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ARTICLE INFO ABSTRACT

Gelsemium elegans (G. elegans) is a toxic medicinal plant traditionally used to treat chronic
pain, with its toxicity linked to indole alkaloids such as gelsemine and humantenmine (HMT).
Chronic pain often co-occurs with depression, a condition known to disrupt host-microbiota
interactions, potentially affecting drug metabolism and toxicity. However, the impact of co-
morbid depression on the toxicity of G. elegans remains unclear. This study investigates how
depression exacerbates the neurotoxicity of G. elegans and explores the role of the gut micro-
biota-host metabolic axis in this process. Depression-model mice were treated with G. eleg-
ans aqueous extract, gelsemine and HMT. Multi-omics approaches, including 16S rRNA se-
quencing and shotgun metagenomics, were used to analyze microbiota changes under de-
pressive conditions. Functional validation was performed using pseudo-germ-free mice, fecal
microbiota transplantation, and supplementation with Clostridium species and lithocholic
acid (LCA), as well as pregnane X receptor (Pxr) knockout models. The results showed that
depression significantly heightened the neurotoxicity of G. elegans, gelsemine and HMT.
Mechanistically, depression reduced Clostridium abundance and LCA levels, impairing PXR ac-
tivation and downregulating hepatic CYP3A11 expression. This disruption of the Clostridium-
LCA-PXR-CYP3A11 axis hindered the detoxification of indole alkaloids, leading to increased
systemic exposure and exacerbated neurotoxicity. Restoration of this pathway through
Clostridium or LCA supplementation alleviated the toxicity. These findings highlight the role of
the Clostridium-LCA-PXR-CYP3A11 axis in the altered toxicity of G. elegans in a depressive
state, and suggest that Clostridium species and their metabolites may serve as a potential
strategy for mitigating toxicity.
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1. Introduction

Gelsemium elegans Benth. (G. elegans), a highly toxic medicin-
al plant native to Southeast Asia, has been traditionally used to
treat chronic pain . Its pharmacological effects are primarily at-
tributed to its major indole alkaloids, such as gelsemine, humant-
enmine (HMT) and koumine *°. These alkaloids exert remark-
able analgesic activity by acting on central pathways such as gly-
cine receptors and neurosteroid signaling “’. Because of their ef-
ficacy, these indole alkaloids have been proposed as promising
opioid alternatives, with the potential to overcome limitations of
current opioid treatments, such as addiction and tolerance *°.
Nevertheless, the clinical use of G. elegans is severely constrained
by its dose-dependent neurotoxicity, which manifests as symp-
toms such as dizziness, ataxia, and respiratory suppression 10
Previous studies have reported that the LDs, of G. elegans
aqueous extract is approximately 15 mg-kg™ ''. The LDs, values
of gelsemine and HMT in mice are 56.2 and 0.185 mg-kg™’, re-
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spectively .

Chronic pain, a major indication for G. elegans, frequently co-
exists with depression, affecting approximately 30%-50% of pa-
tients with depression '*'*, Disease states can profoundly alter
drug efficacy and toxicity. For example, inflammatory diseases
downregulate cytochrome P450 enzymes, thereby enhancing the
hepatotoxicity of acetaminophen °, and diabetes increases sus-
ceptibility to doxorubicin-induced cardiotoxicity through meta-
bolic remodeling *°. Previous research has demonstrated that de-
pression can markedly influence the efficacy and safety of tradi-
tional herbal medicines. For instance, clinical case reports have
documented acute liver failure in depressed patients after con-
suming Polygonum multiflorum, likely due to depression-associ-
ated suppression of CYP1A2 activity, which promotes accumula-
tion of hepatotoxic anthraquinones . Similarly, the efficacy of
paeoniflorin depends on its gut microbiota-mediated conversion
to benzoylpaeoniflorin, a process reduced under depressive con-
ditions owing to altered microbial composition . Furthermore,
the metabolism and therapeutic outcomes of antidepressants,
such as selective serotonin reuptake inhibitors, are also affected
by depression-associated microbial dysbiosis *’.

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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Recent studies have highlighted the pivotal role of gut micro-
biota in modulating drug efficacy and toxicity “***. The gut micro-
biota can directly modify drug activity through enzymatic reac-
tions or indirectly regulate host drug-metabolizing enzymes via
microbial metabolites, thereby influencing both drug efficacy and
safety ****. Key microbial metabolites, including secondary bile
acids, short-chain fatty acids, and indole derivatives, can activate
nuclear receptors such as pregnane X receptor (Pxr)and con-
stitutive androstane receptor (Car), thereby regulating hepatic
CYP450 and phase II enzyme expression *”*°. Depression-associ-
ated microbial dysbiosis—characterized by reduced Firmicutes
and increased Proteobacteria—may impair these pathways, limit
host detoxification capacity, and disrupt drug bioactivation or in-
activation, while also altering brain-gut signaling and contribut-
ing to behavioral and cognitive dysfunction *’. Dysbiosis under
depressive conditions may further reduce the formation of active
or detoxified metabolites, thereby altering the metabolism and
efficacy of both conventional drugs and herbal medicines. Togeth-
er, these observations suggest that depression can significantly
modify the metabolism and toxicity of drugs and herbal com-
pounds. However, whether comorbid depressive states exacer-
bate the neurotoxicity of G. elegans remains unknown. Elucidat-
ing the underlying microbiota-host metabolic mechanisms may
provide critical insights into the safe use of this toxic but pharma-
cologically valuable medicinal plant.

In this study, we explore how comorbid depression alters the
microbiota-host metabolic axis and exacerbates the toxicity of G.
elegans. We found that depression reduced the abundance of the
key bacterium Clostridium and its metabolite lithocholic acid
(LCA), leading to suppression of the PXR-CYP3A11 pathway. This
impairment hindered the metabolism of G. elegans alkaloids, res-
ulting in accumulation of the parent compounds and increased
neurotoxicity. Supplementation with Clostridium or LCA restored
PXR-CYP3A11 activity, promoted alkaloid metabolism, and allevi-
ated toxicity. These findings reveal a novel mechanism by which
depression modulates drug metabolism and toxicity, providing
critical insights for the safety evaluation of traditional medicinal
plants.

