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Abstract. Cardiovascular and cerebrovascular diseases
(CCVDs) have become prominent global health threats,
presenting substantial challenges due to their intricate
pathological mechanisms and diverse clinical manifestations.
Tanshinone ITA (TSA), an active compound derived from the
traditional Chinese medicinal herb Salvia miltiorrhiza, exhibits
notable therapeutic potential in these diseases due to its multi-
faceted mechanism of action. TSA protects the cardiovascular
and cerebrovascular systems by inhibiting inflammation,
reducing oxidative stress, preventing apoptosis and fibrosis,
and modulating key signaling pathways, including toll-like
receptor 4/NF-xB, PI3K/AKT and nuclear factor erythroid
2-related factor 2/heme oxygenase-1. Notably, considerable
progress has been made in applying TSA to conditions such
as atherosclerosis, myocardial infarction, heart failure and
hypertension. The present review synthesizes current research
on the molecular mechanisms of TSA in treating CCVDs and
highlights innovations in nanodelivery systems (for example,
rHDL, TPP-TPGS/LPNs and CBSA-PEG-TSA-NPs) that
enhance its therapeutic efficacy by improving solubility,
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prolonging its half-life and enhancing targeting capabilities.
These advancements not only establish a foundation for the
broader clinical application of TSA in CCVDs but also offer
valuable insights for the development of new therapeutic
agents.
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1. Introduction

As public awareness of health issues grows, traditional
Chinese medicine (TCM) has gained increasing recognition
for its unique role in preventive healthcare and disease treat-
ment. In particular, Chinese herbal formulas have garnered
broad market acceptance due to their proven efficacy and
relatively low side effects (1,2). Concurrently, active herbal
monomers have emerged as a key research focus within TCM,
attracting considerable attention from the scientific commu-
nity (1). Methodological advances have enabled researchers
to isolate high-purity herbal monomers from medicinal herbs
with greater precision, utilizing advanced separation and
purification techniques, thus providing a strong foundation
for further exploration (3,4). In the realm of disease treatment,
herbal monomers have demonstrated notable therapeutic effi-
cacy (5,0).

Cardiovascular and cerebrovascular diseases (CCVDs)
refer to disorders affecting the heart and brain vasculature,
including ischemic and hemorrhagic conditions in these
areas, as well as in systemic tissues. These conditions are
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primarily caused by factors such as hyperlipidemia, blood
hyperviscosity, atherosclerosis (AS) and hypertension (7,8),
posing a major threat to human health (9,10). Although
medications and surgical interventions can alleviate symp-
toms, they do not support tissue regeneration or functional
recovery (9,10). Consequently, the development of novel
drugs and therapeutic targets for CCVDs is of key impor-
tance (11). The TCM Salvia miltiorrhiza (Danshen), known
for its ability to promote blood circulation, resolve stasis,
dredge collaterals and relieve pain, is widely used in the treat-
ment of CCVDs (12-15). Modern research has identified >40
lipophilic compounds and 50 hydrophilic active components
in Danshen (15-18). The lipophilic components, primarily
tanshinones, include tanshinone I, tanshinone ITA (TSA),
tanshinone IIB, cryptotanshinone and dihydrotanshinone.
The hydrophilic components, such as phenolic acids, include
alvianolic acids A, B and C (16-18) (Fig. 1). Among these,
TSA is the most abundant and pharmacologically active
lipophilic compound in Danshen and has been approved
for treating cardiovascular diseases (19). Extensive studies
confirm that TSA exhibits anti-inflammatory, antioxidant,
antitumor, vasodilatory and neuroprotective effects (20-22).
It has demonstrated therapeutic potential in a range of
conditions, including myocardial injury, pulmonary injury,
non-alcoholic fatty liver disease, hepatic fibrosis, gastritis,
glomerulonephritis, diabetes, depression, Alzheimer's
disease and cancer (for example, breast, liver and lung
cancer) (23-29).

Understanding the molecular targets and mechanisms of
action of TCM not only offers scientific explanations for its role
in disease prevention and treatment but also aids in the identi-
fication of novel therapeutic targets and lead compounds. The
present discusses the structure and pharmacological effects of
TSA, with a particular emphasis on recent research advance-
ments regarding its molecular mechanisms in the treatment
of CCVDs. Additionally, the present review highlights chal-
lenges in TSA research and proposes strategies to overcome
them. TSA shows considerable therapeutic potential, and the
present review aims to provide a comprehensive overview of
the current research landscape, offering valuable insights for
future studies. Furthermore, it is hoped that the present review
will contribute to a deeper understanding of the pathological
mechanisms underlying CCVDs and promote the development
of precision medicine.

2. Chemical structure of TSA

Tanshinone compounds, a class of diterpenoids (30), include
tanshinone I, TSA, tanshinone IIB, cryptotanshinone, dihy-
drotanshinone and tanshinlactone. TSA features a polycyclic
aromatic hydrocarbon skeleton with a phenanthrenequi-
none group and multiple ring structures, forming the basis
of its biological activity (17,30). Its molecular formula is
C19H1803, with a molecular weight of 294.33. TSA appears
as orange-red needle-like crystals, soluble in ethanol but
poorly soluble in water, exhibiting strong lipophilicity (30).
It melts at 209-210°C and is sensitive to light, darkening upon
exposure to heat or light (17,31), requiring storage in airtight,
light-protected conditions. Its low water solubility limits its
bioavailability (30,31).

3. Pharmacological activities and functions of TSA

TSA demonstrates a wide range of pharmacological effects,
including anti-inflammatory, antioxidant, anti-mitochondrial
apoptosis, anti-allergic, anti-thrombotic, anti-fibrotic,
anti-tumor, immunomodulatory, vasodilatory (modu-
lating the renin-angiotensin system) and neuroprotective
activities (28,32-39) (Fig. 2). These mechanisms have been
substantiated through various studies.

Anti-inflammatory. Inflammatory responses induced
by cytokines and chemokines are implicated in several
inflammatory diseases, highlighting the importance of
anti-inflammatory therapies (40). In lipopolysaccharide
(LPS)-induced RAW264.7 macrophages, TSA markedly
inhibited LPS-induced mRNA expression of pro-inflam-
matory factors such as TNF-a, IL-18 and cyclo-oxygenase
(COX)-2 (32). Mechanistically, TSA suppressed inflammatory
signaling by downregulating the activation of key proteins
[toll-like receptor (TLR) 4, myeloid differentiation primary
response 88 (MyD88) and NF-«kB] in the TLR4-MyD88-NF-«xB
pathway (32). A separate study showed that TSA reduced
Propionibacterium acnes-induced expression of pro-inflam-
matory factors (IL-1p, IL-8, and TNF-a) and activation of key
proteins [TLR2, NF-xB and intercellular adhesion molecule 1
(ICAM-1)] in the TLR2/NF-«B signaling pathway in THP-1
cells, suggesting that TSA alleviates inflammation by blocking
this pathway (41). Additionally, TSA was found to downregu-
late microRNA-33 expression in THP-1 macrophages, thereby
reducing oxidized low-density lipoprotein (ox-LDL)-induced
expression of pro-inflammatory cytokines IL-1f, IL-6 and
TNF-a (42).

Anti-oxidative stress. Oxidative stress is a key factor in the
development of various pathological conditions, disrupting the
redox balance and causing excessive free radical accumulation,
which damages cellular structures and macromolecules (43).
TSA upregulates both mRNA expression and enzymatic
activity of glutathione (GSH) peroxidase (GPx), reducing
hydrogen peroxide (H,0,)-induced apoptosis in J774 macro-
phages (33). Furthermore, TSA decreases intracellular reactive
oxygen species (ROS) production, inhibiting macrophage
uptake of ox-LDL and foam cell formation (44). In transverse
aortic constriction (TAC) model rats, TSA markedly reduced
malondialdehyde (MDA) levels in myocardial tissue and
decreased pro-inflammatory cytokine levels (TNF-a and
IL-6), while increasing superoxide dismutase (SOD) activity,
ultimately attenuating pressure overload-induced cardiac
remodeling (45). In LPS-induced brain injury mouse models,
TSA alleviated oxidative stress and inflammatory responses by
reducing serum levels of TNF-a and IL-1p, while enhancing
SOD activity and decreasing MDA content, thus improving
pathological brain damage (46).

Anti-apoptotic effects. Mitochondrial apoptosis, a form of
programmed cell death, is a normal process during develop-
ment and aging, serving to maintain homeostasis within tissue
cell populations (47). However, dysregulated mitochondrial
apoptosis can accelerate disease progression (47). TSA exerts
anti-cardiac remodeling effects by activating the sirtuin
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Figure 1. Major active components of Salvia miltiorrhiza. The active components of Salvia miltiorrhiza can be categorized into lipophilic and hydrophilic
constituents. The lipophilic components (tanshinones) include Tanshinone I, Tanshinone IIA, Tanshinone IIB, Cryptotanshinone, Dihydrotanshinone and
Tanshinolactone. The hydrophilic components (phenolic acids) comprise Salvianolic acid A, Salvianolic acid B and Salvianic acid A.

(SIRT) 1 signaling pathway, which upregulates the anti-apop-
totic protein Bcl-2 while downregulating pro-apoptotic proteins
Bax and Caspase-3 (45). TSA markedly reduces angiotensin II
(AnglI)-induced apoptosis in H9C2 rat cardiomyocytes by
inducing microRNA-152-3p expression, which in turn down-
regulates PTEN and suppresses cardiomyocyte apoptosis (48).
Another study demonstrated that TSA mitigates H,O, and
doxorubicin (DOX)-induced apoptosis in H9C2 cardiomyo-
cytes by upregulating microRNA (miR)-133, leading to the
inhibition of Caspase-9 (49). TSA has also been shown to acti-
vate the MAPK ERK1/2 pathway, which upregulates miR-133
expression, thereby protecting neonatal rat cardiomyocytes
from apoptosis under hypoxic conditions (50). Moreover, TSA
inhibits oxidative stress-induced cardiomyocyte apoptosis
by binding to Kelch-like ECH-associated protein 1 (Keapl)
and promoting its degradation, which enhances nuclear
factor erythroid 2-related factor 2 (Nrf2) gene transcription
and stimulates Nrf2-driven antioxidant gene expression.
Additionally, TSA ameliorates H,0,-induced Caspase-3/9
activation and mitochondrial dysfunction by inhibiting the p38
and mTOR signaling pathways, ultimately reducing oxidative
stress-induced cardiomyocyte apoptosis (51).

