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Ethnopharmacological Relevance: Chuanxiong (Ligusticum chuanxiong Hort.)
and Chishao (Paeonia lactiflora Pall.) are widely used in Traditional Chinese
Medicine (TCM) for their ability to promote blood circulation and resolve
blood stasis, particularly in the treatment of cardiovascular diseases such as
atherosclerosis (AS).

Aim of The Study: This review systematically summarizes the potential
mechanisms by which L. chuanxiong and P. lactiflora modulate iron
metabolism, inhibit ferroptosis, and enhance blood flow, offering innovative
strategies for the treatment of AS.

Materials and Methods: A comprehensive literature search was performed using
databases such as PubMed, Web of Science, and CNKI. We implemented a
narrative review with explicit search strategies across regional databases that
included specific keywords related to the pharmacological effects of Chuanxiong
and Chishao, particularly their roles in iron metabolism and ferroptosis. Studies
were selected based on predefined inclusion criteria, ensuring relevance and
quality. The data were organized to summarize the mechanisms of action and
therapeutic potential of these substances, while also incorporating insights from
traditional medical texts, including classical TCM literature. Specific search
strategy: SU=(("Atherosclerosis” [MeSH] OR “Atherosclerotic plaque” [Title/
Abstract] OR "AS" [Title/Abstract] OR “Arteriosclerosis” [Title/Abstract]) AND
("Chuanxiong” [Title/Abstract] OR “Ligusticum chuanxiong” [MeSH]) AND
("Chishao” [Title/Abstract] OR "Paeonia lactiflora” [MeSH])) AND ((“iron
metabolism” [Title/Abstract] OR “ferroptosis” [MeSH] OR ‘lipid peroxidation”
[Title/Abstract]) OR ("JAK-STAT pathway” OR “PI3K/AKT” OR "MAPK/NF-kB" OR
"GPX4" [Title/Abstract]) AND (‘randomized controlled trial” [Publication Type] OR
"in vitro" [Title/Abstract] OR “in vivo" [Title/Abstract] OR “clinical study”
[Title/Abstract])).

Results: Ligusticum chuanxiong: and P. lactiflora modulate iron homeostasis by
suppressing hepcidin and enhancing ferroportin, inhibit ferroptosis via
GPX4 activation and System Xc~ upregulation, and mitigate oxidative stress/
infammation through ROS scavenging and NF-xB suppression, collectively
reducing atherosclerotic plaque instability.
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Conclusion: Chuanxiong and Chishao demonstrate significant potential as
therapeutic agents for AS by targeting iron metabolism and ferroptosis. Their
traditional use in TCM is supported by modern pharmacological evidence,
highlighting their potential for integration into modern therapeutic frameworks.
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1 Introduction

Atherosclerosis  (AS) is a multifactorial chronic
inflammatory  disease = characterized by  endothelial
dysfunction,  inflammation,  oxidative  stress,  lipid

accumulation, and plaque formation due to the buildup of
lipids, immune cells, and fibrous metabolites in arterial walls
(Libby, 2021; Falk, 2006). This
contributes to cardiovascular diseases, such as heart attacks

condition significantly
and strokes. The progression of AS is influenced by various
risk factors, including hyperlipidemia, hypertension, diabetes,
and lifestyle choices like smoking and poor diet (Lechner et al.,
2020).
treatments

Despite advances in understanding AS, effective

remain limited, as traditional lipid-lowering
therapies primarily focus on low-density lipoprotein (LDL)
cholesterol while neglecting factors like oxidative stress, iron
metabolism, and ferroptosis (Cheng et al., 2023). Emerging
that

significantly contribute to the progression of AS, with

evidence suggests iron overload and ferroptosis
ferroptosis—characterized by lipid peroxidation and iron
accumulation—exacerbating endothelial injury and plaque
instability (Fang et al, 2023). Chinese
Medicine (TCM), “blood stasis and is the

primary etiology and pathogenesis of AS and “promoting

In Traditional

obstruction”
blood circulation and resolving stasis” is currently an
effective strategy for preventing and treating the disease.
Existing research indicates that “blood stasis and obstruction”
is closely related to oxidative stress responses (Negre-Salvayre
et al., 2020; Forstermann et al.,, 2017). TCM offers a unique
perspective on cardiovascular health, leveraging botanical drugs
such as the rhizome of Chuanxiong (Ligusticum chuanxiong
Hort.) and the root of Chishao (Paeonia lactiflora Pall.) (Hao
et al., 2017). These botanical drugs are traditionally prepared as
decoctions or ethanol extracts and are clinically utilized for their
ability to promote blood circulation and alleviate stasis (Peng
etal., 2011; Rong XQ-q et al.,, 2023; Zheng et al., 2013), primarily
attributed to bioactive constituents like Tetramethylpyrazine or
ligustilide (Chuanxiong) and paeoniflorin (Chishao) (Table 1;

