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Reichb against rheumatoid arthritis and its
cardiotoxicity reduction
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Abstract

Background Although the efficacy of Aconitum kusnezoffii Reichb (Caowu) in treating rheumatoid arthritis is well-
established, its severe toxic side effects have attracted widespread attention from researchers both domestically

and internationally. Processing is an important method for reducing the toxicity of Caowu and ensuring its safe clinical
application, with the processing of Caowu using the Terminalia chebula Retz (Hezi) decoction method being a distinc-
tive approach in Mongolian medicine. The majority of current studies on HC are still conducted in animal models
under normal physiological conditions, failing to adequately account for the impact of pathological states on its
efficacy and toxicity. Moreover, the material basis underlying its effects and the molecular mechanisms through which
processing reduces toxicity while preserving therapeutic efficacy remain unclear.

Purpose This study employs proteomics to uncover changes in toxicity- and efficacy-related proteins dur-
ing the in vivo action of Hezi Processed Caowu (HC), thereby exploring the molecular mechanisms behind its “toxicity
reduction while efficacy retention”.

Methods Using LC-MS/MS technology, based on the Collagen- Induced Arthritis (CIA) rat model, we combined
in vivo and in vitro chemical composition analysis, in vivo pharmacology/toxicology, proteomics, molecular docking,
and other research methods to explore its molecular mechanism.

Results Using UPLC-Q-Orbitrap-MS/MS technology, 43 compounds were identified in the positive ion mode

for HC. After administration of HC, 24 parent compounds were detected in plasma and 25 parent components were
detected in the heart. A CIA rat model was established to evaluate the anti-RA (Rheumatoid Arthritis) pharmacologi-
cal effects of HC. It was found that HC could reduce foot swelling in CIA rats, lower the arthritis index, and decrease
the secretion of MMP-2, MMP-3, TNF-a, and IL-6. Proteomic analysis revealed that, compared with the CIA group,
administration of HC significantly downregulated the protein expression of Ctsk, Acp5, and Casp3. Molecular dock-
ing was employed to simulate the spatial conformation between the core differentially expressed target proteins
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ing score with mesaconine.

and the blood-absorbed bioactive components of the HC. The highest docking scores were observed between Ctsk
and benzoylaconitine, Casp3 and aconitine, as well as Acp5 and ellagic acid. After long-term treatment of CIA rats
with raw Caowu (RC) and HC, histopathological examination and electrocardiogram (ECG) detection indicated signifi-
cant cardiotoxicity in the RC group, which was ameliorated by HC group. Subsequent biochemical analysis showed
that, compared to the raw aconite group, the levels of AST, ALP, LDH, CK, CK-MB, TP, and TBA were reduced in the HC
group. Proteomic studies further demonstrated that the expression of Kng1 and Sod1 was downregulated in the HC
group compared to the RC group. Western blot analysis confirmed that Nrf2, Kng1, and Sod1 were highly expressed
in the RC group, whereas their expression was reduced in HC group. Additionally, compared with the RC group, HC
decreased the levels of Casp3 and Bax, while increasing the expression of Bcl2. Further analysis using molecular dock-
ing technology validated the spatial conformation of differentially expressed core target proteins with cardiac active
components. Among these, Nrf2 had the highest docking score with benzoylmesaconine, Kng1 had the highest
docking score with chasmanine, and Sod1 had the highest docking score with benzoylaconitine. Casp3 had the high-
est docking score with aconitine, Bax had the highest docking score with senbusine A, and Bcl2 had the highest dock-

Conclusions HC exerts its anti-RA effects by prolonging the retention time of anti-inflammatory components

in the body, reducing the expression of Ctsk, Acp5, and Casp3 proteins, and inhibiting bone erosion and joint dam-
age; it also reduces cardiac toxicity by reducing oxidative stress and protecting against apoptosis, thereby forming

a multidimensional detoxification mechanism. This study focused on the anti-inflammatory activity of HC, integrat-
ing blood component analysis, cardiac tissue distribution detection, and disease model-driven synovial and cardiac
proteomics analysis to scientifically elucidate the detoxification and efficacy principles of HC, providing new strategies
for comprehensive research on detoxification and efficacy in the preparation of toxic herbs for ethnic minorities.

Keywords Hezi-processed Caowu, Rheumatoid arthritis, Cardiotoxicity, Proteomics, Molecular docking

Introduction

Traditional Chinese medicine (TCM) has a long history
and is widely used worldwide for disease treatment and
prevention. However, adverse reaction events occasion-
ally occur, and safety concerns regarding TCM have grad-
ually gained attention, with its potential toxic side effects
not to be overlooked [1, 2]. The occurrence of toxic reac-
tions from TCM is not only related to the nature of the
drugs themselves but is also closely associated with the
physiological state of the body during administration
[3]. Therefore, research on the toxicity of TCM urgently
needs to be grounded in the physiological state back-
ground that reflects the characteristics of TCM applica-
tion and the actual occurrence of toxicity, and to deeply
explore the intrinsic connection between toxicity occur-
rence and physiological state. This research paradigm is
not only crucial to the construction and improvement of
the toxicity theory system of TCM, but also can provide
the core scientific basis and practical guidance for clinical
medication [4].

Raw Aconitum kusnezoffii Reichb (Caowu), the dried
root tuber of the plant Aconitum kusnezoffii Reichb, is
warm in nature and pungent in taste. It has anti-inflam-
matory and analgesic effects and can be used to treat
rheumatoid arthritis [2, 5]. According to Mongolian
medical theory, it is highly toxic, particularly to the heart,
so it must be processed to reduce its toxicity before it can
be used clinically. Mongolian medicine’s characteristic

processing method includes Terminalia chebula Retz
(Hezi) decoction processing, whose principle lies in the
tannins in Hezi combining with the alkaloids in Caowu
to form insoluble salts, thereby reducing the content of
highly toxic diester-type alkaloids while increasing the
proportion of lipid-type alkaloids [6]. Although previous
studies have analyzed the intestinal absorption, intesti-
nal bacterial metabolism, and hepatic metabolic compo-
nents of Caowu before and after processing [7], current
research on Hezi Processed Caowu (HC) has primar-
ily focused on its toxicity-reducing effects in isolation,
lacking a comprehensive evaluation within the broader
context of its anti-inflammatory and analgesic effects.
More importantly, the key material basis for its pharma-
cological effects and toxicity, as well as the multi-target
molecular mechanisms underlying its “toxicity reduction
while preserving efficacy,” have yet to be systematically
elucidated.

In the study of molecular mechanisms, proteomics
has gradually come into focus. It investigates differences
in protein expression levels, modification states, inter-
actions, abundance, and characteristics during disease
progression and drug treatment [8]. This methodology
integrates gel-based and chromatographic separation
techniques with mass spectrometry (MS) analysis, and
bioinformatics methods. It not only enables in-depth
analysis of individual proteins but also possesses power-
ful capabilities for processing complex protein samples,
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effectively addressing complex biological questions in
medical and basic science fields, thereby revealing and
exploring biological processes and their related pathways
in detail [9, 10]. This characteristic makes it particu-
larly suitable for analyzing the complexity of traditional
Chinese medicine (TCM). Due to the diverse sources
of TCM herbs, their specific proteins may serve as both
core bioactive components and biomarkers of herbal
origin [11]. Additionally, TCM formulas consist of mul-
tiple herbs containing a wide range of chemical compo-
nents, and individual compounds often act on multiple
protein targets, exhibiting a “multi-component, multi-
target” characteristic. Therefore, when faced with the
highly complex “multi-component, multi-target” system
of TCM, proteomics, with its systematic analytical capa-
bilities, has become the most powerful tool for revealing
the key functional proteins of TCM and their underlying
pharmacological mechanisms.

This study focuses on Mongolian medicine HC, aim-
ing to systematically elucidate its molecular mecha-
nisms underlying “toxicity reduction while maintaining
efficacy” We first characterized blood-borne compo-
nents of HC and their cardiac distribution profiles using
UHPLC-Q-TOF/MS technology. Subsequently, through
the collagen-induced arthritis (CIA) model combined
with proteomic analysis, we identified key therapeutic
targets responsible for HC’s anti-rheumatoid arthritis
(RA) effects, thereby clarifying the immune-regulatory
network essential for its efficacy preservation. Further
investigation involving detection of cardiotoxicity bio-
markers and myocardial proteomics revealed specifically
regulated detoxification pathways. Ultimately, integration
of these multidimensional datasets enabled the construc-
tion of a comprehensive “chemical constituents-phar-
macological effects/toxicity manifestations” correlation
model.