2. Materials and methods

2.1. Chemicals and reagents

Humantenmine (HMT, JOT-10444, purity > 98%), gelsemine
(JOT-10563, purity > 98%), koumine (JOT-10562, purity > 98%)
were purchased from Chengdu Pufeide Biotech Co., Ltd. (Cheng-
du, China). Testosterone (MB1636, purity > 98%) was purchased
from MeilunBio Biotech Co., Ltd. (Dalian, China). 63-OH-testoster-
one (B70332, purity > 98%), ursodeoxycholic acid (UDCA,
B21405, purity > 98%), chenodeoxycholic acid (CDCA, B20347,
purity > 98%), deoxycholic acid (DCA, B21032, purity > 98%),
deoxycholic acid-d, (DCA-d4, S22163, purity > 98%), and
lithocholic acid (LCA, B28100, purity > 98%) were purchased
from Shanghai Yuanye Biotech Co., Ltd. (Shanghai, China). All re-
maining reagents were of analytical grade or higher and obtained
from commerecial suppliers.

2.2. Animals

Male C57BL/6] mice, 6-8 weeks old, were obtained from
Sipeifu Biotechnology Co., Ltd. [Beijing, China; License number:
SCXK (Jing) 2024-0001]. Male Pxr knockout mice, 6-8 weeks old,
on a C57BL/6] genetic background were generously provided by
West China Hospital, Sichuan University (Chengdu, China) *. All
experimental animals were housed in a specific pathogen-free
(SPF) facility under controlled conditions (24 * 1 °C, 12 h
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light/dark cycle). Animal experiments were performed using pro-
tocols approved by the Institutional Animal Care and Use Com-
mittee of Southern Medical University (Guangzhou, China; Ap-
proval No. SMUL202402029).

2.3. Spared nerve injury (SNI)

The SNI procedure was performed as previously described *°.
Mice were briefly anesthetized with isoflurane, and a longitudin-
al incision was created proximal to the knee with a surgical
scalpel to reveal the sciatic nerve. Careful ligation and transec-
tion of the common peroneal and tibial nerves were performed
distal to the ligation site, followed by excision of a 3 mm segment
from the distal stump, whereas the sural nerve was left unaltered.
Sham-operated control mice underwent identical surgical pro-
cedures without nerve injury. Mice were monitored for 28 days
following surgery, and behavioral outcomes of the nerve injury
were evaluated using the mechanical withdrawal test (MWT) *'.
In brief, the plantar surface of the mouse hind paw was gently
stimulated perpendicularly with a 0.04 g von Frey filament, and
withdrawal responses were noted. A paw withdrawal response to
the stimulus was considered positive, whereas absence of a re-
sponse was regarded as negative. Depending on the outcome, von
Frey filaments of lower or higher force were subsequently ap-
plied.

2.4. Chronic restraint stress

Chronic restraint stress was conducted following our previ-
ously described protocols *'. Specifically, mice were restrained in
a plastic holder that restricted their movement without applying
pressure for 6 h daily for 28 days. To assess depressive-like beha-
viors, we recorded immobility time in both the tail suspension
test (TST) and the forced swimming test (FST), in which pro-
longed immobility time reflects a greater severity of depression-
like states. In the TST, the tip of each mouse’s tail was secured
with adhesive tape, and the mouse was suspended approxim-
ately 30 cm above the floor. In the FST, each mouse was placed
individually in a transparent cylindrical container (10 cm x
10 cm x 25 cm) filled with water maintained at 22-24 °C. Both
tests lasted 6 min, and immobility time during the final 4 min was
recorded for analysis *. All behaviors were video-recorded, and
immobility time was manually scored by two experimenters
blinded to the groups. Immobility was defined as the absence of
active struggling in the TST, with the mouse hanging passively in
a vertical, head-down position, and as the cessation of active
swimming or climbing in the FST, with the mouse floating and
making only minimal movements to keep its head above the wa-
ter without forward progression.

2.5. SNI combined with chronic restraint stress

Mice underwent SNI surgery, and from postoperative day 4,
chronic restraint stress was applied daily for 28 consecutive days
to induce a depression model. Behavioral outcomes resulting
from nerve injury and stress were evaluated using the MWT, TST,
and FST.

2.6. Gut microbiota depletion

A cocktail of antibiotics was administered in the drinking wa-
ter for two weeks to deplete gut microbiota. The solution con-
tained ampicillin (0.5 gL', MB1378), neomycin (0.5 gL™,
MB1716), vancomycin (0.5 g-L™', MC16839), and metronidazole
(0.25 g-L™", MB2200-1) *', all of which were purchased from
Meilunbio Biotech Co., Ltd. (Dalian, China). The successful estab-
lishment of the antibiotic-induced pseudo-germ-free model was
confirmed by qPCR analysis of fecal samples, which showed a
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marked reduction in bacterial DNA concentration.
2.7. Fecal microbiota transplantation (FMT)

Donor mouse feces (100 mg) were homogenized in 1 mL of
sterile saline and centrifuged at 1000 r-min" for 3 min at 4 °C. A
100 pL aliquot of the supernatant containing bacteria was de-
livered to recipient mice via oral gavage **. Specifically, Stress +
FMT group received daily FMT for 14 days after exposure to 14
days of chronic restraint stress, whereas sham-transplanted con-
trols were given an equal volume (200 pL) of sterile PBS under
identical conditions.

2.8. Preparation of G. elegans aqueous extract samples

Precisely 100 g of G. elegans powder was accurately weighed
and immersed in 1000 mL of distilled water at room temperat-
ure overnight. The resulting suspension was then subjected to
heat reflux extraction at 100 °C for 3 h. After cooling, the mixture
was filtered through gauze to obtain a clear solution. The residue
was extracted twice more under the same conditions for 2 h each.
All three filtrates were combined, concentrated under reduced
pressure with a rotary evaporator, and freeze-dried to yield a dry
extract (extraction yield: 0.38% W/W, calculated as the weight of
lyophilized extract relative to the initial dried material). The con-
centrations of major alkaloids in the aqueous extract were quan-
tified by HPLC-MS/MS, revealing HMT, gelsemine, and koumine
levels of 35.53, 15.8, and 53.46 pg-g ", respectively.