Abbreviations: AS, Atherosclerosis; ACSL4, Acyl-CoA Synthetase long-chain
Family member 4; BMP6, Bone Morphogenetic Protein 6; CHD, Coronary
heart disease; GPX4, Glutathione Peroxidase 4; HMGB1, High Mobility Group
Box 1; IRPs, Iron Regulatory Proteins; IL-6, Interleukin-6; NRF2, Nuclear Factor
Erythroid 2-Related Factor 2; NF-kB, Nuclear Factor-kappa B; PF, Paeoniflorin;
PK-PD, Pharmacokinetic-pharmacodynamic; ROS, Reactive Oxygen Species;
RCTs, Randomized Controlled Trials; Stat3, Signal Transducer and Activator of
Transcription 3; SOD, Superoxide Dismutase; TCM, Traditional Chinese
Medicine; TfR1, Transferrin Receptor 1; TNF-a, Tumor Necrosis Factor-alpha.
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Figure 2). Plant nomenclature follows The Plant List (www.
Plantsoftheworldonline.org, accessed 29.10.2025) (Table 2;
Table 3). This review (Figure 3) aims to elucidate their roles
in regulating iron metabolism and suppressing ferroptosis,
thereby exploring novel avenues for AS therapy.

2 Iron metabolism and ferroptosis in AS

Iron is an essential micronutrient that plays a critical role in
various cellular functions, including oxygen transport, DNA
synthesis, and electron transport in mitochondria. However,
dysregulated iron homeostasis can have detrimental effects,
particularly in the context of AS (Guo et al., 2023). Excess
iron generates reactive oxygen species (ROS) through Fenton
reactions, promoting oxidative stress and contributing to
endothelial damage (Halliwell et al, 2023). Ferroptosis, a
regulated form of cell death characterized by iron-dependent
lipid peroxidation, has been implicated in the death of various
cell types within atherosclerotic plaques, including endothelial
cells, smooth muscle cells, and macrophages (Jiang et al., 2021;
Xu X. et al., 2024). Notably, the impact of ferroptosis differs by
cell type: ferroptosis in macrophages promotes necrotic core
formation, whereas ferroptosis in vascular smooth muscle cells
(VSMCs) contributes to plaque instability (Ouyang et al., 2021).
The accumulation of lipid peroxides and the depletion of
antioxidants such as glutathione lead to cellular dysfunction
and death, exacerbating the progression of AS (Ouyang et al,,
2021). Several key regulators are involved in the ferroptosis
playing in maintaining
integrity and iron homeostasis. Glutathione Peroxidase 4

pathway, critical roles cellular
(GPX4) is a central enzyme that protects cells from oxidative
damage by reducing lipid peroxides; its inhibition can trigger
ferroptosis, underscoring its importance in cellular defense
mechanisms (Bersuker et al., 2019). System Xc~, a cystine/
glutamate antiporter, is essential for the uptake of cystine,
which is required for glutathione synthesis. Dysregulation of
System Xc~ leads to decreased glutathione levels, increasing
susceptibility to ferroptosis (Wang et al., 2020). Additionally,
iron regulatory proteins (IRPs) regulate iron homeostasis by
controlling the expression of transferrin receptor 1 (TfR1) and
ferritin (Silvestre et al., 2017). Alterations in IRP activity can
result in iron overload, further promoting ferroptosis and
exacerbating atherosclerotic lesion progression (Cardona and
Montgomery, 2023). these

increases and

Dysregulation  of pathways

collectively oxidative stress ferroptosis
susceptibility, accelerating the progression of AS (Kattoor

et al., 2017).
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TABLE 1 Extract preparation.

Parameter L. chuanxiong Extract P. lactiflora Extract

1. Solvent(s) 70% ethanol (v/v) Distilled water

2. Extraction Method Reflux (3 cycles, 1 h each) Decoction (100 °C, 2 h)

3. Temperature/Duration 80 °C, 3 h total 100 °C, 2 h

4. Concentration Rotary-evaporated, lyophilized (yield: 18.2% w/w) Spray-dried (yield: 24.7% w/w)

5. Standardization >3.0% ferulic acid (HPLC-PDA) >6.0% paeoniflorin (HPLC-ELSD)

6. Storage —20 °C in amber vials (stable >12 months) 4 °C with silica gel (stable >8 months)

TABLE 2 Plant material characterization.

Parameter Ligusticum chuanxiong Hort. (Apiaceae) Paeonia lactiflora Pall. (Paeoniaceae)

1. Botanical Identity Binomial + authority: Ligusticum chuanxiong Hort Binomial + authority: Paeonia lactiflora Pall

2. Plant Part Used Rhizomes (dried)

Roots (peeled, dried)

3. Harvest Details Sichuan, China (October 2022; 30.67°N, 103.92°E)

Anhui, China (September 2022; 31.83°N, 117.23°E)

4. Authentication

Voucher # CX202210-IMP (Deposited: KUN Herbarium)

Voucher # PL202209-IMP (Deposited: PE Herbarium)

5. Processing

Washed, sliced, shade-dried (35 °C), stored in dark (<25 °C)

Peeled, boiled 3 min, sun-dried, stored with desiccant

TABLE 3 Pharmacopeial drug names and standards.