Anti-allergy effects. In allergic and inflammatory diseases,
mast cells play a pivotal role by releasing histamine, leukot-
rienes, prostaglandins and various cytokines, which interact
synergistically to exacerbate allergic and inflammatory
symptoms (52). TSA can suppress FceRI-mediated mast
cell signaling and allergic responses through activation of
Sirtl/LKB1I/AMPK pathway (34). The anti-allergic properties
of TSA hold considerable clinical potential, particularly in
allergic rhinitis and allergic asthma, where mast cell activa-
tion in the nasal mucosa and airway inflammation leading
to bronchospasm are key pathological factors (53-57). TSA
may alleviate symptoms such as sneezing, rhinorrhea, nasal
congestion and itching by inhibiting mast cell degranulation
and reducing the release of mediators such as histamine and
leukotrienes, thus serving as a potential novel intranasal spray
or oral therapeutic agent (53,57). Alternatively, through its
anti-allergic and anti-inflammatory properties, it may help
control chronic airway inflammation in asthma and reduce
acute exacerbations, acting as a complementary or alterna-
tive therapy to existing inhaled corticosteroids or leukotriene
receptor antagonists (55). However, further research is still
required to explore this potential.
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Figure 2. Pharmacological activities and functions of Tanshinone IIA. Tanshinone ITA exerts multiple pharmacological effects through modulation of various
molecular pathways, including anti-inflammatory, antioxidant, anti-mitochondrial apoptosis, antiallergic, antithrombotic, antifibrotic, antitumor, immuno-
modulatory, vasodilatory (via regulation of the RAS system) and neuroprotective activities. ACh, acetylcholine; ADP, adenosine diphosphate; AKT, protein
kinase B; a-SMA, alpha-smooth muscle actin; AMPK, AMP activated protein kinase; CAT, catalase; CHOP, CCA AT-enhancer-binding protein homologous
protein (C/EBP homologous protein); CDK4, cyclin, dependent kinase 4; cGMP, cyclic guanosine monophosphate; COX2, cyclooxygenase2; COL-1, collagen
type 1; eNOS, endothelial nitric oxide synthase; ERK, extracellular signal-regulated kinase; Gpx, glutathione peroxidase; JNK, c-Jun N-terminal kinase;
GPR78, glucose-regulated protein 78; HO-1, heme oxygenase 1; Hsp90, heat shock protein 90; IL-6, interleukin-6; LKBI, liver kinase B1; LTC4, leukotriene
C4; MDA, malondialdehyde; MyD88, myeloid differentiation primary response gene 88; mTOR, mechanistic target of rapamycin; NF-kB, nuclear factor
kappa-light-chain-enhancer of activated B cells; NLRP3, NLR family pyrin domain-containing 3; NOX2, NADPH oxidase 2; Nrf2, nuclear factor erythroid
2-related factor 2; PI3K, phosphatidylinositol 3 kinase; PGD2, prostaglandin D2; PKC, protein kinase C; PKG, protein kinase G; PLC3, phosphorylation of
phospholipase cf33; PP2A, protein phosphatase 2A; PTEN, phosphatase and tensin homolog; PTPN, protein tyrosine phosphatase non-receptor type; SHP, Src
homology 2 domain-containing protein tyrosine phosphatase; SIRT1, sirtuin 1; SOD, superoxide dismutase; TP53, tumor protein 53; TGF-, transforming
growth factor-f3; TLR4, toll like receptor 4; TNF-a, tumor necrosis factor-alpha; TRPV4, transient receptor potential vanilloid 4; TXA?2, thromboxane A2;
6-OHDA ,6-hydroxydopamine.

Anti-thrombotic effects. Thrombi present considerable
risks to cardiovascular and cerebrovascular health by
causing vascular occlusion, thereby disrupting blood flow
to important organs such as the heart and brain, which
can lead to conditions such as myocardial infarction and
cerebral infarction (58). TSA has been shown to inhibit
ADP (3 pM)-induced reversible platelet aggregation in
rats. Mechanistic studies indicate that TSA suppresses
platelet activation by modulating tubulin acetylation and
inhibiting ERK-2 phosphorylation (35). However, in vivo

experiments reveal that TSA (10 mg/kg) notably prolongs
murine bleeding time by 58% compared with controls (35).
In a permanent middle cerebral artery occlusion rat model,
TSA exhibited antiplatelet effects by inhibiting platelet
aggregation, reducing thromboxane A2 release and down-
regulating phosphorylation of phospholipase C3 and protein
kinase C (PKC), thereby blocking the PLC/PKC signaling
pathway (59). These results suggest that TSA holds poten-
tial as a therapeutic agent for improving blood viscosity,
microcirculation and preventing CCVDs (59).
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Anti-fibrosis effects. TSA also demonstrates antifibrotic prop-
erties by reducing collagen deposition (60). Studies have shown
that TSA downregulates extracellular matrix (ECM) gene
transcription and collagen expression in dermal fibroblasts by
inhibiting the TGF-f/Smad and MAPK/ERK signaling path-
ways, contributing to its antifibrotic effects (60,61). One study
indicated that TSA markedly reduced serum levels of alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
lactate dehydrogenase (LDH) and y-GT in carbon tetrachlo-
ride (CCl,)-induced hepatic fibrosis mice, diminished collagen
deposition and downregulated the expression of fibrosis
markers such as a-smooth muscle acting (a-SMA) and type [
collagen, alleviating hepatic fibrosis (62). Mechanistic analysis
revealed that TSA inhibited ERK phosphorylation, reduced
cyclin D1 and CDK4 expression, and blocked the formation
of cyclin D1-CDK4 complexes, thereby decreasing Smad3
linker region phosphorylation and inhibiting hepatic stellate
cell (HSC) proliferation, resulting in cell cycle arrest at the
G, phase (62). Another study demonstrated that TSA hindered
HSC activation by inhibiting KRAS protein and modulating
the PI3K/AKT and Nrf2/heme oxygenase-1 (HO-1) pathways,
reducing collagen deposition and reversing the progression of
CCl,-induced hepatic fibrosis in mice (63). Additionally, TSA
upregulated SIRT3 expression to inhibit TGF-p1 activation
and its downstream target TSP-1, thereby decreasing collagen
deposition, downregulating the fibrosis marker fibronectin and
improving DOX-induced renal fibrosis in mice (36).

Anti-tumor effects. TSA exerts antitumor effects by inhib-
iting cancer cell proliferation, inducing apoptosis, arresting
cell cycle progression and suppressing invasion and migra-
tion (64-66). Specifically, TSA suppresses HepG2 cell
proliferation by modulating the miR-30b-p53-PTPN11/SHP2
pathway (64). TSA also induces apoptosis in triple-negative
breast cancer by downregulating Bcl-2 and upregulating
TP53 expression (65). Furthermore, TSA inhibits tumor cell
proliferation, migration and invasion through regulation of
the MAPK/ERK/TRIB3 and PI3K/AKT signaling path-
ways (28,60). These findings highlight the antitumor potential
of TSA.

Immunomodulation. A study using cecal ligation and
puncture (CLP)-induced septic mice models explored the
immunomodulatory effects of TSA on sepsis-induced immu-
nosuppression (67). TSA at different doses (5, 15 and 45 mg/kg,
i.p.) were used at different time-points (0, 3, 6 and 12 h) after
treatment with CLP to evaluate its effect on the survival of
septic mice. Results demonstrated that TSA markedly improved
survival rates in a dose- and time-dependent manner (67).
Immunologically, TSA reversed CLP-induced reductions in
splenic CD4* and CD8* T lymphocyte counts, mitigated their
apoptosis and suppressed regulatory T cell (Treg) expansion.
It also restored T-helper (Th) 1/Th2 cytokine secretion by
increasing IFN-y and IL-2 levels, while decreasing IL-4 and
IL-10 levels (67). Additionally, TSA improved T cell func-
tion by reducing serum levels of high-mobility group box 1
(HMGBI), enhancing macrophage phagocytic activity and
promoting bacterial clearance (67). Furthermore, TSA allevi-
ated coxsackievirus B3-induced myocardial inflammation by
inhibiting pro-inflammatory Thl cytokines (IFN-y and IL-2)
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and promoting anti-inflammatory Th2 cytokines (IL-4 and
IL-10), thereby modulating the Th1/Th2 immune balance (37).
Another in vitro study showed that TSA enhanced IL-15-driven
NK cell differentiation through activation of the p38 MAPK
phosphorylation pathway (68). Another study demonstrated
that TSA exerted anti-inflammatory and cardioprotective
effects by inhibiting NLRP3 inflammasome activation and
its downstream effectors (Caspase-1, IL-1p and IL-18), while
modulating Th17/Treg cell balance (69). Collectively, these
findings indicate that TSA improves immune status by regu-
lating immune cell activity and function, thereby enhancing
both anti-infective and antitumor responses.

Promotion of vasodilation. Endothelial function is vital
for maintaining cardiovascular and cerebrovascular health,
with nitric oxide (NO) released by vascular endothelium
playing a key role in promoting vasodilation (70). TSA mark-
edly enhances NO production in vascular endothelial cells
(ECs) (71). Research by Wang et al (38) revealed that TSA
enhances transient receptor potential vanilloid 4 (TRPV4)
channel currents by reducing TRPV4 protein degradation and
increasing its expression, thereby promoting endothelial NO
synthase (eNOS) expression and NO production. NO activates
soluble guanylate cyclase, elevating cGMP and protein kinase
G (PKG) levels, which ultimately leads to vascular smooth
muscle relaxation (38). These findings highlight the key role
of the TRPV4-NO-PKG signaling pathway in TSA-induced
vasodilation. A study examining the protective effects of
TSA on diabetes-induced endothelial dysfunction revealed
that high glucose environments reduce eNOS expression and
NO production, impairing vasodilation (72). TSA ameliorates
these abnormalities through multiple post-transcriptional
mechanisms: i) Prolonging eNOS mRNA half-life; ii) inhib-
iting eNOS protein degradation and enhancing its stability;
iii) reducing eNOS uncoupling by increasing tetrahydro-
biopterin concentration and Hsp90/eNOS interaction; and
iv) inhibiting the translocation of protein phosphatase 2A
(PP2A) subunit PP2A-A, blocking PP2A-A/eNOS interaction
and preventing eNOS dephosphorylation at serine 1177 (72).
This research demonstrates that TSA enhances the eNOS/NO
pathway through multiple mechanisms, providing novel strate-
gies for treating diabetic cardiovascular complications.

Neuroprotection. A previous study investigated the protective
effects of TSA on dopaminergic neurons in a 6-hydroxydo-
pamine (6-OHDA)-induced Parkinson's disease model (73).
In vitro experiments demonstrated that TSA considerably
reduced 6-OHDA-induced LDH release and ROS genera-
tion in SH-SYS5Y cells, promoted nuclear translocation of
Nrf2 and enhanced the expression of antioxidant response
element (ARE)-regulated genes (for example, HO-1 and
glutamate-cysteine ligase catalytic subunit/glutamate-cysteine
ligase modifier subunit), while inhibiting mitochondrial
membrane potential damage, cytochrome c (cyt c¢) release and
activation of Caspase-9/3 (73). In vivo experiments showed
that TSA improved rotational behavior in 6-OHDA-treated
rats, reduced dopaminergic neuron loss in the substantia
nigrostriatal pathway and increased striatal dopamine and
its metabolites. The specific molecular mechanism involved
TSA maintaining Nrf2/ARE pathway activity by inhibiting
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Table I. Comparison of pharmacological properties of tanshinone I, salvianolic acid A, tanshinone IIB and tanshinone IIA.

Chemical Relative Isolation and Common Applicable
Component type content  purification properties Core advantages scenarios (Refs.)
Tanshinone I Liposoluble Medium Moderate Anti-inflammatory Anti-bacterial-and anti Cardiovascular (76,77,
diterpenoid and anti-oxidant, inflammatory, diseases with 79-83)
quinone improves immunomodulatory,  infection risk,
microcirculation,  anti-tumor (gastric adjuvant tumor
inhibits cancer, liver cancer)  therapy
thrombosis,
synergistically
protects
cardiovascular and
cerebrovascular
systems
Salvianolic ~ Water- Very low Difficult Anti-oxidant, inhibits ~Hyperlipidemia, (78-90)
acid A soluble thrombosis, protects fibrosis, tumor
phenolic organs (heart, brain,  prevention
acid liver, kidney)
Tanshinone Liposoluble Very low Difficult Regulates blood lipids, Hyperlipidemia, (13,91-93)
1B diterpenoid neuroprotective, stroke
quinone cardioprotective
Tanshinone Liposoluble Very Easy Dilates coronary Coronary heart
ITA diterpenoid high arteries, anti- disease angina
quinone myocardial ischemia, pectoris,
inhibits thrombosis recovery phase  (21,24,75,
of cerebral 78,94-96)

infarction,
heart failure

6-OHDA-induced upregulation of miR-153, which targets
the 3'-untranslated region of Nrf2, thereby exerting neuro-
protective effects (73). Another study demonstrated that TSA
protected against hippocampal-dependent cognitive impair-
ment in diabetic rats by attenuating endoplasmic reticulum
stress-induced apoptosis (74). TSA alleviated oxidative stress
by enhancing SOD activity and reducing ROS and MDA levels,
while inhibiting endoplasmic reticulum stress markers GRP78
and CHOP and reducing hippocampal neuronal apoptosis
(Caspase-3) (74). Additionally, TSA-pretreated mesenchymal
stem cells (TSA-MSCs) notably improved spatial learning
and memory deficits in Alzheimer's disease rats modeled by
unilateral intrahippocampal injection of (3-amyloid (25-35)
peptide, showing superior efficacy when compared with
untreated MSCs (39). This effect was achieved by downregu-
lating pro-inflammatory cytokines (IL-1, IL-6 and TNF-a)
and upregulating neurotransmitter the acetylcholine (ACh)
levels, thereby reducing hippocampal neuronal damage (39).
These findings collectively indicate the potent neuroprotective
effects of TSA, highlighting its ability to protect neuronal cells
from injury.