2.9. Toxicity assessment experiments

The dosages of G. elegans aqueous extract, gelsemine, and
HMT were determined based on both pilot dose-response stud-
ies and previously reported LDs, values . The aqueous extract
was administered at 60 mg-kg™, as pilot studies indicated that a
lower dose (30 mg-kg™) produced no detectable neurotoxicity,
whereas a higher dose (120 mg-kg™) caused significant mortality.
The intermediate dose (60 mg-kg™") consistently induced measur-
able neurotoxic effects without lethality (Figs. S1A and S1B),
making it suitable for assessing disease-toxicity interactions. For
the individual alkaloids, gelsemine and HMT were administered
at 37.5 and 0.15 mg-kg™", respectively, corresponding to approx-
imately 1/2 LDs, to LDs, based on literature-reported LDs, val-
ues. These doses were sufficient to induce neurotoxicity while
avoiding mortality. Mice were euthanized 1 h post-administra-
tion, and blood and tissue samples were obtained. Brain levels of
acetylcholine (ACh), acetylcholinesterase (AChE) and malondial-
dehyde (MDA) were quantified using commercial assay kits sup-
plied by Jiancheng Bioengineering Institute (Nanjing, China). For
the survival study, HMT was administered intraperitoneally at
0.2 mg-kg™", a dose slightly above its LD, and mouse mortality
was monitored over 120 h following administration.

2.10. Clostridium scindens (C. scindens) culture and treatment

C. scindens (B295781; Ningbo Mingzhou Biotech Co., Ltd.,
Ningbo, China) was cultured anaerobically following the supplier’
s instructions. Bacterial cells were collected by centrifugation and
resuspended in PBS. The resulting suspension was administered
to experimental mice by oral gavage at a dose of 200 uL (1 x 10°
CFU-mL™) once daily for 14 days **. The abundance of C. scindens
in the mouse gut was measured by qPCR after bacterial coloniza-
tion to assess the success of the colonization model.

2.11. Supplementation with lithocholic acid (LCA)

Intraperitoneal injections of LCA (31.25 mg-kg™") were given
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to mice once daily for four consecutive days following 24 days of
restraint stress *°. Subsequently, HMT toxicity experiments were
conducted, and brain biochemical parameters were measured as
previously described.

2.12. Real-time quantitative PCR analysis (qPCR)

Total RNA was isolated from tissues using RNAiso Plus re-
agent (Code No. 9180, Takara, Japan), while total DNA was ex-
tracted from cecal contents with a DNA extraction kit (FORE-
GENE, Chengdu, China). The integrity and concentration of RNA
and DNA were determined according to protocols previously re-
ported by our laboratory. For normalization, 16S rRNA was used
as the reference gene for DNA and Gapdh for RNA. The sequences
of all primers used are presented in Table S1.

2.13. Western blotting

SDS-PAGE was performed to separate protein samples, fol-
lowed by transfer onto PVDF membranes. The membranes were
incubated with primary antibodies and then with secondary anti-
bodies. Protein bands were visualized through enhanced chemi-
luminescence using the Omega LumG imaging system, and their
intensities were quantified with Image] (version 1.8.0, NIH, USA).
The primary antibodies used in this study included anti-CYP3A11
(A2544, ABclonal), PXR monoclonal antibody (67912-1-Ig, Pro-
teintech), and anti-GAPDH (60004-1-Ig, Proteintech).

2.14. Liver microsome metabolism

Liver microsome metabolism assays were conducted as pre-
viously described *. Briefly, the incubation mixture comprised
solution A, solution B, liver microsomes (0.5 mg-mL™), and
testosterone (2 pg-mL™") in 50 mmol-L™" potassium phosphate
buffer. Samples were incubated for 1 h at 37 °C with shaking at
100 r-min”". Metabolism was terminated by adding three volumes
of methanol, followed by centrifugation at 13 000 r-min™ for
30 min at 4 °C. The supernatant was then collected for analysis
using UPLC-MS/MS.

2.15. UPLC-MS/MS analysis

Liver and colon tissues were collected and homogenized in
physiological saline at a 1:10 (W/V) ratio. An ACQUITY™ UPLC
BEH Cyg column (50 mm x 2.1 mm LD., 1.7 pm) was used for
chromatographic separation. Methanol (A) and water containing
0.1% formic acid (B) were used as the mobile phases. The elution
program was as follows: 0-0.8 min, 5% A; 0.8-3.0 min, 5%-
95% A; 3.0-3.5 min, 95% A; 3.5-4.0 min, 95%-5% A; 4.0-
5.0 min, 5% A. Total flow rate was 0.3 mL-min"". G. elegans alkal-
oids, testosterone, and their metabolites were quantified by UPLC-
MS/MS using the following MRM transitions: m/z 327.2-296.2
for HMT, m/z 323.2—-236.2 for gelsemine, m/z 307.2—180.2 for
koumine, m/z 343.2—-312.3 for HMT metabolite, m/z 289.3-97.1
for testosterone, and m/z 305.3-269.3 for 63-OH-testosterone.
For the quantification of bile acids, the transitions of m/z
437-391 for CDCA, m/z 437—391 for UDCA, m/z 391-345.2 for
DCA, m/z 421-375 for LCA, m/z 395-349.2 for the internal
standard (IS, DCA-d,) were performed.

2.16. 165 rRNA sequencing

Fecal bacterial DNA was isolated with the FastDNA™ spin kit
for soil (MP Biomedicals, Southern California, USA), and its con-
centration and purity were determined using a NanoDrop 2000
UV-Vis spectrophotometer **. The hypervariable region V3-V4 of
the bacterial 16S rRNA gene was amplified using primer pairs
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338F (5'-ACTCCTACGGGAGGCAGCAG-3") and 806R (5'-GGAC-
TACHVGGGTWTCTAAT-3") on an ABI GeneAmp® 9700 PCR ther-
mocycler. The PCR products were purified using the AxyPrep
DNA gel extraction kit (Axygen Biosciences, CA, USA) according
to the manufacturer’s protocol and quantified with a Quantus™
Fluorometer (Promega, USA). Sequencing of the 16S rRNA ampl-
icons was performed on the Illumina MiSeq platform (Majorbio
Bio-pharm Technology Co., Ltd., Shanghai, China).

