SNP, ensuring the
robustness of the estimates in the absence of pleiotropy
[29, 30]. The weighted median method can provide con-
sistent and unbiased causal estimates in the presence of
horizontal pleiotropy, even when 50% of the instrumental
variables were invalid [31]. The weighted mode method
weighs SNP effect estimates by their inverse variance
and selects the most common weighted effect as the final
causal estimate, ensuring robustness against pleiotropy
and invalid SNPs [32]. The MR-Egger method is based
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on a regression model that allows for pleiotropy and
can generate unbiased estimates even with invalid IVs
[33]. The debiased IVW method ensures the robustness
of the results with the introduction of weak instrument
bias [34]. RAPS effectively addresses both systematic and
idiosyncratic pleiotropies, ensuring robust inferences for
MR analysis with many weak instruments [35]. When the
estimates of the IVW method met a threshold of P<0.05,
and the effect directions were consistent across all these
methods, the results were considered statistically signifi-
cant and robust, including them for further analysis.

In the sensitivity analysis, we adopted various
approaches to evaluate the robustness of the results.
Cochrane’s Q test was performed to detect heteroge-
neity among the selected SNPs, and P<0.05 indicated
heterogeneity [29]. Moreover, the MR-Egger intercept
and MR-PRESSO global test were conducted to assess
the potential horizontal pleiotropy [33, 36]. Addition-
ally, MR-PRESSO could identify outliers that may influ-
ence horizontal pleiotropy [36]. After pleiotropic SNP
removal, a subsequent reanalysis can be conducted to
ensure more accurate and robust results. Additionally, a
leave-one-out analysis was performed to assess the stabil-
ity of the causal associations and identify the influence of
any single SNP on the results [37].

Mediation analysis

We screened potential mediators in the causal pathway
from gut microbiota to neuropathic pain through the fol-
lowing steps: First, we identified gut microbiota, immune
cells, and inflammatory factors with significant causal
associations with neuropathic pain and showed no het-
erogeneity or pleiotropy. Second, we explored the causal
effects of gut microbiota on immune cells and inflam-
matory factors based on the same criteria. Third, we
retained logically consistent potential mediators based on
the directions of the effect values: gut microbiota—neuro-
pathic pain (f), gut microbiota—immune cells and inflam-
matory factors (f1), and immune cells and inflammatory
factors—neuropathic pain (2). If p was positive, both 1
and B2 are either positive or negative. Conversely, if B was
negative, either f1 or f2 should be positive and the other
negative. Subsequently, we calculated the mediation
effect using the product of coefficients method (f1x{2)
and estimated the proportion of mediation by dividing
the mediation effect by the total effect [(B1x[32) / B]. The
delta method was used to estimate the 95% confidence
interval (CI) for the mediation effect [38]. A P-value of
<0.05 was indicative of significant mediation effects.

Reverse causality analysis

To clarify reverse causal associations from gut micro-
biota, immune cells, and inflammatory factors to neu-
ropathic pain, we performed a reverse MR analysis with
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neuropathic pain as the exposure, and gut microbiota,
immune cells, or inflammatory factors as the outcome.
IVs were identified as SNPs significantly associated with
neuropathic pain (P<5x107°).

We performed all analyses using R software (V.4.3.0)
using the “TwoSampleMR” and “MRPRESSO” pack-
ages. We adopted the Bonferroni correction P-value
as the threshold for statistical significance, which was
6.84x107° (0.05/731) and 5.49x10™* (0.05/91) for
immune cells and inflammatory factors, respectively. Any
P-value of <0.05 but greater than the Bonferroni correc-
tion P-value threshold was considered a suggestive causal
association.

Results

IV selection

After LD clumping and harmonization, we identified
3925 SNPs associated with gut microbiota (P<1x107°)
(Additional file 1: Table S2). Subsequently, 2018 and 283
SNPs associated with immune cells and inflammatory
factors were selected, respectively (P<5x107%) (Addi-
tional file 1: Table S3 and S4), with F-statistics exceeding
10, indicating a strong representation of neuropathic pain
in the MR analysis.

Causal effects of gut microbiota, immune cells, and
inflammatory factors on neuropathic pain

We performed a two-sample MR analysis between gut
microbiota and the five neuropathic pain subtypes. Based
on IVW method estimates with P<0.05 and consistent
effect directions across all six methods, we finally identi-
fied 67 causal associations from gut microbiota to neu-
ropathic pain [26 gut bacterial taxa (1 phylum, 1 class, 1
order, 4 families, 5 genera, and 14 species from p_Acti-
nobacteria, p_Bacteroidetes, p_Firmicutes, and p_Pro-
teobacteria) and 35 gut bacterial pathway abundances
(GAPAs)] (Additional file 1: Table S5, Figs. 2 and 3).
Subsequently, we identified 147 paired causal associa-
tions from immune cells to various forms of neuropathic
pain, including 34, 23, 51, 10, and 29 for drug-induced
neuropathy, postherpetic neuralgia, sciatica, trigeminal
neuralgia, and unspecified neuralgia, respectively (Addi-
tional file 1: Table S6, Fig. 4). Additionally, we identified
17 paired causal associations from inflammatory factors
to neuropathic pain (2, 1, 3, 4, and 7 for drug-induced
neuropathy, postherpetic neuralgia, sciatica, trigeminal
neuralgia, and unspecified neuralgia, respectively) (Addi-
tional file 1: Table S7, Fig. 5).

Drug-induced neuropathy

Four gut microbiota (g_Dialister, s_Dialister invisus,
s_Dorea unclassified, and s_Ruminococcus obeum)
and six gut bacterial pathway abundances (GBPAs)
[adenine and adenosine salvage III, cinnamate and
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Exposure Outcome

g_Dialister drug-induced_neuropathy

s_Dialister_invisus drug-induced_neuropathy
s_Dorea_unclassified drug-induced_neuropathy
s_Ruminococcus_obeum drug-induced_neuropathy
s_Desulfovibrio_piger postherpetic_neuralgia
s_Dorea_formicigenerans postherpetic_neuralgia
s_Eubacterium_hallii postherpetic_neuralgia
s_Lachnospiraceae_bacterium_3_1_46FAA postherpetic_neuralgia
s_Oxalobacter_formigenes postherpetic_neuralgia

f_Oxalobacteraceae postherpetic_neuralgia

s_Alistipes_shahii sciatica
s_Coprococcus_comes sciatica
g_Paraprevotella sciatica
p_Proteobacteria sciatica
s_Roseburia_hominis sciatica

s_Bacteroides_plebeius trigeminal_neuralgia

f_Clostridiales_noname trigeminal_neuralgia
c_Deltaproteobacteria trigeminal_neuralgia
f_Desulfovibrionaceae trigeminal_neuralgia
o_Desulfovibrionales trigeminal_neuralgia
g_Eggerthella trigeminal_neuralgia
s_Roseburia_unclassified trigeminal_neuralgia
g_Ruminococcus trigeminal_neuralgia
c_Deltaproteobacteria unspecified_neuralgia
f_Desulfovibrionaceae unspecified_neuralgia
o_Desulfovibrionales unspecified_neuralgia
s_Roseburia_unclassified unspecified_neuralgia
g_Ruminococcaceae_noname unspecified_neuralgia
s_Ruminococcus_lactaris unspecified_neuralgia