Comparative pharmacological characteristics of major
tanshinones. Tanshinone I, salvianolic acid A, TSA and
tanshinone IIB are the core components of Salvia miltiorrhiza,

collectively contributing to its cardiocerebrovascular protective
effects through synergistic actions (Table I) (13,21,24,75-96).
All four components possess anti-inflammatory and antioxidant
properties, improve microcirculation and inhibit thrombosis,
thereby synergistically protecting the cardiovascular and cere-
brovascular systems (13,75-78). However, they differ in their
specific pharmacological profiles and clinical applications.
Tanshinone I has a moderate content and is relatively easy to
isolate and purify. It has been shown to inhibit pathogens such as
Staphylococcus aureus and Streptococcus hemolyticus (79,80)
and enhance immune function, aiding in anti-infection (81). It
also demonstrates inhibitory effects on tumor cells, including
those of gastric and liver types of cancer (82,83). Thus, it
is more suitable for cardiovascular diseases with infection
risks and as an adjunct in tumor therapy. Salvianolic acid A,
although hydrophilic, has low content and is prone to oxida-
tive degradation, limiting its application (78,84). It scavenges
free radicals, inhibits inflammatory mediators such as TNF-a
and IL-6, and suppresses platelet aggregation, reducing blood
viscosity (85-87). It also protects myocardial cells and liver
and kidney functions (88-90). Therefore, it is suitable for
hyperlipidemia, fibrosis and tumor prevention. Tanshinone
IIB is present in very low quantities in Salvia miltiorrhiza,
and its isolation and purification are difficult and expensive,
limiting large-scale research (13). Existing studies indicate
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Figure 3. Role of Tanshinone IIA in the development of cardiovascular and cerebrovascular diseases. Tanshinone ITA demonstrates therapeutic efficacy
against a wide range of cardiovascular and cerebrovascular diseases, including atherosclerosis, cardiac hypertrophy, myocardial infarction, myocardial
ischemia-reperfusion injury, cerebral ischemia-reperfusion injury, heart failure, hypertension, cardiac fibrosis, arrhythmia and stroke.

that tanshinone IIB has antioxidant, lipid-regulating, neuro-
protective and cardioprotective effects (91-93). Therefore, it is
suitable for the treatment of hyperlipidemia and stroke. TSA,
with a high content, is the most abundant lipophilic component
in Salvia miltiorrhiza, making it easy to extract (78). It dilates
coronary arteries, increases myocardial blood flow and reduces
blood viscosity (21,24,94). It also scavenges oxygen free
radicals, alleviates ischemia-reperfusion injury and reduces
myocardial infarction area (95,96). Therefore, it is more suit-
able for the treatment of coronary heart disease, angina, the
recovery period of cerebral infarction and HF. In summary,
TSA offers unique advantages in the treatment of CCVDs and
is the preferred component for further development.

4. The molecular mechanisms of TSA in the progression
of CCVDs

TSA exhibits various pharmacological effects, including
anti-inflammatory, antioxidant, antitumor, vasodilatory and

neuroprotective properties. It carries out a therapeutic role in
multiple CCVDs, such as AS, cardiac hypertrophy, myocar-
dial infarction, myocardial ischemia-reperfusion, cerebral
ischemia-reperfusion, HF, hypertension, myocardial fibrosis,
arrhythmia and stroke (Fig. 3 and Table II) (42,46,48,49,69,
97-144).

AS. AS is a disease characterized by lipid accumula-
tion and inflammation, serving as a notable risk factor
for CCVDs (145). AS is a chronic immune-inflammatory
condition driven by pro-inflammatory molecules that act on
various cell types, including ECs, vascular smooth muscle
cells (VSMCs) and monocytes/macrophages (145). TSA, a
bioactive compound with multifaceted properties, effectively
inhibits the progression of AS through mechanisms such as
suppressing adipogenesis, exerting anti-inflammatory and
antioxidant effects (97,98,146), and inhibiting autophagy,
demonstrating notable therapeutic potential in cardiovascular
disease management (Fig. 4).
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Table II. TSA is involved in alleviating the development of CCVDs.

Disease Mechanism (Refs.)
Atherosclerosis TSA decreases miR-33 expression, resulting in reduced ox-LDL levels. This leads to decreased 42)
expression of IL-1f3, IL-6 and TNF-a, thereby reducing inflammatory responses.
TSA downregulates ApoB, which leads to upregulation of SREBP-1. This, in turn, results in 7
downregulation of MTP, ultimately causing a decrease in TG levels.
TSA inhibits phosphorylation of ERK1/2, INK, p38 and NF-«B signaling pathways. This (98)
suppression reduces expression of pro-inflammatory cytokines IL-1f, IL-6 and TNF-a,
ultimately attenuating inflammatory responses.
TSA activates PI3K signaling, leading to increased eNOS expression and enhanced NO production. 99)
Elevated NO levels induce ATF3 expression, which subsequently downregulates ET-1 expression.
TSA downregulates METTL3 expression, leading to decreased SIRTS levels. This subsequently (100)
reduces PERK, CHOP and ATF5 expression, ultimately attenuating ERS responses.
TSA suppresses NF-«kB activation, resulting in upregulation of LOX-1 receptor expression. (101)
Increased LOX-1 facilitates reduced ox-LDL uptake, thereby decreasing foam cell formation.
TSA reduces miR-375 expression, leading to upregulation of KLF4 transcription factor.
Increased KLF4 promotes STAT6 activation and M2 polarization of macrophages, while (102)
simultaneously suppressing NF-kB signaling. This results in decreased expression of IL-6,
TNF-a and reduced inflammatory responses.
TSA increases miR-13b expression, which downregulates WNT5A signaling. Reduced WNT5A (103)
activity leads to decreased ox-LDL levels and subsequent downregulation of IL-1f, IL-6 and
TNF-a expression, ultimately attenuating inflammatory responses.
TSA reduces NADPH, NOX2, MDA, IL-6, TNF-a and MCP-1 expression while increasing SOD (104)
activity, resulting in decreased ROS production.
TSA decreases TG, TC and LDL levels while increasing HDL expression, leading to overall lipid (105)
homeostasis improvement.
TSA reduces ox-LDL and MDA levels while increasing Cu/Zn SOD expression, resulting in (106)
decreased reactive oxygen species production.
Hypertension TSA decreases Caspase-3 expression while increasing Bcl-2/Bax ratio, resulting in reduced (108)
apoptosis.
TSA reduces MMP2 and TIMP2 expression, leading to decreased fibrosis progression. (108,109)
TSA reduces NADPH levels, which subsequently downregulates NOX2, NOX4 and p47phox (110)
expression. This leads to decreased MDA levels and increased SOD activity, ultimately reducing
ROS production.
TSA downregulates PDK1 expression, resulting in decreased AKT signaling. This subsequently (111)
inhibits smooth muscle cell proliferation.
Myocardial TSA reduces Cys-C levels, leading to decreased Wnt signaling activation. This suppression (107)
hypertrophy  reduces -catenin and WISP-1 expression levels.
TSA activates PI3K signaling, leading to increased AKT phosphorylation. Enhanced AKT (112)
activity inhibits calcineurin activity, which subsequently reduces NFATc3 nuclear translocation.
This results in decreased expression of ANP, BNP and 3-MHC.
TSA downregulates ALKBHS expression, resulting in decreased galectin expression. This (113)
subsequently reduces ANP, BNP and $-MHC levels.
Myocardial TSA inhibits p38MAPK signaling, leading to decreased SRF and MEF2 expression. This results (114)
infarction in reduced miR-1 levels and increased Cx43 expression, ultimately protecting against myocardial
injury.
TSA reduces TNF-a levels, which suppresses NF-kB activation and subsequently decreases (115)
MCP-1 expression, leading to reduced inflammatory responses.
TSA increases PGK1 expression, resulting in decreased PDHK1 levels. This promotes M1 to M2 (116)
macrophage conversion and subsequently reduces IL-1f3, IL-6 and TNF-a expression, attenuating
inflammation.
TSA downregulates TGF-f3 signaling, leading to decreased Smad3 activation. This results in 117)

increased miR-29b expression and subsequent downregulation of TGF-f1, Collal and a-SMA,
ultimately reducing fibrosis.
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Table II. Continued.

Disease

Mechanism

(Refs.)

Myocardial
ischemia-
reperfusion

Heart failure

Myocardial
fibrosis

TSA inhibits TLR4 expression, which suppresses NF-«kB activation and subsequently reduces
NLRP3 inflammasome formation. This leads to decreased IL-1f and IL-18 expression, attenuating
inflammatory responses.

TSA reduces NOX4, NADPH and MDA levels while increasing SOD activity, resulting in
decreased ROS production.

TSA reduces NLRP3 inflammasome formation, leading to decreased Caspase-1, IL-1f3 and IL-18
expression. This results in increased Th17/Treg ratio and reduced inflammatory responses.

TSA activates PI3K signaling, leading to increased AKT phosphorylation. Enhanced AKT activity
suppresses NF-«kB activation and subsequently reduces IL-6 and TNF-a expression, attenuating
inflammatory responses.

TSA activates PI3K signaling, resulting in increased AKT phosphorylation and mTOR activation.
This leads to decreased MDA, SDH and COX expression while increasing Bax and Bcl-2 levels,
ultimately reducing oxidation and apoptosis.

TSA decreases LDH levels while increasing 14-3-31 expression. This promotes Bcl-2 upregulation
and mPTP inhibition, subsequently reducing ROS and cytochrome c levels and decreasing
Caspase-3 expression, thereby suppressing apoptosis.

TSA downregulates HSA2 expression, resulting in decreased FGFO levels. This leads to reduced
Bax and Caspase-3 expression, ultimately suppressing apoptosis.

TSA increases HDACI expression, leading to Nrf2 activation and HO-1 upregulation. This results
in decreased Bax/Bcl-2 ratio and reduced TNF-a and IL-1f expression, while decreasing MDA,
Fe2* and increasing GSH and Gpx4 levels, ultimately attenuating apoptosis, inflammation and
ferroptosis.

TSA increases ATM expression, leading to GADD45 upregulation and ORC activation. This
enhances DNA damage repair and DNA biosynthesis processes.

TSA-MSCexo increases miR-223-5p expression, which downregulates CCR2 and subsequently
reduces inflammatory responses.

TSA combined with Astragaloside IV suppresses STING pathway activation, leading to decreased
Bax, Caspase-3 and increased Bcl-2 expression, ultimately reducing apoptosis.

TSA combined with Astragaloside IV inhibits STING pathway signaling, resulting in decreased
IL-1B, IL-6, TNF-a and iNOS expression, thereby attenuating inflammatory responses.

TSA combined with Astragaloside IV suppresses STING pathway activation, leading to decreased
MDA levels and increased GSH and SOD expression, ultimately reducing reactive oxygen species
production.

TSA increases miR-152-3p expression, resulting in decreased PTEN levels and reduced apoptosis.
TSA increases miR-133 expression, leading to decreased Caspase-3 and Caspase-9 expression,
ultimately reducing apoptosis.

TSA activates PI3K signaling, leading to increased AKT phosphorylation. Enhanced AKT activity

results in decreased Caspase-3 expression and increased Bcl-2 levels, ultimately reducing apoptosis.

TSA increases DAXX, MEK and ERK1/2 expression while upregulating p38, Caspase-3 and
Caspase-8 expression. This leads to decreased apoptosis through multiple pathways.

TSA activates AMPK signaling, resulting in decreased mTOR activity. This leads to increased
LC3, Beclinl and Bcl-2/Bax ratio while decreasing p62, Caspase-3 and Caspase-9 expression,
ultimately reducing both autophagy and apoptosis.