Materials and methods

Reagents and instruments

The Mongolian medicinal herb Caowu is harvested from
the Hanshan region of Tongliao City, Inner Mongolia,
and has been identified by Professor Buhebate of Inner
Mongolia University of Nationalities as the dried tuber-
ous root of Aconitum kusnezoffii Reichb. Hezi was pur-
chased from Jinan Renhe Traditional Chinese Medicine
Decoction Pieces Co., Ltd., batch number 20140101. It
was identified by Professor Song Lin of the Mongolian
Medicine College of Inner Mongolia Medical University
as the dried mature fruit of Terminalia chebula Retz.
IL-1pB ELISA kit was purchased from Wuhan EIAab Bio-
technology Co., LTD. TNF-a ELISA kit and IL-6 ELISA
kit were purchased from Wuhan Huamei Biological Engi-
neering Co., LTD. H&E staining solution and paraffin
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embedding box were purchased from Wuhan Service-
bio Biotechnology Co., LTD. Nrf2 antibody (16,396-1-
AP), SOD1 antibody (67,480-1-1g), Beta actin antibody
(66,009-1-1g), goat anti-rabbit antibody (B900210) and
goat anti-mouse antibody (RGAMO001) were purchased
from Wuhan Sanying Biotechnology Co., LTD. Caspase 3
antibody (A0214), Bax antibody (A7626), and Bcl2 anti-
body (A20777) were purchased from Wuhan ABclonal
Biotechnology Co., LTD. Total bile acids (TBA) Assay Kit,
alkaline phosphatase (ALP) Assay Kit, alanine transami-
nase (ALT) Assay Kit, aspartate transaminase (AST)
Assay Kit, creatine kinase (CK) Assay Kit, lactate dehy-
drogenase (LDH) Assay Kit, and total protein (TP) Assay
Kit were purchased from Beijing Beijian Xinchuangyuan
Biotechnology Co., Ltd.

The liquid chromatography-mass spectrometry instru-
ment was purchased from Thermo Fisher, USA. ZOX
Extend-C18 column was purchased from Agilent Tech-
nologies (USA). The pathological microtome was pur-
chased from Leica Instruments (Shanghai) Co., LTD., and
the Pannoramic panoramic slice scanner was purchased
from 3DHIESTECH (Hungary).

Preparation of medicinal materials

First, we take Hezi, with a dosage of half that of Raw
Caowu (RC). We boil it for 1 h using 10 times its volume
of water. Then, we filter it through 4 layers of gauze. Next,
we soak RC in the filtrate for 2 days, and then boil it for
another 8 h. After that, we remove and place on a square
tray to dry at 60 °C to obtain HC. When used clinically,
it was diluted with 0.5%CMC-Na solution and set aside.

Animals

SPF-grade male SD rats, weighing 230-260 g, were pro-
vided by Beijing Vital River Laboratory Animal Technol-
ogy Co., Ltd. The animal procedures were approved by
the ethics committee with the approval number ERC-
CACMS21-2405-04. The rats were housed in the Institute
of Basic Theory of Traditional Chinese Medicine, China
Academy of Chinese Medical Sciences, with the tempera-
ture maintained at 23—25 “C, humidity at 40-60%.

Under ice-bath conditions, the bovine type II collagen
acetic acid solution (2 mg/mL) and incomplete Freund’s
adjuvant (1 mg-mL™") were mixed in equal volumes using
a tissue homogenizer and adequately emulsified, The pre-
pared collagen emulsion was stored at 4 °C in a refrigera-
tor for model establishment. For primary immunization
(Day 0), the collagen emulsion (0.2 mL) was administered
via intradermal injection at 1-2 cm from the root of the
rat tail. For booster immunization (Day 7), 0.1 mL of
the emulsion was intradermally injected at the same site
(1-2 cm from the tail root) per rat. Rats in the control
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group were injected with normal saline in the same man-
ner and volume.

Anti-RA pharmacodynamics study

Animal grouping and treatment

Rats were randomly divided into 6 groups, Control,
CIA group, MTX group (1.5 mgkg™!), HC-L group
(0.0948 g-kg™!), HC-M group (0.1896 g-kg™'), and HC-H
group (0.3792 g-kg™), with 12 rats in each group. In this
experiment, the high-dose group was set at 1/5 of the
Lethal Dose 50% (LDg,) [12] of HC, the medium-dose
group at 1/10 of LDy, and the low-dose group at 1/20 of
LDs,. On the 10th day after the initial immunization, rats
in each group were administered the drug orally at a dose
of 10 mL/kg. The HC group received the drug once daily,
the MTX group once weekly, for a total of 5 weeks. The
control group and model group were administered a 0.5%
CMC-Na solution.

Measurement of toe swelling

Toe swelling was measured by vernier caliper every
7 days, and the average value of bilateral hindfoot meas-
urement was used as the evaluation index of individual
foot swelling.

Arthritis index assessment

A double-blind evaluation mechanism was employed,
with independent observers quantifying joint lesions in
CIA model rats using a standardized 5-point scoring sys-
tem. The Al value was determined based on the cumula-
tive score of all four limbs, with 0 <AI<16 (4 points x4
limbs), to assess the effect of the HC on joint lesions in
CIA rats. When the Al value >4, the model was deemed
successful [13]. The scoring table is shown in Table 1.

Measurement of inmune organ index

After the last dose, rats were anesthetized with 1%
sodium pentobarbital (40 mg/kg). After blood was col-
lected from the abdominal aorta of rats in each group,
the thymus and spleen were removed and weighed, and
the thymus and spleen indexes were calculated to observe
the effect of HC on the immune organs of CIA rats.

Table 1 Al scoring criteria

Score Al standards

0 Normal

1 One or more toe joints are swollen or inflamed

2 Moderate redness and swelling below the ankle joint
3 Severe redness and swelling including the knee joint
4 Including the knee joint, there is complete redness

and swelling, joint deformation, and disability
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HE staining and cytokine detection

The slices were dried at 60 °C for 2 h. Then it was
deparaffinized, stained with hematoxylin for 3-8 min,
differentiated with 1% hydrochloric ethanol, stained
with eosin for 3 min, dehydrated, sealed with neutral
gum, and observed under a microscope. ELISA kits
were used to determine the levels of MMP-3, MMP-2,
TNF-a, and IL-6 in the synovium.

Cardiac toxicity study

Animal grouping and treatment

The high-dose group (0.0294 g-kg™') was given 1/5 of
the LD;, of RC for 5 weeks to establish the cardiotox-
icity model of RC, The animals were divided into five
groups, CIA model group, RC group, HC-H group,
HC-M group, and HC-L group. The body weight of
the rats was recorded from day 0 and every 7 days for
7 weeks. After the last administration, the rats were
anesthetized by inhalation of isoflurane, fixed on the rat
plate, and electrocardiogram (ECG) was recorded by a
multi-channel physiological recorder. And in this study,
initially 12 rats were included, but due to mortality, 10
rats were finally analysed in the ECG and toxicity study.

Serum biochemical testing

Blood was collected from anesthetized rats, centri-
fuged, and the supernatant was collected for testing of
TBA, ALP, ALT, AST, CK, LDH and TP.

Analysis by UPLC-Q-Orbitrap-MS/MS technology
Chromatographic and mass spectrometry conditions
Chromatographic conditions: ZOXExtend-C18 column
(2.1 mmx100 mm, 1.8 um) mobile phase, 10 mmol
ammonium acetate aqueous solution, ammonium ace-
tate (A)-acetonitrile (B) gradient elution (0-0.3 min,
95% A; 0.3-0.5 min, 95-90% A; 0.5-18 min, 90-60%
A; 18-19 min, 60-40% A; 19-20.5 min, 40-1% A;
20.5-24 min, 1% A; 24—24.3 min, 1%-95% A), column
temperature, 40 °C, flow rate, 0.3 mL-min~!, injection
volume, 2 pL.

Mass spectrometry conditions: Electrospray ioni-
zation (ESI) was used, with positive and negative ion
detection modes. Nitrogen was used as the desolva-
tion gas, with a drying gas temperature of 450 °C and a
drying gas flow rate of 8 L min™'. The capillary voltage
was 0.1 kV, the cone voltage was 40 V, and the collision
energy was 15—45 V. The scanning mode was full scan,
with a mass scanning range of m/z 50-1200.

In vitro compositional analysis
HC were crushed, wetted with 1 g of 25% to 28% con-
centrated ammonia solution and sonicated with 25 mL
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of diethyl ether. The supernatant was evaporated to
dryness under reduced pressure, redissolved with ace-
tonitrile, filtered through a 0.22 pm microporous filter,
and finally analyzed by liquid chromatography-mass
spectrometry.

In vivo compositional analysis

The rats in the HC group (0.0948 g-kg™!) were given
10 mL-kg™' by gavage once a day for 5 weeks. The con-
trol group and the model group were given 0.5% CMC-
Na solution. Anesthesia was performed 1 h after the last
administration, blood was collected from the abdominal
aorta, and heart tissue was removed. 200 pL of drug-
containing plasma and heart homogenate were placed in
a centrifuge tube, fourfold acetonitrile was added, vor-
texed for 1 min, and centrifuged. The supernatant was
transferred to a 1.5 mL centrifuge tube, blow-dried under
nitrogen gas, redissolved with 100 uL of 70% acetonitrile,
centrifuged, and the supernatant was taken for LC-MS
analysis. The control group was treated as above.