2.17. Shotgun metagenomics sequencing

For DNA obtained from control and stress mice, concentra-
tion was determined with a TBS-380, while purity was evaluated
using a NanoDrop 2000 spectrophotometer. DNA extract was
fragmented to an average size of about 400 bp using Covaris
M220 (Gene Company Limited, China) for paired-end library con-
struction. Paired-end library was constructed using NEXTFLEX
Rapid DNA-Seq (Bioo Scientific, Austin, TX, USA). Paired-end se-
quencing was performed on Illumina Novaseq 6000 (Illumina
Inc., San Diego, CA, USA) at Majorbio Bio-Pharm Technology Co.,
Ltd. (Shanghai, China) using NovaSeq 6000 S4 reagent kit accord-
ing to the manufacturer’s instructions (www.illumina.com). Open
reading frames (ORFs) from each assembled contig were pre-
dicted using Prodigal, and ORFs with a length of = 100 bp were
retained. The best-hit taxonomy of non-redundant genes was as-
signed by aligning sequences against the NCBI NR database using
DIAMOND with an e-value cutoff of 1 x 107, To target the Kyoto
Encyclopedia of Genes and Genomes database (http://
www.genome.jp/kegg/), BLASTP (Version 2.2.28+) was utilized
with an e-value cutoff of 1 x 107,

2.18. GMrepo database analysis

Phenotypic associations based on genus-level relative micro-
bial abundance were obtained from GMrepo, a comprehensive
database of human gut metagenomic data *’. This analysis served
to provide supportive human evidence for the potential clinical
relevance of the identified bacteria, rather than direct clinical val-
idation of the animal model findings. After searching the data-
base using the keyword “depression” (MeSH ID: D003863) to
identify depression-associated samples, we performed a detailed
screening process. We included only studies that reported shot-
gun metagenomic sequencing data from human stool samples
with sufficient sequencing depth (excluding samples with less
than 1 Gbp of quality reads) and comprehensive metadata distin-
guishing between healthy controls and clinically diagnosed de-
pression patients. Samples were strictly excluded if the metadata
indicated co-morbid major gastrointestinal diseases, history of
antibiotic use within one month prior to sampling, or diagnosis of
other severe psychiatric disorders (e.g., schizophrenia, bipolar
disorder). The relative abundance of bacterial genera was calcu-
lated and normalized to 100% for each stool sample. Taxonomic
annotation in the GMrepo database was performed centrally by
the database curator using standardized metagenomic profilers
(e.g., MetaPhlAn2). Using GMrepo RESTful APIs for R (version
3.6.1, https://www.r-project.org/) and the RStudio (version
1.1.442, https://posit.co/) software, genus-level abundance data
for Clostridium, Akkermansia, and Bifidobacterium were re-
trieved from samples of both healthy individuals and patients
with depression. Sample quality was evaluated by reviewing the
associated metadata and supplementary materials from refer-
enced publications. Subsequent analysis focused on comparing
the relative abundance of Clostridium between the healthy and
depressed groups, using the raw data provided by GMrepo
without any modification or reprocessing of the original dataset.

2.19. Statistical analysis

Data are expressed as the mean # standard error of the mean
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(SEM). Statistical comparisons between two groups were per-
formed using Student’s t-test, while comparisons among multiple
groups were conducted using one-way or two-way ANOVA fol-
lowed by Bonferroni’s post hoc test to correct for multiple com-
parisons. The significance threshold was set at P < 0.05 after cor-
rection. In addition, all experimental data underwent rigorous
quality control. Behavioral assessments were scored by two inde-
pendent blinded experimenters with high inter-rater reliability.
Molecular and omics data were subjected to standard quality
checks (e.g., RNA integrity number > 8 for qPCR; sequencing
depth > 10 000 reads per sample for 16S data). All statistical ana-
lyses were performed using GraphPad Prism 8 (GraphPad Soft-
ware, USA). The specific statistical tests used are detailed in the
figure legends.

3. Results

3.1. Depression significantly amplifies the neurotoxicity induced by
G. elegans aqueous extract, gelsemine, or HUT

To investigate how depression influences the neurotoxicity
induced by G. elegans, we first established a chronic restraint
stress mouse model to mimic depression, a spared nerve injury
(SNI) mouse model to simulate chronic neuropathic pain, and a
combined mouse model to replicate the comorbidity of neuro-
pathic pain and depression (Fig. 1A). Behavioral assessments
showed that SNI and SNI + Stress mice exhibited a significant re-
duction in MWT, whereas SNI + Stress mice displayed markedly
increased immobility in both the TST and FST, confirming suc-
cessful establishment of the SNI and depression models (Figs. 1B
and 1C). Notably, stress alone did not affect MWT (Figs. S2A and
S2B). Under depressive conditions, the neurotoxicity of G. eleg-
ans aqueous extract, gelsemine, and HMT was significantly en-
hanced, asevidenced by elevated acetylcholine (ACh) and re-
duced acetylcholinesterase (AChE) activity (Figs. 1D-1F). In mice
with comorbid depression and chronic pain, HMT administration
induced pronounced neurotoxic effects, including increased brain
ACh and malondialdehyde (MDA) levels, decreased AChE concen-
trations, and reduced survival rates. In contrast, under chronic
pain alone, HMT toxicity remained unchanged (Figs. 1G and 1H).
Collectively, these results demonstrate that depression, rather
than chronic pain alone, plays a critical role in exacerbating G. el-
egans neurotoxicity.