TSA upregulates GPER expression, leading to decreased COL-1 and increased MMP-1 expression.
This results in reduced fibrosis progression.

TSA increases GPER expression, which activates PKA signaling and subsequently upregulates
CREB expression. Enhanced CREB activity promotes elastin expression while reducing MMP2/9
levels, ultimately attenuating fibrosis.

TSA increases miR-618 expression, resulting in decreased a-SMA, Col-1 and TIMP1/4 levels. This
leads to reduced fibrosis progression.

TSA reduces NADPH levels, which subsequently downregulates Colal, MMP2/9, TIMP1/2,
NOX2 and p67phox expression. This results in decreased fibrosis and ROS production.

(118)

(119)

(69)

(120)

(121)

(122)

(123)

(124)

(125)
(126)
(127)
(127)
(127)
(48)
(49)
(128)
(129)

(130)

(131)

(131)

(132)

(133)
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Table II. Continued.

Disease Mechanism (Refs.)
Arrhythmia TSA reduces SRF expression, leading to decreased miR-1 levels. This subsequently downregulates (134)
Kir2.1 expression and reduces IK1 current, ultimately affecting cardiac repolarization.
Cerebral TSA upregulates Nrf2 expression, leading to increased HO-1 levels. This results in upregulation of (46)
ischemia- Claudin-5 and ZO-1 expression, ultimately reducing inflammation and ROS production.
reperfusion TSA reduces HMGBI1 expression, which suppresses NF-«kB activation and subsequently decreases (135)
inflammatory and apoptotic responses.
TSA increases miR-124-5p expression, resulting in decreased FoxO1 levels. This leads to reduced (136)
IL-1B, IL-6 and TNF-a expression, along with decreased Bax and Caspase-3 while increasing
Bcl-2 expression, ultimately attenuating inflammation and apoptosis.
TSA downregulates TLR4 expression, resulting in decreased MyD88 levels and subsequent NF-«B (137)
suppression, ultimately reducing inflammatory responses.
TSA reduces TGM2 expression, leading to decreased PANX1 levels and subsequently attenuating (138)
inflammatory responses.
TSA increases miR-449a expression, leading to decreased ACSL4 levels and reduced ferroptosis. (139)
Stroke TSA increases Bcl-2/Bax ratio, leading to reduced apoptosis. (140)
TSA upregulates Nrf2 expression, resulting in increased SOD and CAT levels while decreasing (141)
MDA and 8-OHdG expression, ultimately reducing ROS production.
TSA activates TORCI signaling, leading to increased pCREB expression and subsequently (142)
upregulating BDNF levels, which enhances neuroprotection.
TSA combined with Puerarin increases Nrf2 expression, activating ARE signaling and upregulating (143)
HO-1 and NQO1 while decreasing Keap1 levels. This results in increased T-AOC, CAT, SOD and
GSH levels while reducing GSSG and MDA, ultimately decreasing ROS.
TSA combined with Puerarin upregulates Nrf2 expression, activating ARE signaling and increasing (143)
HO-1 and NQOI1 while decreasing Keap1 levels. This leads to reduced IL-6, TNF-a, ICAM-1 and
COX-2 expression, attenuating inflammatory responses.
TSA inhibits NF-«B activation, resulting in decreased NLRP3 inflammasome formation and (144)

subsequently reducing IL-1f and IL-18 expression, ultimately attenuating inflammatory responses.

ACSLA4, acyl-CoA synthetase long-chain family member 4; AKT, protein kinase B; AMPK, AMP activated protein kinase; Ang-II, angio-
tensin II; ANP, atrial natriuretic peptide; APOB, apolipoprotein B; ATF3, activating transcription factor 3; ATFS, activating transcription
factor 5; ATM, ataxia telangiectasia mutated; BDNF, brain derived neurotrophic factor; BNP, brain natriuretic peptide; BMHC, 3 myosin heavy
chain; CAT, catalase; CCR2, C-C chemokine receptor type 2; CCVDs, cardiovascular and cerebrovascular diseases; CDK4, cyclin dependent
kinase 4; CDK®6, cyclin dependent kinase 6; CHOP, CCA AT/enhancer-binding protein homologous protein; COX2, cyclooxygenase2; CREB,
CAMP response element binding protein; Cx43, connexin 43; Cys-C, cystatin c; eNOS, endothelial nitric oxide synthase; ET-1, endothelin 1;
FGF9, fibroblast growth factor 9; GADDA45, growth arrest and DNA damage-inducible 45; GPER, G-protein coupled estrogen receptor;
Gpx4, glutathione peroxidase 4; HAS2, hyaluronan synthase 2; HDACI, histone deacetylase 1; HO-1, heme oxygenase 1; ICAM1, intercel-
lular adhesion molecule 1; Keapl, Kelch-like ECH-associated protein 1; LDH, lactate dehydrogenase; MCP-1, monocyte chemoattractant
protein 1; MDA, malondialdehyde; METTL3, methyltransferase like 3; MMP2, matrix metalloproteinase 2; mPTP, mitochondrial permeability
transition pore; MyD88, myeloid differentiation primary response 88; NO, nitric oxide; Nox4, NADPH oxidase 4; NPC, nutritional precondi-
tioning; NQO1, NADPH oxidoreductase 1; ox-LDL, oxidized low-density lipoprotein; ORC, origin recognition complex; PANX1, pannexin 1;
PDHK1, pyruvate dehydrogenase kinase 1; PERK, PKR-like endoplasmic reticulum kinase; PI3K, phosphatidylinositol 3 kinase; PKC, protein
kinase C; PKG, protein kinase G; PTEN, phosphatase and tensin homolog; ROS, reactive oxygen species; SIRT1, sirtuin 1; SIRTS, sirtuin 5;
SOD, superoxide dismutase; TAC, transverse aortic constriction; TAOC, total antioxidant capacity; TGF-f1, transforming growth factor-f31;
TGM3, transglutaminase 3; TIMP2, tissue inhibitor of metalloproteinases 2; TLR2, toll like receptor 2; TLR4, toll-like receptor 4; TNF-a,
tumor necrosis factor-alpha; TSA, tanshinone IIA; VDAC-1, voltage-dependent anion channel 1; Wnt2, Wnt family member 2.

TSA dose-dependently inhibits the secretion of ApoB
and triglycerides (TGs) in HepG2 cells by downregulating
the transcriptional levels of microsomal triglyceride transfer
protein (MTP), thereby suppressing lipoprotein assembly and
reducing ApoB secretion (97). Additionally, TSA enhances
ApoB degradation via the ubiquitin-proteasome pathway and
promotes nuclear translocation of the transcription factor sterol
regulatory element-binding protein 1, further inhibiting MTP

expression (97). In a study utilizing a low density lipoprotein
receptor knockout mouse model induced by a high-fat diet and
LPS-stimulated RAW264.7 macrophages, TSA alleviated AS
by markedly reducing atherosclerotic plaque area, lowering
serum and hepatic lipid levels (TCs and TGs), improving
liver function (AST and ALT) and decreasing serum and
tissue levels of inflammatory cytokines (IL-1§3, IL-6 and
TNF-a) (98). Furthermore, TSA inhibited the phosphorylation
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Figure 4. Molecular mechanisms of Tanshinone IIA in the treatment of atherosclerosis and hypertension. AKT, protein kinase B; APOB, apolipoprotein B;
ATF3, activating transcription factor 3; eNOS, endothelial nitric oxide synthase; ET-1, endothelin 1; KLF4, Kriippel-like Factor 4; LOX-1, lectin-like oxidized
LDL receptor 1; MDA, malondialdehyde; MMP2, matrix metalloproteinase 2; MTP, microsomal triglyceride transfer protein; NO, nitric oxide; PDK1, pyru-
vate dehydrogenase Kinase 1; PI3K, phosphatidylinositol 3 kinase; ROS, reactive oxygen species; SOD, superoxide dismutase; STAT6, signal transducer
and activator of transcription 6; TIMP2, tissue inhibitor of metalloproteinases 2; TNF-a, tumor necrosis factor-a; TSA, tanshinone ITIA; ERK, extracellular
signal-regulated kinase; JNK, c-Jun N-terminal kinase; NF-xB, nuclear factor k-light-chain-enhancer of activated B cells; IL-6, interleukin-6.

of ERK1/2, INK, p38, NF-kB and p65, thereby modulating
the MAPKs/NF-«B signaling pathway and attenuating inflam-
matory responses during AS progression (98). These findings
suggest that TSA holds therapeutic potential in alleviating AS
and treating cardiovascular diseases by inhibiting lipid secre-
tion and inflammation.

ECs form the interface between vascular walls and blood,
allowing permeability for the exchange of oxygen and nutri-
ents between blood and tissues (70). ECs carry out a key role
in inflammatory responses, anti-(pro-)thrombotic regulation
and vascular tone modulation, all of which are associated with
the onset and progression of cardiovascular diseases (147).
NO, produced by eNOS, is essential for maintaining cardio-
vascular homeostasis, and its dysregulation often leads to
endothelial dysfunction and cardiovascular disorders. TSA
markedly enhances NO production in human vascular ECs,
potentially through the activation of eNOS (71). Research by
Hong et al (99) revealed that TSA markedly inhibits endo-
thelin-1 (ET-1) mRNA expression and protein secretion in
HUVECs, while increasing NO production and eNOS phos-
phorylation. ET-1, a potent vasoconstrictive peptide, carries
out a key role in cardiovascular diseases such as AS, isch-
emic heart disease and stroke (148,149). Mechanistic studies
suggest that TSA promotes NO generation by activating the
PI3K/eNOS pathway, upregulating the expression of activating
transcription factor (ATF) 3 and ultimately suppressing ET-1

expression (99). A recent study demonstrated that TSA protects
myocardial ECs by stabilizing mitochondrial membrane
potential, regulating calcium homeostasis and inhibiting endo-
plasmic reticulum stress markers (CHOP, PERK and ATFS)
through enhancing the interaction between SIRTS and methyl
transferase-like 3 (100).

Macrophages play a pivotal role in the initiation and
progression of AS (150). Upon engulfing ox-LDL, macrophages
transform into foam cells, a key event in atherosclerotic plaque
formation. The ox-LDL not only exerts pro-inflammatory
effects but also induces macrophages to release a variety of
inflammatory cytokines, thereby exacerbating vascular inflam-
mation (151). Lectin-like, oxidized low-density lipoprotein
receptor (LOX)-1, a scavenger receptor expressed in vascular
ECs, smooth muscle cells and macrophages, is responsible for
recognizing and internalizing ox-LDL. It carries out a key
role in endothelial dysfunction, inflammatory responses and
foam cell formation during AS (101). Studies by Xu et al (44)
demonstrated that TSA downregulates LOX-1 expression in
macrophages (both the RAW 264.7 cell line and primary
mouse peritoneal macrophages) by inhibiting the NF-xB
signaling pathway, thus reducing ox-LDL uptake and foam cell
formation, and ultimately exerting anti-atherosclerotic effects.
In vivo experiments further confirmed that TSA decreases ROS
generation, blocks the nuclear translocation and DNA binding
activity of NF-kB p65 subunit and lowers LOX-1 expression
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and lesion area in atherosclerotic plaques of apolipoprotein
E knockout (ApoE”) mice (44). This study identified a novel
mechanism through which TSA exerts anti-atherosclerotic
effects via the LOX-1/NF-kB axis.