Analysis of composition data in vitro and in vivo

According to the relevant literature, the chemical compo-
sition database of Caowu was established, which mainly
included compound name, molecular formula, rela-
tive molecular mass and mass-to-charge ratio. Thermo
Xcalibur software was used for data acquisition and anal-
ysis. Firstly, the extract function was used to find com-
pounds. Secondly, according to the compounds found,
the precision mass number was selected within the range
of + 10 ppm, and the target screening function was used
for matching screening. Finally, compared with the data-
base, combined with the fragmentation law, the structure
of the components in vitro and in vivo was identified.

Proteomic analysis

Take three samples from each group. Protein samples
were initially extracted, and their concentrations were
determined. Based on the quantification results, equal
amounts of protein were subjected to enzymatic diges-
tion. The resulting peptides were reconstituted in mobile
phase A and separated using a NanoElute UHPLC sys-
tem. The mobile phase A was an aqueous solution con-
taining 0.1% formic acid and 2% acetonitrile. Mobile
phase B consisted of acetonitrile—water soluble solution
containing 0.1% formic acid. The liquid phase gradient
was set to 0—14 min, 6%-24%B; 14—16 min, 24%-35%B;
16—18 min, 35%-80%B; The flow rate was maintained at
500 nL-min~" for 18 to 20 min at 80%B. After chroma-
tographic separation, the samples were ionized by capil-
lary electrospray ion source and imported into timsTOF
Pro mass spectrometer for acquisition in dia-PASEF
mode. The primary scan range was 300-1500 m/z, and
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the secondary fragment window was 400—850 m/z. Each
MS1 spectrum was triggered for 20 PASEF acquisition,
and the TOF detector simultaneously captured the par-
ent ion and fragment ion information.

Group t-test was performed on the protein quantita-
tive data of the two groups of samples to be compared.
In data analysis, proteins with 2 <0.05 and a fold change
of more than 1.2 (synovium), P<0.05 and a fold change
of more than 2 (cardiac) between the two groups were
selected as candidate differential proteins. Specifically,
FC>1.2 indicates significant upregulation for synovium,
FC<1/1.2 ~ 0.833 indicated significant down-regulation.
Similarly, for the heart, FC>2 indicates significant up-
regulation, and FC<1/2=0.5 indicates significant down-
regulation. The differentially expressed proteins were
analyzed using Omics Box, for GO enrichment analysis,
annotation was performed using eggnog-mapper (v2.1.6)
software, KEGG pathway analysis was annotated using
diamond (v2.0.11.149) software.

DIA data were searched using the DIA-NN (v 1.8)
search engine with default software parameters. The data-
base used was Rattus_norvegicus_10116_PR_20231121.
fasta (47,943 sequences). The enzyme digestion method
was set to Trypsin/P, and the maximum missed cleav-
age count was set to 1. Fixed modifications were set as:
N-term M excision and C carbamidomethylation. A
theoretical spectral library was constructed using deep
learning algorithms, with reverse searching added to cal-
culate the false discovery rate (FDR) caused by random
matches. The FDR for precursor identification was set to
1%.

Western blot

Take three samples from each group. Samples were first
lysed for protein extraction. After centrifugation at 4 °C
for 20 min, the protein concentration was determined
and denatured by boiling. Denatured protein samples
were separated by electrophoresis, transferred to mem-
branes, and blocked. Diluted primary antibodies Nrf2
(1:5000, v:v), HO-1 (1:2000, v:v), SOD1 (1:5000, v:v), Beta
actin (1:5000, v:v), Caspase 3 (1:2000, v:v), Bax (1:2000, V:
V) and Bcl2 (1:5000, v:v) were added and incubated over-
night. The corresponding secondary antibody (1:2000,
v:v) was added and incubated for 1 h at room tempera-
ture. ECL chemiluminescence droplets were added to the
membrane, and the bands were automatically exposed
and developed by the ChemiDoc TMMP system. Image |
software was used to quantify the results.

Molecular docking validation

The blood components and heart components of
HC were docked with the core therapeutic targets in
sequence. The 3D structures of the active ingredients
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were downloaded from the PubChem platform, and the
protein structures of the targets were obtained from the
PDB database. Using Discovery Studio 2019 software,
routine preprocessing of molecular structures was per-
formed, all water molecules were removed, force field
optimization was performed after hydrogenation, and the
docking scores of the receptor and ligand were recorded.

Statistical analysis

SPSS 19.0 software was used for statistical analysis,
and all data were described by Mean +standard devia-
tion (Mean +SD). One-way ANOVA was used for com-
parisons among multiple groups. When variances were
homogeneous, the LSD test was applied, when vari-
ances were heterogeneous, the rank sum test was used.
Repeated measures ANOVA was used for comparisons
among different days, and P<0.05 was considered statis-
tically significant.
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Results

Pharmacodynamic study of HC in CIA rats

To verify the therapeutic efficacy of HC for arthritis,
we administered different doses of HC. The timeline is
shown in Fig. 1A. We observed that the control group
rats showed no swelling in all four paws, compared with
the control group, the model group rats exhibited swell-
ing and ulceration of the hind paws accompanied by
lameness, with the swelling reaching its peak on day 21
(P<0.01), compared with the model group, by the fifth
week of administration, rats in the HC-treated group,
and the positive control group showed significant inhi-
bition of swelling in the hind paws, with the moderate-
dose group exhibiting the most pronounced inhibition
(P<0.01) (Fig. 1B, D), however, the efficacy of HC-H
group actually declined and was even lower than that of
HC-M group. Therefore, the efficacy of this drug does
not follow the traditional linear dose-dependent pattern,
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instead, there exists an optimal effective dose range. HE
staining of the ankle joint revealed that in the control
group, the cartilage surface of the ankle joint was smooth
and flat, with uniformly distributed chondrocytes, no
synovial hyperplasia or inflammatory cell infiltration, and
no secretions in the joint cavity. In contrast, the model
group exhibited basic structural destruction of the joint,
cartilage damage on the joint surface, extensive tissue
necrosis, accompanied by vascular proliferation (yel-
low arrows), a small amount of exudate can be observed
within the joint cavity (brown arrows) and inflamma-
tory cell infiltration (red arrows). However, following HC
intervention, the aforementioned pathological changes
showed varying degrees of improvement. In the low-
dose group, inflammatory cell infiltration remained vis-
ible, with a small amount of effusion present in the joint
cavity and minimal connective tissue proliferation (black
arrows). The medium-dose group demonstrated bet-
ter efficacy, exhibiting only sparse neovascularization.
In contrast, the high-dose group still showed inflam-
matory cell infiltration and significant neovasculariza-
tion (Fig. 1C). Additionally, we observed a significant
increase in the arthritis index in the model group rats.
Compared with the model group, the arthritis index was
reduced in the various drug groups (Fig. 1E). Meanwhile,
we measured the thymus and spleen indices of the rats.
Compared with the blank group, the thymus and spleen
indices of the model group rats were significantly ele-
vated (P<0.01). Compared with the model group, the
thymus and spleen indices of the rats in each treatment
group were reduced (Fig. 1F, G). Regarding the detection
of synovial cytokines, we can see that compared with the
control group, the levels of MMP-2, MMP-3, TNF-a and
IL-6 in the synovium of rats in the model group were sig-
nificantly elevated (P<0.001). Compared with the model
group, the levels of MMP-2, MMP-3, TNF-a, and IL-6
were reduced in the HC-M group compared with the
model group (P<0.001) (Fig. 1H-K). These results indi-
cate that HC alleviates paw swelling in CIA rats, reduces
the arthritis index, and decreases the secretion of inflam-
matory factors MMP-2, MMP-3, TNF-a, and IL-6, sug-
gesting that HC has anti-arthritic effects.