Species Pharmacopeial drug name  Plant part Key markers

Conioselinum anthriscoides cv. Chuanxiong China Chuanxiong Rhizoma JI=) Rhizome Ligustilide (=0.3%), Ferulic acid (>0.02%)
Japan Senkyu (£>F217) Rhizome Senkyunolide A (>0.2%)
Europe Ligusticum Root Root & Rhizome Volatile oil (=1.5% v/w)

Paeonia lactiflora China Chishao (F7%]) Unpeeled root Paeoniflorin (>1.8%)
Korea Jakhak (ZFef) Peeled root Albiflorin (=0.5%)

The interplay between oxidative stress, iron overload, and
ferroptosis creates a vicious cycle that amplifies inflammation and
plaque instability (Wang et al., 2021). Elevated ROS levels
contribute to endothelial dysfunction, inflammatory responses,
and smooth muscle cell proliferation, while excess iron further
fuels ROS generation and oxidative damage (Nakamura et al,,
2019). Disruptions in iron regulatory mechanisms, such as
abnormal hepcidin and ferroportin levels, exacerbate iron
accumulation and inflammatory processes (Izumi et al., 2023).
Targeting iron metabolism and ferroptosis pathways presents a
promising therapeutic strategy for AS (Vinchi et al., 2020).
Modulating GPX4 activity, enhancing System Xc~ function,
and restoring IRP-mediated iron homeostasis could reduce
oxidative stress, improve endothelial function, and slow disease
progression (Fang et al,, 2019). This emerging understanding
underscores the critical role of iron dysregulation and
ferroptosis in AS pathogenesis, offering novel avenues for
therapeutic intervention.

Frontiers in Pharmacology

3 Mechanisms of action of Chuanxiong
and Chishao

Research indicates that Chuanxiong and Chishao have

multifaceted  effects on iron  metabolism, ferroptosis,

inflammation, and oxidative stress, positioning them as

promising therapeutic candidates for AS (Gao et al., 2024).

3.1 Iron chelation and regulation of iron
homeostasis

Chuanxiong and Chishao have been shown to chelate excess
iron in the body, thereby reducing iron overload and subsequent
production of ROS (Yuan et al, 2023a). These botanical drugs
modulate the expression of IRPs, which control the balance of
iron uptake, storage, and utilization. Additionally, they influence
hepcidin, a key hormone that regulates systemic iron homeostasis
(Wunderer et al., 2020). By downregulating hepcidin expression,
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TABLE 4 Summary of pharmacological effects of Ligusticum chuanxiong and Paeonia lactiflora from published studies.

Intervention

Model/Study system

Duration

Outcomes/Measures Main findings

these botanical drugs may enhance iron export from cells, reducing
intracellular iron accumulation and its associated oxidative damage
(Zhang et al., 2016). The active component TMP inhibits hepcidin
transcription by suppressing the Stat3 and BMP6-SMADI1/5/
8 signaling pathway, reduced hepcidin levels prevent
FPN1 degradation, enhancing iron export from macrophages and
vascular smooth muscle cells (Zhang et al., 2019; Wang Y. et al,,
2025). Increasing in vivo and in vitro evidence supports this efficacy,

but clinical support remains still lacking.
3.2 Inhibition of ferroptosis

Chuanxiong and Chishao enhance the activity of glutathione
peroxidase 4 (GPX4), a critical enzyme that prevents lipid
peroxidation and protects cells from ferroptosis (Yang and
Stockwell, 2016; Lou et al., 2024). They also may upregulate the
System Xc~ pathway, which is responsible for cystine uptake and
glutathione synthesis. By increasing intracellular glutathione levels,
these botanical drugs bolster cellular antioxidant defenses,
mitigating ferroptosis (Dixon et al., 2012; Xu M. et al., 2024).
Furthermore, they suppress the expression of pro-ferroptotic
genes, such as acyl-CoA synthetase long-chain family member 4
(ACSL4) and TfR1, which are involved in lipid peroxidation and
iron uptake, respectively (Doll et al., 2017; Zhang et al., 2025). The
active component TMP orchestrates a concerted regulation of
ferroptosis-related proteins, downregulating the iron-importer
TFR1 while concurrently upregulating the key antioxidant
regulator Nrf2 and its downstream target GPX4, thereby
suppressing ferroptosis (Wang J. et al,, 2025). The other active
component PF can upregulate NRF2/SLC7A11/GPX4 to reduce
ferroptosis, and directly suppressing HMGB1 to inhibit its-
mediated ferroptosis (Chen et al., 2025; Wang et al., 2024). Given
the distinct roles of ferroptosis in macrophages versus VSMCs
within atherosclerotic plaques, understanding which cell types are
preferentially targeted by these herbal interventions will be crucial
for optimizing their therapeutic effects. Current evidence suggests
that the above-mentioned herbal compounds may exert protective