f_Streptococcaceae unspecified_neuralgia
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nSNP pval OR (95% CI)
6 0.005 ———————— 2.485(1.320 - 4.681)
6 0.027 —————  2.059(1.084 - 3.911)
10 0.004 —— 0.556 (0.374 - 0.826)
13 0.032 ———— 1.885(1.058 - 3.361)
6 0.028 —_— 1.715 (1.060 - 2.774)
1 0.002 —— 12.014 (2.514 - 57.406)
11 0.003 —— 0.543 (0.361 - 0.816)
4 0.027 —— 0.520 (0.291 - 0.929)
10  0.042 — 1.507 (1.015 - 2.238)
10  0.042 —_— 1.507 (1.016 - 2.237)
11 0.023 o 0.908 (0.835 - 0.987)
9 0.029 ted 0.925 (0.863 - 0.992)
10  0.048 -l 0.940 (0.884 - 0.999)
10  0.035 bl 0.919 (0.851 - 0.994)
7 0.028 b 0.892 (0.806 - 0.988)
7 0.042 i 0.854 (0.733 - 0.995)
8 0.041 —— 1.294 (1.010 - 1.659)
6 0.007 —— 0.615 (0.432 - 0.875)
6 0.007 —— 0.615 (0.432 - 0.875)
6 0.007 —— 0.615 (0.432 - 0.875)
5 0.031 —— 0.803 (0.657 - 0.980)
14 0.028 —— 1.213 (1.021 - 1.440)
10 0.011 —— 0.711 (0.546 - 0.926)
6 0.020 —— 0.638 (0.437 - 0.932)
6 0.020 — 0.638 (0.437 - 0.932)
6 0.020 —— 0.638 (0.437 - 0.932)
14 0.019 —— 1.202 (1.031 - 1.403)
10 0.049 -t 0.875 (0.767 - 1.000)
6 0.033 — 0.750 (0.576 - 0.977)
14 0.045 ——t 0.842 (0.712 - 0.996)
0 05 1 15 2 25 3

Fig.2 Mendelian randomization (MR) results of causal associations between gut microbiota and neuropathic pain. OR: odds ratio; Cl: confidence interval.
The prefix“p_/c_/o_/f_/g_/s_"represents phylum/class/order/family/genus/species, respectively

3-hydroxycinnamate degradation to 2-oxopent-4-eno-
ate, creatinine degradation I, glycolysis I from glu-
cose-6-phosphate, lipid IVA biosynthesis, and purine
nucleotide degradation II (aerobic)] were causally associ-
ated with drug-induced neuropathy. The s_Dorea unclas-
sified (OR=0.556, 95% CI=0.374-0.826, P=0.004) and
purine nucleotide degradation II (aerobic) (OR=0.415,
95% CI=0.216—0.798, P=0.008) were most significantly
associated with a reduced risk of drug-induced neuropa-
thy. Conversely, g_Dialister (OR=2.485, 95% CI=1.320—
4.681, P=0.005) and adenine and adenosine salvage III
(OR=2.433, 95% CI=1.238-4.779, P=0.010) were associ-
ated with an increased risk of drug-induced neuropathy.
Figure 4a showed that 23 types of immune cells were
positively associated with the risk of drug-induced neu-
ropathy, with natural killer T absolute count (OR=2.312,
95% CI=1.317-4.058, P=0.003) having the strongest

impact on drug-induced neuropathy. However, 11 types
of immune cells were negatively associated with the risk
of drug-induced neuropathy, with CD4+4/CD8+T cell
(OR=0.046, 95% CI=0.005-0.449, P=0.008) showing the
most significant protective effect on drug-induced neu-
ropathy. Moreover, interleukin-1-alpha (OR=10.034, 95%
CI=1.945-51.753, P=0.006) and T-cell surface glycopro-
tein CD5 (OR=2.315, 95% CI=1.099-4.879, P=0.027)
were significantly correlated with an increased risk of
drug-induced neuropathy (Fig. 5).

Postherpetic neuralgia

Six gut microbiotas and eight GBPAs were causally asso-
ciated with postherpetic neuralgia (Figs. 2 and 3). The
most notable protective factors were s_Eubacterium
hallii (OR=0.543, 95% CI=0.361-0.816, P=0.003) and
fucose degradation (OR=0.416, 95% CI=0.230-0.751,
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Exposure

GBPA_Adenine and Adenosine Salvage Il
GBPA_Cinnamate and 3-Hydroxycinnamate Degradation to 2-Oxopent-4-enoate
GBPA_Creatinine Degradation |
GBPA_Glycolysis | from Glucose 6-Phosphate
GBPA_Lipid IVA Biosynthesis
GBPA_Purine Nucleotides Degradation Il (Aerobic)

GBPA_Fucose Degradation
GBPA_Glycerol Degradation to Butanol
GBPA_Glycolysis | from Glucose 6-Phosphate
GBPA_L-Arginine Biosynthesis IV (Archaebacteria)
GBPA_L-Glutamate Degradation V (via Hydroxyglutarate)
GBPA_L-Histidine Biosynthesis
GBPA_Phosphatidylglycerol Biosynthesis | (Plastidic)
GBPA_Polyisoprenoid Biosynthesis (E. coli)

GBPA_6-Hydroxymethyl-Dihydropterin Diphosphate Biosynthesis |
GBPA_guanosine ribonucleotides de novo biosynthesis
GBPA_inosine 5'-phosphate biosynthesis Il
GBPA_Superpathway of Purine Deoxyribonucleosides Degradation
GBPA_TCA Cycle V (2-Oxoglutarate Ferredoxin Oxidoreductase)
GBPA_TCA cycle VIl (acetate producers)

GBPA_Chorismate Biosynthesis |
GBPA_L-Lysine Biosynthesis VI
GBPA_Mannosylglycerate Biosynthesis |
GBPA_Pyrimidine Deoxyribonucleotides De Novo Biosynthesis |1l
GBPA_Sulfate Reduction | Assimilatory
GBPA_Superpathway of Acetyl-CoA Biosynthesis
GBPA_superpathway of GDP-Mannose Derived O-Antigen Biosynthesis

GBPA_4-Aminobutanoate Degradation V
GBPA_6-Hydroxymethyl-Dihydropterin Diphosphate Biosynthesis |
GBPA_Aspartate Superpathway
GBPA_CDP-Diacylglycerol Biosynthesis |
GBPA_NAD Salvage Pathway |
GBPA_Superpathway of Geranylgeranyl Diphosphate Biosynthesis Il (via MEP)
GBPA_Superpathway of Guanosine Nucleotides De Novo Biosynthesis ||
GBPA_Superpathway of Heme Biosynthesis from Uroporphyrinogen IlI
GBPA_superpathway of L-arginine, putrescine, and 4-aminobutanoate degradation
GBPA_Urea Cycle
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Outcome nSNP pval OR (95% Cl)