3.2. Dysregulated gut microbiota amplifies HMT neurotoxicity in
depressive states

To investigate the mechanisms underlying the heightened
toxicity of HMT in depressive states, gut microbiota dysbiosis was
first confirmed by 16S rRNA gene sequencing, revealing pro-
nounced alterations in microbial diversity and composition (Figs.
2A and 2B). Next, the gut microbiota was depleted using a broad-
spectrum antibiotic (Abx) cocktail, and qPCR analysis showed
that Abx treatment markedly reduced fecal DNA concentrations,
confirming successful microbiota depletion (Fig. S3A). Notably,
Abx treatment alone did not alter key neurotoxicity markers in
brain tissue, including ACh and AChE (Fig. S3B). Under HMT ad-
ministration, however, Abx treatment abolished the depression-
induced exacerbation of HMT neurotoxicity, as evidenced by the
absence of significant differences in ACh, AChE, and MDA levels
between the Abx-Control and Abx-Stress groups (Figs. 2C and
2D). These findings indicate that depletion of the gut microbiota
masks the depression-induced exacerbation of HMT toxicity. To
further validate the role of gut microbiota in HMT toxicity, FMT
experiments were performed. Fecal microbiota from healthy
donor mice was collected and transplanted into recipient mice


http://www.illumina.com
http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
https://www.r-project.org/
https://www.r-project.org/
https://www.r-project.org/
https://posit.co/

F. Zhang et al.

subjected to chronic stress (Fig. 2E). As expected, FMT signific-
antly mitigated HMT neurotoxicity in stressed mice compared to
stressed mice not receiving FMT (Fig. 2F). Collectively, these data
indicate that the depression-induced increase in HMT toxicity is
mediated, at least in part, through the gut microbiota.

3.3. Decreased abundance of Clostridium exacerbates HMT toxicity
in depression

To elucidate how intestinal microbiota imbalance contrib-
utes to the exacerbation of HMT neurotoxicity under depressive
conditions, we conducted 16S rRNA sequencing and shotgun
metagenomic analysis to profile the gut microbiota of Control and
Stress mice. The 16S rRNA sequencing identified 146 differential
genera, while shotgun metagenomics revealed a broader spec-
trum of 1493 variable species (Fig. 3A). By integrating both data-
sets, we identified 78 genera that exhibited significant and con-
cordant alterations in abundance (Fig. 3A). Pearson correlation
analysis demonstrated strong agreement between the two data-
sets (Fig. 3B), and the abundance profiles of these 78 genera were
visualized across both platforms (Figs. 3C and 3D). Among them,
52 genera showed consistent directional changes (Fig. 3E). To re-
late these findings to clinical relevance, we compared our data
with the Data Repository for Human Gut Microbiota, which cata-
logs microbial signatures in healthy and depressed individuals.
Notably, Bifidobacterium, Akkermansia, and Clostridium showed
concordant trends in abundance across both species (Figs.
3F-3H). Cladogram and linear discriminant analysis (LDA) based
on metagenomic data further pinpointed species-level changes:
the relative abundances of Bifidobacterium animalis, Akker-
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mansia muciniphila, Clostridium sp. CAG:452 and Clostridia bac-
terium were significantly reduced in Stress mice compared to
Control mice (Figs. 3[-3K). Previous studies have reported that
Clostridium constitutes approximately 10%-40% of the total hu-
man gut microbiota, whereas Bifidobacterium and Akkermansia
typically account for less than 5% ***. Given that Clostridium sp.
CAG:452, and Clostridia bacterium are not culturable or commer-
cially available for in vivo studies, we selected Clostridium
scindens (C. scindens), which possesses highly homologous bai
gene clusters, to validate the functional role of Clostridium in
HMT detoxification (Fig. 4A). Following successful colonization of
stressed mice (Fig. S4A), HMT-induced neurotoxicity was
markedly attenuated, as evidenced by significantly reduced brain
levels of ACh and MDA, alongside restoration of AChE activity
(Fig. 4B). Notably, colonization with C. scindens alone did not af-
fect ACh or AChE levels in brain tissue (Fig. S4B). Further analys-
is showed that FMT increased the relative abundance of C.
scindens in the feces of stressed mice (Fig. S4C). Collectively,
these findings suggest that the depression-associated depletion of
Clostridium plays a key role in mediating the heightened neuro-
toxicity of HMT. Restoration of Clostridium abundance may offer a
promising strategy to mitigate herb-induced toxicity in depress-
ive states.

3.4. Lower levels of LCA, a metabolite produced by Clostridium, ex-
acerbate HMT toxicity in depression

To investigate how Clostridium mediates HMT toxicity in de-
pression, we focused on its endogenous metabolic products. A
major function of Clostridium involves bile acid metabolism, par-
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Fig. 1 Depression significantly amplifies the neurotoxicity induced by G. elegans aqueous extract, gelsemine, or HMT. (A) Schematic timeline of the experimental proced-
ures involving spared nerve injury (SNI) combined with restraint stress and HMT toxicity assessment (0.15 mg-kg™, intraperitoneal injection). (B) The mechanical with-
drawal test of Control, Sham, SNI, and SNI + Stress mice (n = 6 per group). (C) Immobility duration measured in TST and FST of Control, Sham, SNI, and SNI + Stress mice
(n = 6 per group). (D) Brain tissue concentrations of acetylcholine (ACh) and acetylcholinesterase (AChE) after administration of G. elegans aqueous extract (n = 5 per
group). (E) Brain tissue concentrations of ACh and AChE after administration of gelsemine (n = 5 per group). (F) Brain tissue concentrations of ACh and AChE after adminis-
tration of HMT (n = 5 per group). (G) Survival rates of Control, Sham, SNI, and SNI + Stress mice following HMT administration (n = 9 per group). (H) Concentrations of ACh,
AChE and malondialdehyde (MDA) in the brains of Control, Sham, SNI, and SNI + Stress mice (n = 5 per group). Data are presented as mean + SEM. (D-F) were analyzed us-
ing Student’s t-test, while (B, C, and H) were evaluated for statistical significance using one-way ANOVA with Bonferroni post hoc test. “P < 0.05, ““P < 0.01, SNI vs Sham; P <
0.05, "P<0.01, SNI + Stress vs Sham.
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Fig. 2 Dysregulated gut microbiota amplifying HMT neurotoxicity during depression. (A) a-Diversity analysis using Shannon index and Simpson index at the operational
taxonomic unit (OTU) level following 16S rRNA sequencing on fecal samples obtained from Control and Stress mice (n = 5 per group). (B) B-Diversity analysis using princip-
al component analysis (PCA) and principal coordinates analysis (PCoA) on OTU level from Control and Stress mice (n = 5 per group). (C) Schematic timeline of restraint
stress and HMT toxicity assessment in antibiotic-treated (Abx) mice. (D) Concentrations of ACh, AChE, and MDA in the brains of Abx-Control and Abx-Stress mice (n = 5 per
group). (E) Schematic timeline of restraint stress, fecal microbiota transplantation (FMT), and HMT toxicity assessment experiments. (F) Concentrations of ACh, AChE, and
MDA in the brains of Control, Stress, and Stress + FMT mice (n = 6 per group). Data are presented as mean + SEM. (D) was analyzed usmg Student’s t-test (vs Abx-Control