Macrophage autophagy and polarization also carry out key
roles in AS development (151). Research by Chen et al (102)
showed that TSA markedly reduces plasma levels of TG, TC
and LDL in high-fat diet-fed ApoE” mice, while decreasing
aortic plaque area and lipid deposition. Moreover, TSA
promotes M2 macrophage polarization by increasing CD206
and anti-inflammatory cytokine IL-10/Arg-1 expression and
inhibits M1 polarization by reducing CD197 and pro-inflam-
matory cytokines (TNF-a/IL-6). TSA also enhances the
expression of autophagy markers, including LC3-II and
Beclinl (102). Mechanistically, TSA upregulates transcription
factor, Kriippel-like factor (KLF4) by inhibiting miR-375,
activating the STAT6/monocyte chemotactic protein-induced
protein pathway to promote M2 polarization, and simultane-
ously suppressing the NF-xB pathway to reduce inflammation.
In vitro experiments with ox-LDL-induced RAW?264.7 cells
revealed that miR-375 directly targets KLF4. These findings
suggest that TSA regulates macrophage autophagy and polar-
ization balance through the miR-375/KLF4 axis, offering a
novel therapeutic target for AS (102).

miRNAs have been implicated in the development of AS.
One study demonstrated that TSA inhibits adipogenesis and
inflammatory responses in ox-LDL-induced human mono-
cyte-derived macrophages (THP-1 cells) (103). The primary
mechanism involves TSA upregulating miR-130b, which
suppresses WNTS5A protein expression, thereby reducing
ox-LDL-induced lipid accumulation and decreasing the
mRNA levels of the pro-inflammatory cytokines IL-1f, IL-6
and TNF-a (103). Another study revealed that TSA attenuates
ox-LDL-induced inflammatory responses in THP-1 macro-
phages by downregulating miR-33, inhibiting the secretion
of pro-inflammatory cytokines (IL-1f, IL-6 and TNF-a) and
alleviating atherosclerotic inflammation (42). These findings
provide novel mechanistic insights into the potential of TSA
as a therapeutic agent for AS.

Oxidative stress can lead to vascular EC damage, promoting
monocyte adhesion and migration into the subendothelial
space, where they differentiate into macrophages (152). A study
by Xu et al (104) showed that TSA mitigates high-cholesterol
diet-induced atherosclerotic plaque formation and enhances
plaque stability in ApoE” mice by suppressing the NF-xB
signaling pathway, thereby reducing oxidative stress and
inflammatory responses. In vitro experiments confirmed that
TSA inhibits ox-LDL-induced ROS generation in macrophages
by downregulating the gp91phox subunit of NADPH oxidase,
as well as reducing pro-inflammatory cytokine expression
(IL-6, TNF-a and MCP-1) and matrix metalloproteinase
(MMP) -9 activity, independent of lipid regulation (104). These
findings suggest that TSA exerts anti-atherosclerotic effects
through dual antioxidant and anti-inflammatory mechanisms.
Another study investigated the anti-inflammatory and anti-
oxidant effects of TSA in an ovariectomized ApoE™" mouse
model of AS (105). The results showed that TSA markedly
reduced aortic lipid deposition, lowered serum levels of total
cholesterol, TG and LDL, while increasing high-density
lipoprotein levels (105). Additionally, TSA enhanced SOD

activity, reduced MDA content and suppressed the expression
of inflammatory factors such as NF-kB, AP-1, sSICAM-1 and
E-selectin in serum. These effects resembled those of estrogen
(17p-estradiol) and were partially inhibited by an estrogen
receptor (ER) antagonist (ICI182780) (105). The study further
revealed that TSA exerts its protective effects by inhibiting
p-ERK1/2 protein expression in the ERK signaling pathway
without directly affecting serum estrogen levels (105). These
results suggest that TSA, as a phytoestrogen, may have thera-
peutic potential for cardiovascular diseases in postmenopausal
women by activating ERs and the ERK signaling pathway.
Atherosclerotic calcification (AC), a severe pathological
manifestation of AS, is characterized by abnormal deposition
of calcium salts in the arterial wall, leading to reduced vascular
elasticity, lumen stenosis and increased risk of cardiovascular
and cerebrovascular events (153). A study investigated the
inhibitory effect of TSA on vitamin D2- and high-cholesterol
diet-induced AC in rats, exploring its underlying mecha-
nisms (106). The research showed that TSA mitigates AC
by reducing serum levels of ox-LDL, decreasing superoxide
anion production and MDA content in blood vessels, while
simultaneously enhancing Cu/Zn SOD activity and its mRNA
and protein expression, thereby suppressing ox-LDL genera-
tion. The study concluded that TSA alleviates AC through
antioxidant stress and upregulation of Cu/Zn SOD expression,
providing experimental support for the application of natural
antioxidants in cardiovascular disease treatment (106).

Hypertension. Hypertension is a prevalent cardiovascular
condition characterized by persistently elevated arterial blood
pressure, which can lead to long-term damage to vital organs
such as the heart, blood vessels and kidneys (154). Vasodilation
effectively reduces blood pressure and protects target organs
through several mechanisms, including ATP-sensitive potas-
sium (KATP) channel activation, improved endothelial
function and modulation of calcium signaling (154,155). TSA
selectively activates KATP channels, causing membrane
hyperpolarization in VSMCs. This process reduces intracel-
lular calcium ion concentration (Ca*"), inducing vasodilation
and lowering systolic blood pressure (SBP) in spontaneously
hypertensive rats (SHRs). This research identifies KATP
channel activation and calcium signaling regulation as the
primary mechanisms underlying the antihypertensive and
vasodilatory effects of TSA (156). Another study revealed
that TSA inhibits the Cys-C/Wnt signaling pathway, reducing
SBP in SHR while also protecting against myocardial hyper-
trophy (107). Myocardial hypertrophy, a frequent complication
of hypertension, increases cardiac oxygen demand, disrupts
diastolic-systolic coordination and worsens cardiac dysfunc-
tion (157). Pang et al (108) demonstrated that TSA mitigates
hypertension-induced left ventricular hypertrophy through
multiple mechanisms, including antioxidant, anti-apoptotic
and anti-fibrotic effects. Specifically, TSA reduces cardio-
myocyte apoptosis by decreasing TUNEL-positive cell
proportion, downregulating Caspase-3 activity and lowering
the Bax/Bcl-2 ratio (108). It alleviates oxidative stress by
reducing MDA levels and enhancing SOD activity in cardio-
myocytes (108). Additionally, TSA suppresses cardiac fibrosis
by modulating paracrine factors (for example, decreasing
TGF-B1 and increasing bFGF), regulating the TGF-f/Smads
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signaling pathway and altering matrix MMP-2 and tissue
inhibitor of metalloproteinase-2 (TIMP2) expression, which
reduces the MMP2/TIMP?2 ratio (108). TSA also regulates
the apelin-apelin receptor (APJ) system by increasing plasma
apelin levels while downregulating APJ expression (108).

TSA improves myocardial contractility and reduces ECM
deposition, without notably affecting blood pressure (108).
Myocardial fibrosis, a common complication of hypertension,
can also be alleviated by TSA (158). Fang et al (109) demon-
strated that TSA, while not notably lowering blood pressure,
effectively alleviated cardiac interstitial fibrosis and improved
cardiac function in renovascular hypertensive rats (2K2C
model). Its mechanism likely involves modulating the tran-
scriptional balance of MMPs/TIMPs by inhibiting MMP-2/9
and TIMP-2 (109). Supporting this, Wang et al (110) found
that TSA notably improved cardiac function in two-kidney,
two-clip (2K2C) hypertensive rats [reducing left ventricular
end-diastolic pressure and increasing ejection fraction and
left ventricular fractional shortening (LVFS)], while attenu-
ating myocardial hypertrophy and fibrosis, independent of
its antihypertensive effect (no notable impact on blood pres-
sure) (110). TSA achieved these effects by inhibiting NADPH
oxidase (Nox) activity and downregulating the expression of
its subunits (Nox2, Nox4 and p47phox), reducing superoxide
anion (O,) generation in the heart and aorta. This ultimately
ameliorated cardiac remodeling through its antioxidant prop-
erties (110). These findings suggest a novel therapeutic strategy
for managing hypertension-related myocardial pathology.

Excessive proliferation of VSMCs leads to arterial wall
thickening and lumen narrowing, increasing peripheral
vascular resistance and cardiac afterload. Long-term conse-
quences may include cardiac hypertrophy and HF (159,160).
This process also disrupts vascular tone regulation, destabi-
lizes hemodynamics, exacerbates blood pressure fluctuations
and creates a vicious cycle that elevates the risk of cardio-
vascular events (159,160). A study demonstrated that TSA
at doses of 0.5/5 mg/kg administered for 2 weeks markedly
reduced blood pressure in hypertensive rats (2K1C model) and
inhibited ET-1-induced proliferation of basilar artery smooth
muscle cells, though without affecting PI3K phosphoryla-
tion (111). The primary mechanism involves TSA targeting
phosphoinositide-dependent kinase-1 (PDK1) to suppress the
PI3K/PDK1/AKT pathway, inhibiting arterial smooth muscle
cell proliferation and alleviating hypertension-associated
cerebrovascular remodeling (111). As a multi-targeted agent,
TSA demonstrates promising potential in mitigating cardiac
fibrosis, suppressing arterial smooth muscle cell proliferation
and improving cardiac function. These findings offer valuable
insights into the treatment of hypertension-related myocardial
pathology (Fig. 4).

Myocardial hypertrophy. Myocardial hypertrophy is a
complex adaptive response characterized by increased
cardiomyocyte volume and ventricular wall thickening, with
both physiological and pathological manifestations (161).
Pathological myocardial hypertrophy not only impairs
diastolic and systolic cardiac function but also predisposes
individuals to severe complications such as arrhythmias and
HF, presenting notable health risks (161). In an earlier study,
a rat model of myocardial hypertrophy was established by
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constricting the thoracic aorta. Compared with the model
group, treatment groups showed marked reductions in heart
mass index, left ventricular mass index, left ventricular
posterior wall thickness, interventricular septal thickness
and myocardial fiber diameter as observed in H&E staining.
The primary molecular mechanism underlying these effects
involved TSA inhibiting the AKT signaling pathway, thus
preventing myocardial hypertrophy (162). Another study
explored the protective effects of TSA against isoproterenol
(ISO)-induced myocardial hypertrophy and its underlying
mechanisms (163). TSA markedly inhibited ISO-induced
increases in cardiomyocyte surface area and downregulated
mRNA and protein expression of hypertrophy markers such
as atrial natriuretic peptide (ANP), brain natriuretic peptide
(BNP) and B-myosin heavy chain (B-MHC). Additionally,
TSA exerted anti-hypertrophic effects by suppressing
intracellular calcium transients and the calcineurin/nuclear
factor of activated T cells (Calcineurin/NFATc3) signaling
pathway (163). This research provided new pharmacological
evidence supporting TSA as a treatment for pathological
myocardial hypertrophy. Further supporting evidence came
from Weng et al (112), who found that TSA enhanced the
activation of the PI3K/AKT signaling pathway by binding to
ER, inhibiting Leu27IGF-II-induced calcineurin activation
and preventing NFATc3 nuclear translocation, ultimately
alleviating cardiomyocyte hypertrophy (112). Moreover,
TSA reduced cardiac hypertrophy in SHRs by inhibiting
the Cys-C/Wnt signaling pathway, decreasing protein
expression of Cys-C, Wnt2, B-catenin and WISP-1 (107).
Zhang et al (113) discovered that TSA alleviated myocardial
hypertrophy through m6A modification of galectin-3. Using
both an Ang Il-induced in vitro cardiomyocyte hypertrophy
model and a TAC-induced in vivo cardiac hypertrophy model,
they observed that TSA markedly inhibited cardiomyocyte
hypertrophy and downregulated hypertrophy markers such
as ANP, BNP and 3-MHC. TSA reduced galectin-3 mRNA
stability and protein expression by inhibiting the RNA
demethylase ALKBHS, thereby enhancing m6A modification
of galectin-3 mRNA (113). This study revealed a novel mecha-
nism through which TSA regulates galectin-3 expression via
ALKBHS5-mediated m6A modification, providing a potential
therapeutic target for cardiac hypertrophy (Fig. 5).