Toxicodynamic study of HC in CIA rats

Next, to investigate the toxicological effects of HC on the
hearts of rats with CIA, we found that compared with
the CIA group, the R-R interval, PR interval, QT interval,
and QRS wave were prolonged in the ECG of rats in the
RC group, and the heart rate was significantly reduced
(P<0.01). The ECG showed ventricular flutter, and the
QRS wave was not visible. In the HC group, the R-R
interval, PR interval, QT interval, and QRS complex were
prolonged compared to the CIA group, with a significant
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decrease in heart rate (P<0.05), as shown in Fig. 2A and
Table 2. Pathological staining revealed that the endocar-
dium, myocardium, and epicardium of the CIA group
rats exhibited intact tissue structure integrity, with myofi-
brils arranged in a regular parallel pattern. Myocardial
fibers demonstrated typical eosinophilic homogeneous
staining characteristics. Collagen content in the intersti-
tial tissue showed no pathological changes, and no focal
necrosis or inflammatory cell infiltration was detected. In
the high-dose RC group, local myocardial cell loss (yellow
arrows), minimal connective tissue proliferation, wid-
ened myocardial interstices, irregularly arranged cells of
varying sizes, and rare lymphocytes (blue arrows) were
observed. In the low-dose and medium-dose HC groups,
local loosely arranged, irregular myocardial cells (black
arrows), widened myocardial interstices, and cells of var-
ying sizes were observed, a small number of myocardial
cells with striatal dissolution (red arrow), and enhanced
eosinophilia. In the HC high-dose group, lymphocytes
were rarely observed in the interstitium (Fig. 2B). Addi-
tionally, we measured relevant indicators and found that
compared with the CIA group, the RC high-dose group
showed significantly elevated levels of ALT, AST, ALP,
TP, LDH, CK, CK-MB, and TBA in the blood (P<0.05);
In the HC treatment group, AST, ALP, TP, LDH, CK,
CK-MB, and TBA levels were also generally elevated
(P<0.05), while ALT levels were not significantly differ-
ent (Fig. 2C).

Identification of in vivo and in vitro components

This study employed UPLC-Q-Orbitrap MS/MS tech-
nology to analyze the components in vitro HC, in vivo
plasma, and the primary toxic target organ—the heart.
First, the total ion current chromatograms of HC in posi-
tive ion mode are shown in Fig. 3A. A total of 43 com-
pounds were identified, with the identified compounds
listed in Table 3.

In positive ion mode, the total ion current chromato-
grams of HC in rat plasma at 1 h are shown in Figs. 3B—
C. After blank plasma matrix background subtraction,
a total of 24 parent compounds were identified in the
drug-containing plasma. The alkaloid components in the
plasma were classified, including 3 diester-type alkaloids,
4 monoester-type alkaloids, and 14 alcohol amine-type
alkaloids. The total ion current chromatogram of HC in
rat hearts after 1 h is shown in Fig. 3D-E. After blank-
ing out the background of the blank heart matrix, a total
of 25 parent compounds were identified in the drug-
containing hearts. The alkaloid components in the drug-
containing hearts were classified, with HC containing 3
diester-type alkaloids, 4 monoester-type alkaloids, and 15
alcohol amine-type alkaloids. The identified compounds
are listed in Table 4.
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Fig. 2 Toxicodynamic study of HC in CIA rats A Electrocardiogram of rats in different groups; B Cardiac tissues were stained with HE; C The
expressions of ALT, AST, ALP, TP, CK, CK-MB, LDH and TBA in different groups were analyzed. All data are presented as mean + SD, compared with CIA

group, P<0.05, "P<0.01,"P<0.001

Table 2 The effect of HC on the electrocardiogram of CIA rats (n=10)

Heart Rate (BPM) RR Interval (s) PR Interval (s) QRS Interval (s) QT Interval (s) JT Interval (s)
CIA 340483 +14.724 0.160+0.005 0.043+0.002 0.013+0.001 0.038+0.002 0.018+0.002
RC-H 304.240+20.205" 020240022 0.052+0010"" 0.026+0.006"" 0.051+0.005"" 0.025+0.007
HC-L 331533412461 0.165+0.008 0.045+0.002 0.018+0.001" 0.044+0.003" 0.024+0.002
HC-M 328.000+10.930 0.188+0.012"" 0.048+0.001 0.022+0.002"" 0.050+0.005"" 0.026+0.002"
HC-H 312600+8.106" 0.192+0.005" 0.051+0.003" 0.021+0.002"" 0.046+0.003" 0.027+0.004"

Compared with the CIA, *P<0.05, **P<0.01, ***P<0.001

Proteomics study of the efficacy of HC on CIA rat models

To further assess the mechanism of action of HC on
rheumatoid arthritis from a comprehensive perspective,
we employed high-throughput proteomics technology
to conduct a comprehensive analysis of the proteome of
synovial tissue from CIA rats following HC administra-
tion, the specific proteome list is presented in Table S1.
as shown in Fig. 4A. The volcano plot results revealed
that, compared to the Control group, the CIA group
exhibited 429 upregulated proteins and 256 down-
regulated proteins. In the CIA group compared to the
HC group, 97 proteins were upregulated and 86 were

downregulated. To further analyze the functional roles of
the differentially expressed proteins, we performed func-
tional enrichment analysis of the differentially expressed
proteins in the CIA-Control and HC-CIA groups using
the Blast2GO functional annotation module, as shown in
Fig. 4B. Subsequently, KEGG enrichment analysis of the
differentially expressed proteins in each group identified
relevant pathways, with the CIA-Control group showing
enrichment in pathways such as the PI3K-Akt signaling
pathway. The enriched pathways for the HC-CIA group
included the PPAR signaling pathway and the apoptosis
pathway, among others (Fig. 4C). Next, we performed an



Wang et al. Chinese Medicine (2026) 21:21

Page 9 of 19

8
H
§
R 41
2 so3 R 7 36 38 3940
g 3 3 % 29~30 3{ f || [ ‘
£ 403 | B | 4 | \ 42 43
(3 1 7 \ 2
€ % : | 4 § 28 Voas[V < .
] \ | 31~32 N AL |
20 | \ l \ ‘ I A | \
| o\ b A ! (AP
10 / VAN Y J
S - - * ~
0 T T T T T T T T T
0 1 2 3 < 5 6 ; 8 9 10 1 12 !‘3 14 15 16 17 |I8 19 20 21 22 3 2I~l 25
Time (min)
B 100, %82 D 100 21.07
90 90 2081
80 80
707 70 |
60— 60
50 i 50 |
407 21.09 40
3 20.74 E 051396
305 I 30 I |
20= ! 20 122 23
=L 170 236 Nl 2210 2520 1! 223 18.83 2055J o 12662
100 W 413 614 881 11,51 14,06 1724 2028 hi | 0MIZIRAI0 595 843 1124 1391 1664 | F V' | omn
o3 514 881 11,51 14,06 1724 2028 A ol AN D
1
C 100, 983 E 100 21.09
90~ 90| ’
80= 807 20.81
8 702 8 70 ‘
- CE 2 60 |
g 605 € 0383
2 s0= < 504 | 195
o - o -
> 2
§ 403 2074 21.07 g 40—' ‘ \
@ Q
€ 302 112 ]“ @ 307 ¢ 1881 | 2271
20= || 209 | | 25.21
| { |
: 15 \ [\ 2.24 ) 26.36
102 1\ 25 439 735 1118 1388 1689 0%, 2T P2 103122 325 507 852 1124 1308 e |/ M B
- i 136 __11:18 1386 89 e o I
Fig. 3 Identification of in vivo and in vitro components A TIC plot of HC; B TIC plot of blank plasma; C TIC plot of rat plasma after HC administration;

D TIC plot of blank heart tissue; E TIC plot of rat heart after HC administration

intersection comparison of the differentially expressed
proteins across groups. Finally, three significant proteins
Ctsk, Casp3 and Acp5 were preliminarily screened out.
(Fig. 4D).

Proteomics study of the cardiotoxicity of HC in CIA rat
models

To investigate the cardiac toxicity of HC in CIA rats, we
also conducted proteomics research to explore its mech-
anism of action. The specific list of proteins can be found
in Table S2. As shown in Fig. 5A, there were 23 upregu-
lated proteins and 385 downregulated proteins in the SC
group vs. the CIA group; there were 180 upregulated pro-
teins and 15 downregulated proteins in the HC group vs
the SC group. To further analyze the functional roles of
the differentially expressed proteins, we performed func-
tional enrichment analysis on the differentially expressed
proteins in the CIA-RC and RC-HC groups using the
Blast2GO functional annotation module, as shown
in Fig. 5B. Subsequently, KEGG pathway enrichment

analysis of the differentially expressed proteins in each
group revealed that the pathways in the SC-CIA group
included Drug metabolism—cytochrome P450, Glycoly-
sis/Gluconeogenesis, and Complement and coagulation
cascades, among others. The pathways associated with
the differentially expressed proteins in the HC-SC group
included Glycolysis/Gluconeogenesis, apoptosis—multi-
ple species, complement and coagulation cascades, and
NF-kappa B signaling pathway, among others (Figs. 5C
and D). After performing an intersection comparison of
the differentially expressed proteins across all groups,
two significant proteins, Kngl and Sod1 were preliminar-
ily identified.

