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effects through regulation of
metabolism and intestinal
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Background: Aconitum kusnezoffii Reichb. is a commonly used medicinal herb
in Mongolian medicine (a branch of traditional Chinese medicine). Processing A.
kusnezoffii with a decoction of Terminalia chebula Retz. represents a character-
istic and widely applied detoxification method in Mongolian medicine practice.
This processing technique can reduce the toxicity of A. kusnezoffii. However, the
underlying mechanisms remain insufficiently understood.

Methods: Normal Sprague—Dawley (SD) rats were randomly divided into the con-
trol (Ctrl), raw A. kusnezoffii (SCW), and Terminalia chebula decoction-processed
A. kusnezoffii (HZZCW) groups. The metabolic profiles of rat feces and intestinal
microbiota were detected. Hematoxylin and eosin (H&E) staining and enzyme-
linked immunosorbent assay (ELISA) were performed to verify the toxicity of A.
kusnezoffii. Western blot (WB) and RT-gPCR were used to assess the expression
of the PI3K/AKT signaling pathway. In addition, a collagen-induced arthritis (CIA)
model was established to evaluate the anti-inflammatory effect.

Results: Metabolomic analysis revealed that processing A. kusnezoffii with
Terminalia chebula decoction significantly altered metabolic pathways, particu-
larly those related to ubiquinone biosynthesis, porphyrin and pyrimidine metabo-
lism. The results of 16S rDNA sequencing showed that the processed product
markedly changed the a-diversity of the gut microbiota and reduced the relative
abundance of Xanthomonas and Corynebacterium. Pharmacodynamic evalu-
ation indicated that HZZCW reduced the toxicity of raw A. kusnezoffii by requ-
lating the levels of malondialdehyde (MDA), lactate dehydrogenase (LDH), and
superoxide dismutase (SOD), while activating the PI3K/AKT pathway to maintain
its therapeutic efficacy. Furthermore, the CIA model confirmed its significant anti-
inflammatory activity.

Conclusion: Terminalia chebula Decoction-processed A. kusnezoffii may exert its
pharmacodynamic effects through multiple mechanisms, including modulation
of ubiquinone biosynthesis, porphyrin metabolism, and pyrimidine metabolism,
regulation of the intestinal microbiota, and activation of the PI3K/AKT signaling
pathway.
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Wu et al., 2021; Li, Yu S. et al., 2022). Consequently, research on

H Ighllg hts A. kusnezoffii has focused on strategies to “reduce toxicity while
preserving efficacy, particularly through traditional processing

« Integrated analysis of fecal metabolomics and gut microbiota was  methods. Processing A. kusnezoffii with Terminalia chebula decoc-

conducted. tion represents a distinctive and widely used approach in Mongolian
« Biomarkers related to A. kusnezoffii processed with Terminalia ~ medicine. Previous studies by the author’s team found that this
chebula decoction were identified. method significantly reduces the levels of its primary toxic alka-

« The combination of intestinal microbiota and metabolomics pro- ~ loids—aconitine, mesaconitine, and hypaconitine (Zhang et al.,
vides insights for traditional Chinese medicine processing. 2016). Terminalia chebula Retz. or its variety Terminalia chebula
Retz. var. tomentella Kurt. refers to the dried ripe fruit of the plant
and contains bioactive metabolites, such as gallic acid, ellagic acid,
corilagin, and chebulinic acid. Referred to as the “King of
1 Introduction Mongolian Medicines,” it exhibits detoxifying properties, regulates
the “Three Roots,” alleviates diarrhea, and removes pathogenic fac-
Aconitum kusnezoffii Reichb. is a representative Mongolian  tors, in addition to anti-inflammation, anti-oxidation, and anti-
medicine characterized by its “dual properties of toxicity and effi-  tumor activities (Gupta et al., 2020; Prasad and Srivastava, 2020).
cacy. It contains a variety of bioactive metabolites, including alka- ~ Currently, research on A. kusnezoffii processed with Terminalia
loids, volatile oils, amino acids, and flavonoids. Clinically, it isused ~ chebula decoction has predominantly focused on in vitro chemical
to reduce swelling, alleviate pain, eliminate “Xieriwusu” (a patho-  constituent changes, while in vivo metabolic studies remain limited.
logical condition associated with dampness accumulation in Variations in metabolite levels are a natural consequence of the
Mongolian medicine), and manage conditions such as rheumatoid ~ onset and progression of many diseases, and these alterations often
arthritis, joint pain, and migratory stabbing pain. However, the  appear in biological fluids prior to the manifestation of clinical symp-
presence of multiple toxic alkaloids limits its therapeutic applica- ~ toms. Common biological samples used in metabolomic analyses
tion. Modern pharmacological studies have demonstrated that  include serum, plasma, urine, feces, and saliva, all of which contain
A. kusnezoffii exhibits anti-inflammatory, analgesic, anti-tumor,  abundant metabolite information (Yang, 2022). By analyzing the
cardiotonic, antioxidant, and immunomodulatory effects, while also ~ dynamic changes of metabolites in organisms, metabolomics can
producing toxicological effects, including cardiotoxicity, neurotox-  directly reflect pathophysiological states, providing a unique perspec-
icity, reproductive toxicity, and embryotoxicity (Rong et al., 2021; tive for investigating disease mechanisms.
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Metabolomics is characterized by integrity and systematicness
when evaluating dynamic metabolic changes within organisms. This
perspective is consistent with the holistic philosophy of Mongolian
medicine and aligns with its therapeutic characteristics, including
multi-target and multi-pathway regulation. The co-metabolic network
between gut microbiota and the host plays an important role in the
pathogenesis and treatment of various metabolic diseases (Wang
Z.Y. et al., 2024). The gut microbiota contains abundant metabolic
enzymes, and alterations in its composition can lead to corresponding
changes in the metabolite profile. Moreover, metabolites secreted by
intestinal microorganisms can modify the structure, metabolism, and
pharmacological efficacy of drugs (Chen et al., 2023).

Therefore, to comprehensively identify the key biomarkers of
A. kusnezoffii processed with Terminalia chebula decoction, this study
employed untargeted metabolomics to analyze fecal metabolic pro-
files. Potential biomarkers and key metabolic pathways were screened.
The findings were integrated with 16S rDNA sequencing data and
pharmacodynamic evaluations to reveal the pharmacodynamic mech-
anisms of the processed A. kusnezoffii at the metabolomic and intes-
tinal microbiota levels.

2 Materials and methods
2.1 Processing method

First, Terminalia chebula fruit (Huarong BenCao Chinese
Medicinal Materials Co., Ltd., batch number 20220161), equivalent to
half the weight of raw A. kusnezoffii Reichb (Inner Mongolia Kulun
Mongolian Pharmaceutical Factory, batch number Y24072), was pre-
pared. Ten times the volume of water was added, and the mixture was
decocted for 1 h. The decoction was then filtered through four layers
of gauze. Raw A. kusnezoffii was soaked in the filtrate for 48 h, fol-
lowed by decoction for 8 h. Afterward, the processed A. kusnezoffii
was removed, placed on a square plate, and dried at 60 °C.

The processing technology for Aconiti Radix Cocta processed
with Chebulae Fructus decoction adopted in this experiment was an
optimized and standardized procedure previously established in a
National Natural Science Foundation of China project (Grant No.
30860391). Using the compatibility system of Mongolian medicines
Aconiti Radix and Chebulae Fructus as the research object, the project
employed the content of toxic diterpenoid alkaloids in Aconiti Radix
and overall pharmacological activity as evaluation indicators. Key pro-
cessing parameters, including the raw material ratio, soaking duration,
decoction temperature, and decoction time, were analyzed using
multi-index evaluation to determine the optimal processing condi-
tions. The complete set of technologies has been filed as an invention
patent (Application No. CN200910003515.6, Publication No.
CN101564435), and related findings were awarded the Second Prize
of Inner Mongolia Autonomous Region Natural Science Award
in 2015.

Previous studies have elucidated the toxicity-reducing mechanism
of this processing method. During co-soaking and decoction, highly
toxic alkaloids in Aconiti Radix, such as aconitine, mesaconitine, and
hypaconitine, undergo hydrolysis reactions, reducing inherent toxic-
ity. Meanwhile, tannins abundant in Chebulae Fructus can form
insoluble complexes with aconitum alkaloids, delaying intestinal
absorption and further attenuating toxicity.
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This study focuses on the in vivo differences in toxicity and effi-
cacy between raw Aconiti Radix and Aconiti Radix processed with
Chebulae Fructus decoction and the regulatory effects on the gut envi-
ronment. This study does not involve the optimization of processing
conditions. Therefore, the processed products were prepared using a
fully validated optimal technology with fixed parameters. This
approach minimizes variability arising from processing fluctuations
and ensures the stability and comparability of experimental results
between raw and processed medicinal materials.