drug-induced_neuropathy 14 0.010 ———————— 2433 (1.238 - 4.779)
drug-induced_neuropathy 8 0.036 —— 0.563 (0.329 - 0.964)
drug-induced_neuropathy 8 0.043 — 0.543 (0.300 - 0.982)
drug-induced_neuropathy 15 0.027 —_— 2016 (1.081 - 3.761)
drug-induced_neuropathy 10 0.040 +—— 0.455 (0.215 - 0.966)
drug-induced_neuropathy 14 0.008 +——— 0.415 (0.216 - 0.798)
postherpetic_neuralgia 10 0.004 — 0.416 (0.230 - 0.751)
postherpetic_neuralgia 15 0.044 — 0.679 (0.466 - 0.990)
postherpetic_neuralgia 15 0.046 —_— 1.656 (1.009 - 2.717)
postherpetic_neuralgia 9 0.041 ——— 1.959 (1.028 - 3.732)
postherpetic_neuralgia 1 0.033 e 1.816 (1.048 - 3.145)
postherpetic_neuralgia 10 0.013 — 0.493 (0.282 - 0.861)
postherpetic_neuralgia 17 0.004 ——————— 2.094 (1.268 - 3.456)
postherpetic_neuralgia 8 0.013 —_— 1.709 (1.121 - 2.607)
sciatica 14 0.018 Ls! 0.898 (0.822 - 0.982)

sciatica 15 0.001 L] 0.897 (0.840 - 0.959)

sciatica 10  0.009 el 0.892 (0.819 - 0.972)

sciatica 10  0.047 L] 0.914 (0.836 - 0.999)

sciatica 15  0.008 L 0.911 (0.850 - 0.975)

sciatica 10  0.030 - 0.935 (0.880 - 0.993)
trigeminal_neuralgia 13 0.024 —— 1.315 (1.036 - 1.670)
trigeminal_neuralgia 17 0.029 —— 1.270 (1.025 - 1.574)
trigeminal_neuralgia 10 0.024 — 0.862 (0.758 - 0.981)
trigeminal_neuralgia 8 0.031 —— 0.645 (0.432 - 0.962)
trigeminal_neuralgia 4 0.046 —_— 1.531 (1.007 - 2.330)
trigeminal_neuralgia 12 0.007 == 1.329 (1.081 - 1.634)
trigeminal_neuralgia 10 0.006 — 0.677 (0.514 - 0.892)
unspecified_neuralgia 5 0.021 — 0.586 (0.372 - 0.922)
unspecified_neuralgia 14 0.026 — 1.323 (1.034 - 1.693)
unspecified_neuralgia 11 0.037 —— 0.743 (0.563 - 0.982)
unspecified_neuralgia 16 0.025 — 0.759 (0.596 - 0.967)
unspecified_neuralgia 15 0.040 —— 0.820 (0.679 - 0.991)
unspecified_neuralgia 13 0.012 —— 0.752 (0.602 - 0.940)
unspecified_neuralgia 10 0.025 — 0.684 (0.490 - 0.954)
unspecified_neuralgia 9 0.006 — 1.310 (1.079 - 1.591)
unspecified_neuralgia 1 0.035 — 0.690 (0.488 - 0.975)
unspecified_neuralgia 8 0.016 —— 0.661 (0.472 - 0.925)

0‘.5 1 1.‘5 2ﬁ5

Fig. 3 MRresults of causal associations between gut bacterial pathway abundances (GBPAs) and neuropathic pain. OR: odds ratio; Cl: confidence interval

P=0.004). However, the most significant risk factors were
s_Dorea formicigenerans (OR=12.014, 95% CI=2.514—
57.406, P=0.002) and phosphatidylglycerol biosynthesis
I (plastidic) (OR=2.094, 95% CI=1.268-3.456, P=0.004).

Five types of immune cells were positively associated
with the incidence of postherpetic neuralgia, with CD45
on B cell (OR=3.165, 95% CI=1.403-7.142, P=0.006)
having the strongest effect on postherpetic neural-
gia (Fig. 4b). Conversely, 18 types of immune cells were
negatively associated with the incidence of posther-
petic neuralgia, with CD62L-plasmacytoid dendritic
cell % dendritic cell (OR=0.504, 95% CI=0.326-0.779,
P=0.002) having the strongest effect on postherpetic neu-
ralgia. Additionally, adenosine deaminase (OR=0.675,
95% CI1=0.484-0.941, P=0.020) acted as a protective fac-
tor against postherpetic neuralgia (Fig. 5).

Sciatica
Notably, five gut microbiotas (s_Alistipes shahii,
s_Coprococcus  comes, g_Paraprevotella, p_Proteo-

bacteria, and s_Roseburia hominis) and six GBPAs

[6-hydroxymethyl-dihydropterin  diphosphate biosyn-
thesis I, guanosine ribonucleotide de novo biosynthe-
sis, inosine 5’-phosphate biosynthesis III, superpathway
of purine deoxyribonucleoside degradation, TCA cycle
V(2—-oxoglutarate ferredoxin oxidoreductase), and TCA
cycle VII (acetate producers)] were causally associ-
ated with decreased sciatica risk, with s_Alistipes shahii
(OR=0.908, 95% CI=0.835-0.987, P=0.023) and gua-
nosine ribonucleotide de novo biosynthesis (OR=0.897,
95% CI=0.840-0.959, P=0.001) being the
significant.

Furthermore, 32 and 19 types of immune cells were
positively and negatively associated with sciatica
risk, respectively (Fig. 4d). Among these, PDL-1 on
CD14+CD16—monocyte (OR=1.234, 95% CI=1.068—
1.426, P=0.004) and HLA DR on CD14+monocyte
(OR=0.948, 95% CI=0.925-0.973, P<0.001) were most
significantly associated with increased and decreased
sciatica risks, respectively. Moreover, we identified
that interleukin-18 (OR=0.888, 95% CI=0.826-0.955,
P=0.001) and latency-associated peptide transforming

most
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a Outcome: drug-induced_neuropathy

Exposure nSNP  OR (95% CI) pval
CCR2 on myeloid Dendritic Cell 1.623 (1.053 - 2.501

)
€D127 on CD8+ T cell 2.981(1.071 - 8.299)
)
)

CD20 on IgD+ B cell 1.682 (1.035 - 2.734) ———————— 0036

©D20 on IgD+ CD38dim B cell 1537 (1.029 - 2.296; mme— 0.036

CD20 on naive-mature B cell 1.659 (1.037 - 2.652) —————— 0035

CD24+ CD27+ B cell Absolute Count 20.313 (1.749 - 235.896) —————— 0016
CD28 on CD39+ secreting CD4 regulatory T cell 1573 (1.015 - 2.438) — 0.043
CD3 on resting CD4 regulatory T cell 0.671(0.471 - 0.958) —_— 0.028

CD4 on CD39+ CD4+ T cell 1.415 (1.007 - 1.988) — 0.046

CD4 on CD39+ secreting CD4 regulatory T cell 1.650 (1.024 - 2.659) —_——— 0039
CD4+/CD8+ T cell 0.046 (0.005 - 0.449)  +——+ 0.008

CD45 on HLA DR+ T cell 0.400 (0.189 - 0.843) —_— 0.016

CD8 on CD39+ CD8+ T cell 1.775 (1.066 - 2.954) —_— 0027
CD8+ T cell %T cell 20.918 (2.198 - 199.052) —— 0.008

HLA DR on HLA DR+ CD4+ T cell 4.270(1.322 - 13.797) — 0015

HLA DR on HLA DR+ Natural Killer 1.858 (1.034 - 3.337) p—————————— 0.038

HLA DR on HLA DR+ T cell
HLA DR on monocyte
HLA DR+ CD4+ T cell %lymphocyte
HLA DR+ CD4+ T cell %T cell
HLA DR+ CD4+ T cell Absolute Count
HLA DR+ CD8+ T cell %lymphocyte
HLA DR+ CD8+ T cell Absolute Count
HLA DR+ T cell Absolute Count
HLA DR+ T cell%lymphocyte
HLA DR++ monocyte %leukocyte