Myocardial infarction. Myocardial infarction is a severe
cardiovascular condition that causes extensive cardiomyocyte
necrosis, impairs cardiac function and can lead to HF (164).
Ischemia and hypoxia are central to the pathophysiology of
myocardial infarction. Acute coronary artery occlusion induces
regional myocardial ischemia and hypoxia, triggering complex
intracellular biochemical reactions in cardiomyocytes, leading
to energy metabolic dysfunction, calcium ion overload, and
ultimately cardiomyocyte injury and death (164). In a study
by Zhang et al (114), a rat myocardial infarction model (liga-
tion of the left anterior descending coronary artery; LAD)
and an in vitro hypoxic cardiomyocyte culture system were
used to demonstrate that TSA protects cardiomyocytes from
ischemic and hypoxic injury. TSA achieves this by inhibiting
p38 MAPK phosphorylation, downregulating the expression
of cardiac-specific transcription factors serum response factor
(SRF) and myocyte enhancer factor 2, reducing excessive
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Figure 5. Molecular mechanisms of Tanshinone IIA in the treatment of myocardial hypertrophy, myocardial infarction, and heart failure. a-SMA, a-smooth
muscle actin; AKT, protein kinase B; ALKBHS, AlkB Homolog 5; ASC, Apoptosis-associated speck-like protein containing a CARD; AMPK, AMP acti-
vated protein kinase; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; COL-1, collagen type 1; Cys-C, cystatin c; IL-6, interleukin-6; mTOR,
mechanistic target of rapamycin; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; NLRP3, NLR family pyrin domain-containing 3;
PDHKI1, pyruvate dehydrogenase kinase 1; PI3K, phosphatidylinositol 3 kinase; PKG, protein kinase G; PTEN, phosphatase and tensin homolog; TLR4, toll
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miR-1 expression and restoring its target protein, connexin-43
levels (114).

Ischemia and hypoxia activate inflammatory signaling
pathways in the body, promoting the infiltration of inflamma-
tory cells into the infarcted area and releasing large amounts
of inflammatory cytokines, which exacerbate myocardial
injury and contribute to the development of HF (165). A study
by Ren ef al (115) investigated the inhibitory effect of TSA
on post-myocardial infarction inflammatory responses and
its underlying mechanisms. Using an in vivo rat myocardial
infarction model (LAD ligation), they found that TSA notably
improved cardiac function, reduced infarct size and collagen
deposition, and downregulated the expression of MCP-1 and
TGF-f1, while also reducing macrophage infiltration (115).
In vitro experiments demonstrated that TSA inhibited MCP-1
and TGF-p1 secretion in TNF-a-stimulated rat primary cardiac
fibroblasts (CFs) but had no notable effect on rat primary
cardiomyocytes. The study suggested that the cardioprotective
effects of TSA might be achieved by suppressing TNF-a/NF-«kB
signaling-mediated inflammatory responses, with CFs as the
primary target (115). Another study using a mouse myocardial
infarction model revealed that TSA improved cardiac func-
tion, reduced inflammatory cell infiltration and fibrosis, and
decreased pro-inflammatory cytokine expression (for example
IL-1p, TNF-a or IL-6) and increased anti-inflammatory IL-10
secretion. Additionally, TSA promoted M2 macrophage polar-
ization and inhibited M1 polarization (116). Mechanistically,

TSA targeted PGKI1 (a key glycolytic enzyme) to inhibit
its binding to mitochondria, reducing PDHKI1 (pyruvate
dehydrogenase kinase 1) activity, restoring mitochondrial
function and reprogramming macrophage metabolism. This
reprogramming shifted macrophage metabolism from glycol-
ysis to oxidative phosphorylation, driving a shift from M1
pro-inflammatory to M2 anti-inflammatory phenotypes (116).
This study identified the PGK1-PDHKI1 axis as a novel target
of TSA in regulating the immune microenvironment through
metabolic reprogramming, offering a new innovative energy
metabolism-based strategy for anti-inflammatory therapy in
myocardial infarction.

After myocardial infarction, cardiomyocyte necrosis
triggers a repair process in which fibroblasts proliferate and
produce ECM, leading to scar formation (166). This excessive
fibrosis alters cardiac structure, including ventricular wall
thickening and chamber dilation, impairing both systolic and
diastolic function (166). Therefore, myocardial infarction
is associated with fibrosis, a key factor in cardiac dysfunc-
tion. Studying this relationship is essential for developing
therapeutic strategies. A study by Yang et al (117), using
a rat acute myocardial infarction model and in vitro CF
experiments, demonstrated that medium-to-high doses of TSA
notably improved left ventricular function, reduced collagen
deposition and downregulated TGF-§31, Collal, Col3al and
a-SMA expression while upregulating miR-29b (117). Further
experiments showed that miR-29b inhibition prevented the
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antifibrotic effects of TSA, whereas Smad3 small interfering
(si)RNA treatment suppressed miR-29b expression, confirming
that TSA exerts its antifibrotic effects by upregulating miR-29b
via the TGF-B-Smad3 signaling pathway (117). To the best of
our knowledge, this study is the first to identify miR-29b as a
direct effector molecule mediating the antifibrotic effects of
TSA, unveiling a novel pathway through which TCM active
components target miRNAs to modulate cardiac remodeling. It
also offers a potential therapeutic strategy for post-myocardial
infarction fibrosis based on the TGF-/miR-29b axis (117).

Ischemia-hypoxia injury triggers a complex patho-
physiological cascade, with pyroptosis emerging as a form
of programmed cell death (167). Pyroptosis involves cellular
swelling followed by rupture, resulting in the release of cellular
contents that initiate inflammatory responses (168). In myocar-
dial infarction, pyroptosis contributes to cardiomyocyte loss,
activates immune cells and exacerbates inflammation and
fibrosis (168). In a study using a rat HF model and an HOC2
cardiomyocyte hypoxia-reoxygenation model, TSA notably
improved cardiac function [increasing left ventricular ejection
fraction (LVEF) and LVFS], reduced serum NT-pro-BNP,
IL-1p and IL-18 levels, and suppressed NLRP3 inflammasome
activation by inhibiting the TLR4/NF-«B p65 pathway (118).
This led to decreased Caspase-1-dependent GSDMD-N
cleavage and IL-1p/IL-18 maturation, alleviating myocardial
inflammation and pyroptosis (118). This study is the first to
demonstrate that TSA inhibits cardiomyocyte pyroptosis by
targeting the TLR4/NF-xB p65 axis, offering a novel thera-
peutic target for TSA-mediated regulation of programmed cell
death in post-myocardial infarction HF.

Myocardial infarction is a leading cause of HF, with
post-myocardial infarction inflammatory responses, oxidative
stress, fibrotic processes and neuroendocrine activation playing
key roles in the progression of HF (169). Chen ef al (119)
established an myocardial infarction rat model by ligating
the LAD and found that TSA treatment prevented myocardial
infarction-induced declines in cardiac function, including
LVEF and LVFS, while alleviating structural abnormali-
ties such as left ventricular end-diastolic volume (LVEDV)
and left ventricular end-systolic volume (LVESV). TSA
also suppressed the upregulation of collagen I, collagen III,
TGF-B, a-SMA, MMP2 and MMP9 in myocardial infarc-
tion rat hearts and mitigated Ang II-induced CF fibrosis.
Additionally, TSA reduced oxidative stress by enhancing SOD
activity and decreasing MDA, superoxide anion levels and
Nox4 activity (119). Further experiments revealed that Nox4
overexpression attenuated TSA-mediated improvements in
cardiac function and fibrosis in HF rats, suggesting that Nox4
critically regulates the inhibitory effects of TSA on HF and
cardiac fibrosis (119). This study is the first to demonstrate
that TSA ameliorates post-myocardial infarction HF-related
cardiac remodeling by targeting Nox4-dependent oxidative
stress pathways (119).

A study by Zhu et al (170) found that TSA exerts cardio-
protective effects by modulating the gut-brain axis following
myocardial infarction. Their research demonstrated that
TSA markedly improved cardiac function in mice after
MI (increasing LVEF and LVFS, decreasing LVEDV and
LVESYV), alleviated myocardial hypertrophy, fibrosis and
cardiomyocyte apoptosis, and suppressed inflammatory
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responses in cardiac tissue (reducing TNF-a, IL-1p and
p-NF-xB p65 expression) (170). Additionally, TSA improved
myocardial infarction-induced intestinal pathological damage,
including increasing villus length, reducing intestinal edema
and fibrosis, and enhancing intestinal barrier integrity
(upregulating ZO-1, Occludin and Cingulin expression). 16S
rDNA sequencing revealed that TSA reshapes the gut micro-
biota, increasing a-diversity (Chaol and Shannon indices) and
altering 3-diversity. Furthermore, TSA reduced serum levels of
LPS, inhibited microglial activation and neuroinflammation in
the paraventricular nucleus (PVN; reducing IL-6 and TNF-a
expression) and decreased sympathetic nervous system activity
(reducing tyrosine hydroxylase [TH] and norepinephrine
[NE] levels) (170). Consequently, it was concluded that TSA
alleviates myocardial injury by improving gut microbiota and
barrier function, reducing LPS release into the bloodstream,
thereby inhibiting PVN neuroinflammation and sympathetic
nervous system overactivation (170). However, the study did
not definitively conclude whether the cardioprotective effects
of TSA are independent of the gut microbiota, as it did not use
antibiotics to deplete the microbiota or fecal microbiota trans-
plantation to validate causality, which remains to be explored
in future research (Fig. 5).

Myocardial ischemia-reperfusion. Myocardial isch-
emia-reperfusion is a common clinical condition characterized
by the restoration of blood flow to the myocardium after
a period of ischemia (171). During this process, myocardial
cells undergo pathophysiological changes that cause notable
damage. Upon reperfusion, excessive oxygen-free radicals
trigger oxidative stress, damaging myocardial cell membranes,
proteins and nucleic acids, which disrupts cellular structure
and function (171). Simultaneously, ischemia-reperfusion
activates inflammatory responses, leading to infiltration of
inflammatory cells into myocardial tissue and the release of
inflammatory cytokines, further exacerbating myocardial
injury and increasing cell necrosis and apoptosis (171). TSA
mitigates myocardial ischemia-reperfusion injury (MIRI)
through multiple mechanisms, including antioxidant effects
(elevating SOD and reducing MDA), anti-inflammatory actions
(inhibiting TNF-a and IL-6), anti-apoptotic effects (regulating
Bcl-2/Bax and Caspase-3) and improving energy metabolism
(enhancing ATP production) (172,173).

One study found that TSA notably reduced the myocardial
infarction area, improved left ventricular ejection fraction and
decreased cardiomyocyte apoptosis in streptozotocin-induced
diabetic rats. Additionally, TSA enhanced AKT phosphoryla-
tion, inhibited NF-kB phosphorylation and downregulated
inflammatory cytokine expression (TNF-a and IL-6), thereby
alleviating MIRI in rats (120). These results suggested that TSA
exerts anti-apoptotic, anti-inflammatory and cardioprotective
effects by activating the PI3K/AKT-dependent pathway (120).

Another study demonstrated that TSA notably reduced the
myocardial infarction area, serum CK-MB and LDH levels in
a rat model of myocardial ischemia-reperfusion induced by
left anterior descending coronary artery ligation. TSA also
decreased mitochondrial oxidative stress markers (MDA and
H,0,) while increasing SOD activity and SDH/COX levels,
and inhibiting cardiomyocyte apoptosis (increased Bcl-2
expression and decreased Bax expression) (121). Mechanistic
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studies revealed that TSA exerts its protective effects by
upregulating PI3K, p-AKT/AKT, p-mTOR/mTOR and
p-eNOS/eNOS expression, suggesting that TSA activates the
PI3K/AKT/mTOR pathway to mitigate oxidative stress and
apoptosis, thus protecting against MIRI (121). Furthermore,
Li et al (69) demonstrated through in vivo experiments that
TSA reduced myocardial infarction area, improved cardiac
contractile function and decreased serum levels of myocardial
injury markers such as LDH and creatine kinase in a rat model
of MIRI. Additionally, TSA exerted anti-inflammatory and
cardioprotective effects by inhibiting the NLRP3 inflamma-
some and its downstream targets (Caspase-1, IL-1p and IL-18),
while modulating Th17/Treg cell balance (69).