WB verification results

To validate the effect of HC on cardiac toxicity, bioin-
formatics analysis of differentially expressed proteins
revealed that the NF-xB signaling pathway, apoptosis,
and complement and coagulation cascades were highly
enriched, suggesting that they may play a crucial role
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No tz/min  Molecular formula Adduction m/zMeasured value m/z Fragment ion Chemical compound
Theoretical
value

1 249 CyH3NO, M+H]* 486.2684 486.2698 436.2316,404.2056  Mesaconine

2 2.98 CysH4NOg M+H]* 500.2842 500.2854 450.2472,468.2578  Aconine

3 354 Cy,H3NOs M+H* 3942578 394.2588 376.2472,3582367  Karakolidine

4 449 Cy3HyNO, M+ HI* 4242681 424.2694 406.2577 Senbusine A

5 467 CyH3sNOs M+HI* 3942579 3942588 376.2474,358.2370  Chuanfumine

6 559  Cy,H33NO, M+H]* 344.2574 3442584 326.2468 Bullatine A

7 6.20 Cy3H3,NO; M+H]* 424.2679 424.2694 406.2575 Senbusine B

8 664  CysHuNOg M+H]* 452.2995 452.3007 420.2733,388.2471  Chasmanine

9 69  CyHyNO, M+ H]* 364.2471 364.2482 346.2365 16-B-hydroxycardiopetaline

10 6.93 C,y4H30NO;5 M+HI* 422.2889 422.2901 390.2628 talatizamine

11 758  C5oH,NOg M+H]* 560.2842 560.2854 5282581 N-demethyl-14-benzoylhapoconine

12 8.25 Cy4H35NOg M+H]* 466.2428 466.2435 430.2578,448.2680  14-dehydro-19-oxodelcosine

13 840  Cy3H3NOs M+H]* 408.2732 408.2744 390.2626 Isotalatizidine

14 872 CyHyNO, IM+H]* 360.2519 360.2533 3422416 Napelline

15 894  Cy,H3NO, M+H* 378.2628 378.2639 360.2522 Karakoline

16 9.27 CyuH3oNO;, M+H]* 454.2788 454.2799 436.2682/404.2424  Fuziline

18 945 G5 HgNOy, M+H]* 590.2946 590.2960 540.2578/558.2668  14-benzoylmesaconine

17 950  C,3H33NOg M+H]* 4202367 4202381 402.2263 Giraldine F

44 9.60 C3HNOy, M+H]* 606.3683 606.2909 588.2787,556.2794  14-benzoyl-10-OH-mesaconine

19 995  C3H4NOy, M+H]* 576.2790 576.2803 558.2681,494.2159  N-deethyl-14-benzoylaconine

211038 CyH,NO M+ H]* 574.2998 5743011 542.2736 14-benzoylhypaconine

20 1048  CyHyNO, M+ H* 4382837 438.2850 420.2732,388.2470 Neoline

22 1076 CyHyNOg M+ HI* 470.2737 470.2748 438.2473 Hypaconine

241110 C3HasNO M+H]* 604.3101 6043116 554.2735,572.2839  14-benzoylaconine

23 1146 Cy,H3NO, M+H]* 358.2365 358.2377 3402262 Songorine

25 1254 C3,H43NOg M+H]* 586.2996 5863011 568.2891,554.2733  Dehydrated benzoylaconine

26 1427 C3H,NO, M+H]* 572.2841 572.2854 554.2735,522.2473  Dehydrated benzoylmesaconine

27 1442 Cy3uHNOy, M+H]* 618.2892 618.2909 558.2685 N-demethyl-mesaconitine

28  14.69 Cy3H45NO, M+HI* 632.3049 632.3065 572.2841,540.2574  Mesaconitine

29 1526 Cy33H,5NO, M+H]* 600.3153 6003167 540.2944,508.2681  13-deoxyhypaconitine

30 1541 C5,H43NO M+HT* 602.2579 602.2960 406.1636 N-demethyl-hypaconitine

31 1555 Ca3HyNOy, M+H]* 616.3103 6163116 556.2893,524.2632  hypaconitine

32 1794 CyHuNOy, M+ H]* 6283100 6283116 568.2891 3-dehydroaconitine

33 1819 Cg3HyNOy, M+H* 648.2997 6483015 588.2787,556.2534  10-OH-mesaconitine

34 1898 CyH,NOy, M+ HI* 646.3204 646.3222 586.2995,554.2734  Aconitine

35 1921 Cy4H4NOy, M+H]* 6623152 6623171 602.2943,570.2682  Aconifine

36 1996 CyH,NOy M+H]* 630.3256 6303273 570.3047,538.2786  3-deoxyaconitine

37 202 C53H4sNO M+H]* 614.3307 614.2960 5543099 dehydro-mesaconitine

39 2051 C3,HysNOg M+H* 5723203 5723218 540.2940, 508.2679  14-O-anisoylneoline

40 2057 C5H,NOg M+H]* 556.2893 556.2905 5242632 Dehydrated benzoylhypaconine

41 218 CsoH,sNOy 4 M+HI* 866.5012 866.5413 586.2685,526.2416  8-linoenic acid-benzoylaconine

42 229 C,7H,sNOy, M+H]* 828.6017 828.5256 572.3099,309.2777  8-palmitic acid-benzoylmesaconine

43 2396 CuH,NOy, M+H]* 850.5437 850.5100 570.3045 8-linoleic acid-benzoylmesaconine

in HC’s mitigation of cardiac toxicity. First, we detected
apoptosis-related proteins and found that compared with
the CIA group, the apoptosis factors Casp3 and Bax were

significantly increased in the RC group (P<0.05), while
the anti-apoptotic factor Bcl2 was significantly decreased
(P<0.001). Compared with the RC group, the HC group
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Table 4 Results of the identification of the plasma and cardiac chemical composition of HC

No Name MS1 MS2 plasma cardiac Type
1 Ellagic acid 300.9983 245.0014 + + d
2 Songorine 358.2379 340.3291 + + C
3 Senbusine A 424.2699 406.2326 + + C
4 Neoline 438.2847 4203199 + + @
5 N-demethyl-mesaconitine 618.2903 558.2254 + - a
6 N-demethyl-14-benzoylhapoconine 560.2876 5283833 + - b
7 N-deethyl-14-benzoylaconine 576.2785 558.5848 + + b
8 Napelline 360.2536 3423372 + + c
9 Karakoline 3782641 360.2547 + + c
10 Karakolidine 394.2591 376.2227 + + C
11 Isotalatizidine 408.2738 390.3074 + + c
12 Isochebulic acid 355.0299 337.0083 + + d
13 Hypaconitine 616.3103 524.3708 + + a
14 Hypaconine 470.2758 438.3021 - + C
15 Glucose gallate tannin 331.0668 205.0342 + e
16 Giraldine F 420.2377 4023564 + C
17 Dehydrated benzoylhypaconine 556.2934 5243718 - + b
18 Dehydrated benzoylaconine 586.3000 536.1410 + + b
19 Chasmanine 452.3009 4203199 + + C
20 Bullatine A 344.2585 326.2326 + + ¢
21 Aconitine 646.3228 554.0873 + + a
22 Aconine 500.2858 450.1911 + + c
23 3-deoxyaconitine 630.3282 5383707 - + a
24 16-B-hydroxycardiopetaline 364.2479 346.0321 + + C
25 15-hydroxyneoline /fuziline 454.2796 436.3429 + + ¢
26 14-dehydro-19-oxodelcosine 466.2416 430.0886 + + C
27 14-benzoylaconine 604.3123 554.9702 + + b

a. Diester alkaloids; b. Monoester alkaloids; c. Alkyamine alkaloids; d. Phenolic acid; e. polyphenol

showed significantly reduced levels of the apoptotic fac-
tors Casp3 and Bax (P<0.001) and significantly increased
levels of the anti-apoptotic factor Bcl2 (P<0.001)
(Fig. 6A, C-E). In addition, we found that compared with
the CIA group, the factors Nrf2, Kngl and Sod1 in the
RC group were significantly increased (P<0.05). Com-
pared with the RC group, the expression of Nrf2, Kngl,
and SOD1 was decreased in the HC group (Fig. 6B, F-H).

Molecular docking verification results

In order to further verify our conjecture, in the phar-
macodynamic study of HC, we selected three key pro-
teins Ctsk, Casp3 and Acp5 for molecular docking with
the blood entry components of HC. First, we examined
the docking scores of core targets and blood entry com-
ponents, we chose ephedrine as the negative control.
It can be concluded that Ctsk and benzoylaconitine,
Casp3 and aconitine, Acp5 and ellagic acid bind well
(Fig. 7A), and the binding mode is shown in Fig. 7B-D.
Among them, benzoylaconitine interacted with Ctsk

through ASP55, CYS56, GLU115 and CYS96. Aconitine
binds to Casp3 through six residues including TYR197
and ARG164. Ellagic acid binds to Acp5 through seven
residues including ARG155 and ASP156. Molecular
docking of our selected six key proteins Nrf2, Kngl,
Sodl, Casp3, Bax and Bcl2 with cardiac components
was performed for the toxicology study in HC. It can
be concluded that the docking scores of Nrf2 and
benzoylmesaconine, Kngl and chasmanine are high
(Fig. 7E), and the binding conformation is shown in
Fig. 7F-K. Specifically, benzoylmesaconine interacted
with Nrf2 through seven residues, including VAL 512
and VAL 465. chasmanine binds to Kngl through nine
residues including CYS 128 and HIS 214. benzoylaconi-
tine binds to Sod1l through six residues, including LYS
9 and CYS 146. Aconitine binds to Casp3 through six
residues including TYR 197 and ARG 164. Senbusine
A binds to Bax through seven residues including MET
310 and LYS 352. mesaconine binds to Bcl2 through
four residues, GLU 7, TRP 24, LYS 87, and ASP 11. For
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Fig. 4 Proteomics study of HC on CIA rat model A Volcano map results; B GO enrichment analysis between different groups; C KEGG enrichment

analysis of differentially expressed proteins in each group; D Specific protein expression of Ctsk, Casp3, and Acp5. All data are presented

as mean = SD (n=3), compared with the control group, #P<0.01; compared with CIA group, "P<0.05,"P<0.01
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the detailed 3D molecular docking diagrams, please
refer to the supplementary materials (Figure S1).