2715 (1211 - 6.084)
1376 (1.065 - 1.777)
0.475 (0.260 - 0.870)
0.421(0.196 - 0.902)
0.478 (0.254 - 0.898)
0.571 (0.364 - 0.895) —_— 0.015
)
)
)
)
)

8

0.587 (0.377 - 0.912,
0.596 (0.388 - 0.916;
0.627 (0.425 - 0.923,
1.894 (1.096 - 3.274;

NS 2 s A ANAEWONN SNBSS G NAN 2B NG o W

HLA DR++ monocyte %monacyte 1.754 (1145 - 2.685 ———— 0010
IgD- CD38- B cell Absolute Count 2.829 (1.083 - 7.394) —_— e 0034
IgD+ CD24+ B cell Absolute Count 13.383 (1.619 - 110.649) —— 0016

Memory B cell Absolute Count 18.980 (1.727 - 208.561) — 0016

Natural Killer T Absolute Count 2312 (1.317 - 4.058) —————— 0003

SSC-A on HLA DR+ T cell 0301 (0.113-0.800)  +———t 0016

Unswitched memory B cell %B cell 3715 (1.015 - 13.505) —_—— 0047

Unswitched memory B cell Absolute Count 6.560 (1.426 - 30.179) ————— 0016
T —

b Outcome: postherpetic neuralgia
Exposure nSNP OR (95% CI) pval
CD11b on basophil 1 0.607 (0.404 - 0.911) —_— 0.016
CD11b on CD33dim HLA DR- 1 0.598 (0.393 - 0.909) — 0.016
CD123 on CD62L+ plasmacytoid Dendritic Cell 2 0.471(0.291 - 0.762) —_— 0.002
CD123 on plasmacytoid Dendritic Cell 2 0.474 (0.294 - 0.764) — 0.002
CD28 on CD28+ CD45RA+ CD8+ T cell 3 1.491 (1.027 - 2.164) —_— 0.036
CD4 on HLA DR+ CD4+ T cell 2 0408 (0214 -0.779)  +——it 0.007
CD45 on B cell 2 3.165 (1.403 - 7.142) ——— 0.006
CD4-CD8- T cell %leukocyte 4 0.561 (0.324 - 0.971) —— 0.039
CD62L- plasmacytoid Dendritic Cell %Dendritic Cell 2 0.504 (0.326 - 0.779) —_— 0.002
CD62L- plasmacytoid Dendritic Cell Absolute Count 1 0.444 (0253 - 0.781) — 0.0058
CD8 on CD39+ CD8+ T cell 5 0.664 (0.443 - 0.995) — 0.047
CD80 on CD62L+ plasmacytoid Dendritic Cell 2 0.450 (0.270 - 0.749) —_— 0.002
CD80 on plasmacytoid Dendritic Cell 2 0.453 (0.273 - 0.751) —_— 0.002
CD8dim T cell %leukocyte 2 0.461(0.213 - 0.998) —_—— 0.049
CD8dim T cell %T cell 2 0.480 (0.231 - 0.996) —_—— 0.049
CD8dim T cell Absolute Count 3 0.483 (0.239 - 0.976) —_—— 0.043
FSC-A on CD14+ monocyte 1 10.110 (1.154 - 88.571) — 0.037
FSC-A on plasmacytoid Dendritic Cell 4 0.554 (0.310 - 0.988) —— 0.046
HLA DR on monocyte 4 0.812 (0.661 - 0.997) — 0.047
HLA DR++ monocyte Absolute Count 1 0.433 (0.229 - 0.820) —_— 0.010
Memory B cell %lymphocyte 2 2.660 (1.033 - 6.850) ———————————— 0,043
SSC-A on lymphocyte 1 2.538 (1.046 - 6.160) —_———— 0040
Transitional B cell Absolute Count 1 0.225 (0.068 - 0.748) +— 0.015

c Outcome: trigeminal neuralgia

Exposure nSNP  OR (95% Cl)
CD11¢ on CD62L+ myeloid Dendritic Cell 1.254 (1.062 - 1.481
CD19 on IgD+ B cell 0.624 (0.426 - 0.914,
CD19 on naive-mature B cell 0.474 (0.254 - 0.886;
CD20 on IgD- CD38- B cell 1.301 (1.015 - 1.669;
CD39+ CD4+ T cell Absolute Count 1.149 (1.008 - 1.310;
CD62L- plasmacytoid Dendritic Cell %Dendritic Cell 0.784 (0.639 - 0.963,
CD8&2L- plasmacytoid Dendritic Cell Absolute Count 0.738 (0.562 - 0.968;
HLA DR on CD33- HLA DR+ 1.098 (1.006 - 1.199;
HLA DR on Dendritic Cell 1.079 (1.006 - 1.157;
Unswitched memory B cell %B cell 0.420 (0.245 - 0.722,

I G N

)
)
)
)
)
)
)
)
)
)