Myocardial ischemia leads to hypoxia in cardiac tissue, and
after reperfusion, the myocardium regains oxygen, entering
the reoxygenation phase. However, reperfusion and reoxy-
genation induce notable changes in cellular redox status and
trigger inflammatory responses (174). A study demonstrated
that TSA pretreatment (8 uM for 48 h) notably enhanced the
survival rate of H9c2 cells subjected to hypoxia/reoxygenation
(A/R) injury, reduced LDH activity and upregulated 14-3-3n
protein expression (122). This promoted the translocation of
Bcl-2 to the outer mitochondrial membrane, where it inter-
acted with voltage-dependent anion channel 1, inhibiting
mitochondrial permeability transition pore (mPTP) opening.
As a result, TSA reduced ROS generation and cyt ¢ release,
ultimately suppressing Caspase-3 activation and apop-
tosis (122). The protective effect of TSA was comparable to
ischemic preconditioning, suggesting that TSA may serve as
a nutritional preconditioning strategy to mitigate MIRI (122).
TSA can also inhibit the expression of the HAS2/FGF9
axis, alleviating hypoxia-induced apoptosis in AC16 cardio-
myocytes (reducing Cleaved Caspase-3 and Bax expression),
inflammation (reducing IL-6, IL-1p and TNF-a) and oxidative
damage (reducing MDA levels) (123). Yan et al (124) estab-
lished an in vitro oxygen-glucose deprivation/reoxygenation
(OGD/R) cardiomyocyte model and an in vivo rat myocardial
ischemia-reperfusion model. Their results showed that TSA
pretreatment downregulated histone deacetylase 1 (HDAC1)
expression, thereby promoting nuclear translocation of Nrf2
and upregulating antioxidant proteins, including HO-1, cystine
transporter XCT and GSH peroxidase 4 (Gpx4). This led to
reduced cardiomyocyte apoptosis (decreased Bax/Bcl-2 ratio),
lower inflammatory cytokine release (TNF-o and IL-1f) and
inhibition of ferroptosis, as evidenced by reduced MDA and Fe**
levels, along with increased GSH levels (124). These findings
suggest that TSA exerts anti-inflammatory, anti-apoptotic and
anti-ferroptotic effects by activating the Nrf2-xCT/Gpx4/HO-1
axis, which is otherwise suppressed by HDACI, thereby
ameliorating MIRI (124). Additionally, TSA pretreatment
markedly improved the survival rate of H9c2 cardiomyocytes
in an A/R model, reduced LDH activity, MDA levels, total
iron content and ROS levels, while upregulating GSH and
Gpx4 expression. TSA also inhibited VDACI1-mediated mPTP
opening and apoptosis (96). This study revealed that TSA
exerts dual cardioprotective mechanisms by targeting VDAC1
to simultaneously inhibit ferroptosis and apoptosis, providing
novel molecular targets and a theoretical basis for using
TSA, an active component of Salvia miltiorrhiza, in treating
ischemic heart disease (96). The study also found that TSA

activates the ATM/GADDA45/ORC pathway to promote DNA
damage repair and DNA biosynthesis, thereby alleviating
injury in H9C2 cardiomyocytes induced by OGD/R (125).
However, the majority of these studies are based solely on
in vitro cell models, lacking validation from animal models or
clinical data, and further exploration is still required.

A study by Li et al (126) demonstrated that TSA
enhances the therapeutic efficacy of MSC-derived exosomes
(MSCexo) in MIRI by upregulating miR-223-5p within these
exosomes. TSA-preconditioned MSCexo (TSA-MSCexo)
notably improved cardiac function and reduced infarct size
in rats compared with untreated MSCexo. TSA-MSCexo also
suppressed CCR2 activation, thereby reducing monocyte infil-
tration and promoting angiogenesis (126). Mechanistically,
TSA-MSCexo delivered miR-223-5p to target CCR2 expres-
sion, modulating inflammatory responses and enhancing
vascular repair (126). These findings provide experimental
evidence for the development of a cell-free exosome-based
therapy combining TSA and MSCs, offering a novel approach
for the clinical treatment of ischemic cardiomyopathy.

In the exploration of therapeutic strategies for MIRI,
combination drug therapy has shown distinct advan-
tages (175,176). In addition to the aforementioned combination
of TSA and MSCexo, the synergistic use of multiple drugs or
bioactive substances has gained increasing attention (175,176).
For example, a study investigated the protective effects and
molecular mechanisms of combining TSA and astragalo-
side IV (As-IV) in the treatment of MIRI (127). The results
revealed that this combination therapy (Co) exhibited notably
enhanced efficacy when compared with either TSA or As-IV
alone, both in vivo and in vitro. In a MIRI mouse model, Co
more effectively reduced myocardial infarct size, decreased
myocardial enzyme levels (CK, CK-MB and LDH), improved
cardiac function (LVEF and LVES) and alleviated myocardial
pathological damage (127). In vitro experiments showed that
Co provided stronger protection against HR and H,0O,-induced
HL-1 cell injury. It considerably inhibited apoptosis (reducing
Bax and cleaved Caspase-3 while increasing Bcl-2), miti-
gated oxidative stress (reducing ROS and MDA levels while
enhancing GSH and SOD activity) and suppressed inflam-
matory responses (downregulating 1L-6, IL-18, TNF-a and
iNOS mRNA expression) (127). A mechanistic study indicated
that the combined administration of TSA and As-IV exerted
anti-apoptotic, antioxidant and anti-inflammatory effects in
MIRI by synergistically inhibiting the STING pathway, with
superior efficacy compared with monotherapy (127). These
findings provide theoretical understanding for the use of TSA
in treating MIRI, confirming its multi-target mechanisms in
mitigating reperfusion injury and laying the foundation for
clinical translation. However, further high-quality research is
needed to validate its standardized application.

HF. HF often results from extensive cardiomyocyte apoptosis,
as these cells are essential functional units of the heart and
their loss directly impairs both contractile and diastolic
function (177). Ischemic or hypoxic conditions can induce
cardiomyocyte apoptosis, leading to notable negative impacts
on cardiac structure and function (178,179). Therefore, identi-
fying effective strategies to inhibit cardiomyocyte apoptosis is
important for preventing and treating HF. Previous research
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has shown that TSA can prevent DOX-induced cardiomyocyte
apoptosis in rats by suppressing ROS generation, reducing
Caspase-3 activation and cyt c release, increasing Bcl-2 expres-
sion and enhancing AKT phosphorylation via the PI3K/AKT
signaling pathway, thereby protecting cardiomyocytes from
DOX-induced toxicity (128). A previous study further revealed
that TSA inhibits DOX-induced cardiomyocyte apoptosis in
HF mice by activating the DAXX/MEK/ERK1/2 pathway
(increasing phosphorylation of p-ERK1/2 and p-MEK)
and downregulating Caspase-8, p-P38 and Caspase-3
expression (129).

Additionally, two studies have shown that miRNAs play
a role in TSA-mediated inhibition of cardiomyocyte apop-
tosis (48,49). TSA upregulates miR-152-3p, reducing PTEN
expression and notably suppressing Ang II-induced apoptosis
in rat cardiomyocyte H9C2 cells (48). TSA also upregulates
miR-133, inhibiting the activation of Caspase-9 and its down-
stream apoptotic effectors (including Caspase-3 and PARP),
thereby ameliorating H,O,- and DOX-induced apoptosis
in H9C2 cells (49). Oxidative stress is another key factor in
cardiomyocyte apoptosis. A study using H,O, to induce oxida-
tive stress demonstrated that the miR-133-Caspase-9 pathway
serves as a core mechanism by which TSA counters oxidative
stress-induced myocardial injury (49).

Autophagy, an intracellular degradation and recycling
process, plays a key role in HF development (180). During
HF, cardiomyocytes encounter various stressors, triggering
autophagy to remove damaged organelles and proteins, thus
maintaining cellular homeostasis. However, dysregulated
autophagy, whether excessive or insufficient, can impair
cardiomyocytes and exacerbate HF (181). Modulating
autophagy levels may therefore provide a novel therapeutic
approach for HF. A study by Zhang et al (130) demonstrated
that TSA notably improved cardiac function in HF rats
(induced by LAD ligation), reduced cardiomyocyte apoptosis
and promoted autophagy by activating AMPK (increasing
p-AMPK phosphorylation) while inhibiting mTOR signaling
(reducing mTOR phosphorylation). This regulation led to
altered expression of key autophagy-related proteins (upregu-
lated LC3/Beclin-1, downregulated p62) and apoptosis-related
proteins (increased Bcl-2/Bax ratio, reduced Caspase-3/7
levels) (130). This study first elucidated that TSA improves
cardiac function through dual mechanisms, autophagy activa-
tion and apoptosis inhibition, providing a novel therapeutic
target for HF (Fig. 5).

Mpyocardial fibrosis. Myocardial fibrosis plays a pivotal role
in cardiac remodeling, marked by the abnormal accumula-
tion of collagen and ECM components (182). This fibrotic
transition, often associated to aging (183), obesity (184) and
diabetes (185), markedly impairs cardiac function through
multiple mechanisms (182). TSA reduces collagen deposition
and promotes elastic fiber formation in human CFs (131).
Specifically, TSA selectively activates the G protein-coupled
ER (GPER) in human CFs, notably suppressing COL-1 gene
expression, protein synthesis and deposition, while upregu-
lating matrix MMP-1 expression (131). Additionally, TSA
triggers the PK A/CREB phosphorylation pathway via GPER,
enhancing elastin transcription, secretion and cross-linking
(by upregulating elastin-binding protein EBP and lysyl oxidase
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LOX), while inhibiting the elastase activity of MMP-2/9 (131).
This study is the first to demonstrate that TSA coordinates
collagen reduction with elastic fiber generation through the
GPER-PKA-CREB acxis, offering a novel approach for treating
cardiac fibrosis. Another study found that TSA consider-
ably inhibits Ang II-induced activation of CFs and a-SMA
production in vitro, while reducing collagen I/II and TIMP1/4
expression (132). In a TAC rat model, TSA (10 mg/kg)
improved cardiac function, alleviated cardiac hypertrophy and
decreased collagen deposition, effects dependent on miR-618
induction (inhibition of miR-618 abolished the protective
effects of TSA) (132). This study is the first to reveal that
TSA suppresses myocardial fibrosis via the miR-618/TIMPs
axis, providing new molecular evidence for TSA-based
cardiovascular therapy (132). Furthermore, Huang et al (133)
investigated the protective effects of TSA on subclinical
LPS-induced cardiac fibrosis in mice and its underlying
mechanisms. The results showed that TSA effectively allevi-
ated LPS-induced myocardial fibrosis by inhibiting NADPH
oxidase activity, suppressing the expression of fibrosis-related
genes (Collal, Col3al, MMP2, MMP9, TIMP1 and TIMP2),
reducing protein levels of NOX2 and p67phox, and decreasing
ROS generation (133). These findings suggest potential drug
targets and strategies for preventing and treating subclinical
LPS-associated cardiac fibrosis.