2.2 Experimental animals

Male SPF Sprague-Dawley (SD) rats weighing 180-220 g were
purchased from SPF (Beijing) Biotechnology Co., Ltd. (animal pro-
duction license SCXK (Jing) 2021-0001). Animals were housed in an
SPF-grade barrier facility under controlled conditions, including a
temperature of 18-27 °C, relative humidity of 45-55%, and al2 h
light/dark cycle with continuous mechanical ventilation. Standard
rodent chow and sterile water were provided ad libitum. Bedding was
replaced regularly, and all rats were acclimatized for 7 days prior to
experimentation. All experimental procedures were approved by the
Animal Ethics Committee of Inner Mongolia Medical University
(Approval No. YKD202402144) and were conducted in strict accor-
dance with the 3Rs principle and the ARRIVE 2.0 guidelines, as well
as the national standard Guidelines for Ethical Review of Laboratory
Animal Welfare (GB/T 35892-2018).

2.3 Rationale for dose design

Dose gradients were established based on the LDs, determined in
this study. One-tenth, one-twentieth, and one-thirtieth of the LDs,
were designated as the high-, medium-, and low-dose levels, corre-
sponding to administration doses of 0.237 g/kg, 0.118 g/kg, and
0.079 g/kg, respectively. This dose-graded design is widely applied in
toxic-efficacy studies of traditional Chinese medicines. The high dose
approaches the toxic threshold and is intended to fully characterize
the inherent toxicity of raw Aconiti Radix. The medium and low doses
span the range from mild toxicity to relatively safe exposure levels,
allowing systematic evaluation of dose-dependent toxicological and
pharmacological responses. The equal spacing of dose levels further
facilitates quantitative analysis of dose-efficacy and dose-toxicity
relationships.

The primary objective of this study was to investigate the effect of
Chebulae Fructus decoction processing on the “toxicity reduction
with retained efficacy” property of Aconiti Radix. To ensure experi-
mental consistency and control for confounding effects of dose varia-
tion, identical low-, medium-, and high-dose regimens were applied
to both raw and processed Aconiti Radix groups. A blank control
group was also included to provide a physiological baseline, thereby
establishing a comprehensive experimental design incorporating
dose-gradient analysis and parallel comparisons between raw and pro-
cessed materials.

2.4 Establishment of the CIA model and
drug administration

Eighteen male Sprague-Dawley (SD) rats were randomly divided

into three groups: control (Ctrl), raw A. kusnezoffii (SCW), and
Terminalia chebula decoction-processed A. kusnezoffii (HZZCW),
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with six rats in each group. The rats were administered the corre-
sponding preparations at a dose of 0.237 g/kg for 7 days. According to
preliminary acute toxicity tests, the LD50 was 2.3634 g/kg, and the
experimental dose was set at 1/10 of the LD50. Fecal samples were
collected from the rats within 0-24 h (Figure 1A).

Additionally, 63 male SD rats were used to establish the CIA
model, with seven rats per group. The CIA model was induced using
bovine type II collagen and incomplete Freund’s adjuvant. Briefly,
0.1 mL of collagen emulsion was injected into the root of the rat tail.
Following booster immunization, the limbs of the rats were monitored
for swelling. The model was considered successfully established when
symptoms such as redness and swelling of limb joints appeared (Kang
et al,, 2025). The successfully modeled rats were randomly divided
into eight groups: the model group (CIA), the methotrexate group
(MTX, 1 mg/mL), the raw A. kusnezoffii low-, medium-, and high-
dose groups (SCW-L, SCW-M, SCW-H, 0.079 g/kg, 0.118 g/kg,
0.237 g/kg, respectively), and the Terminalia chebula decoction-pro-
cessed A. kusnezoffii low-, medium-, and high-dose groups
(HZZCW-L, HZZCW-M, HZZCW-H, 0.079 g/kg, 0.118 g/kg, 0.237 g/
kg, respectively). The normal control group and model group received
0.5% sodium CMC-Na solution. All treatments were administered
intragastrically at a volume of 10 mL/kg. The MTX group was treated
twice per week, whereas all other groups were treated once daily for
three consecutive weeks (Figure 1B).

2.5 Detection of fecal metabolites

Approximately 25 mg of fecal samples were weighed into EP tubes
under low-temperature conditions. Two homogenization beads and
500 pL of extraction solution (methanol:acetonitrile:water = 2:2:1,
V/V) containing isotope-labeled internal standards were added. The
samples were vortexed for 30 s, homogenized using a homogenizer
(35 Hz, 4 min), and subsequently subjected to ultrasonic treatment in
an ice-water bath for 5 min. The homogenization-sonication proce-
dure was repeated three times. The samples were then incubated at
—40°Cfor 1 h.

Chromatographic conditions: Column: Chromatographic
separation was performed using a Waters ACQUITY UPLC BEH

10.3389/fmicb.2026.1879939

Amide (2.1 mm x 50 mm, 1.7 pm). The mobile phases consisted
of: Phase A: 25 mmol/L ammonium acetate and 25 mmol/L
ammonium hydroxide dissolved in 1 L ultrapure water. Phase B:
acetonitrile. The gradient elution program was as follows:
0-0.25 min: 95% B; 0.25-3.5 min: 95% — 65% B; 3.5-4 min:
65% — 40% B; 4-4.5 min: 40% B; 4.5-4.55 min: 40% — 95% B;
4.55-6 min: 95% B. The column temperature was maintained at
25 °C, the autosampler temperature at 4 °C, the flow rate at
0.5 mL/min, and the injection volume was 2 pL.

Mass spectrometric conditions: Mass spectrometric analysis was
performed using an Orbitrap Exploris 120 mass spectrometer
equipped with an electrospray ionization (ESI) source. Data were
acquired in both positive and negative ionization modes. The main
parameters were set as follows: Sheath gas flow: 50 arb; auxiliary gas
flow: 15 arb; capillary temperature: 320 °C; MS resolution: 60,000;
MS/MS resolution: 15,000.

2.6 Detection of intestinal microbiota

Genomic DNA was extracted using the TGuide S96 Magnetic
Bead Soil/Fecal Genomic DNA Extraction Kit according to the manu-
facturer’s instructions. The composition of the intestinal flora was
analyzed using 16S rDNA sequencing. The V3-V4 regions were
amplified by polymerase chain reaction (PCR) with the forward
primer 5-ACTCCTACGGGAGGCAGCA-3’ and reverse primer
5-GGACTACHVGGGTWTCTAAT-3'. Species annotation and taxo-
nomic classification were conducted using databases such as Silva and
NCBI. Alpha diversity analysis was performed using QIIME2
software.

2.7 Biochemical assays

Serum levels of malondialdehyde (MDA), superoxide dismutase
(SOD), and lactate dehydrogenase (LDH) were measured using an
automatic biochemical analyzer (Mindray Biomedical Electronics Co.,
Ltd., Shenzhen, China). The assay kits for MDA, SOD, and LDH were

(CIA) rat model and drug intervention timeline.

A Drug intervention
~ - i
N
-7d 0d 7d
— ¥
Adaptive feeding Fecal collection
R Model establishment ) Drug intervention
B Collagen emulsion i L
& ¢ Joint swellingScore > 4 indicates successful model establishment Collect blood from the abdominal aorta. take out the ankle joint
= i
-21d -14d -7d 0d 7d 14d 21d
A
Adaptive feeding 0.1ml injection at the base of the tail ;
0.2ml injection at the base of the tail i 7d. 14d. 21d Measurement of swelling degree
FIGURE 1

Timeline of all experimental procedures. (A) Experimental schedule for fecal sample collection; (B) Establishment protocol of collagen-induced arthritis
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purchased from Shenzhen Youpin Biotechnology Co., Ltd.,
Shenzhen, China.