group). while (F) was evaluated for statistical significance using one-way ANOVA with Bonferroni post hoc test (vs Stress group). P < 0.05, "P < 0.01,

ticularly the conversion of primary bile acids into secondary bile
acids. One notable pathway (Fig. 4C) involves the transformation
of chenodeoxycholic acid (CDCA) into ursodeoxycholic acid (UD-
CA), followed by further metabolism into LCA and deoxycholic
acid (DCA) via the 7a-dehydroxylation pathway by Clostridium *°
In our study, significant differences in total bile acid content were
observed in both the liver (Fig. 4D) and colon (Fig. 4E) between
Stress and Control mice. Targeted metabolomics revealed that
stressed mice exhibited markedly lower LCA levels in both the
liver and colon compared with controls, whereas UDCA levels
were elevated. Additionally, CDCA levels in the liver increased,
while DCA decreased in stressed mice (Fig. 4F). Since bile acid-in-
ducible enzymes, such as baiCD, play a rate-limiting role in con-
verting CDCA and UDCA into LCA and DCA *', we performed PCR
experiments targeting the specific gene encoding the 7a-dehyd-
roxylation enzyme. These experiments revealed significant down-
regulation of baiCD gene expression in the gut microbiota of
stressed mice (Fig. 4G). This suggests that depression-induced al-
terations in gut microbiota composition impair the microbial
metabolism of bile acids, leading to reduced LCA and DCA pro-
duction.

To assess the functional role of LCA, mice were supplemen-
ted with a non-hepatotoxic dose of 31.25 mg-kg™ LCA (Fig. $4D).
LCA treatment alone did not alter brain ACh and AChE levels (Fig.
S4E). However, in stressed mice receiving HMT, LCA significantly
reduced brain ACh and MDA levels while restoring AChE activity
(Figs. 4H and 41). These findings demonstrate that lower levels of
LCA, a metabolite produced by Clostridium, contribute to the ex-
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acerbation of HMT neurotoxicity under depressive conditions,
and that LCA supplementation can mitigate this effect.

3.5. Reduced LCA levels suppress the PXR-CYP3A11 axis, exacerbat-
ing HMT toxicity in depressive states

LCA has been reported as a ligand of PXR a nuclear receptor
that regulates metabolic enzyme activity **. In wild-type mice,
hepatic PXR mRNA and protein expression were reduced under
depression but restored following LCA supplementation (Fig. 5A).
In contrast, in Pxr knockout (er’/ 7) mice, LCA supplementation
had no effect on ACh, AChE, or MDA levels, indicating that the
protective effects of LCA are PXR-dependent (Figs. 5B and 5C).
Importantly, under depression, no significant changes were ob-
served in the expression of other nuclear receptors, including
constitutive CAR, farnesoid X receptor (FXR), peroxisome prolif-
erator-activated receptor-a (PPAR-a), and aryl hydrocarbon re-
ceptor (AHR) (Figs. 5D-5F). Moreover, in stressed mice with gut
microbiota depletion, the Clostridium-LCA axis was no longer
functional, and PXR expression remained unchanged (Fig. 5G).
Restoration of the axis via fecal microbiota transplantation or C.
scindens colonization significantly upregulated PXR expression
(Figs. 5H and 5I). These findings suggest that LCA depletion un-
der depressive conditions contributes to enhanced HMT neuro-
toxicity by downregulating PXR expression.

CYP3A11, a key PXR-regulated metabolic enzyme, detoxifies
HMT by converting it into less toxic metabolites . Under de-

pressive conditions, CYP3A11l expression at both the gene
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Fig. 3 The abundance of Clostridium is significantly reduced in both stressed mice and patients with depression. (A) Venn diagram illustrates the number of shared bacteri-
al genera identified in fecal samples from Control and Stress mice through both 16S rRNA sequencing and shotgun metagenomic. (B) Pearson’s correlation of shared genus
observed between 16S rRNA sequencing and shotgun metagenomics (R = 0.77; P = 2.8 x 10™'°). Bubble chart showing the relative abundance of the shared genera identified
by 16S rRNA sequencing (C) and shotgun metagenomics (D). (E) Bubble chart illustrating the relative abundance of shared genera that exhibit consistent variation in shot-
gun metagenomics. (F) The fecal abundance of Bifidobacterium, Clostridium and Akkermansia in healthy individuals (n = 1000) and patients with depression (n = 351) from
GMrepo database. 16S rRNA sequencing (G) and Shotgun metagenomics (H) analysis showing the relative abundance of Bifidobacterium, Clostridium and Akkermansia in
fecal samples from Control and Stress mice. (I) Cladogram depicting differentially abundant taxa between Control and Stress mice base on shotgun metagenomics. (J) Linear
discriminant analysis (LDA) effect size (LEfSe) was used to analyze the differentially abundant taxa between Control and Stress mice in the shotgun metagenomics, and dis-
played as a histogram (LDA score > 2.2, P < 0.01). (K) Shotgun metagenomics showing the abundance of Bifidobacterium_animalis, Akkermansia_muciniphila,
Akkermansia_sp., Clostridium_sp._CAG:452, and Clostridium_bacterium in fecal samples from Control and Stress mice. Control and Stress mlce (n= 5 per group) applied con-
sistently across all panels (C-E, G-K). Data are presented as mean * SEM. Statistical significance was assessed using t-test. *P < 0.05, “P < 0.01, P < 0.001. (F) vs Health
group; (G, H, K) vs Control group.