Fig. 4 MR results of causal associations between immune cells and neuropathic pain. The results are presented for (a) drug-induced neuropathy, (b
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d Outcome: sciatica
Exposure nSNP OR (95% CI) pval
B cell %CD3- lymphocyte 3 0.955(0.914 - 0.998) " 0.039
CCR2 on CD14- CD16+ monocyte 1 1.182(1.013 - 1.378) —t 0.034
CCR2 on myeloid Dendritic Cell 3 0.935 (0.892 - 0.980) L 0.005
CD11c+ CD62L- monocyte Absolute Count 1 0.801(0.670 - 0.958) — 0.015
CD14- CD16- Absolute Count 3 1.115(1.017 - 1.222) laal 0.021
D14~ CD16+ monocyte Absolute Count 1 0.906(0.827 - 0.993) - 0.034
CD16-CD56 on HLA DR+ Natural Killer 2 1.190 (1.054 - 1.344) — 0.005
CD24 on IgD+ CD38+ B cell 2 0.846 (0.756 - 0.948) - 0.004
CD24 on transitional B cell 1 0.845 (0.738 - 0.968) — 0.015
CD25 on IgD- CD27- B cell 2 0.902 (0.829 - 0.982) - 0.017
CD25++ CD8+ T cell %CD8+ T cell 1 1.077 (1.011 - 1.146) - 0.021
CD28- CD127- CD25++ CD8+ T cell Absolute Count 1 0.832 (0.742 - 0.933) - 0.002
CD3 on CD28+ CD4+ T cell 2 1.048 (1.006 - 1.092) o] 0.024
CD3 on CD28+ CD45RA- CD8+ T cell 5 1.057 (1.002 - 1.115) - 0.041
CD3 on CD39+ activated CD4 regulatory T cell 5 1.034 (1.002 - 1.066) L 0.037
CD3 on CD39+ CD8+ T cell 1 1.073 (1.005 - 1.146) Il 0.036
CD3 on CD39+ resting CD4 regulatory T cell 1 1.081(1.008 - 1.160) el 0.029
CD3 on CD8+ T cell 2 1.061(1.009 - 1.116) - 0.022
CD3 on HLA DR+ CD8+ T cell 1 1.095 (1.009 - 1.188) [aal 0.030
CD3 on HLA DR+ T cell 2 1.057 (1.003 - 1.114) - 0.037
CD3on T cell 3 1.044 (1.000 - 1.089) - 0.050
CD3 on Terminally Differentiated CD4+ T cell 1 1.094 (1.006 - 1.190) - 0.036
CD39+ CD8+ T cell %CD8+ T cell 7 1.047 (1.005 - 1.090) - 0.027
CD4 on naive CD4+ T cell 5 0.870(0.791 - 0.956) P 0.004
CD62L- Dendritic Cell %Dendritic Cell 4 1.053 (1.014 - 1.093) " 0.007
CD80 on monacyte 6 0.967 (0.936 - 0.999) " 0.042
CD86 on monocyte 1 0.870 (0.761 - 0.995) — 0.042
CD86 on myeloid Dendritic Cell 1 1.075 (1.011 - 1.144) ot 0.022
CD86+ plasmacytoid Dendritic Cell %Dendritic Cell 1 0.859 (0.763 - 0.968) - 0.012
Dendritic Cell Absolute Count 3 1.060 (1.004 - 1.118) ] 0.035
HLA DR on CD14+ CD16- monocyte 5 0.950 (0.927 - 0.973) " <0.001
HLA DR on CD14+ monocyte 5  0.948(0.925 - 0.973) " <0.001
HLA DR+ Natural Killer %Natural Killer 6 0.958 (0.923 - 0.993) L] 0.019
HLA DR++ monocyte %leukocyte 2 0.892 (0.840 - 0.947) ot <0.001
HLA DR++ monocyte Absolute Count 1 0.851(0.780 - 0.928) - <0.001
HVEM on CD4+ T cell 1 1.085 (1.012 - 1.162) - 0.021
HVEM on CD45RA- CD4+ T cell 1 1.083 (1.012 - 1.158) Lol 0.021
HVEM on CD8+ T cell 1 1.085 (1.003 - 1.173) - 0.041
HVEM on Central Memory CD4+ T cell 1 1.087 (1.013 - 1.167) ael 0.021
HVEM on Central Memory CD8+ T cell 1 1.080 (1.012 - 1.153) b 0.021
HVEM on Effector Memory CD4+ T cell 1 1.096 (1.022 - 1.176) aad 0.010
HVEM on Effector Memory CD8+ T cell 1 1.087 (1.013 - 1.167) b 0.021
HVEM on naive CD4+ T cell 1 1.094 (1.008 - 1.186) [ aal 0.031
HVEM on T cell 1 1.087 (1.013 - 1.166) bt 0.021
HVEM on Terminally Differentiated CD4+ T cell 1 1.092 (1.004 - 1.189) [and 0.041
IgD- CD27- B cell %lymphocyte 2 0.921(0.858 - 0.987) - 0.021
Myeloid Dendritic Cell Absolute Count 3 1.050 (1.000 - 1.101) - 0.048
Naive CD4-CD8- T cell %T cell 1 1.163 (1.000 - 1.351) — 0.049
PDL-1 on CD14+ CD16- monocyte 1 1.234 (1.068 - 1.426) — 0.004
Plasmacytoid Dendritic Cell %Dendritic Cell 2 0.950(0.903 - 0.998) " 0.043
SSC-A on lymphocyte 1 1.182 (1.048 - 1.333) — 0.007

e Outcome: unspecified neuralgia
Exposure nSNP OR (95% Cl) pval
CD127- CD8+ T cell Absolute Count 1 1.624 (1.121 - 2.353) —_— 0.010
©D25 on CD4+ T cell 1 1.648 (1.037 - 2.618) —_— 0.035
©D25 on CD45RA- CD4 not regulatory T cell 2 1.337 (1.016 - 1.758) [E— 0.038
D25+ CDA4+ T cell 60D+ T cell 2 1.365(1.008 - 1.795) m— 0026
D254+ CD4+ T cell 4T cell 1 14531027 - 2059) — 003
D25+ CD4# T cell Absolut Count 1 11710312209 — 0035
CD25++ CDASRA- CD4 ot reguiatory T cell Absolute Count 21,260 (1.006 — 1.578) — 0044
CD25++ CD8+ T cell Absolute Count 3 1.240 (1.023 - 1.503) — 0.029
CD3 on Natural Killer T 2 0.667 {0.454 - 0.980) —_— 0.039
CD33+ HLA DR+ CD14dim %CD33+ HLA DR+ 1 1.446 (1.088 - 1.977) — 0.021
CD4 on HLA DR+ CD4+ T cell 2 1564 (1.150 - 2.128) —_— 0.004
CD4 on monocyte 1 0.708 (0.516 - 0.973) — 0.033
CD4 regulatory T cell %T cell 1 2.519(1.348 - 4.705) ———— 0.004
(CD45 on Immature Myeloid-Derived Suppressor Cells 2 1.139 (1.003 - 1.293) lan] 0.044
CD8+ T cell %leukocyte 1 1.671(1.129 - 2.473) —_— 0.010
CD8+ T cell Absolute Count 1 1.632 (1.122 - 2.373) —_— 0.010
CD8dim T cell %leukocyte 2 0.675 (0.464 - 0.982) —_— 0.040
CD8dim T cell %T cell 2 0.691 (0.485 - 0.986) —_— 0.041
CD8dim T cell Absolute Count 3 0.698 (0.496 - 0.983) —_— 0.039
FSC-A on plasmacytoid Dendritic Cell 4 0733 (0.556 - 0.966) — 0.028
HLA DR on CD33dim HLA DR+ CD11b- 5 1.139(1.027 - 1.264) — 0013
IgD- CD38dim B cell %lymphocyte 2 0647 (0.436 - 0.956) —_— 0.029
Immature Myeloid-Derived Suppressor Cells Absolute Count 2 0838(0.716 - 0.982) — 0.029
Memory B cell %lymphocyte 2 0571(0.361 - 0.902) —_— 0016
Naive CD4-CD8- T cell %T cell 1 0.528 (0.310 - 0.899) 0.019
Naive CDB# T cell %CD8# T cell 1 20181019 - 3995) 0044
Plasma Blast-Plasma Cell %lymphocyte 1 1.807 (1.042 - 3.132) 0.035
SSC-A on Natural Killer T 2 0.610 (0.421 - 0.883) 0.009
T8 cell 2 1707(1131 - 2.576) oot

postherpetic neuralgia, (c) trigeminal neuralgia, (d) sciatica, and (e) unspecified neuralgia. OR: odds ratio; Cl: confidence interval

growth factor beta 1 (OR=0.900, 95% CI=0.815-0.994,
P=0.038) were significantly associated with reduced
sciatica risk (Fig. 5), but stem cell factor (KITLG)
(OR=1.706, 95% CI=1.006-1.152, P=0.034) significantly
increased sciatica risk.