2.8 Hematoxylin and eosin (H&E) staining

Cardiac tissues were fixed in 4% paraformaldehyde, embedded in
paraffin, and sectioned into 5 pm thick slices. After H&E staining, the
sections were examined using an upright light microscope. For joint
tissue analysis, rat ankle joints were fixed in 4% paraformaldehyde
overnight and subsequently decalcified in 10% EDTA solution for
60 days. The tissues were then embedded in paraffin, sectioned into
5 pm slices, and subjected to H&E staining. Histopathological changes
were observed under an upright light microscope.

2.9 Immunohistochemical (IHC) detection

Paraffin-embedded ankle joint sections were sequentially incu-
bated with primary and secondary antibodies, followed by 3,3’-diami-
nobenzidine (DAB) chromogenic detection and hematoxylin staining.
The stained sections were examined under an upright light micro-
scope, and quantitative analysis was performed using Image]J software.
The glutathione peroxidase 4 (GPX4) antibody (catalog no. DF6701)
used in this study was purchased from Affinity Biosciences.

2.10 Western blot analysis

Approximately 20 mg of tissue was homogenized in 250 pL of
RIPA lysis buffer (Solarbio Science & Technology Co., Ltd., Beijing,
China). The lysates were centrifuged at 12,000 x g for 15 min at 4 °C,
and the supernatant was collected for further analysis. After concen-
tration quantification, proteins were transferred onto polyvinylidene
fluoride (PVDF) membranes (Merck KGaA, Darmstadt, Germany).
The membranes were incubated with primary antibodies overnight at
4 °C, followed by incubation with secondary antibodies for 1h at
37 °C. The antibodies used in this study included: EGFR (AF6043,
1:1000, Affinity Biosciences), PI3K (AF6242, 1:1000, Affinity
Biosciences), AKT (AF6261, 1:1000, Affinity Biosciences), p-PI3K
(AF3241, 1:1000, Affinity Biosciences), p-AKT (AF0016, 1:1000,
Affinity Biosciences), p-EGFR (AF3048, 1:1000, Affinity Biosciences),
and goat anti-rabbit IgG H&L secondary antibody (HRP-conjugated,
SA00002-1, 1:10,000).

2.11 RT-qPCR

Total RNA was extracted from cardiac tissues using TransZol
reagent (TransGen Biotech Co., Ltd., Beijing, China). Reverse tran-
scription was performed using TransScript® Uni All-in-One First-
Strand ¢cDNA Synthesis SuperMix for qPCR (with one-step gDNA
removal) (TransGen Biotech Co., Ltd., Beijing, China) according to
the manufacturer’s instructions. RT-qPCR was conducted using
HiScript II Q RT SuperMix for qPCR (Vazyme Biotech Co., Ltd.,
Nanjing, China) on a CEX Connect™ system (Bio-Rad Laboratories
(Shanghai) Co., Ltd.). The primer sequences used in this study are
listed in Supplementary Table 1.

2.12 Masson staining

Paraffin-embedded ankle joint sections were dewaxed, followed
by sequential staining with potassium dichromate, iron hematoxylin,
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and ponceau solution. The sections were then treated with phospho-
molybdic acid and stained with aniline blue. Finally, the stained sec-
tions were observed under an upright light microscope.

2.13 Ankle joint measurement

The thickness of the right hind paw of each rat was measured
using a digital vernier caliper with a precision of 0.01 mm to evaluate
the degree of paw swelling.

2.14 Thymus index and spleen index

The thymus and spleen were carefully excised and weighed. The
thymus index and spleen index were calculated according to the fol-
lowing formulas:

Thymus index = (thymus weight/body weight) x 100%.

Spleen index = (spleen weight/body weight) x 100%.

2.15 Enzyme-linked immunosorbent assay
(ELISA)

ELISA kits for tumor necrosis factor-a (TNF-a), interleukin-6
(IL-6), and interleukin-17 (IL-17) came from Shanghai Enzyme-
linked Biotechnology Co., Ltd., China. Standards and samples were
prepared strictly according to the manufacturer’s instructions. Briefly,
samples were added to the ELISA plates and incubated, followed by
washing and incubation with the enzyme conjugate. After a second
washing step, the substrate solution was added for color development,
and the reaction was terminated with the stop solution. Absorbance
was measured using a microplate reader, and the concentrations of
target molecules were calculated.

2.16 Correlation analysis between
metabolomics and gut microbiota

Spearman correlation analysis was performed to construct a
microbiome-metabolite co-occurrence network. Strong correlation
pairs were screened using the criteria |r| > 0.6 and p < 0.05, enabling
the identification of potential interactions between key microbial taxa
and differential metabolites.

2.17 Data analysis

Biological samples were analyzed using UPLC-Orbitrap Exploris
120-MS. Primary and secondary mass spectrometry data were
acquired using Xcalibur software (version 4.4, Thermo Fisher
Scientific). Raw data were converted to mzXML format using
ProteoWizard software, and metabolite identification was performed
using a custom R package in combination with the BiotreeDB data-
base (V3.0). Multivariate statistical analyses, including principal com-
ponent analysis (PCA) and orthogonal partial least squares
discriminant analysis (OPLS-DA), were performed using SIMCA
software (version 17.0) together with a self-developed R package.
Metabolites were screened based on variable importance in projection
(VIP) from the OPLS-DA model (VIP > 1), combined with T-test
p-values and fold change (FC). Identified differential metabolites were
further subjected to metabolic pathway enrichment analysis using
MetaboAnalyst 6.0. Key metabolic pathways were screened using the
criteria p < 0.05 and impact > 0.1. Statistical analyses were performed
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using SPSS 22.0, and figures were generated using GraphPad Prism
10.0. Data conforming to a normal distribution were expressed as
mean + standard deviation. Differences among groups were analyzed
using one-way analysis of variance (ANOVA). When variances were
homogeneous, the LSD test was used for pairwise comparisons; when
variances were heterogeneous, rank-sum tests were applied.
Comparisons between two groups were performed using the
Wilcoxon rank-sum test, while comparisons among multiple groups
were conducted using the Kruskal-Wallis test. A p < 0.05 was consid-
ered statistically significant.

3 Results
3.1 Data quality evaluation

The total ion chromatograms of fecal metabolites and quality con-
trol (QC) samples from the three groups of rats under both positive
and negative ion modes are shown in Supplementary Figure 1. All
samples exhibited strong signal intensity, with highly consistent peak
areas and retention times. These results indicate good instrument sta-
bility, confirming that the metabolomic data are reliable and suitable
for subsequent analysis.

3.2 Analysis of fecal metabolites

3.2.1 Perform PCA and OPLS-DA analysis

The fecal metabolites of the three groups were clearly clustered
with minimal overlap, indicating significant differences in fecal meta-
bolic profiles between the treatment groups and the control group.
Comparison between the SCW and HZZCW groups showed distinct
clustering without obvious separation, suggesting that both treatments
altered the metabolic profile (Figure 2A). In the OPLS-DA score plots,
the three groups displayed clear separation with small intra-group
variation (Figure 2B). For Ctrl vs. SCW, the R* and Q” values were 0.85
and —1.02, respectively (Figure 2C); for Ctrl vs. HZZCW, the R* and
Q@ values were 0.87 and —0.88, respectively (Figure 2D); and for SCW
vs. HZZCW, the R* and Q values were 0.93 and —0.58, respectively
(Figure 2E). These results indicate that the model is robust and free
from overfitting and possesses good predictability, demonstrating sta-
tistically significant differences among groups.

3.2.2 Differential metabolite analysis

The volcano plots of differential metabolites are shown in
Supplementary Figures 2A-C. A total of 231 metabolites were upregu-
lated, and 232 metabolites were downregulated in the SCW group; 226
metabolites were upregulated, and 191 metabolites were downregu-
lated in the HZZCW group. Compared with the SCW group, 206
metabolites were upregulated, and 122 metabolites were downregu-
lated in the HZZCW group. Based on the screening criteria, a total of
62 differential metabolites were identified in the SCW group; 34
upregulated and 28 downregulated (Supplementary Table 2-1). In the
HZZCW group, 78 differential metabolites were identified: 51 upregu-
lated and 27 downregulated (Supplementary Table 2-2). In HZZCW
Vvs. SCW, 27
(Supplementary Table 2-3). A total of 12 overlapping metabolites were

upregulated and 16  downregulated
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identified among the three groups, forming a subset of variables asso-
ciated with Terminalia chebula decoction-processed A. kusnezoffii
(Table 1). Compared with the Ctrl group, the SCW group showed
significantly elevated relative levels of 10 metabolites, including fuzi-
line, while the levels of two metabolites (biliverdin and 4-methyl-
quinolin-2-ol) were markedly decreased (p < 0.05). In the HZZCW
group, the relative levels of eight metabolites, including fuziline,
mesaconitine, beiwutine, Benzoylaconine, and Benzoylhypaconine,
were significantly increased compared with the Ctrl group (p < 0.05).
Compared with the SCW group, the HZZCW group showed notably
reduced relative levels of six metabolites, including fuziline, mesaconi-
tine, and beiwutine (p < 0.01), while benzoylaconine, benzoylmesaco-
nine, and benzoylhypaconine were significantly higher in the HZZCW
group (Figure 3). These results suggest that the 12 overlapping metab-
olites may serve as potential fecal metabolic biomarkers associated
with HZZCW treatment.