(Figs. 6A and 6B) and protein (Figs. 6C and 6D) levels, as well as sion was significantly upregulated following FMT (Fig. 6H), C
its enzymatic activity (Fig. S5A), was significantly reduced. Cor- scindens colonization (Fig. 61), or LCA supplementation (Fig. 6]),
respondingly, HMT levels increased by 2.69-fold, while its less coinciding with reduced HMT neurotoxicity. Together, these find-
toxic metabolites decreased by 50% (Figs. 6E and S5B). In Pxr/” ings indicate that depression-associated reduction of LCA sup-
mice, CYP3A11 expression (Figs. 6F and 6G) and HMT toxicity presses the PXR-CYP3A11 axis, leading to heightened HMT tox-
(Figs. S6A-S6C) remained unchanged under depressive condi- icity, whereas LCA supplementation restores this axis and mitig-
tions. Further experiments demonstrated that CYP3A11 expres- ates toxicity.
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Fig. 4 Supplementation with Clostridium scindens (C. scindens) or its metabolite lithocholic acid (LCA) reduces HMT neurontoxicity under depression. (A) Schematic
timeline of restraint stress, C. scindens colonization, and HMT toxicity assessment experiments. (B) Concentrations of ACh, AChE, and MDA in the brains of Control, Stress,
and Stress + C. scindens mice (n = 6 per group). (C) Schematic diagram illustrating the conversion of primary bile acids to secondary bile acids via 7a-dehydroxylase in the in-
testines. PCA score scatter based on liver (D) and colon (E) total bile acid concentrations by metabolomic analyses of Control and Stress mice (n = 6 per group). (F) Concen-
trations of chenodeoxycholic acid (CDCA), ursodeoxycholic acid (UDCA), LCA and deoxycholic acid (DCA) in the liver and colon (n = 6 per group). (G) The mRNA expression
of baiCD (the specific encoding gene of 7a-dehydroxylase) in Control and Stress mice (n = 6 per group). (H) Schematic timeline of restraint stress, LCA supplementation, and
HMT toxicity assessment experiments. (I) Concentrations of ACh, AChE, and MDA in the brains of Control, Stress, and Stress + LCA mice (n = 6 per group). Data are presen-
ted as mean * SEM. (F and G) were analyzed by Student’s t-test (vs Control group). Data in (B and I) were evaluated by one-way ANOVA with Bonferroni post hoc test (vs
Stress group). P < 0.05, "P<0.01, "'P < 0.001.

4. Discussion The ethnomedical use of G. elegans to treat chronic pain, par-
ticularly in Southeast Asia, has long been shadowed by its potent
This study provides novel mechanistic evidence that comor- neurotoxicity . Our findings suggest that this risk may be further
bid depression significantly exacerbates the neurotoxicity of G. el- amplified in individuals with depression, a common comorbidity
egans and its major indole alkaloids, gelsemine, and HMT via dis- of chronic pain. Building on prior reports that depression can al-
ruption of a gut microbiota-host metabolic axis. Specifically, we ter drug metabolism and herb safety, our study directly links de-
identified a depression-induced impairment of the Clostridium- pression-associated microbial dysbiosis to a bile acid-nuclear re-
LCA-PXR-CYP3A11 pathway, a key hepatic detoxification route ceptor signaling defect that governs detoxification of G. elegans
for indole alkaloids. These findings not only reveal a previously alkaloids.
unrecognized mechanism underlying disease-modified toxicity of Depression has been widely shown to disrupt gut microbial
traditional herbal medicines. They also underscore the potential homeostasis **. Gut microbiota and their metabolites play central
of gut microbial modulation to mitigate toxicity risks. roles in modulating drug metabolism and toxicity. In this study,
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Fig. 5 In depressive states, LCA restores PXR activation to mitigate HMT neurotoxicity. (A) Relative expression of liver Pxr mRNA (n = 6 per group) and PXR protein (n = 3
per group) in Control, Stress, and Stress + LCA mice. (B) Schematic timeline of restraint stress, LCA supplementation, and HMT toxicity assessment experiments in Pxr

knockout (er'/') mice. (C) Concentrations of ACh, AChE, and MDA in the brains of er'/'-Control, Pxr”"-Stress, and Pxr”"-

Stress + LCA mice (n = 6 per group). (D) Hepatic

mRNA expression of nuclear receptors Pxr, Car, Fxr, Ppar-a, and Ahr in Control, Sham, SNI, Stress, and SNI + Stress mice (n = 5 per group). (E) Hepatic mRNA expression of
nuclear receptors Pxr, Car, Fxr, Ppar-a, and Ahr in Control and different stages of Stress mice (n = 5 per group). (F) Hepatic protein expression of PXR in Control and differ-
ent stages of Stress mice (n = 3 per group). (G) Relative expression of liver Pxr mRNA (n = 6 per group) and PXR protein (n = 4 per group) expression in Abx-Control and Abx-
Stress mice. (H) Relative expression of liver Pxr mRNA (n = 6 per group) and PXR protein (n = 3 per group) expression in Control, Stress, and Stress + FMT mice. (I) Relative
expression of liver Pxr mRNA (n = 6 per group) and PXR protein (n = 3 per group) expression in Control, Stress, and Stress + C. scindens mice. Data are presented as mean *
SEM. (G) was analyzed using Student’s t-test (vs Control group). (F) was compared to the Control group, and (A C, H, and I) were compared to the Stress group; these five

panels were evaluated for statistical significance using one-way ANOVA with Bonferroni post hoc test. P < 0.05, P < 0.01,

depression markedly reduced the abundance of Clostridium, with
Clostridium sp. CAG:452 and Clostridia bacterium showing the
most significant decreases. These taxa lack available reference
strains, but literature indicates high sequence similarity with C.
scindens, which harbors a highly conserved bai gene cluster en-
coding 7a-dehydroxylase, which converts primary bile acids into
secondary bile acids, such as DCA and LCA *"**. Colonization
with C. scindens significantly mitigated depression-exacerbated
HMT neurotoxicity, confirming its pivotal role in this mechanism.
LCA, a major metabolite of C. scindens, exhibits multiple phar-
macological activities, including anti-aging and immune modula-
tion **’. However, excessive LCA induces hepatotoxicity and pro-
motes carcinogenesis *’. Our study identified 31.25 mg-kg™ as a
relatively safe and effective dose of LCA, which effectively re-
versed the depression-exacerbated HMT neurotoxicity. Notably,
plasma LCA concentrations in mice (about 50-500 nmol-L™) are
substantially higher than those in humans (about 10-30
nmol-L™) ***", indicating that further studies are needed to extra-
polate effective doses from animals to clinical settings.
Mechanistically, our data indicate that depressive conditions
selectively suppress the PXR-CYP3A11 detoxification axis while
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“P<0.001.

leaving other nuclear receptors (FXR, CAR, PPAR-a, and AHR)
largely unchanged. This selectivity is consistent with ligand-de-
pendent regulation: LCA is an established endogenous agonist of
PXR and potently enhances PXR expression and activity *°,
whereas FXR, CAR, PPAR-a and AHR are activated by distinct lig-
ands (e.g., CDCA and other primary bile acids for FXR; xenobiot-
ics or certain steroids for CAR; fatty acids for PPAR-a; planar aro-
matic compounds for AHR) **“°. Therefore, depression appears to
disrupt a highly specific microbiota-LCA-PXR axis rather than in-
ducing broad dysregulation across nuclear receptor networks.
This mechanistic selectivity underscores the pivotal role of PXR
in mediating the comorbidity-dependent enhancement of HMT
neurotoxicity.