Discussion

In recent years, TCM has gained popularity due to its
good efficacy and few adverse reactions. However, the
toxicity problem of TCM cannot be ignored. In order to
further study the nature of its toxicity and its relationship
with efficacy. Based on the anti-inflammatory activity of
HC, this study constructed a dynamic "component-drug
effect/toxic effect" network, integrated the analysis of
blood components and heart components, and disease
model-driven synovial and heart proteomics analysis to
reveal the dynamic regulation mechanism of "anti-RA
drug target activation-cardiotoxic pathway inhibition"
(Fig. 8), and clarified the attenuation and efficacy prin-
ciple of HC. It provides a new strategy for the study of
attenuation and efficacy of toxic TCM processing.

In the pharmacodynamic evaluation of HC’s efficacy
in improving CIA rats, HE staining is a commonly used
method in sectioning techniques and forms the basis
of anatomical pathology diagnosis. In this experiment,

we observed fundamental structural destruction in the
joints of the model group. However, after treatment in
each dosing group, symptoms were inhibited to vary-
ing degrees. Additionally, HC alleviated paw swelling
and reduced the arthritis index in CIA rats. We found
that the efficacy of this drug does not follow the tradi-
tional linear dose-dependent pattern. Instead, there is
an optimal effective dose range, which is manifested as
the medium dose in this research model. This might be
due to the fact that at higher doses, the drug begins to
exhibit potential toxicity or side effects, thereby affect-
ing the overall physiological state of the animals and
counteracting some of the therapeutic benefits. The
low dose is safe, but the concentration of the active
ingredient is insufficient to fully activate the main anti-
inflammatory and related pathways, or it may only act
on some targets, resulting in limited efficacy. The high
dose, while significantly activating the anti-inflamma-
tory pathways, begins to show the interference effect
of toxicity, disrupting the overall synergistic network,
leading to a decrease in efficacy or even an increase in
toxicity [14].
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Fig. 7 Analysis of molecular docking results (A) and (E) Docking scores of different proteins with active ingredients. B The 2D interaction diagrams
of benzoylaconitine with the Ctsk protein. (C) and (I) The 2D interaction diagrams of aconitine with the Casp3 protein. D The 2D interaction
diagrams of ellagic acid with the Acp5 protein. F The 2D interaction diagrams of benzoylmesaconine with the Nrf2 protein. G The 2D interaction
diagrams of chasmanine with the Kng1 protein. H The 2D interaction diagrams of benzoylaconitine with the Sod1 protein. J The 2D interaction
diagrams of Senbusine A with the Bax protein. KThe 2D interaction diagrams of mesaconine with the Bcl2 protein

It is reported that under pathological conditions, pro-
inflammatory cytokines produced by synovial tissue,
such as IL-6 and TNF-q, are positively correlated with
the degree of cartilage damage, thereby affecting bone
formation [15, 16]. Increasing evidence also indicates that
highly expressed MMPs are key mediators responsible
for the destruction of cartilage and non-osseous support-
ing structures in RA [17, 18]. Therefore, we examined
relevant indicators and found that HC can reduce the
secretion of inflammatory factors MMP-2, MMP-3,
TNF-«, and IL-6. Among these, we observed that HC
exhibited a more significant inhibitory effect on MMP-2
and MMP-3 at the same dosage, which may be attrib-
uted to its unique chemical composition profile. Previ-
ous studies have shown that HC is rich in ellagic acid, a

compound that has been demonstrated to directly inhibit
MMP activity [19]. These findings suggest that HC pos-
sesses anti-arthritic effects. Additionally, since HC is pro-
cessed via immersion with Hezi juice, it retains some of
the anti-inflammatory and analgesic activities of diester-
type alkaloids under relatively mild conditions, while
also introducing Hezi polyphenols to enhance antioxi-
dant and matrix-protective functions [20]. This “toxicity-
efficacy component balance” in the preparation process
may also confer HC with greater advantages in alleviating
inflammatory pain symptoms.

We then investigated the mechanism by which HC
reduces cardiac toxicity. Based on our group’s prior
acute toxicity experiments, the LD, of RC was 0.147 g/
kg, whereas that of HC was 1.896 g/kg, indicating that
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processing significantly broadens the therapeutic safety
margin. In animal studies, experimental doses typically
range from 1/10 to 1/20 of the safety threshold [21].
This study selected 1/5 of the LDs, of RC as the positive
control dose for cardiotoxicity to evaluate HC’s dose-
dependent protective effects. In this experiment, the RC
group exhibited severe arrhythmias including ventricu-
lar flutter and QRS wave disappearance, along with sig-
nificantly prolonged QT intervals, demonstrating marked
cardiotoxicity [22, 23]. In the HC group, ECG param-
eter prolongation showed positive correlation with dos-
age, indicating residual diester alkaloids retain potential
proarrhythmic risks, though with a significantly higher
toxicity threshold than RC. Morphological analysis
revealed well-preserved structural integrity in the endo-
cardium, myocardium, and epicardium of the CIA group.
The high-dose RC group exhibited myocardial cell loss,
minor connective tissue proliferation, and irregular myo-
cardial cell arrangement. The HC group showed local-
ized irregular myocardial cell arrangement and widened
myocardial interstices, indicating toxicity in both groups,
though the RC demonstrated greater toxicity. Subsequent
blood biochemical analysis revealed abnormalities in
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14-bemzoylaconine

ALT, AST, CK-MB, and other indicators in the RC group,
whereas HC group parameters improved, reflecting
reduced myocardial cell damage after processing. This
study demonstrates that RC is clearly unsuitable for long-
term clinical administration due to severe cardiac toxicity
and systemic side effects, whereas HC achieves a better
balance between anti-inflammatory activity and cardiac
toxicity.

This study employed 4D-FastDIA quantitative prot-
eomics to investigate differential proteins in the synovium
of CIA model rats treated with HC. Bioinformatics analy-
sis of differentially expressed proteins revealed higher
enrichment of the Phosphoinositide 3-kinase (PI3K)-Pro-
tein Kinase B (Akt) signaling pathway in the model group
compared to the control group. The PI3K-Akt signal-
ing pathway has been reported to play an indispensable
role in rheumatoid arthritis. PI3K generates the second
messenger PIP3 by phosphorylating phosphatidylino-
sitol, thereby activating downstream Akt. Akt exerts
biological effects by phosphorylating downstream tar-
gets, regulating cell survival, proliferation, metabolism,
and inflammatory responses [24, 25]. Compared to the
model group, the PPAR signaling pathway showed higher
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enrichment in the HC group. The PPAR pathway exhib-
its therapeutic potential by inhibiting inflammation and
immune dysregulation through multiple mechanisms.
PPAR belongs to the nuclear receptor family, comprising
three subtypes: PPARa, PPARY, and PPARS. These recep-
tors regulate target gene expression by binding ligands,
participating in metabolism, inflammation, and immune
modulation [26]. Among these, PPARYy reduces the pro-
duction of pro-inflammatory cytokines such as TNF-a,
IL-6, and IL-1p by antagonizing transcription factors
like NF-xB [27]. Intersection analysis of differentially
expressed proteins reversed in the treatment group pre-
liminarily identified three significant proteins, Cathepsin
K (Ctsk), Caspase-3 (Casp3), and (Acid phosphatase 5)
Acp5. Ctsk, secreted by osteoclasts, degrades type I col-
lagen in the bone matrix and directly contributes to bone
resorption [28]. Casp3, a core enzyme in the apoptosis
signaling pathway, plays a crucial role in arthritis devel-
opment through apoptosis induced by its activation [29,
30], Acp5, highly expressed in osteoclasts, participates
in bone matrix demineralization and degradation. Clini-
cally, it serves as a biomarker for bone destruction, moni-
toring disease progression or treatment response [31, 32].
In this study, we found that HC administration signifi-
cantly reduced Ctsk and Acp5 protein expression, inhib-
iting bone erosion; simultaneously, it markedly decreased
Casp3 protein expression, suppressing apoptosis. Molec-
ular docking was performed between the bioactive com-
ponents of HC and three key proteins, Ctsk, Casp3, and
Acp5. Among these, Ctsk exhibited the highest docking
score with benzoylaconitine, suggesting it may inhibit
collagen hydrolysis by occupying the active site of Ctsk,
thereby slowing joint destruction. The high docking score
between aconitine and Casp3 may indicate that aconitine
activates the pro-apoptotic function of Casp3, inducing
apoptosis in hyperproliferative synovial cells and thereby
inhibiting joint cavity invasion. The high binding energy
between ellagic acid and Acp5 may indicate that ellagic
acid inhibits the active site of Acp5, blocking osteoclast
maturation and reducing bone loss. In addition, the
above three active ingredients benzoylaconitine, aconi-
tine and ellagic acid were also reported to improve the
inflammatory condition of RA, reduce the expression of
inflammatory factors such as TNF-a and IL-1f, and have
a positive effect on alleviating bone damage [33-35].