3.2.3 Differential metabolic pathway analysis

Metabolic pathway analysis showed that the differential metabo-
lites of the SCW group were involved in a total of 6 metabolic path-
ways, including phenylalanine metabolism, pyrimidine metabolism,
tryptophan metabolism, alanine, aspartate, and glutamate metabo-
lism, riboflavin metabolism, and sphingolipid metabolism (Figure 2F).
The differential metabolites of the HZZCW group were involved in a
total of 7 metabolic pathways, including phenylalanine metabolism,
phenylalanine, tyrosine, and tryptophan biosynthesis, alpha-linolenic
acid metabolism, cysteine and methionine metabolism, pantothenate
and CoA biosynthesis, alanine, aspartate, and glutamate metabolism,
and riboflavin metabolism (Figure 2G). In SCW vs. HZZCW, the dif-
ferential metabolites were associated with 4 metabolic pathways,
namely ubiquinone and other terpenoid-quinone biosynthesis, por-
phyrin metabolism, tyrosine metabolism, and pyrimidine metabolism
(Figure 2H).

3.3 Analysis of intestinal microbial structure
3.3.1 Alpha diversity analysis

The Venn diagram showed that a total of 4,824 operational taxo-
nomic units (OTUs) were identified among the three groups, among
which 716 OTUs (14.84%) were shared by all groups. The SCW group
shared 19.34% of its OT'Us with the Ctrl group, while the HZZCW
group shared 23.92% of its OT'Us with the Ctrl group, indicating that
both SCW and HZZCW altered the composition of intestinal micro-
bial species, although the effect of HZZCW was relatively smaller
(Figure 4A). Alpha diversity analysis was performed to evaluate the
abundance and diversity of microbial communities. The Observed
species index, Chaol index, and ACE index estimate the total number
of OTUs in the microbial community using two algorithms, primarily
reflecting species richness within samples (Li et al., 2025). In contrast,
the Shannon index and Simpson index capture the richness and even-
ness of species in the community (Yuan et al., 2021). The Good’s cov-
erage index represents the sequencing depth of the samples. In this
study, the sequencing coverage exceeded 0.99 for all samples, indicat-
ing that the probability of undetected sequences was low and that the
sequencing depth was sufficient for reliable analysis. Compared with
the Ctrl group, the observed species, Shannon, Chaol, and Ace indices
in the SCW group were significantly increased (p < 0.01; p < 0.05),
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FIGURE 2

Fecal metabolic profiles and metabolic pathway analysis of the three groups. (A) PCA plot of fecal metabolites from the three groups and quality control
(QC) samples, showing clear clustering between each group with small intra-group differences. (B) OPLS-DA plot of fecal metabolites from the three
groups, indicating clear separation between the SCW and HZZCW groups. (C) Permutation test of the OPLS-DA model for the comparison between the
control group and the SCW group. (D) Permutation test of the OPLS-DA model for the comparison between the control group and the HZZCW group.
(E) Permutation test of the OPLS-DA model for the comparison between the SCW group and the HZZCW group. (F) Metabolic pathway enrichment
analysis of differential metabolites in the SCW group. (G) Metabolic pathway enrichment analysis of differential metabolites in the HZZCW group.

(H) Fecal metabolic pathways of differential metabolites between the two groups.

while the Simpson and Good’s coverage indices were substantially
decreased (p < 0.05). However, no significant changes were observed
after HZZCW administration (Figure 4B).

3.3.2 Beta diversity analysis

Beta diversity analysis revealed differences in microbial com-
munity structure between the treatment and Ctrl groups. The SCW
group was clearly separated from the Ctrl group, whereas the
HZZCW group clustered closer to the Ctrl group, suggesting that
raw A. kusnezoffii significantly altered intestinal microbial diversity,
whereas the effect of Terminalia chebula decoction-processed
A. kusnezoffii was comparatively weaker (Figure 4C). Linear dis-
criminant analysis (LDA) further identified key microbial taxa
responsible for group differences. At the phylum level, the SCW
group was characterized by Corynebacterium urealyticum and
Xanthomonas MS23, while Lactobacillus caviae was identified as a
characteristic species in the HZZCW group. At the genus level, the
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SCW group was mainly characterized by Akkermansia and
Xanthomonas, while HT002 and Lachnospiraceae_NK4A136_group
were the dominant genera in the HZZCW group (Figure 5A). A
stacked bar chart illustrating the top 30 most abundant taxa
revealed differences in microbial composition among the three
groups. At the phylum level, the levels of Desulfobacterota,
Verrucomicrobiota, and Deferribacterota were significantly increased
in the SCW group (Figures 5B,D). In the HZZCW group,
Desulfobacterota and Verrucomicrobiota were significantly
increased, but the increase in Verrucomicrobiota was less pro-
nounced. Compared with the SCW group, the HZZCW group
showed significantly higher levels of Desulfobacterota and
Fusobacteriota (Figures 5B,E and Supplementary Figure 3B). At the
genus level, compared with the Ctrl group, the relative abundances
of Lachnospiraceae_ NK4A136_group, Akkermansia,
Corynebacterium, and Xanthomonas were significantly increased in
the SCW group (p < 0.05), whereas the relative abundance of
Prevotella was significantly reduced (p < 0.05). In the HZZCW
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TABLE 1 Information on 13 significantly changed metabolites among the Ctrl, SCW, and HZZCW groups.

No. Model Specific Ctrl vs. SCW Ctrlvs. HZZCW SCW vs. HZZCW
name
VIP FC P= VIP FC P- VIP FC P=
value value value
1 ESI+ Carnitine 162.1115 | 3.3833 | 1.8873 | 8.3101 0.0099 - - - 23929 | 02151 | 0.0152
2 ESI+ Fuziline 4542773 | 11417 | 32392 | 3137724 | 0.0003 | 3.2860 | 137.8313 | 0.0002 | 1.6691 | 0.4393 | 0.0009
3 ESI+ Mesaconitine 632.3032 | 0.4183 | 2.6812 | 355666 | 0.0011 | 2.5944 | 167119 | 0.0122 | 15169 | 0.4699 | 0.0171
4 ESI- Uridine 243.0614 | 11283 | 14386 | 4.1018 | 00119 - - - 1.9831 | 0.2680 | 0.0148
5 ESI- Biliverdin 581.2384 | 24200 | 12725 | 02497 | 0.0450 - - - 1.0859 | 1.6521 | 0.0494
6 ESI+ Benzoylhypaconine | 5742978 | 1.0350 | 3.3920 | 428.2428 | 0.0004 | 3.9740 | 1081.9900 | 0.0004 | 1.7605 | 2.5266 | 0.0008
7 ESI+ Beiwutine 648.2974 | 04983 | 46111 | 6521.2128 | 0.0004 | 4.7884 | 2168.4803 | 0.0006 | 1.9869 | 0.3325 | 0.0014
8 ESI+ Benzoylaconine 604.3079 | 11733 | 3.0364 | 161.8056 | 0.0004 | 3.7084 | 556.5139 | 0.0004 | 2.0968 | 3.4394 | 0.0012
9 ESI+ Benzoylmesaconine | 590.2918 | 12583 | 3.5377 | 1063.2761 | 0.0003 | 4.1161 | 25933079 | 0.0003 | 1.7251 | 2.4390 | 0.0007
10 ESI- 3-Methylxanthine | 165.0413 | 1.8567 | 11911 | 24492 | 00062 | 1.6700 | 3.8348 | 0.0005 | 1.1379 | 1.5657 | 0.0221
11 ESI+ Ceritinib 558.2303 | 0.4700 | 3.9231 | 1067.4680 | 0.0002 | 4.1249 | 578.0174 | 0.0001 | 13471 | 0.5415 | 0.0028
4-Methylquinolin-
12 ESI+ pol 160.0747 | 0.8700 | 14216 | 03029 | 0.0001 - - - 1.4789 | 1.8770 | 0.0068
group, the relative abundances of Xanthomonas and  negative correlations with Mesaconitine (Cor = —0.59), Fuziline

Corynebacterium were significantly reduced (p < 0.05), and the rela-
tive abundance of Xanthomonas was restored to the normal level
(Figure 5C and Supplementary Figure 3A). These results suggest
that processing A. kusnezoffii with Terminalia chebula decoction
modifies its impact on intestinal microbial composition.