Trigeminal neuralgia

Eight gut microbiotas and seven GBPAs were associated
with trigeminal neuralgia (Figs. 2 and 3). The most nota-
ble were c_Deltaproteobacteria, o_Desulfovibrionales,
f Desulfovibrionaceae (OR=0.615, 95% CI=0.432-0.875,
P=0.007), and superpathway of GDP-mannose-derived
o-antigen biosynthesis (OR=0.677, 95% CI=0.514—0.892,
P=0.006). However, s_Roseburia unclassified (OR=1.213,
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Exposure

Interleukin-1-alpha levels
T-cell surface glycoprotein CD5 levels

Adenosine Deaminase levels

Interleukin-18 levels
Latency-associated peptide transforming growth factor beta 1 levels
Stem cell factor levels

Interleukin—15 receptor subunit alpha levels
SIR2-like protein 2 levels
TNF-beta levels
Tumor necrosis factor ligand superfamily member 14 levels

C-X-C motif chemokine 10 levels
Eukaryotic translation initiation factor 4E-binding protein 1 levels
Latency-associated peptide transforming growth factor beta 1 levels
Natural killer cell receptor 2B4 levels
Neurotrophin—3 levels
TNF-related apoptosis—inducing ligand levels
Tumor necrosis factor ligand superfamily member 12 levels
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Outcome nSNP OR (95% CI) pval
drug-induced_neuropathy 1 10.034 (1.945 - 51.753) ——— 0.006
drug-induced_neuropathy 6 2.315 (1.099 - 4.879) ——— 0.027
postherpetic_neuralgia 3 0.675 (0.484 - 0.941) —— 0.020
sciatica 4 0.888 (0.826 - 0.955) 0.001
sciatica 2 0.900 (0.815 - 0.994) 0.038
sciatica 11 1.076 (1.006 - 1.152) 0.034
trigeminal_neuralgia 3 0.821 (0.700 - 0.962) 0.015
trigeminal_neuralgia 1 2.060 (1.115 - 3.805) —_— 0.021
trigeminal_neuralgia 5 0.860 (0.758 - 0.976) 0.019
trigeminal_neuralgia 4 1.322 (1.036 - 1.687) L —— 0.025
unspecified_neuralgia 5 1.413 (1.036 - 1.928) — 0.029
unspecified_neuralgia 2 0.620 (0.389 - 0.988) — 0.045
unspecified_neuralgia 2 0.647 (0.455 - 0.921) —— 0.016
unspecified_neuralgia 6 1.714 (1.327 - 2.215) —_— <0.001
unspecified_neuralgia 1 0.225 (0.090 - 0.559) —— 0.001
unspecified_neuralgia 9 1.244 (1.061 - 1.458) —— 0.007
unspecified_neuralgia 6 0.710 (0.529 - 0.953) —— 0.023

Fig. 5 MR results of causal associations between inflammatory proteins and neuropathic pain

95% CI=1.021-1.440, P=0.028) and the superpathway
of acetyl-CoA biosynthesis (OR=1.329, 95% CI=1.081—
1.634, P=0.007) were strongly associated with increased
trigeminal neuralgia risk.

Five types of immune cells were positively associ-
ated with trigeminal neuralgia risk (Fig. 4c). Notably,
CDllc on CD62L+myeloid dendritic cell (OR=1.254,
95% CI=1.062-1.481, P=0.007) showed the strongest
effect. Conversely, another five types of immune cells
were negatively associated with trigeminal neuralgia risk,
with unswitched memory B cell % B cell (OR=0.420,
95% CI=0.245-0.722, P=0.002) being the most signifi-
cant. Moreover, interleukin-15 receptor subunit alpha
(OR=0.821, 95% CI=0.700-0.962, P=0.015) and TNE-
beta (OR=0.860, 95% CI=0.758—-0.976, P=0.019) were
significantly correlated with decreased trigeminal neural-
gia risk (Fig. 5). However, SIR2-like protein 2 (OR=2.060,
95% CI=1.115-3.805, P=0.021) and tumor necrosis
factor ligand superfamily member 14 (OR=1.322, 95%
CI=1.036-1.687, P=0.025) significantly increased tri-
geminal neuralgia risk (Fig. 5).

Unspecified neuralgia

Seven gut microbiotas were significantly associated with
unspecified neuralgia (Figs. 2 and 3). As protective fac-
tors, the c_Deltaproteobacteria, o_Desulfovibrionales,
and f Desulfovibrionaceae (OR=0.638, 95% CI1=0.437—
0.932, P=0.020) showed the strongest associations.
However, only s_Roseburia unclassified (OR=1.202,
95% CI=1.031-1.403, P=0.019) was identified as a risk
factor. Additionally, 10 GBPAs had causal associations
with unspecified neuralgia, with the superpathway of
geranylgeranyl diphosphate biosynthesis II (via MEP)

(OR=0.752, 95% CI=0.602-0.940, P=0.012) being the
most significantly associated with reduced unspecified
neuralgia risk. Conversely, the superpathway of heme
biosynthesis from uroporphyrinogen III (OR=1.310, 95%
CI=1.079-1.591, P=0.006) was the most significantly
associated with increased unspecified neuralgia risk.

We identified 18 and 11 types of immune cells that
significantly increased and reduced unspecified neural-
gia risk, respectively (Fig. 4e). Among these, CD4 regu-
latory T cell % T cell (OR=2.519, 95% CI=1.348-4.705,
P=0.004) was identified as the most notable risk fac-
tor, whereas SSC-A on natural killer T (OR=0.610, 95%
CI=0.421-0.883, P=0.009) was the most significant pro-
tective factor. Furthermore, neurotrophin-3 (OR=0.225,
95% CI=0.090-0.559, P=0.001) was strongly associated
with decreased unspecified neuralgia risk. Conversely,
the natural killer cell receptor 2B4 (OR=1.714, 95%
CI=1.327-2.215, P<0.001) was most significantly associ-
ated with increased unspecified neuralgia risk (Fig. 5).

Sensitivity analysis

In sensitivity analysis, Cochran’s Q test indicated no
significant evidence of heterogeneity for the associa-
tions between gut microbiota and neuropathic pain and
between inflammatory factors and neuropathic pain
(P>0.05, Additional file 1: Table S8 and S10). How-
ever, heterogeneity was detected for HLA-DR on HLA-
DR+natural killer cells, HLA-DR on monocytes, and
CD4 on naive CD4+T cells (P>0.05, Additional file
1: Table S9). To ensure robust and reliable results, we
used the IVW random effects model between the three
immune cells and neuropathic pain. MR-Egger inter-
cept and MR-PRESSO global test showed no pleiotropy
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(P>0.05, Additional file 1: Table S8—S10). Furthermore,
the leave-one-out analysis showed that no individual SNP
significantly affected the causal relationship between gut
microbiota and neuropathic pain (Additional file 2: Fig.
S1-S5). Additionally, beyond the associations between
GBPA-sulfate reduction I (assimilatory) and trigeminal
neuralgia; g Paraprevotella and sciatica; g Ruminococ-
caceae_noname and unspecified neuralgia; CD8dim T
cell % leukocyte, CD8dim T cell % T cell, and memory
B cell % lymphocyte and postherpetic neuralgia; and
CD3 on T cell and sciatica, all other causal relationships
were validated by at least one of the debiased IVW or
RAPS methods, confirming the robustness of the results.
For significant associations in the forward analysis, the
reverse MR analysis showed no obvious causal effect of
neuropathic pain on gut microbiotas, immune cells, and
inflammatory factors (Additional file 1: Table S11-S13).

Mediation analysis

We explored the causal effects of neuropathic pain-
related gut microbiota on immune cells and inflamma-
tory factors associated with neuropathic pain (Additional
file 1: Table S14). Based on the screening criteria, we pre-
liminarily identified 21 potential gut microbiota—immune
cells/inflammatory factor—neuropathic pain pathways
(Additional file 1: Table S15). Finally, we identified
that HLA-DR++monocyte % leukocyte mediated the
causal pathway between p_Proteobacteria and sciatica
(OR=0.970, 95% CI=0.942-0.999, P=0.038), account-
ing for 36.15% of the total effect. In addition, CD11c on
CD62L +myeloid dendritic cells might act as a mediator
in the causal association between GBPA-sulfate reduc-
tion I (assimilatory) and trigeminal neuralgia (OR=1.126,
95% CI=1.002-1.266, P=0.041), with a mediation pro-
portion of 27.90% (Fig. 6, Additional file 1: Table S16).