This study also conducted proteomics analysis on
the mechanism by which HC alleviates cardiac tox-
icity. Compared with the RC group, the HC group
showed significant enrichment in the NF-kB signal-
ing pathway, apoptosis, and complement and coagula-
tion cascade pathways. The NF-kB pathway promotes
inflammatory cytokine release and contributes to car-
diac injury; ROS accumulation can also activate this
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pathway, exacerbating inflammatory responses [36].
Apoptosis activates Caspase-3/7 via the mitochondrial
or death receptor pathways, leading to cardiomyocyte
death [37-39]. The complement and coagulation sys-
tems aggravate cardiac injury by promoting inflamma-
tion and thrombosis [40]. Further screening identified
two key proteins, Kngl and Sodl. Kngl exerts pro-
inflammatory, pro-apoptotic, and pro-oxidative effects,
with its overexpression exacerbating cardiac toxic-
ity [41]. Sodl and Nrf2 belong to the antioxidant sys-
tem, mitigating oxidative stress [36, 42]. Western blot
results showed that Nrf2, Kngl, and Sodl were highly
expressed in the RC group, suggesting that RC induced
oxidative stress and activated antioxidant responses.
In contrast, expression of these proteins decreased in
the HC group, indicating that the processing reduced
toxic alkaloid content, thereby alleviating oxidative
stress. Simultaneous detection of apoptosis-related
proteins revealed that compared to the CIA group,
pro-apoptotic proteins Casp3 and Bax were signifi-
cantly elevated in the RC group, while anti-apoptotic
protein Bcl2 was significantly reduced. Conversely, the
HC group exhibited decreased Casp3 and Bax levels
alongside increased Bcl2 expression. It is speculated
that RC activates the apoptosis pathway, while HC
inhibits apoptosis. Molecular docking results indicate
that benzoylmesaconine and benzoylaconitine may
activate the Nrf2-Sodl axis to enhance antioxidant
capacity, chasmanine may regulate the kinin system,
Aconitine directly binds to Casp3 to promote apopto-
sis, while senbusine A and mesaconine may exert anti-
apoptotic effects by stabilizing Bcl2 and inhibiting Bax.
It has been reported that benzoylmesaconine, one of
the active components mentioned above, can alleviate
the inflammatory progression of rheumatoid arthritis
by targeting the pyroptosis pathway [43]. In contrast,
there are currently fewer reports on the effects of mesa-
conine, chasmanine, and senbusine A in improving
arthritis in CIA rats.

Therefore, in this study, we investigated the under-
lying mechanisms through in vivo pharmacodynamic
and in vivo toxicology studies, laying the foundation for
research on the “effect-toxicity balance” of other toxic
drugs. It is worth noting that the global proteomics strat-
egy employed in this study provided a comprehensive
perspective on the attenuation mechanism of HC, but
failed to elucidate the distribution changes of proteins
at the subcellular level. Recent studies have emphasized
that sequential separation or subcellular separation of
cardiac tissues rich in myosin proteins and extracellular
matrix content can provide a deeper understanding of
their molecular mechanisms [44, 45]. Therefore, future
research will benefit from the adoption of these advanced
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fractionation techniques to more precisely locate and
functionally validate the candidate targets discovered in
this study.

Conclusion

In this study, based on the traditional Mongolian medical
theory that HC moderates drug properties, reduces tox-
icity, and preserves efficacy, we systematically elucidated
a new paradigm of the dynamic balance between cardio-
toxicity and anti-RA efficacy, and innovatively proposed a
synergistic strategy of “inhibiting toxicity pathways while
retaining efficacy-related targets” First, the in vivo distri-
bution of chemical constituents of HC was investigated.
Next, a rat model of CIA was established to evaluate the
efficacy and toxicity of long-term HC administration.
Finally, high-throughput proteomic analysis of synovial
and cardiac tissues was conducted to elucidate the mech-
anism by which HC moderates drug properties, reduces
toxicity, and preserves efficacy, which was further vali-
dated using molecular docking and western blotting. This
study not only provides a scientific basis for optimizing
the processing of Caowu, but also offers valuable refer-
ences for research on the “efficacy—toxicity balance” of
other toxic medicinal agents.

Abbreviations

Acp5 Acid phosphatase 5

Casp3  Caspase-3

CIA Collagen- induced arthritis
Ctsk Cathepsin K

ECG Electrocardiogram

HC Hezi processed Caowu

IL-6 Interleukin-6

Kngt Kininogen-1

Nrf2 Nuclear factor erythroid 2-related factor 2
RA Rheumatoid arthritis

Sod1 Superoxide dismutase 1

TNF-a  Tumor necrosis factor-a
Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513020-025-01306-8.

Supplementary file 1.
Supplementary file 2.
Supplementary file 3.

Author contributions

Jia-hua Wang: Writing-review & editing, Writing-original draft. Yun-lu Liu: Meth-
odology. Chen-chen Zhang: Visualization, Validation, Methodology. Lin Song:
Software. Li Mei: Data curation. Ri-na Sa: Software, Formal analysis. Ya Gao:
Writing-review & editing, Resources, Investigation, Project administration. Ya
Tu: Writing-review & editing, Supervision, Resources, Funding acquisition.

Funding

This work was supported by the National Science Foundation of China
(82360848), Beijing Natural Science Foundation Project (7252255), Major Sci-
ence and Technology Innovation Project, China Academy of Chinese Medical

Page 18 of 19

Sciences (C12021A04209). Horizontal Project of Experimental Research Center,
China Academy of Chinese Medical Sciences (HX2022029).

Data availability
The core data of this work are provided in the manuscript. Further information
will be provided upon reasonable request.

Declarations

Ethics approval and consent of participate

Animal experiments were approved and reviewed by the Animal Ethics
Committee (No. ERCCACMS21-2405-04) and all studies were conducted in
accordance with the Basel Declaration.

Competing interests
The authors declare no competing interests.

Author details

'Experimental Research Center, China Academy of Chinese Medical Sciences,
No. 16 South Xiaojie, Dongzhimennei, Dongcheng District, Beijing 100700,
China. 2Inner Mongolia Medical University, Hohhot 010110, China. *Anhui
Institute of Food and Drug Control, Drug Inspection and Research Insti-

tute, The intersection of Baohe Avenue and Urumgi Road, Baohe District,
Hefei 230051, China.

Received: 7 October 2025 Accepted: 23 December 2025
Published online: 09 January 2026

References

1. LiuR, et al. Toxicity of traditional Chinese medicine herbal and mineral
products. Adv Pharmacol. 2020;87:301-46.

2. Liu D, et al. A metabolomics study: reveals the protective effect and
mechanism of Terminalia chebula Retz on the cardiotoxicity induced by
radix Aconiti kusnezoffii Reichb. Pak J Pharm Sci. 2021;34:1233-41.

3. Jiang H, et al. The acute toxic effect of Chinese medicine Fuzi is exac-
erbated in kidney yang deficiency mice due to metabolic difference. J
Ethnopharmacol. 2024;328:118036.

4. Song L, et al. Study on toxicity/efficacy related substances and metabolic
mechanism of Tripterygium wilfordii Hook f based on O2LPS correlation
analysis. J Ethnopharmacol. 2024;318(Pt B):116949.

5. GaoY, etal. Aconitine: a review of its pharmacokinetics, pharmacology,
toxicology and detoxification. J Ethnopharmacol. 2022;293:115270.

6. Tao H, etal. A review: pharmacokinetics and pharmacology of aminoalco-
hol-diterpenoid alkaloids from Aconitum species. J Ethnopharmacol.
2023;301:115726.

7. Cel, etal. Study on the preparation mechanism of Hezi Processed
Caowu based on UPLC-Q-TOF/MS technology combined with sequential
metabolomics method. World Sci Technol Modern Tradit Chin Med.
2022;24(08):2995-3013.