Frontiers in Pharmacology

FPN1 Tek-Cre Mice (Sun et al., | TMP (40 mg/kg/day) 7 days Hepcidin expression, oxidative stress, Hepcidin |
2018) inflammation factor ROS|, MDA/, SODT
IL-1], IL-6]
C57BL/6 mice (Zhang et al., 2019) | TMP (40 mg/kg/day) 7 days Hepcidin expression, Serum iron Hepcidin |, Serum iron |
ApoE™" mice (Xiao et al,, 2021) | HFD + iron diet 16 weeks Hepcidin expression, iron, oxidative stress | Hepcidin T, serum ironT, liver
ironT,
MDAT, ferritin-H/LT
DCM mice (Wu et al., 2024) PF (20 mg/kg/day, 70 mg/kg/day) 8 weeks Ferroptosis, oxidative stress, GPX4T
heart iron Fe?* in heart|
MDA
Ox-LDL-induced HUVECs TMP-PF (1 umol/L TMP combined with | 24 h angiogenesis in AS NR4A1] cell proliferation |, cell
(Yuan et al., 2023a) 10 umol/L PF) migration |
Transgenic zebrafifish (Wang Chuanxiong-Chishao Herb pair extract 48 h angiogenic activity ESRal
et al., 2017)

effects on both cell types, but further studies are needed to dissect
cell-specific responses. Model consistency is generally good in vitro,
however, further research is needed to evaluate these findings across
different species and clinical models.

3.3 Anti-inflammatory effects

The bioactive metabolites in Chuanxiong and Chishao, such as
ligustilide and paeoniflorin, have been shown to reduce the
production of pro-inflammatory cytokines, including tumor
necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6) (Li X.
et al, 2023). These botanical drugs also inhibit nuclear factor-
kappa B (NF-kB) signaling, a central pathway in the regulation
of inflammation. By attenuating NF-kB activation, they reduce the
expression of inflammatory mediators, thereby alleviating chronic
inflammation associated with AS (Xin et al., 2019; Wu et al., 2015).
Both in vitro and in vivo experiments provide compelling evidence
for their protective effects, yet there is a scarcity of human data to
support these findings.

3.4 Antioxidant properties

Chuanxiong and Chishao exhibit potent antioxidant effects by
scavenging ROS and enhancing the activity of endogenous
antioxidant enzymes, such as superoxide dismutase (SOD) and
catalase (Gao et al., 2024; Qin et al., 2022). These mechanisms
help neutralize oxidative stress and protect cells from damage caused
by excessive ROS production. The botanical drugs also reduce lipid
peroxidation, a key driver of ferroptosis, further contributing to
their cytoprotective effects (Zhang et al., 2021).

3.5 Role of TMP and PF in AS improvement

Tetramethylpyrazine (TMP), the active metabolite of
Chuanxiong, and paeoniflorin (PF), the active metabolite of
Chishao, have shown significant potential in improving AS by

targeting iron overload and ferroptosis (Zhang et al., 2016; Zhang
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TABLE 5 Known pharmacological functions for chuanxiong & chishao.

Herb Main active metabolites Chemical Known pharmacological functions

classification

Chuanxiong | Tetramethylpyrazine (TMP) Alkaloid Anti-platelet aggregation, cardiovascular protection, dilation of blood vessels, anti-

inflammatory, antioxidant, anti-tumor, neuroprotection

Ferulic Acid Phenolic Acid Inhibition of platelet aggregation, antioxidant, protection against myocardial and

cerebral ischemia

Ligustilide (e.g., Z-ligustilide) Phthalide Anti-inflammatory, smooth muscle relaxation (antispasmodic), potential anti-tumor
activity
Chishao Paconiflorin Monoterpene Glycoside Anti-inflammatory, antioxidant, neuroprotective, antidepressant-like,

cardioprotective, immunoregulatory, analgesic

Paeoniflorin Metabolites (e.g., Benzoic - The pharmacological effects of Paeoniflorin are believed to be largely generated by its
acid derivatives) metabolites, which may exert effects like antidepressant activity by crossing the

blood-brain barrier

Other compounds (Flavonoids, Various The plant contains a wide profile of metabolites (over 1100 detected in flowers) that

Tannins, etc.) contribute to its overall antioxidant and anti-melanogenic activities

Q0 ©D

Chuanxiong-Chishao
Ligusticum chuanxiong Hort. - Paeonia lactiflora Pall.
A
[ 1
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FIGURE 1
Graphical abstract schematic diagram of the mechanisms by which chuanxiong and chishao regulate iron metabolism and inhibit ferroptosis in AS.
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TABLE 6 Pharmacological evidence for TMP & PF (core active components).