3.3.3 Correlation analysis and functional analysis

To explore the potential associations between gut microbiota
and differential metabolites, Spearman correlation analysis was
performed between the top 10 intestinal microbial genera and 12
fecal differential metabolites, as shown in Figure 5F. The screening
criteria for microbiota and metabolites were as follows. First, low-
abundance taxa are more susceptible to sequencing noise and may
generate spurious correlations. Therefore, they were excluded to
improve the reliability of correlation analyses. Second, the top 10
genera ranked by average relative abundance were selected as rep-
resentative of the core intestinal microbiota. These taxa are
involved in key host metabolic processes, including short-chain
fatty acid, bile acid, polysaccharide, and amino acid metabolism.
Therefore, they are particularly informative for elucidating
microbe-metabolite interaction patterns. Third, restricting the
number of taxa enhances the clarity of visualization and facilitates
the intuitive identification of key microbe-metabolite correlations.
Clostridium showed a positive correlation with Uridine
(Cor = 0.75) and a negative correlation with 3-Methylxanthine
(Cor = —0.71). Corynebacterium was positively correlated with
Uridine (Cor =0.71), Mesaconitine (Cor =0.74), Fuziline
(Cor = 0.81), Ceritinib (Cor = 0.73), Carnitine (Cor = 0.78), and

Beiwutine (Cor =0.80) and negatively correlated with
Benzoylhypaconine (Cor = —0.66), Benzoylaconine
(Cor =—-0.68), Benzoylmesaconine (Cor=-0.64), and

4-Methylquinolin-2-ol (Cor = —0.74). Desulfovibrio showed
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Ceritinib
while it was

(Cor = —0.74), (Cor = —-0.67), and Beiwutine
(Cor = —0.75), positively correlated with
3-Methylxanthine (Cor = 0.66). Enterorhabdus was negatively cor-
related with Mesaconitine (Cor = —0.66). Lachnospiraceae_
NK4A136_group exhibited a negative correlation with Biliverdin
(Cor = —0.67). Parabacteroides was positively correlated with
Mesaconitine (Cor = 0.59), Fuziline (Cor = 0.67), and Beiwutine
(Cor = 0.63). Prevotella showed negative correlations with Fuziline
(Cor = —0.61), Carnitine (Cor=—-0.68), and Beiwutine
(Cor = —0.66) and positive correlations with Benzoylhypaconine
(Cor = 0.69), Benzoylaconine (Cor = 0.69), Benzoylmesaconine
(Cor=0.70), and 4-Methylquinolin-2-ol  (Cor = 0.61).
Xanthomonas was positively correlated with Uridine (Cor = 0.73),
Mesaconitine (Cor = 0.82), Fuziline (Cor =0.90), Ceritinib
(Cor = 0.79), Carnitine (Cor = 0.82), and Beiwutine (Cor = 0.93),
while negative correlations were observed with Benzoylhypaconine
(Cor = —0.69), Benzoylaconine (Cor = —0.71),
Benzoylmesaconine (Cor = —0.70), 4-Methylquinolin-2-ol
(Cor = —0.75), and 3-Methylxanthine (Cor = —0.60). These find-
ings suggest that the detoxification effect of A. kusnezoffii pro-
cessed with Terminalia chebula decoction may be closely
associated with alterations in intestinal microorganisms and their
metabolism.

To further explore the functional characteristics of the microbial
communities, KEGG analysis was conducted. Compared with the Ctrl
group, the SCW and HZZCW groups displayed significant upregula-
tion of metabolic functions, including Protein kinases, Mineral
absorption, Steroid biosynthesis, Meiosis-yeast, Two-component
system, Prion diseases, and Amyotrophic lateral sclerosis (ALS)
(p < 0.01). In contrast, the functions of Type II diabetes mellitus, RNA
degradation, Ribosome biogenesis in eukaryotes, Chaperones and
folding catalysts, Translation proteins, and Carbohydrate digestion
and absorption were significantly downregulated (p <0.01)
(Figures 6A,B).
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FIGURE 3
Changes in the contents of 12 differential metabolites. Data are expressed as mean + standard error and analyzed by one-way ANOVA #p < 0.05,
##p < 0.01, p < 0.001, < 0.0001.

3.3.4 Correlation analysis between gut microbiota
and functional pathways

Correlation analysis showed that the relative abundance of
Corynebacterium was significantly and positively correlated with the

Frontiers in Microbiology

enrichment of the protein kinase pathway (r = 0.55, p < 0.05) and
Mineral absorption (r=0.52, p<0.05). Intervention with raw
Aconitum kusnezoffii increased the abundance of Corynebacterium,
accompanied by enhanced overall protein kinase function in the gut
microbiota. By contrast, processing with Chebulae Fructus decoction

09 frontiersin.org


https://doi.org/10.3389/fmicb.2026.1879939
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Saetal.

10.3389/fmicb.2026.1879939

Venn Diagram 0.75
A Cnt C
0.50
Number
L J
I 2000 g o e,
g \ @ Ctrl
1500 g 500 ’ o\ © ® Hzzcw
1000 = I e e N\ L J
0.25 = ’
l 500
0.50
dow oW 0.25 0.00 0.25 0.50
PCoA1 (10.46%)
1.0005 1.1
10
B * *
o 1.0000 - A 8 1.04
- & <«
g 0.9995- S 6- e 2 b
°, (A s g— 0.9
w — A © =
-§ 0.9990 £ 4 B
> —
0.9985 .8
2_
0.9980 T T T 0.7
> N 0 T T T ) ‘l \‘; \‘;
(¢ (¢ S S D D [ S S
S 3 S
& o o R
b
1500 - * *k * 1500 * ok : *
1500 - *
w
1 S 1000 4
1000 — -
- A a @ 1000 — i
g oy o' 4 3
S e 1 3 A 8 P N
o AL Z = © A .
- @ -
500 2 500 5004
©
0 : N . g : § ; 0 T T T
> >
s 439‘\ & O’c“ PRSP
3 J R
FIGURE 4
Effects of SCW and HZZCW on intestinal microbial diversity and microbial composition. (A) Shared and unique OTUs among the three groups. (B) Alpha
diversity of intestinal microbiota, and PCA of intestinal microorganisms (C). Data are expressed as mean + standard error and analyzed by one-way
ANOVA. #p < 0.05, *#*p < 0.01.

reduced the abundance of this genus and alleviated protein kinase
pathway enrichment. No significant correlations were detected
between Xanthomonas and either the protein kinase pathway or
Mineral absorption (p > 0.05) (Figure 7).

3.4 Pharmacological effects of Aconitum
kusnezoffii processed with Terminalia
chebula decoction

Compared with the Ctrl group, the SCW group showed signifi-
cantly increased serum MDA and LDH levels (p < 0.01) and signifi-
cantly decreased SOD activity (p < 0.01) (Figure 8A). Pathological
changes in cardiac tissue included disordered myocardial fibers, frag-
mentation, mild fibrous tissue hyperplasia, myocardial cell necrosis
with deeply stained and pyknotic nuclei, and inflammatory cell infil-
tration in the myocardial interstitium (Figure 8B). In contrast, in the
HZZCW group, no significant changes were observed in serum MDA,
LDH, and SOD levels (p > 0.05). Histopathological analysis revealed
disordered myocardial fibers, mild fibrous tissue hyperplasia, and a
small number of necrotic myocardial cells with pyknotic nuclei, but
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no obvious inflammatory cell infiltration in the myocardial intersti-
tium. These findings indicate that processing A. kusnezoffii with
Terminalia chebula decoction effectively reduces its toxicity.
Furthermore, compared with the Ctrl group, both protein and mRNA
expression levels of AKT, PI3K, and EGFR were significantly upregu-
lated in the SCW group (p < 0.01). These expression levels were fur-
ther increased in the HZZCW group relative to the SCW group
(p < 0.01) (Figures 9A,C). In addition, both treatment groups exhib-
ited significantly higher phosphorylation ratios of p-AKT/AKT,
p-PI3K/PI3K, and p-EGFR/EGFR compared with the Ctrl group
(p < 0.01). Notably, the p-PI3K/PI3K ratio in the HZZCW group was
significantly lower than that in the SCW group (p < 0.05) (Figure 9B).
These findings indicate that Chebulae Fructus decoction-processed
aconite retains its cardioprotective effect.