8. Shuken SR. An introduction to mass spectrometry-based proteomics. J
Proteome Res. 2023;22(7):2151-71.

9. Rozanova S, et al. Quantitative mass spectrometry-based proteomics: an
overview. Methods Mol Biol. 2021,2228:85-116.

10. Rotello RJ, Veenstra TD. Mass spectrometry techniques: principles
and practices for quantitative proteomics. Curr Protein Pept Sci.
2021;22(2):121-33.

11. SuoT,Wang H, Li Z. Application of proteomics in research on traditional
Chinese medicine. Expert Rev Proteomics. 2016;13(9):873-81.

12. Guo W, Study on Chemical Components and Anti-inflammatory Activity
of Different Prepared Products of Caowu in Mongolian Medicine. 2024,
China Academy of Chinese Medical Sciences.

13. JianY,Tang X, Lai Z. The effect of Guizhi Fuzi-containing drug serum
on rheumatoid arthritis model. Yunnan J Tradit Chin Med Pharm.
2019;40(04):69-73.

14. Slikker W Jr, et al. Dose-dependent transitions in mechanisms of toxicity.
Toxicol Appl Pharmacol. 2004,201(3):203-25.


https://doi.org/10.1186/s13020-025-01306-8
https://doi.org/10.1186/s13020-025-01306-8

Wang et al. Chinese Medicine

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

(2026) 21:21

Azuaga AB, et al. Synovial tissue features associated with poor prognosis
in inflammatory arthritis. Arthritis Res Ther. 2024;26(1):18.

De Roover A, et al. Fundamentals of osteoarthritis: inflammatory media-
tors in osteoarthritis. Osteoarthritis Cartilage. 2023;31(10):1303-11.

Chen X, et al. An MMP-2 responsive nanotheranostic probe enabled
synergistic therapy of rheumatoid arthritis and MR/CT assessment of
therapeutic response in situ. Adv Healthc Mater. 2023;12(26):2300962.
Kanai T, et al. The JNK pathway represents a novel target in the treatment
of rheumatoid arthritis through the suppression of MMP-3. J Orthop Surg
Res. 2020;15(1):87.

Wiziack Zago PM, et al. Cytotoxic and metalloproteinase-inhibitory effects
of Ellagic acid against oral squamous cell carcinoma. Anticancer Res.
2025;45(7):2871-80.

Lin K, et al. Neuroprotective effect of polyphenol extracts from Terminalia
chebula Retz. against cerebral ischemia-reperfusion injury. Molecules.
2022. https://doi.org/10.3390/molecules27196449.

Wu X, Pharmacology of Traditional Chinese Medicine. 1 ed.: Liaoning Sci-
ence and Technology Press. 212.

Wang XC, et al. Inhibition of the I(Na/K) and the activation of peak I(Na)
contribute to the arrhythmogenic effects of aconitine and mesaconitine
in guinea pigs. Acta Pharmacol Sin. 2021;42(2):218-29.

Zhao Z, et al. Arctigenin, a potential anti-arrhythmic agent, inhibits
aconitine-induced arrhythmia by regulating multi-ion channels. Cell
Physiol Biochem. 2013;32(5):1342-53.

Cheng Q, et al. Semaphorin 5A suppresses ferroptosis through activa-
tion of PI3K-AKT-mTOR signaling in rheumatoid arthritis. Cell Death Dis.
2022;13(7):608.

Ba X, et al. WTD attenuating rheumatoid arthritis via suppressing angio-
genesis and modulating the PI3K/AKT/mTOR/HIF-1alpha pathway. Front
Pharmacol. 2021;12:696802.

Christofides A, et al. The role of peroxisome proliferator-activated recep-
tors (PPAR) in immune responses. Metabolism. 2021;114:154338.

Luo J, et al. Nrf2 deficiency exacerbated CLP-induced pulmonary injury
and inflammation through autophagy- and NF-kappaB/PPARgamma-
mediated macrophage polarization. Cells. 2022;11(23):12.

Xu R, et al. METTL3 modulates Ctsk(+) lineage supporting cranial osteo-
genesis via Hedgehog. J Dent Res. 2024;103(7):734-44.

Asadi M, et al. Caspase-3: structure, function, and biotechnological
aspects. Biotechnol Appl Biochem. 2022;69(4):1633-45.

Eskandari E, Eaves CJ. Paradoxical roles of caspase-3 in regulating cell
survival, proliferation, and tumorigenesis. J Cell Biol. 2022. https://doi.org/
10.1083/jcb.202201159.

Rathod B, et al. Tartrate-resistant acid phosphatase (TRAP/ACP5) pro-
motes bone length, regulates cortical and trabecular bone mass, and
maintains growth plate architecture and width in a sex- and site-specific
manner in mice. Bone. 2024;188:117223.

Rathod B, et al. Tartrate-resistant acid phosphatase augments the bone
anabolic response to mechanical loading in male mice. JBMR Plus.
2025,9(7):ziaf073.

Gai W, et al. Delivery of benzoylaconitine using biodegradable nano-
particles to suppress inflammation via regulating NF-kappaB signaling.
Colloids Surf B Biointerfaces. 2020;191:110980.

Wang S, et al. Long-acting bulleyaconitine A microspheres via intra-
articular delivery for multidimensional therapy of rheumatoid arthritis. Int
JPharm. 2024,661:124414.

Song H, et al. Ellagic acid alleviates rheumatoid arthritis in rats through
inhibiting MTA1/HDACT-mediated Nur77 deacetylation. Mediators
Inflamm. 2021,2021:6359652.

Li J, et al. Hesperetin ameliorates hepatic oxidative stress and inflamma-
tion via the PI3K/AKT-Nrf2-ARE pathway in oleic acid-induced HepG2
cells and a rat model of high-fat diet-induced NAFLD. Food Funct.
2021;12(9):3898-918.

Xiang Q et al. Regulated cell death in myocardial ischemia-reperfusion
injury. Trends Endocrinol Metab. 2024;35(3):219-34.

Christidi E, Brunham LR. Regulated cell death pathways in doxorubicin-
induced cardiotoxicity. Cell Death Dis. 2021;12(4):339.

Al-Masri A. Apoptosis and long non-coding RNAs: focus on their roles in
heart diseases. Pathol Res Pract. 2023;251:154889.

Mossanen Parsi M, Duval C, Ariens RAS. Vascular dementia and crosstalk
between the complement and coagulation systems. Front Cardiovasc
Med. 2021;8:803169.

41.

42.

43.

44,

45.

Page 19 of 19

Cheng X, et al. Overexpression of Kininogen-1 aggravates oxidative stress
and mitochondrial dysfunction in DOX-induced cardiotoxicity. Biochem
Biophys Res Commun. 2021;550:142-50.

SunYY, et al. Remote ischemic conditioning attenuates oxidative stress
and inflammation via the Nrf2/HO-1 pathway in MCAO mice. Redox Biol.
2023;66:102852.

Huang L, et al. Functional metabolomics combined with network phar-
macology reveals the mechanism of alleviating rheumatoid arthritis with
Yiyi Fuzi powder. J Ethnopharmacol. 2025;348:119842.

Subramaniam G, et al. Integrated proteomics unveils nuclear PDE3A2 as a
regulator of cardiac myocyte hypertrophy. Circ Res. 2023;132(7):828-48.
Yeom KH, Damianov A. Methods for extraction of RNA, proteins, or
protein complexes from subcellular compartments of eukaryotic cells.
Methods Mol Biol. 2017,1648:155-67.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.3390/molecules27196449
https://doi.org/10.1083/jcb.202201159
https://doi.org/10.1083/jcb.202201159

	A proteomics-based study on the mechanisms of Terminalia chebula Retz processed Aconitum kusnezoffii Reichb against rheumatoid arthritis and its cardiotoxicity reduction
	Abstract 
	Background 
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Reagents and instruments
	Preparation of medicinal materials
	Animals
	Anti-RA pharmacodynamics study
	Animal grouping and treatment
	Measurement of toe swelling
	Arthritis index assessment
	Measurement of immune organ index
	HE staining and cytokine detection

	Cardiac toxicity study
	Animal grouping and treatment
	Serum biochemical testing

	Analysis by UPLC-Q-Orbitrap-MSMS technology
	Chromatographic and mass spectrometry conditions
	In vitro compositional analysis
	In vivo compositional analysis
	Analysis of composition data in vitro and in vivo

	Proteomic analysis
	Western blot
	Molecular docking validation
	Statistical analysis

	Results
	Pharmacodynamic study of HC in CIA rats
	Toxicodynamic study of HC in CIA rats
	Identification of in vivo and in vitro components
	Proteomics study of the efficacy of HC on CIA rat models
	Proteomics study of the cardiotoxicity of HC in CIA rat models
	WB verification results
	Molecular docking verification results

	Discussion
	Conclusion
	References