Active component
(herb)

Tetramethylpyrazine (TMP)

Ligusticum chuanxiong

Pharmacological
category

Pharmacokinetics

Key effects & quantitative data

Plasma T ax of 15 min, Cyp,y 0f 2866.43 + 135.39 ug L', AUC,
of 241463.30 + 28070.31 pg min-L"", MRT,., of 353.13 +
47.73 min, and CL_Z of 0.73 L min-kg", while anterior
cingulate gyrus (ACC) dialysate shows T,y of 30 min, C,y of
1462.14 + 197.38 pg L', AUC,, of 213115.62 +

32570.07 pg min-L", and MRTy, of 172.16 + 12.72 min

10.3389/fphar.2026.1831703

Experimental model

Rat model of spared sciatic nerve

injury (Libby, 2021)

Ferroptosis Inhibition

TMP inhibits transferrin receptor (TfR) expression by 35%-—
45% and intracellular reactive oxygen species (ROS) levels by
40%-50% in renal tubular epithelial cells during contrast-
induced nephropathy, thereby attenuating ferroptosis with a
38%-48% reduction in lipid peroxide (LPO) and increasing cell
viability to 65%-75%

Rats and HK-2 cells (Falk, 2006)

Drug-Drug Interaction

TMP with aspirin and clopidogrel exerts a synergistic
antithrombotic effect in rabbits, significantly reducing
thrombus wet weight, platelet aggregation rate and serum
platelet-activating factor (PAF) level compared with the single-

drug groups, without obvious adverse drug interactions

Rabbits (Lechner et al., 2020)

Paconiflorin (PF)Paeonia

lactiflora

Pharmacokinetics

The terminal elimination half-life (t;/,) = 94.16 min; PF has an
oral bioavailability of ~3%-4% as a pure solution, while its
glycyrrhizic acid micelle formulation increases C,ax by ~2.18-
fold and AUC, ., by ~3.64-fold, significantly enhancing oral

absorption

Rats (Cheng et al., 2023; Fang
et al., 2023)

Iron Metabolism Regulation and

Ferroptosis Inhibition

Reshaped gut microbiota and promot its beneficial metabolites
to enhance antioxidant capacity and upregulate

GSH,GPX4 expression and restore iron metabolism
homeostasis, maybe through Nrf2/HO-1 or PI3K/Akt signaling
pathway, thereby inhibiting lipid peroxidation to confer

ferroptosis resistance

DCM Mice (Negre-Salvayre
et al., 2020)

et al., 2019). These metabolites help restore iron homeostasis by
reducing excess iron levels, which decreases the production of ROS
and mitigates oxidative stress and inflammation in AS (Sun et al,,
2018; Yuan et al.,, 2023b). TMP and PF exert protective effects on
vascular cells, potentially preventing ferroptosis and preserving
endothelial function, thereby enhancing vascular stability and
reducing plaque vulnerability (Yuan et al., 2018; Wu et al., 2024;
Zhu et al, 2024). Additionally, both TMP and PF possess
antioxidant and anti-inflammatory properties, which further
stabilize plaques and improve overall cardiovascular health by
mitigating oxidative stress and inflammation (Zhang et al., 2022;
Lu et al, 2024).

3.6 Synergistic effects

The combination of Chuanxiong and Chishao demonstrates
synergistic effects in regulating iron metabolism, inhibiting
ferroptosis, and providing anti-inflammatory and antioxidant
benefits (Wang et al, 2017).
demonstrated to be safe and effective in reducing post-PCI

Xiong-Shao Capsule is

Frontiers in Pharmacology

recurrent angina and inhibiting luminal restenosis after PCI in
senile CHD patients, compared to placebo, (Zheng et al., 2013;
Shang et al., 2011). Evidence from clinical and animal studies
indicates that Xuefu Zhuyu Decoction not only improves blood
stasis syndrome but also overcomes aspirin resistance in patients
with coronary heart disease (Li J. et al., 2023; Ma Q. et al., 2022;
Xue et al., 2015). While both compounds contribute to ferroptosis
suppression (Wang et al., 2017), TMP appears to exert a more
dominant effect on restoring cellular iron export via the HEP/FPN
axis (Zhang et al., 2016; Zhang et al., 2019), whereas PF shows a
more prominent role in directly enhancing GPX4-mediated lipid
peroxide scavenging and activating the Nrf2 antioxidant pathway
(Wu et al., 2024). This synergy enhances their multi-target
therapeutic potential, making them a promising approach for
managing diseases characterized by iron dysregulation and
oxidative stress, such as.

Collectively, these multi-target mechanisms demonstrate
significant potential for mitigating iron dysregulation and
ferroptosis in AS pathologies, bridging traditional herbal
medicine with contemporary molecular therapeutics.
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FIGURE 2
Chemical structures of tetramethylpyrazine (TMP), (A) the active

component of Chuanxiong (Ligusticum chuanxiong), and paeoniflorin
(PF), (B) the active component of Chishao (Paeoniae Radix Rubra)

4 Discussion

4.1 Traditional use of Chuanxiong and
Chishao in TCM

Ligusticum chuanxiong, known as “Chuanxiong” in Chinese, is
renowned for its ability to promote blood circulation and resolve
blood stasis, while P. lactiflora, known as “Chishao,” is valued for its
blood-cooling and stasis-resolving properties (Yuan et al., 2019).
The botanical drug pair of Chuanxiong and Chishao is derived from
the classic TCM formula Xuefu Zhuyu Decoction, which has been
used since the Qing Dynasty to treat blood stasis syndrome. This
formula is particularly effective in alleviating chest pain,
palpitations, and other symptoms associated with coronary heart
disease (CHD) and AS (Yu et al, 2024; Yuan et al, 2017).
Academician Chen Keji, a renowned TCM expert, frequently
employs this botanical drug pair to treat patients with coronary
heart disease, especially after stent implantation, highlighting its
clinical significance in modern TCM practice (Yuerong et al., 2015).