Compared with the Ctrl group, the CIA group exhibited signifi-
cantly increased ankle swelling, thymus index, spleen index, inflam-
matory cytokine levels, and GPX4 protein expression in ankle joints
(p < 0.01), confirming successful model establishment. The severity of
ankle swelling in the model group gradually increased over time
(Figure 10A). On day 7 of treatment, ankle swelling was significantly
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reduced in the MTX, SCW-L, SCW-M, SCW-H, HZZCW-M, and
HZZCW-H groups (p < 0.01, p < 0.05), while no significant inhibition
was observed in the remaining groups (p > 0.05). Among the HZZCW
groups, the medium dose exhibited the strongest effect, with the effi-
cacy ranking HZZCW-L < HZZCW-H < HZZCW-M. By day 14,
ankle swelling was significantly reduced in all treatment groups
(p <0.01). Comparison between equal-dose groups showed that swell-
ing in the HZZCW-H group was lower than that in the SCW-H group,
whereas swelling in the SCW-L group was lower than that in the
HZZCW-L group (p < 0.05). Intergroup comparisons revealed that the
SCW-L group exhibited lower levels of swelling than the SCW-H
group (p < 0.05), and the HZZCW-M and HZZCW-H groups dis-
played lower swelling degrees than the HZZCW-L group (p < 0.05).
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On day 21, all treatment groups significantly reduced ankle swelling
(p < 0.01). No significant differences were observed among the SCW
or HZZCW dose groups. However, swelling in the HZZCW-L group
was lower than that in the SCW-M group (p < 0.05). The thymus index
was significantly reduced in the MTX, SCW-M, HZZCW-M, and
HZZCW-H groups (p < 0.01). Intergroup comparisons showed that
the SCW-M group was lower than the SCW-H group, and the
HZZCW-H group was lower than the SCW-H group (p <0.01)
(Figure 10B). Similarly, the spleen index was significantly decreased
in the MTX, SCW-L, SCW-M, HZZCW-M, and HZZCW-H groups
(p <0.01, p < 0.05). Intergroup comparisons showed that the SCW-L
and SCW-M groups had lower spleen indices than the SCW-H group,
while the HZZCW-M and HZZCW-H groups showed lower values
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FIGURE 6
KEGG functional analysis of differential flora.
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Spearman correlation analysis between KEGG pathways and differential genera.
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than the SCW-H group (p < 0.05) (Figure 10B). These results demon-
strate that both SCW and HZZCW can alleviate ankle swelling and
reduce thymus and spleen indices in CIA model rats.

The ELISA results revealed that the expression levels of IL-6,
IL-17, and TNF-a were significantly decreased across all groups
(p <0.01, p <0.05) (Figure 10C). Comparison between equal-dose
groups showed that HZZCW subgroups exhibited significantly lower
inflammatory factor levels than the SCW subgroups (p <0.01,
p <0.05). H&E staining results (Figure 10D) demonstrated that the
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Ctrl group maintained normal ankle structure, intact cartilage surface,
normal joint space, and absence of synovial hyperplasia or inflamma-
tory cell infiltration. In contrast, the CIA group exhibited narrowed
joint space, damaged cartilage surface, and inflammatory cell infiltra-
tion. Administration of SCW or HZZCW improved synovial tissue
morphology and reduced inflammatory cell infiltration to varying
degrees. Masson staining (Figure 10E). In the Ctrl group, collagen
fibers and cartilage tissue were uniformly stained, with a clear bound-
ary between cartilage and subchondral bone. The CIA group displayed
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disordered collagen fiber arrangement, destruction of cartilage and
subchondral bone with blurred boundaries, and inflammatory infil-
tration. Compared with the CIA group, treatment with SCW or
HZZCW restored collagen fiber regularity, improved cartilage integ-
rity, and reduced lesion severity. IHC analysis of ankle joints showed
that all groups except SCW-L significantly reduced GPX4 protein
expression compared with the CIA group. Intergroup comparison
indicated that the HZZCW-L group exhibited lower GPX4 expression
than the SCW-L group (p < 0.05) (Figure 10F). Collectively, these
results demonstrate that both SCW and HZZCW exert anti-inflam-
matory effects in CIA model rats, with HZZCW exhibiting superior
efficacy to SCW.

4 Discussion

Aconitum kusnezoffii primarily affects pyrimidine metabolism, as
well as phenylalanine and tryptophan metabolism. Pyrimidine metab-
olism plays a central role in the effector functions of immune cells.
Among pyrimidine metabolites, uridine is a key nucleoside involved
in de novo pyrimidine synthesis and essential for maintaining funda-
mental cellular functions and survival. Uridine has been reported to
exert therapeutic effects in metabolic disorders (such as diabetes and
obesity), rheumatoid arthritis, acute myocardial infarction, and
related complications (Song et al., 2025). In this study, fecal uridine
levels were elevated, which may reflect a mild impairment of intestinal
absorption.

Phenylalanine metabolism emerged as a common pathway
affected by both SCW and HZZCW interventions. Dysregulation of
this pathway was associated with pathological conditions such as
stroke and heart failure (Dong et al., 2025), and liver injury can further
compromise the enzymatic activity required for phenylalanine
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metabolism (Wang, 2001). Normally, phenylalanine is converted into
tyrosine via phenylalanine hydroxylase (PAH), while a minor portion
undergoes deamination to form phenylpyruvic acid and phenylacetic
acid. Impaired PAH activity results in phenylalanine accumulation
and elevated phenylpyruvic acid. Phenylpyruvic acid can be further
metabolized into phenylacetic acid, thus increasing phenylacetic acid
levels (Strasser et al., 2017). Previous studies have shown decreased
fecal phenylalanine levels in patients with chronic diarrhea and dia-
betes (Guo et al., 2024; Wang et al., 2025). In this study, administration
of SCW and HZZCW disrupted fecal phenylalanine metabolism,
which may underlie observed toxic symptoms, such as diarrhea. This
indicates that phenylalanine metabolism represents a common target
of the two interventions.

The porphyrin metabolism pathway was identified as a differential
pathway in the feces of SCW and HZZCW. Biliverdin (BV), also
referred to as dehydrobilirubin, exists as isomers BVIXa, BVIXp,
BVIXYy, and BVIXS. BV is a tetrapyrrole pigment generated during
heme catabolism (O'Carra and Colleran, 1970). As a metabolite of the
biliverdin-bilirubin cycle, biliverdin protects lipids from reactive
oxygen species (ROS)-induced damage. It also possesses anti-inflam-
matory properties, contributes to antiviral drug development, and is
used therapeutically in conditions such as lung transplantation injury
and hepatic ischemia-reperfusion injury (Yan et al., 2022). HZZCW
may exert its detoxification effect by modulating porphyrin
metabolism.

Tryptophan metabolism was particularly affected by SCW
administration. Tryptophan catabolites are absorbed through the
intestinal epithelium and enter systemic circulation, where specific
metabolites such as IPA, IE, and IAA exhibit antioxidant and anti-
inflammatory effects. Indole also stimulates glucagon-like peptide
(GLP-1) release from enteroendocrine cells. GLP-1 can suppress
appetite, enhance insulin secretion, and slow gastric emptying. In the
liver, indole is metabolized to indoxyl sulfate (IS) via CYP2E1 and
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expressed as mean + standard error and analyzed by one-way ANOVA. ##p < 0.01 compared with the blank group; *p < 0.05 compared with the model

group; **p < 0.01 compared with the model group.

sulfotransferase (SULT), which can be cytotoxic at elevated concen-
trations (Roager and Licht, 2018). SCW administration reduced the
intestinal absorption of tryptophan metabolites, leading to their
accumulation in feces. In contrast, HZZCW regulated fecal trypto-
phan metabolism, representing a potential mechanism for the “detox-
ification while preserving efficacy” effect. Furthermore, the
synergistic modulation of the alanine-aspartate-glutamate
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metabolism and porphyrin metabolism pathways by HZZCW may
further enhance its detoxification effect.