Discussion

We used a bidirectional two-sample MR analysis to
explore the causal relationships between gut micro-
biota and neuropathic pain, which showed 30 causal
associations with genetic predispositions between 26

Exposure Outcome

Total effect
p_Proteobacteria sciatica
Mediator (HLA-DR++ monocyte %leukocyte)
p_Proteobacteria HLA-DR++ monocyte %leukocyte
HLA-DR++ monocyte %leukocyte sciatica
Mediating effect
Total effect
GBPA-sulfate reduction | assimilatory trigeminal_neuralgia
Mediator (CD11c on CD62L+ myeloid Dendritic Cell)
GBPA-sulfate reduction | assimilatory
CD11c on CD62L+ myeloid Dendritic Cell
Mediating effect

trigeminal_neuralgia

CD11c on CD62L+ myeloid Dendritic Cell
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gut bacterial taxa and five types of neuropathic pain.
Additionally, we discovered 37 causal relationships that
involved 35 GBPAs associated with neuropathic pain.
Some gut microbiota species and GBPAs were risk fac-
tors, whereas others were protective factors against
various types of neuropathic pain. However, reverse
MR analysis did not show significant causal associations
from neuropathic pain to gut microbiota. Furthermore,
our findings primarily focused on the mediation roles of
immune cells in the relationship between gut microbiota
and neuropathic pain. Our results indicated that immune
cell phenotypes HLA-DR++monocyte % leukocyte
mediated the causal relationship between p_Proteobac-
teria and sciatica, whereas CD11c on CD62L+myeloid
dendritic cells mediated the causal pathway from GBPA-
sulfate reduction I (assimilatory) on trigeminal neuralgia.

We identified several bacterial taxa from the phyla Fir-
micutes and Proteobacteria as protective factors for neu-
ropathic pain. Jiao et al. revealed decreased abundances
of f Lachnospiraceae, g Dorea, and s_Eubacterium
hallii, from the phylum Firmicutes, in patients with
postherpetic neuralgia compared with healthy con-
trols [39]. Similarly, the abundances of g_Roseburia and
s_Coprococcus_comes were decreased in patients with
chronic pain [40, 41]. Additionally, these two taxa had
reduced abundances in inflammatory diseases [42—44].
Jalanka-Tuovinen et al. reported a significant decrease
in one phylotype within the Ruminococcus lactaris and
related species group in patients with abdominal pain
[45]. These findings support the hypothesis that these
bacterial taxa play a protective role in neuropathic pain.
For the phylum Proteobacteria, comprising c_Deltapro-
teobacteria, o_Desulfovibrionales, and f Desulfovibrio-
naceae, a recent study indicated that the abundances
of these bacterial taxa were negatively associated with
the severity of kidney injury in antineutrophil cytoplas-
mic antibody-associated vasculitis [46], indicating their
protective roles. However, o_Desulfovibrionales and
f Desulfovibrionaceae, which reduce sulfate to H,S, can
damage the intestinal barrier, resulting in the production
of endotoxins and pro-inflammatory cytokines [47]. This

nSNP pval OR (95% ClI) Proportion
10 0.035 — 0.919 (0.851 - 0.994)
10 0.012 m— 1.305 (1.060 - 1.607)
2 <0.001 — 0.892 (0.840 - 0.947)
0.038 v 0.970 (0.942 - 0.999) 36.15%
4 0.046 p————————— 1531 (1.007 - 2.330)
4 0.001 ——————— 1.690 (1.223 - 2.336)
2 0.007 —_— 1.254 (1.062 - 1.481)
0.041 —— 1.126 (1.002 - 1.266) 27.90%
[ T T 1
0.5 1 15 2

Fig. 6 The results of mediation analysis. OR: odds ratio; Cl: confidence interval. The prefix “p_"represents phylum
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appears contradictory, highlighting the possibility that
these bacterial taxa may exert different regulatory roles
across different diseases. Further studies are necessary to
elucidate the regulatory mechanisms of phylum Proteo-
bacteria and its subordinate bacterial taxa in neuropathic
pain.

In terms of risk factors, our study indicated that the
high abundances of s_Dialister invisus from the genus
Dialister, s_Ruminococcus obeum from the genus Blau-
tia, s_Dorea formicigenerans from the genus Dorea,
s_Desulfovibrio piger from the genus Desulfovibrio, and
s_Roseburia unclassified from genus Roseburia were
associated with an increased neuropathic pain risk.
However, direct evidence regarding whether these spe-
cific strains influence neuropathic pain is limited. It
was reported that the genus Dialister was significantly
involved in chronic pain [48]. The relative increases in the
ratios of Blautia to Lachnospira might be associated with
distal neuropathic pain in HIV patients, suggesting the
hypothesis that the genus Blautia could potentially con-
tribute to the risk of neuropathic pain [49]. This hypothe-
sis was further supported by Hadizadeh et al., who found
that the abundance of the genus Blautia was increased in
patients with abdominal pain [50]. Moreover, previous
studies showed that a high abundance of s_Dorea formi-
cigenerans was associated with psoriasis and severe acute
pancreatitis [51, 52]. In a recent study, the abundance of
the genus Desulfovibrio was reduced in the treatment
group of rats with spinal nerve ligation receiving ginger
root extract, which alleviated pain [53]. Additionally,
Goudman et al. reported an increased abundance of the
genus Roseburia in patients with fibromyalgia [54]. These
studies provide substantial clues that support our find-
ings that these strains might be associated with increased
neuropathic pain risk.

Additionally, our analysis revealed that some gut
microbiota metabolic pathways were causally associated
with neuropathic pain. Gut microbial metabolites, pro-
duced by metabolic pathways, are considered primary
mediators through which the gut microbiota impact host
physiology. These microbial metabolites play a significant
role in regulating various chronic pain conditions such
as headache, inflammatory pain, and neuropathic pain
[55]. Studies have shown that the mechanisms involved
in neuropathic pain are mediated by the activation of cer-
tain receptors or ion channels such as Toll-like receptors
(TLRs) and transient receptor potential (TRP) channels
[1]. Polyunsaturated fatty acids (PUFAs), as endogenous
agonists of TRPV4, could stimulate sensory neurons
to increase peripheral hypersensitivity, contributing
to the development of neuropathic pain [1, 56]. How-
ever, acetyl-coenzyme A (CoA) is an essential precur-
sor in de novo biosynthesis of fatty acids [57]. Therefore,
we hypothesize that the superpathway of acetyl-CoA
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biosynthesis may increase the risk of trigeminal neural-
gia through a mechanism involving the activation of the
TRPV4 channel driven by an increase in PUFAs. In addi-
tion, Diogenes et al. reported that lipopolysaccharide
(LPS) might contribute to neuropathic pain by triggering
TRPV1-mediated capsaicin responses via the TLR4 path-
way [58]. Moreover, LPS could induce depolarization and
firing of nociceptive neurons by activating the TRPA1
channel in a TLR4-independent manner, thereby lead-
ing to neurogenic inflammation and pain [1, 59]. These
findings may provide plausible explanations for how
s_Desulfovibrio piger, a Gram-negative bacterium that
produces LPS, increases the risk of postherpetic neural-
gia in our study. However, the exact regulatory mecha-
nisms remain to be further validated.