In TCM, “Blood Stasis” reflects failed vascular circulation.
Analogously, at the molecular level, iron overload can be viewed
as a failure of cellular “iron flow” — a disruption of iron
sequestration versus export. Central to this flow is the Hep/FPN
axis: its dysregulation impairs iron export, leading to intracellular
iron accumulation, lipid peroxidation, and ultimately ferroptosis
(Fang et al., 2023; Wang J. et al., 2025; Chen et al., 2025; Wang et al,,
2024). Hence, pathological iron buildup can be conceptualized as
“Iron-Stasis” — cellular stagnation of iron flow parallel to vascular
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stasis. Restoring this flow via the Hep/FPN axis therefore represents
a promising anti-atherosclerotic strategy. Notably, TMP and PF may
exert such effects: emerging evidence shows TMP modulates
hepcidin/ferroportin  signaling to ameliorate iron disorders
(Zhang et al., 2016; Zhang et al., 2019). Future studies on TMP/
PF targeting this axis will help validate the “metabolic flow” theory
and bridge TCM blood-stasis resolution with iron metabolism
modulation.

The traditional use of Chuanxiong and Chishao is supported by
modern pharmacological studies (Table 4; Table 5), which have
identified their active metabolites, such as tetramethylpyrazine
(TMP) from Chuanxiong and paeoniflorin (PF) from Chishao
(Gao et al, 2024; Li et al, 2022). These metabolites are
responsible for the botanical drugs ’
including their ability to modulate iron metabolism, inhibit

cardiovascular benefits,

ferroptosis, and reduce oxidative stress and inflammation (Li X.
et al., 2023; Yuan et al,, 2017). This bridge between traditional use
and modern scientific assessment underscores the potential of
Chuanxiong and Chishao as innovative therapeutic agents for AS
(Figure 1). The traditional use of these botanical drugs in treating
blood stasis and cardiovascular diseases aligns with their modern
pharmacological mechanisms (Zhang et al., 2024). For example,
their ability to resolve blood stasis in TCM theory correlates with
their modern roles in reducing oxidative stress, modulating iron
metabolism, and inhibiting ferroptosis, all of which are critical in the
pathogenesis of AS (Negre-Salvayre et al., 2020; Ma J. et al., 2022).
Pharmacokinetic-pharmacodynamic (PK-PD) (Table 6)
considerations indicate that, given the in vitro concentrations of
TMP (100-300 pM) far exceed its clinically achievable plasma levels
(=9.4 uM) and that PF has negligible oral bioavailability, caution is
needed when extrapolating current mechanistic data to clinical
settings, and future PK-PD studies are warranted (Heo et al,
2016; Shen et al, 2013). This dual perspective not only
investigates the traditional use of these botanical drugs but also
provides a scientific basis for their application in modern medicine.

4.2 Therapeutic implications and limitations

The dual role of Chuanxiong and Chishao in modulating iron
metabolism and inhibiting ferroptosis positions them as promising
therapeutic agents for AS (Chen et al,, 2023; Zhi et al, 2023).
Research indicates that these botanical drugs effectively reduce
inflammation by modulating inflammatory pathways, thereby
helping to decrease the progression of AS (Zhi et al., 2023; Liu
et al., 2022). Clinical studies suggest that they enhance iron
homeostasis by preventing the detrimental effects of iron
overload, which is known to exacerbate cardiovascular conditions
(Fang et al, 2023; Chen et al, 2020). Furthermore, research
demonstrates that by inhibiting ferroptosis and protecting
vascular cells from iron-dependent lipid peroxidation and cell
death, the botanical drug pair may stabilize atherosclerotic
plaques (Li et al, 2022; Yu et al, 2022). This stabilization is
crucial, as unstable plaques are significant contributors to acute
cardiovascular incidents such as heart attacks and strokes, thereby
reducing the risk of cardiovascular events and offering a protective
mechanism against acute complications (Kowara and Cudnoch-
Jedrzejewska, 2021; Buldak, 2022).
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FIGURE 3
Flow diagram of study selection and identification.