Ubiquinone (coenzyme Q10, CoQ10) is a lipophilic molecule
involved in cellular signal transduction and substance transport. It
inhibits lipid and protein peroxidation, supports cell viability by pro-
tecting genetic integrity, and reduces cellular necrosis and apoptosis
(Bhagavan and Chopra, 2006; Rauchova et al., 1995; Alleva et al.,
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2001). In addition, as a key electron and proton carrier in mitochon-
drial aerobic respiration, adequate ubiquinone is essential for ATP
synthesis, and its deficiency has been implicated in various metabo-
lism-related disorders (Aaseth et al., 2021; Herniandez-Camacho et al.,
2018). Although ubiquinone functions as a classical biological anti-
oxidant, excessive intake may paradoxically exert pro-oxidant effects.
Previous studies have reported hemorrhagic effects in normal rats
following high-dose ubiquinone supplementation (Takahashi, 1995).
In this study, compared with the SCW control group, intervention
with HZZCW increased the level of 4-hydroxyphenylpyruvate while
decreasing the content of 4-hydroxybenzoic acid in the ubiquinone
and other terpenoid-quinone biosynthesis pathways in normal rats.
These results suggest that HZZCW may suppress the conversion of
4-hydroxyphenylpyruvate to 4-hydroxybenzoic acid and moderately
downregulate basal ubiquinone synthesis, thereby preventing oxida-
tive stress associated with excessive endogenous ubiquinone activity.
Meanwhile, the accumulation of 4-hydroxyphenylpyruvate may con-
tribute to sustained antioxidant effects, reduce the accumulation of
toxic metabolic byproducts, and modulate tyrosine metabolism,
thereby alleviating basal metabolic oxidative burden. Collectively,
these findings suggest that HZZCW may exert detoxification effects
at the level of endogenous metabolic regulation.

Alterations in the intestinal microbiota represent a crucial mediat-
ing pathway of A. kusnezoffii processed with Terminalia chebula
decoction. In this study, Firmicutes, Actinobacteria, Bacteroidota,
Proteobacteria, and Verrucomicrobiota were the dominant intestinal
phyla across all groups, accounting for over 90% of total flora. Shifts
in the abundance of specific phyla and genera were directly associated
with toxic effects. Desulfobacter is mainly associated with intestinal
inflammation and metabolic diseases (Kushkevych et al., 2021; Birg
and Lin, 2025). Verrucomicrobiota and Deferribacterota are also asso-
ciated with inflammatory responses (Wang Y. H. et al., 2024; Bai et al.,
2022). At the genus level, Prevotella can exacerbate periodontitis-
related inflammation and contribute to atherosclerosis (Chen et al.,
2025; Xu et al., 2023), suggesting that its correlation with the toxic
components of A. kusnezoffii may mediate toxicity. Corynebacterium,
an aerobic, non-spore-forming, Gram-positive bacillus, is typically
part of the normal skin and mucosal flora but can act as a pathogen
under certain conditions (Renom et al., 2007; Sunn et al., 2018).
Xanthomonas, a Gram-negative genus of Gammaproteobacteria, com-
prises more than 35 species and can infect over 400 different plant
hosts. It produces type III effector molecules as its primary virulence
factor (Timilsina et al., 2024). The synthesis of coproporphyrin IIT has
been reported to depend on Corynebacterium diphtheriae (Alves et al.,
2024). These findings indicate that HZZCW may reduce the produc-
tion of toxic metabolites by downregulating Corynebacterium and
Xanthomonas. The increased relative abundance of Xanthomonas may
reflect the effects of the botanical components themselves, warranting
further investigation.

Spearman correlation analysis revealed a close correlation
between key gut microbiota and differential fecal metabolites.
Corynebacterium and Xanthomonas were positively correlated with
highly toxic prototype components of Aconitum kusnezoffii, such as
kusnezoline, mesaconitine, and fuziline, while negatively correlated
with low-toxicity prototype constituents and metabolites, including
benzoylhypaconine and benzoylaconine. These results indicated that
the abnormal proliferation of Corynebacterium and Xanthomonas
could promote the accumulation of toxic components of Aconitum
kusnezoffii and inhibit their metabolic detoxification in feces.
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Desulfovibrio was negatively correlated with mesaconitine and fuziline
and positively correlated with 3-Methylxanthine, suggesting that it
could facilitate the metabolism of toxic components of Aconitum kus-
nezoffii and reduce toxicity. Prevotella was negatively correlated with
toxic metabolites such as fuziline and positively correlated with toxic
metabolic derivatives, indicating that it could enhance the detoxifica-
tion and metabolism of toxic constituents. The above correlations
demonstrated that Aconitum kusnezoffii processed with Chebulae
Fructus decoction could regulate the structure of gut microbiota, alter
the expression levels of differential fecal metabolites (including proto-
type components), promote the metabolism of toxic Aconitum com-
ponents by gut microbiota, reduce toxic accumulation, and alleviate
oxidative and tissue damage. As an important mechanism underlying
the detoxification of processed Aconitum kusnezoffii, the interaction
between gut microbiota and fecal metabolites achieves the coordi-
nated regulation of the intestinal microenvironment and host metabo-
lism, thereby exerting an overall detoxification effect.

Metabolically, uridine activates mitochondrial ATP-dependent
potassium channels (mitoKATP), inducing mitochondrial ROS pro-
duction (Bulion et al., 2019). Corynebacterium glutamicum partici-
pates in the biosynthesis of uridine diphosphate glucuronate
(UDP-GIcA) and uridine diphosphate N-acetylglucosamine (UDP-
GlcNAc) (Hu et al., 2025). AvrAC, a type III effector of Xanthomonas
campestris, functions as a uridylyltransferase (Feng et al., 2012). It can
add uridine 5’-monophosphate to the activation loops of BIK1 and
RIPK, mask phosphorylation sites, and reduce their kinase activity,
thereby suppressing downstream signaling. Main alkaloids in SCW
and HZZCW, including Mesaconitine,
Benzoylhypaconine, Benzoylaconine, and Benzoylmesaconine, act as

Fuziline, Beiwutine,
both active and toxic components. Processing A. kusnezoffii with
Terminalia chebula significantly reduces its toxicity, likely via the
hydrolysis of diester-type aconitines and the formation of insoluble
complexes with tannins (Huang et al., 2022).

At the molecular level, quantitative analyses of gene and protein
expression comprehensively characterized the activation profile of the
EGFR/PI3K/AKT pathway, further demonstrating the distinctive
regulatory advantages of HZZCW. The mRNA expression, total pro-
tein, and phosphorylation levels of key molecules in this pathway were
simultaneously evaluated. Compared with the Ctrl group, the mRNA
and total protein expression levels of EGFR, PI3K, and AKT were sig-
nificantly increased in both the SCW and HZZCW groups (p < 0.01).
Notably, the expression levels of these molecules were markedly
higher in the HZZCW group than in the SCW group. The phosphory-
lation ratios of p-AKT/AKT, p-EGFR/EGFR, and p-PI3K/PI3K were
significantly elevated in both treatment groups compared with the Ctrl
group (p < 0.01), confirming that both raw Aconiti Radix (SCW) and
Aconiti Radix processed with Chebulae Fructus decoction (HZZCW)
activate the EGFR-dependent PI3K/AKT cascade. Notably, the
p-PI3K/PI3K ratio was significantly lower than that observed in the
SCW group (p <0.05). This finding suggests that processing with
Chebulae Fructus decoction does not suppress the entire pathway;
rather, it selectively attenuates excessive PI3K phosphorylation,
thereby maintaining a balanced activation state. Collectively, these
results provide molecular evidence supporting the regulatory effect of
HZZCW on the PI3K/AKT signaling pathway.

The PI3K/Akt pathway is a central regulator of cell survival, oxidative
stress responses, and apoptosis through its modulation of downstream
Bcl-2 family proteins (Li A. et al., 2022; Li S. et al,, 2022). As a key down-
stream effector of PI3K, AKT phosphorylates multiple target proteins,
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including mTOR (Guo et al,, 2015). Glutamic acid and porphyrin meta-
bolic pathways act as critical upstream modulators of PI3K/AKT pathway
activation. Glutamine regulates the PI3K/Akt/mTOR signaling axis and
thereby influences cellular proliferation and survival (Alzahrani, 2019).
Conversely; excessive glutamate accumulation can bind to NR2B receptors,
leading to sustained hyperactivation of the PI3K/Akt pathway (Xie et al,,
2024). Biliverdin, a key intermediate product of porphyrin metabolism, also
exerts protective effects by activating the PI3K/AKT pathway and mitigat-
ing cellular injury (Li, 2013).