Acknowledging the close pathological relationships
among various neuropathic pain, we further explored the
shared gut microbiota and metabolic pathways causally
associated with these disorders. Interestingly, our study
identified specific species within the genus Roseburia
linked to sciatica, trigeminal neuralgia, and unspecified
neuralgia, while species from the genus Dorea were asso-
ciated with drug-induced neuropathy and postherpetic
neuralgia. Both genera belong to the family Lachnospira-
ceae, which has been found to have decreased abundance
in chronic pain [41]. This evidence suggests that Lachno-
spiraceae may play a critical role in shared pathogenesis
of various types of neuropathic pain. Additionally, we
found that 6-hydroxymethyl dihydropterin diphosphate
biosynthesis I was involved in sciatica and unspecified
neuralgia, while glycolysis I from glucose-6-phosphate
was causally associated with drug-induced neuropathy
and postherpetic neuralgia.

To better understand the mechanisms by which gut
microbiota affect neuropathic pain, we further focus
on the pivotal roles of immune cells as mediators. Our
study showed that different subtypes of dendritic cells
such as myeloid and plasmacytoid dendritic cells, along
with various subtypes of T cell, including CD4+T cells,
CD8+T cells and regulatory T cells (Tregs), were caus-
ally associated with neuropathic pain. Dendritic cells
recognized invading microbes through TLRs, triggering
proinflammatory cytokine production and promoting
antigen presentation to T cells, thereby activating adap-
tive immune responses [60]. Numerous studies have indi-
cated that CD4+T helper 1 cells might contribute to the
development and maintenance of pain, whereas CD8+T
cells and Tregs could alleviate pain [12, 61, 62]. Subse-
quently, the mediation analysis revealed that the immune
cell phenotype HLA-DR ++monocyte % leukocyte medi-
ated the causal effect of p_Proteobacteria on sciatica. The
monocyte expression of HLA-DR is crucial for present-
ing antigens to CD4+T cells, thereby initiating a specific
immune response [63]. Monocytes/macrophages exerted



Pan et al. The Journal of Headache and Pain (2024) 25:196

analgesic effects by releasing anti-inflammatory media-
tors, such as IL-10 and specialized pro-resolving media-
tors, promoting the resolution of the initial injury [64,
65]. Furthermore, the absence of these cells impeded the
resolution of inflammatory pain [66]. These findings sup-
ported that p_Proteobacteria might decrease sciatica risk
by regulating the anti-inflammatory effects mediated by
HLA-DR-++monocytes. Moreover, the immune cell phe-
notype CD11c on CD62L+myeloid dendritic cells medi-
ated the effect of GBPA-sulfate reduction I (assimilatory)
on trigeminal neuralgia. CD11c on CD62L +myeloid den-
dritic cell represents the expression of myeloid dendritic
cells in peripheral blood. Dendritic cells contribute to
cancer-associated neuropathic pain by sensitizing noci-
ceptor sensory neurons through paracrine factors [67].
Assimilatory sulfate reduction in bacterial cells could
produce cysteine, a precursor to glutathione crucial for
maintaining redox homeostasis [68]. Glutathione defi-
ciency inhibited dendritic cell maturation and reduced
pro-inflammatory cytokine production [69, 70]. Thus,
we deduced that assimilatory sulfate reduction increased
trigeminal neuralgia risk by promoting dendritic cell
maturation and subsequent pro-inflammatory cytokine
production. Although we were unable to determine the
mediating effect of certain immune cells and inflamma-
tory factors, our findings offer potential insights into
their mediation roles in the pathways from gut microbi-
ota to neuropathic pain, warranting further research.

A recent study by Lan et al. revealed that several
immune cells might mediate the effects of gut microbiota
on neuropathic pain (trigeminal neuralgia, postherpetic
neuralgia, and painful diabetic peripheral neuropathy)
[26]. Compared with this recent study, there were some
similarities and differences in our analysis. For data
sources, we utilized the exact same version of the Finn-
Gen R10 dataset as in Lan et al’s study in the analysis
of trigeminal neuralgia. However, we included a newer
dataset for postherpetic neuralgia from FinnGen R10,
compared to FinnGen R9 dataset in Lan et al’s study.
Moreover, we expanded our analysis to cover three
additional types: drug-induced neuropathy, sciatica,
and unspecified neuralgia. These datasets in our study
included more samples, providing a more comprehensive
and accurate analysis. Regarding methodology, our study
has several differences: First, we similarly relaxed the
P-value threshold for screening I'Vs of the gut microbiota
from 5x107° to 1x107° in our study, potentially introduc-
ing weak IVs. Lan et al. conducted Bayesian weighted
MR analysis as a supplementary analysis, whereas we
implemented debiased IVW and RAPS as supplemen-
tary methods to reduce weak instrument bias. However,
we maintained a strict threshold of P<5x107® for select-
ing more effective IVs for immune cells and inflamma-
tory factors. Second, we used the F-statistic calculated
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from R? to provide a more accurate and comprehensive
assessment of the genetic variance explained by the I'Vs,
accounting for their correlation and minimizing the
impact of multicollinearity. Third, only results with con-
sistent effect directions across all methods were included
in our analysis, ensuring the robustness and reliability of
our findings. These differences in dataset versions and
methodologies might contribute to the discrepancies in
the IVs utilized for MR analysis, potentially leading to
the differences between our findings and those reported
by Lan et al. Furthermore, in addition to determining
the mediating role of immune cells in the relationship
between gut microbiota and neuropathic pain, we evalu-
ated the potential mediating role of inflammatory factors,
thereby enriching our understanding of the underlying
mechanisms involved in neuropathic pain.

However, our study has certain limitations. The data in
this study primarily come from individuals of European
ancestry, potentially limiting the generalizability of our
findings. Furthermore, we assumed a linear relationship
between exposure and outcome in MR analyses, which
may not capture the potentially more complex and non-
linear relationships. Moreover, we ensured consistent
effect directions across all methods and applied a strict
p-value threshold to select IVs for immune cells and
inflammatory factors, enhancing the robustness of our
results. However, these rigorous approaches may have
inadvertently obscured the observation of some inter-
esting findings. Additionally, due to the lack of individ-
ual-level data (such as details on the use of antibiotics,
immunosuppressants, or other interventions), we were
unable to perform subgroup analysis, potentially intro-
ducing some bias into our results. Finally, our results may
be at risk for false positives without correction for mul-
tiple tests, and this study was intended to generate new
hypotheses rather than final definitive conclusions. Thus,
our findings should be considered preliminary and war-
rant further validation in future research.

Conclusion

In this study, we comprehensively explored the relation-
ships between gut microbiota, immune cells, inflamma-
tory factors, and neuropathic pain. There were 67 causal
associations with genetic predispositions between gut
microbiota (26 gut bacterial taxa and 35 GBPAs) and
neuropathic pain. Additionally, immune cells may act
as potential mediators in the causal pathways from gut
microbiota to neuropathic pain, whereas inflammatory
factors seem not to play a mediating role. These findings
may provide novel insights into the pathogenesis and
treatment strategies for neuropathic pain.
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