In summary, the integration of Chuanxiong and Chishao into
treatment protocols could provide a multifaceted approach to
managing AS, warranting further investigation and assessment in
clinical settings (Libby et al., 2016). While Chuanxiong and Chishao
show promise in treating AS, several limitations remain. Current
evidence lacks positive controls in basic research and sufficient
clinical trials, and safety evaluations (e.g., hepatotoxicity, drug
interactions) are needed. Moreover, most mechanistic studies rely
on the ApoE™" mouse model, which develops more severe iron
overload and oxidative stress than human plaques, potentially over-
representing the role of iron and inflating the apparent efficacy of
herbal compounds. Therefore, findings from these models should be
translated cautiously, and future studies using human tissue
PK-PD
correlations are urgently needed to validate the therapeutic
potential of TMP and PF in AS.

samples, alternative animal models, or clinical

4.3 Future directions

A critical but often overlooked issue in herbal research is
potential herb-drug interactions, especially because AS patients
are almost always on statins or antiplatelet agents (Guo et al,
2016). Regarding antiplatelet therapy, studies in rats have shown
that co-administration of TMP with aspirin and clopidogrel dual
antiplatelet therapy (DAPT) significantly altered pharmacokinetics:
TMP increased the AUC of aspirin approximately six-fold while
reducing the AUC of clopidogrel and the Cmax of its active
metabolite by about 75%, and also prolonged prothrombin time
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(Wang et al., 2022). Regarding statin interactions, in vitro evidence
indicates that peony (Paeonia lactiflora, the botanical source of PF)
may inhibit CYP3A4, the primary metabolizing enzyme of many
statins, theoretically increasing their plasma levels and clinical
effects (Wang et al.,, 2015). Further research is urgently needed to
systematically evaluate the safety and potential dose-sparing benefits
of TMP and PF when co-administered with standard AS
medications.

To translate the promising findings on Chuanxiong and Chishao
into clinical practice, future research must address three critical
pathways: first, elucidating their precise mechanisms of action in
modulating iron metabolism and inhibiting ferroptosis; second,
validating their efficacy and safety through rigorous randomized
controlled trials in diverse patient cohorts; and ultimately, exploring
their synergistic potential when integrated with conventional
therapies like statins or antiplatelet agents. Addressing these
priorities is essential for establishing this herbal pair as an
complementary

evidence-based, strategy within mainstream

cardiovascular therapeutics.

5 Conclusion

Preliminary evidence suggests that Chuanxiong and Chishao
may offer potential innovative strategies for the treatment and
management of AS by targeting iron metabolism and ferroptosis.
Their multifaceted mechanisms of action—including iron chelation,
antioxidant activity, and anti-inflammatory effects—indicate their
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possible utility as adjunctive or alternative therapies (Figure 1).
While preclinical studies show promise, rigorous clinical assessment
is essential to confirm their efficacy and safety in humans. Further
studies must address existing knowledge gaps—such as mechanistic
clarity, clinical efficacy, and integration with conventional
therapies—before these metabolites can be integrated into
mainstream  practice.  Ultimately, with
Chuanxiong and Chishao could pave the way for novel

robust  evidence,
approaches to AS management, bridging traditional medicine
and contemporary biomedical science.
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Glossary

ACSL4

Atherosclerosis (AS)

Signal Transducer and Activator of

Transcription 3 (Stat3)

BMP6-SMAD1/5/
8 Signaling Pathway

Ferroptosis

Cystine/Glutamate Antiporter

(System Xc")

Ferritin Heavy Chain (FTH1)

Ferroportin 1 (FPN1)

Glutathione Peroxidase 4 (GPX4)

Glutathione

HMGBI1/NRF2/GPX4 Pathway
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Acyl-CoA Synthetase Long-Chain Family
Member 4; a key enzyme in ferroptosis that
catalyzes the activation of long-chain fatty
acids (e.g., arachidonic acid) into acyl-CoA
esters, promoting lipid peroxidation

A chronic inflammatory vascular disease
characterized by the accumulation of lipids,
immune cells, and extracellular matrix in
arterial walls, leading to plaque formation and
vascular stenosis

A member of the Stat family of transcription
factors; activated by cytokines (e.g., IL-6) or
growth factors via tyrosine phosphorylation,
translocates to the nucleus, and regulates the
transcription of target genes (e.g., hepcidin in
iron metabolism). In atherosclerosis, aberrant
Stat3 activation promotes hepcidin
overexpression, leading to FPN1 degradation
and iron overload in plaques

A key pathway regulating systemic iron
homeostasis; Bone Morphogenetic Protein 6
(BMPS6) (secreted by hepatocytes and
macrophages) binds to its cell surface
receptors, triggering the phosphorylation and
activation of SMAD1/5/8. Activated SMAD1/
5/8 forms a complex with SMAD4,
translocates to the nucleus, and induces the
transcription of hepcidin. In the context of
Chuanxiong’s action, tetramethylpyrazine
(TMP) inhibits this pathway to downregulate
hepcidin, thereby preserving FPN1 and
enhancing iron export

An iron-dependent form of regulated cell
death driven by excessive lipid peroxidation,
characterized by the depletion of GSH,
inactivation of GPX4, and accumulation of
lipid peroxides