Intervention with SCW and HZZCW markedly remodeled the fecal
metabolic landscape, particularly affecting glutamate, phenylalanine, and
porphyrin metabolism. Alterations in these key metabolites may serve as
upstream regulatory signals that influence the transcriptional and transla-
tional expression of components within the EGFR/PI3K/AKT signaling
pathway. KEGG functional enrichment analysis revealed significant enrich-
ment of protein kinase-related functions among the differential microbial
communities. Notably, Corynebacterium exhibited a strong positive correla-
tion with the enrichment of protein kinase activity, suggesting that the pro-
liferation of Corynebacterium following SCW administration may be a
critical microbial driver of kinase-related signaling activation. In contrast,
treatment with Aconitum kusnezoffii processed using Chebulae Fructus
(HZZCW) significantly reduced the abundance of
Corynebacterium, thereby attenuating excessive activation of this pathway.

decoction

This observation is consistent with the cascade activation signature of the
PI3K/AKT kinase pathway. Corynebacterium is identified as one of the core
differential genera. An aberrant increase in Corynebacterium abundance
has also been implicated in the regulation of PI3K/AKT signaling homeo-
stasis (Fleeman, 2023). Lipoteichoic acid derived from the cell wall of
Corynebacterium can activate TLR2-mediated signaling, inducing PI3K
phosphorylation and promoting the release of pro-inflammatory cytokines,
ultimately contributing to sustained hyperactivation of the PI3K/AKT
pathway (Altonsy et al., 2020; Kao et al., 2005). Therefore, the abnormal
enrichment of Corynebacterium induced by SCW may represent a micro-
biota-derived mechanism underlying the elevated p-PI3K/PI3K ratio and
enhanced toxicity observed in this group. Conversely, the reduction of
Corynebacterium abundance following HZZCW treatment may contribute
to the suppression of excessive PI3K phosphorylation and the restoration
of signaling homeostasis.

These findings are further supported by previous studies demonstrat-
ing that raw Aconitum kusnezoffii (SCW) can elevate MDA levels, disrupt
myocardial fiber architecture, and induce myocardial injury (Zhang et al,,
2017). In contrast, benzoylaconine (BAC), a major bioactive product gener-
ated during processing, has been reported to exert cardioprotective effects
through targeted activation of the PI3K/Akt pathway, inhibition of cardio-
myocyte apoptosis, and regulation of autophagic homeostasis (Zhou et al.,
2021; Zhou et al., 2025). Taken together, the integrated multi-omics analy-
ses and molecular validation results indicate that HZZCW exerts a bidirec-
tional regulatory effect on the PI3K/AKT signaling network. On the one
hand, HZZCW elevates the expression of EGFR, PI3K, and AKT, maintain-
ing an adequate signaling reserve and preserving the cardioprotective func-
tions of the PI3K/AKT pathway. On the other hand, HZZCW reshapes the
intestinal microbiota composition and corrects disturbances in glutamate-
and porphyrin-related metabolism. These coordinated effects mitigate
aberrant hyperphosphorylation, suppress excessive inflammatory signal-
ing, and ultimately alleviate the cardiotoxicity associated with dysregulated
PI3K/AKT pathway activation.

Moreover, both SCW and HZZCW alleviated symptoms in the CIA
model, confirming their anti-inflammatory efficacy. Under pathological
conditions such as rheumatoid arthritis (RA), pro-inflammatory cytokines
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(IL-1B, IL-6, and IL-8) produced by synovial tissue disrupt the differentia-
tion of osteoclasts and osteoblasts, thereby impairing bone formation (Li et
al., 2021). Ferroptosis, a recently characterized form of programmed cell
death, is driven by iron-dependent lipid peroxidation and has been impli-
cated in RA pathogenesis through dysregulation of iron metabolism, GSH
metabolism, GPX4 activity, and lipid peroxidation (Dixon and Olzmann,
2024). GPX4, a critical peroxidase in ferroptosis pathways (System Xc-/
GSH/GPX4 and p53/SLC7A11/GPX4), is the sole intracellular glutathione
peroxidase capable of reducing lipid peroxides (Basit et al., 2017). Previous
studies have reported decreased GPX4 protein and mRNA levels in periph-
eral blood mononuclear cells of RA patients (Liu et al., 2024). Zhao et al.
(2024) observed elevated GPX4 and SLC7A11 expression in RA fibroblast-
like synoviocytes (FLSs) compared to trauma controls. Additionally, TNF-o
can modulate the System Xc-/GSH/GPX4 axis via NF-kB activation,
thereby protecting synovial fibroblasts (Wu et al., 2022). In this study, both
SCW and HZZCW reduced IL-6, IL-17, and TNF-« levels, with HZZCW
exhibiting greater efficacy. Pathological assessment revealed improved
synovial structure and reduced inflammatory infiltration. GPX4 protein
expression was also decreased in all treatment groups except SCW-L, with
HZZCW-L showing a more pronounced reduction than SCW-L.

In this study, ankle swelling and serum pro-inflammatory cyto-
kine levels exhibited an inconsistent dose-response relationship,
reflecting the distinct biological significance of these two outcome
measures. Serum cytokine concentrations assessed at the end of
administration primarily represent the systemic inflammatory status,
whereas ankle swelling reflects a composite pathological phenotype
influenced by local inflammation, vascular permeability, tissue edema,
and drug-related physiological responses. Notably, the high-dose raw
A. kusnezoffii group (SCW-H) demonstrated significantly greater sup-
pression of pro-inflammatory cytokines than the low-dose group
(SCW-L), confirming superior anti-inflammatory activity at the
molecular level.

However, on day 14 of intervention, SCW-L produced a more pro-
nounced reduction in ankle swelling than SCW-H. This phenomenon does
not necessarily imply weaker anti-inflammatory efficacy of SCW-H; rather,
it suggests that the gross pathological manifestation of joint swelling may
be influenced by factors beyond cytokine inhibition alone. Raw A. kusnezof-
fii contains diester-diterpenoid alkaloids, which are known to exhibit dose-
dependent systemic toxicity. At lower doses, the anti-inflammatory effects
may predominate, leading to rapid attenuation of synovial inflammation
and tissue edema. In contrast, although SCW-H more effectively suppresses
inflammatory mediator production, the higher alkaloid burden may simul-
taneously induce systemic stress responses or vascular dysfunction, which
could partially offset the early improvement in joint swelling. By day 21, the
superior anti-inflammatory activity of SCW-H became more evident, and
the difference in ankle swelling between the two dose groups was substan-
tially diminished. The observed discrepancy may also be related to disease
stage. During relatively mild or moderate phases of disease progression,
lower doses may be sufficient to control inflammatory manifestations,
whereas higher doses may become advantageous as pathological severity
increases and stronger suppression of inflammatory signaling is required.

In summary, ankle swelling should be interpreted as an integrated
phenotypic outcome rather than a direct surrogate marker of anti-
inflammatory potency. While the anti-inflammatory activity of raw
A. kusnezoffii increases in a dose-dependent manner, systemic toxicity
also rises concurrently. This dual dose-dependent pattern of efficacy
and toxicity highlights the therapeutic limitations of raw Aconitum
kusnezofhii and further supports the rationale for processing with
Chebulae Fructus decoction.
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Collectively, these findings demonstrated that SCW and HZZCW
can effectively alleviate synovial hyperplasia, inflammatory infiltra-
tion, and joint tissue pathology in CIA rats, likely via modulation of
GPX4-related signaling pathways, inhibition of an overactive antioxi-
dant system, and restoration of synovial sensitivity to ferroptosis.

5 Conclusion

This study verifies that T. chebula decoction-processed A. kusnezoffii
exerts pharmacological effects through multiple paths: regulating key
metabolic pathways, such as the phenylalanine metabolic pathway;
downregulating the intestinal microbiota, notably Corynebacterium and
Xanthomonas; activating the PI3K/Akt pathway; reducing pro-inflam-
matory cytokines and GPX4 protein expression; and improving the
pathological changes in the heart and ankle joints. This study provides a
scientific foundation for the safe clinical application of A. kusnezoffii.
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