Our previous study demonstrated that HMT detoxification
depends on CYP3A11l-mediated metabolism *’. Stress disrupted
the Clostridium-LCA-PXR-CYP3A11 axis, suppressing HMT meta-
bolism and leading to accumulation of parent compounds and ex-
acerbated neurotoxicity. Restoration of this axis via C. scindens
colonization, LCA supplementation, or FMT markedly alleviated
HMT-induced toxicity, emphasizing the key role of host-microbi-
ota co-metabolism. CYP3A11, the murine ortholog of human
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Fig. 6 PXR-driven upregulation of CYP3A11 alleviates HMT neurotoxicity under depressive conditions. (A) The mRNA expression of Cyp3al1 in Control, Sham, SNI, and SNI
+ Stress mice (n = 5 per group). (B) The mRNA expression of Cyp3a11 in Control and Stress mice (n = 5 per group). (C) The protein expression of CYP3A11 in Control, Sham,
SNI, and SNI + Stress mice (n = 3 per group). (D) The protein expression of CYP3A11 in Control and Stress mice (n = 3 per group). (E) Concentrations of HMT and HMT-hy-
droxylation metabolite in the liver of Control, Sham, SNI, and SNI + Stress mice (n = 5 per group). (F) Schematic timeline of the experimental procedures involving restraint
stress and HMT toxicity assessment in Pxr”/~ mice. (G) Relative expression of liver Cyp3a11 mRNA and CYP3A11 protein in Pxr”/"-Control and Pxr”/"-Stress mice (n = 4 per
group). (H) Relative expression of liver Cyp3a1l mRNA (n = 6 per group) and CYP3A11 protein (n = 4 per group) in Control, Stress, and Stress + FMT mice. (I) Relative ex-
pression of liver Cyp3a11 mRNA (n = 6 per group) and CYP3A11 protein (n = 3 per group) in Control, Stress, and Stress + C. scindens mice. (]) Relative expression of liver
Cyp3all mRNA (n = 6 per group) and CYP3A11 protein (n = 4 per group) in Control, Stress, and Stress + LCA mice. Data are presented as mean + SEM. (B, D, and G) were
analyzed using Student’s t-test (vs Control group). Statistical significance for (A, C, E) (vs SNI group) and (H, I, ]) was evaluated using one-way ANOVA with Bonferroni post
hoc test. P < 0.05, "P < 0.01, P < 0.001.

CYP3A4, is a key hepatic enzyme responsible for the metabolism ruption of the Clostridium-LCA-PXR-CYP3A11 axis impairs the de-

of a broad spectrum of xenobiotics, including midazolam, sim- toxification of G. elegans alkaloids, exacerbating neurotoxicity.

vastatin, and cyclosporine A ***, as well as natural products such This highlights a critical link between psychiatric conditions, gut

as ginsenosides from Panax ginseng and curcumin from Curcuma microbiota, and herbal medicine safety. Microbiota-based inter-

longa °" *. Thus, the C. scindens-LCA-PXR-CYP3A11 axis identi- ventions, including probiotics or bile acid modulation, may offer

fied here may represent a broader mechanism through which de- promising strategies to reduce toxicity and support safer, indi-

pression modulates the metabolism of drugs and herbal com- vidualized use of plant-based remedies.

pounds, extending beyond HMT detoxification. Notably, although

SNI has been reported to alter gut microbial composition ***, our Funding

data show that it does not aggravate HMT-induced neurotoxicity

because the C. scindens-LCA-PXR-CYP3A11 signaling axis re- This work was supported by the National Natural Science

mains intact. Foundation of China (Nos. 82422077 and 82274193) and Guang-
Beyond Clostridium, reductions in other beneficial taxa, such dong Basic and Applied Basic Research Foundation (No.

as Akkermansia and Bifidobacterium, known for their roles in 2024B1515020093).

modulating bile acid profiles and ameliorating depressive-like be-

haviors **°*®, though their contribution to alkaloid detoxifica- Data availability statement

tion remains to be clarified.
The 16S rRNA and shotgun metagenomics sequencing data-

5. Conclusions sets are available in the NCBI SRA database under the accession
numbers PRJNA1073719 and PRJNA1077725, respectively. Sup-
Taken together, our study reveals that depression-driven dis- porting information for this study can be obtained by con-
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tacting the corresponding authors via E-mail.
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This cover design illustrates the molecular mechanism by which comorbid depression

severely exacerbates the neurotoxicity of Gelsemium elegans and its primary toxic constituent,
humantenmine (HMT). In this visual narrative, the peripheral gut microbiota dysbiosis
triggered by depressive stress is conceptualized at a microscopic level, revealing a pathologic-
al cascade wherein a precipitous decline in Clostridium abundance and its metabolite lithochol-
ic acid downstream represses the activity of the primary hepatic metabolic enzyme CYP3A11.
This obstruction of the gut-liver-brain metabolic axis ultimately leads to the catastrophic ac-
cumulation of HMT in brain tissues, thereby culminating in aggravated neurotoxicity. This
visual representation serves as a profound scientific caveat: under complex conditions of mul-
tifaceted comorbidities, clinical administration of natural products or traditional Chinese
medicines with narrow therapeutic windows demands heightened vigilance. Concurrently, this
study provides a crucial theoretical foundation for the rational, safe utilization, and toxicity
control of botanical medicines.
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