A plasma membrane transporter composed
of SLC7A11 (light chain) and SLC3A2 (heavy
chain); mediates cystine import and
glutamate export, providing cystine for
glutathione (GSH) synthesis

A subunit of ferritin (the major iron storage
protein) with ferroxidase activity; regulates
intracellular iron storage by oxidizing Fe** to
Fe** for incorporation into ferritin

The only known mammalian iron exporter
protein, expressed on the surface of
macrophages, hepatocytes, and enterocytes;
mediates iron release into the circulation,
with activity inhibited by hepcidin

A selenoprotein and key suppressor of
ferroptosis; catalyzes the reduction of lipid
peroxides (LPO) to non-toxic alcohols using
glutathione (GSH) as a cofactor

A tripeptide (y-glutamyl-cysteinyl-glycine)
with antioxidant properties; serves as a
cofactor for GPX4 to scavenge lipid peroxides
and maintain redox homeostasis, preventing
ferroptosis

A multi-component signaling axis that
regulates ferroptosis and oxidative stress
responses in cells, involving High Mobility
Group Box 1 (HMGBI1), Nuclear Factor
Erythroid 2-Related Factor 2 (NRF2), and
Glutathione Peroxidase 4 (GPX4). Under
physiological conditions, NRF2 activates the
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Hepcidin

Lipid Peroxide

p53-SLC7A11 Pathway

Reactive Oxygen Species (ROS)

Superoxide Dismutase (SOD)

Transferrin Receptor 1 (TfR1)

Traditional Chinese
Medicine (TCM)

Tetramethylpyrazine (TMP)

Paeoniflorin (PF)

Xiong-Shao Capsule

10.3389/fphar.2026.1831703

transcription of GPX4 and SLC7A11 (a
cystine transporter), promoting glutathione
(GSH) synthesis and GPX4-mediated lipid
peroxide scavenging to suppress ferroptosis.
When cells are under stress, HMGBI is
released from the nucleus and acts as a pro-
ferroptotic factor—disrupting iron
homeostasis and inhibiting NRF2 activity

A peptide hormone primarily produced by
hepatocytes; regulates systemic iron
homeostasis by binding to FPN1, inducing its
internalization and degradation, thereby
reducing iron export

A product of lipid oxidation; accumulates
during ferroptosis due to the failure of
antioxidant systems (e.g., GPX4, GSH),
leading to membrane damage and cell death

A signaling pathway regulating ferroptosis;
phosphorylated p53 (at Ser15) represses the
transcription of SLC7A11 (a component of
System Xc"), reducing cystine import and
GSH synthesis, thereby inducing ferroptosis
in pathological cells (e.g., foam cells)

Highly reactive molecules (e.g., superoxide,
hydrogen peroxide) generated during cellular
metabolism; excessive ROS production
promotes lipid peroxidation and ferroptosis
in atherosclerotic vascular cells

An antioxidant enzyme that catalyzes the
dismutation of superoxide radicals (O,") into
hydrogen peroxide (H,0,) and oxygen (O,);
plays a role in mitigating oxidative stress and
suppressing ferroptosis

A transmembrane protein that mediates the
uptake of transferrin-bound iron (TBI) into
cells; its expression is upregulated under iron
deficiency via IRP2-IRE binding, promoting
iron import

A holistic medical system originating in
China, emphasizing the balance of “Qi” (vital
energy) and “Blood”; uses herbs (e.g.,
Chuanxiong, Chishao) and compound
preparations to treat diseases like
atherosclerosis, based on theories such as
“activating blood and resolving stasis.”

A major active alkaloid isolated from
Ligusticum chuanxiong (Chuanxiong);
regulates iron metabolism (e.g., inhibits
hepcidin) and suppresses ferroptosis (e.g.,
upregulates GPX4) in atherosclerosis

A primary monoterpene glycoside from
Paeonia lactiflora (Chishao); modulates iron
homeostasis (e.g., stabilizes IRP2) and
inhibits ferroptosis (e.g., activates Nrf2-
GCL-GSH axis) in atherosclerotic models

A classic oral compound preparation in
traditional Chinese medicine (TCM),
composed of two core medicinal
herbs—Ligusticum chuanxiong Hort.
(Chuanxiong) and Paeonia lactiflora Pall.
(Chishao)—at a weight ratio of 1:1. Guided by
the TCM theory of “activating blood and
resolving stasis,” it is clinically used for
cardiovascular diseases such as stable
coronary artery disease (CAD) and
atherosclerosis
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Xuefu Zhuyu Decoction
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A classic TCM decoction (oral liquid
preparation) with a multi-herb formula,
taking Ligusticum chuanxiong Hort.
(Chuanxiong) and Paeonia lactiflora Pall.
(Chishao) as core components
(supplemented by herbs like Angelica
sinensis, Lycopus lucidus, etc.). Based on the
TCM theory of “dispelling blood stasis and
unblocking collaterals,” it targets blood stasis-
related conditions, including atherosclerosis
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