Arrhythmia. Arrhythmia is a prevalent cardiovascular disorder
associated with cardiocerebrovascular function (186). It can
lead to abnormal cardiac pumping, disrupt blood circulation
and potentially trigger or worsen various cardiocerebrovascular
diseases, such as coronary artery disease, cardiomyopathy
and hypertensive heart disease, thereby increasing the risk of
severe events such as stroke and HF (186). A study explored
the activating effects of TSA on human KCNQI/KCNEI1
(IKs) potassium channels expressed in HEK 293 cells (134).
The results demonstrated that TSA concentration-dependently
enhanced IKs current amplitude (EC50=64.5 yM), accelerated
channel activation kinetics, slowed inactivation and shifted the
voltage dependence of IKs activation toward hyperpolariza-
tion (134). Notably, the effects of TSA were independent of
p-adrenergic stimulation (for example, isoproterenol), NO
donor (for example, sodium nitroprusside), protein kinase A
inhibitor (for example, H-89 dihydrochloride) or soluble
guanylate cyclase inhibitor (1H-[1,2,4]Oxadiazolo[4,3-a]
quinoxalin-1-one), indicating its direct and specific action
on channel dynamics (134). Furthermore, TSA showed no
notable effects on hERG, Kv1.5 or IK1 channels expressed in
HEK 293 cells (134). These findings suggest that TSA may
specifically enhance IKs to treat arrhythmias associated with
IK dysfunction, particularly during cardiac electrical remod-
eling. Another study revealed that chronic TSA administration
(10 mg/kg/d for 3 months) markedly reduced the incidence
and mortality of acute myocardial ischemia-induced arrhyth-
mias in rats (left anterior descending coronary artery ligation
model) (187). Electrophysiological analysis showed that TSA
restored the reduced inward rectifier potassium current (IK1)
density and Kir2.1 channel protein expression post-myocardial
infarction, thereby reversing resting membrane potential
depolarization (187). Mechanistically, myocardial infarction
upregulated miR-1 expression by 2.9-fold, which targeted the
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3'-untranslated region of KCNIJ2 (encoding Kir2.1) to reduce
Kir2.1 protein levels without affecting mRNA (187). TSA
normalized miR-1 levels by suppressing SRF, a transcriptional
activator of miR-1, thereby alleviating translational inhibition
of Kir2.1 (187). To the best of our knowledge, this study is the
first to identify the SRF/miR-1/Kir2.1/IK1 signaling axis as a
novel therapeutic target for ischemic arrhythmias.

He et al (188) investigated the preventive effects of TSA on
atrial fibrillation (AF) and its electrophysiological mechanisms
using a rabbit model of chronic HF (CHF) induced by rapid
ventricular pacing. The results showed that combined perfu-
sion with ACh (1 xuM) and ISO (1 M) induced AF in all failing
hearts and 11 out of 12 control hearts. However, co-perfusion
with TSA (10 M) notably reduced AF inducibility by 50%
in both control and CHF groups (188). Electrophysiological
analysis revealed that TSA did not alter atrial action poten-
tial duration but notably prolonged the effective refractory
period, increased atrial post-repolarization refractoriness
and moderately prolonged interatrial conduction time (188).
Mechanistically, TSA exerted antiarrhythmic effects by inhib-
iting Na+ channel recovery and modulating calcium handling
(for example suppressing RyR2-mediated calcium leak) (188).
This study first demonstrated that TSA suppresses AF through
dual modulation of prolonged post-repolarization refractori-
ness and conduction slowing, offering a novel therapeutic
strategy for AF in patients with CHF.

Cerebral ischemia-reperfusion. Cerebral ischemia-reper-
fusion refers to the restoration of blood flow to brain tissue
after ischemia (189,190). This process induces changes in
blood-brain barrier (BBB) permeability, leading to barrier
dysfunction and enabling substances that typically cannot
cross the BBB to infiltrate, triggering complex pathological
responses. These alterations disrupt normal brain metabolism
and hinder functional recovery, potentially worsening cerebral
injury (189,190). TSA can inhibit the increase in BBB perme-
ability, reduce oxidative stress and inflammation, enhance
the expression of tight junction proteins such as Claudin-5
and ZO-1, and activate the Nrf2/HO-1 signaling pathway,
thereby protecting brain microvascular EC function (46).
Chen et al (191) showed that both in vitro using a rat brain
microvascular EC model and in vivo with a rat brain perfusion
model, PgP or Mrpl/2 inhibitors (such as verapamil or quini-
dine) markedly enhanced TSA brain penetration, indicating
that PgP and Mrpl/2 carry out a key role in restricting the
passage of TSA across the BBB (191).

Cerebral ischemia-reperfusion therapy aims to mitigate or
reverse brain injury but may paradoxically induce oxidative
stress, inflammation and apoptosis, thereby exacerbating cere-
bral damage (189). Wang et al (135) demonstrated that TSA
markedly reduced cerebral infarct volume, decreased HMGBI1
protein levels, inhibited NF-xB nuclear translocation, down-
regulated glial fibrillary acidic protein (GFAP) expression
and suppressed apoptosis, thereby alleviating ischemia-reper-
fusion injury in a rat MCAO model. Their findings indicated
that TSA exerts anti-inflammatory and anti-apoptotic effects
by inhibiting the activation of the HMGB1/NF-«kB signaling
pathway (135). Further studies confirmed that TSA mark-
edly reduced infarct volume, decreased brain water content,
improved neurological function scores and suppressed

inflammatory responses and neuronal apoptosis (136-138).
Using both an MCAO/R rat models and an in vitro OGD/R
cell models (136,137), researchers found that TSA inhibited
the expression of pro-inflammatory cytokines (IL-1p, IL-6
and TNF-a), reduced levels of pro-apoptotic proteins (Bax
and Cleaved-Caspase-3) and enhanced the expression of the
anti-apoptotic protein Bcl-2. Notably, TSA downregulated
the mRNA and protein expression of TLR4, MyD88 and
NF-«xB (pl105) in brain tissue, inhibited the phosphorylation
of IxB-a and NF-xB p65, thereby stabilizing IkB-a and p65
proteins (137). These findings demonstrate that TSA exerts
neuroprotective effects by targeting the inhibition of the
TLR4/NF-kB signaling cascade, alleviating neuroinflamma-
tion following cerebral ischemia-reperfusion injury (137).
Additionally, research by Yu er al (138) suggests that TSA
alleviates cerebral ischemia-reperfusion injury by downregu-
lating TGM2, inhibiting PANX1 expression and suppressing
microglial activation and neuroinflammation (TNF-a, IL-1p
and IL-6), highlighting the multi-target regulation of TSA in
the same disease.

Moreover, studies indicate that TSA can improve cere-
bral ischemia-reperfusion injury by regulating miRNA
expression (136,139). TSA exerts neuroprotective effects
by upregulating miR-124-5p and inhibiting the expression
of FoxOl (136). Research by Yu et al (139) found similar
therapeutic effects (137,138), where TSA alleviates cerebral
ischemia-reperfusion injury in a rat MCAO/R model and in
SH-SYS5Y cells subjected to OGD/R by promoting the expres-
sion of miR-449a. This upregulation of miR-449a inhibits
the expression of its target gene ACSL4, thereby suppressing
neuronal ferroptosis (139). These findings provide theoretical
support for the potential application of TSA in treating cere-
bral ischemia-reperfusion injury (Fig. 6).

Stroke. Stroke is an acute cerebrovascular disease caused
by vascular rupture or occlusion, which disrupts blood
flow to the brain and leads to subsequent tissue damage. It
encompasses both ischemic and hemorrhagic strokes, with
ischemic stroke being the more prevalent form (192). The
pathological mechanisms of stroke are multifaceted: Ischemic
stroke results from vascular occlusion, leading to cerebral
hypoperfusion (ischemia-hypoxia), which triggers energy
metabolic dysfunction, calcium overload, oxidative stress and
inflammatory responses, further exacerbating neuronal injury
and mortality (193). By contrast, hemorrhagic stroke involves
vascular rupture, resulting in hematoma formation that causes
direct toxic effects and mass effects on brain tissue, leading to
severe damage (194). Additionally, stroke induces secondary
complications such as cerebral edema and BBB disruption,
impairing neurological function and resulting in cognitive and
motor deficits (193).

Emerging evidence suggests that TSA may alleviate
oxidative stress-related neuronal injury. One study shows that
TSA notably reduces H,O,-induced cytotoxicity in primary
rat cortical neurons by inhibiting intracellular calcium eleva-
tion and modulating the Bcl-2/Bax protein ratio to suppress
apoptosis (140). Furthermore, TSA reverses H,0,-induced
long-term potentiation (LTP) impairment in hippocampal
neurons without affecting basal synaptic transmission or LTP
induction (140). These findings suggest that TSA may exert
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Figure 6. Molecular mechanisms of Tanshinone IIA in the treatment of cerebral ischemia-reperfusion injury and stroke. BDNF, brain-derived neurotrophic

factor; CAT, catalase; CREB, CAMP response element binding protein; FoxO3,

forkhead box O3; HO-1, heme oxygenase 1; IL-6, interleukin-6; HMGBI, high

mobility group box 1; MDA, malondialdehyde; NF-«xB, nuclear factor kappa-light-chain-enhancer of activated B cells; Nrf2, nuclear factor erythroid 2-related
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rapamycin complex 1; 8-OHdG, 8-Hydroxy-2'-deoxyguanosine.

antioxidant and anti-apoptotic effects, making it a potential
therapeutic agent for neurodegenerative diseases such as
stroke and AD (140). Another study suggested neuroprotective
effects of TSA via antioxidant pathways (141). Using a MCAO
mouse model, TSA treatment notably improved neurological
function scores, reduced infarct volume and inhibited apop-
tosis (141). Mechanistically, TSA upregulates Nrf2 mRNA
expression, promotes Nrf2 nuclear translocation and enhances
antioxidant enzyme activity (for example, SOD and catalase),
while reducing oxidative byproducts such as MDA and
8-hydroxy-2'-deoxyguanosine (8-OHdG) (141). Notably, Nrf2
knockout and small interfering RNA-mediated knockdown
experiments revealed that Nrf2 deficiency abrogates the
neuroprotective and antioxidant effects of TSA, confirming
that Nrf2 activation is the key mechanism underlying the
efficacy of TSA (141).

Additionally, an earlier study demonstrated that TSA exerts
neuroprotective effects in ischemic stroke rats (MCAO model)
by considerably reducing neurological deficit scores, brain
water content and infarct volume, while markedly enhancing
the nuclear accumulation of TORC1 and upregulating the
expression of TORC1, pCREB and BDNF (142). Another
study explored the neuroprotective effects and synergistic
mechanisms of puerarin (Pue) combined with TSA in rats with
ischemic stroke (143). The results showed that the Pue-TSA
combination therapy considerably reduced neurological scores,
infarct volume and levels of S-100b and NSE in MCAO
rats, indicating effective mitigation of ischemic brain injury.
Furthermore, the combined treatment markedly enhanced total
antioxidant capacity and the activities of CAT, SOD and reduced

GSH, while decreasing oxidized GSH activity and MDA levels.
It also reduced the levels of inflammatory mediators such as
TNF-a, IL-6, ICAM-1 and COX-2 (143). A mechanistic study
revealed that Pue-TSA combination therapy markedly acti-
vated the Nrf2/ARE signaling pathway, increased the nuclear
expression of Nrf2, decreased its cytoplasmic expression and
markedly upregulated HO-1 and NAD(P)H oxidoreductase 1,
while downregulating Keapl (143). These findings suggest that
the combined use of Pue and TSA exerts synergistic neuropro-
tective effects by activating the Nrf2/ARE pathway, inhibiting
oxidative stress and inflammatory responses, providing experi-
mental evidence for clinical application (143).

Subarachnoid hemorrhage (SAH), a type of hemorrhagic
stroke, has also been shown to benefit from TSA treatment.
Yang et al (144) demonstrated that TSA markedly improved
neurological deficits, reduced cerebral edema and inhibited
neuronal apoptosis in SAH rats (established by the endovas-
cular perforation method). It also downregulated the expression
of inflammatory factors such as IL-6, MCP-1, TNF-qa, IL-13
and IL-18. Mechanistically, TSA inhibited the phosphorylation
of NF-«xB and the activation of NLRP3 inflammasome-related
proteins (NLRP3, Caspase-1, IL-1§3 and IL-18) (144). In vitro
experiments using oxygenated hemoglobin-induced primary
neuronal models further confirmed that TSA protected
neurons from SAH injury by blocking the NF-«B/NLRP3
pathway (144). This study provides a potential therapeutic
strategy for the treatment of SAH (Fig. 6).

Multi-targeting of TSA and pathway crosstalk. TSA exhibits
multifaceted pharmacological functions, suggesting its
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multi-target characteristics. For example, in MIRI, TSA
suppresses disease progression by activating the PI3K/AKT
and Nrf2/HO-1 pathways. However, due to limitations in
existing research, the interplay between these pathways within
the same study remains insufficiently understood. Based on
previous reports, it is hypothesized that AKT may phosphory-
late Keapl, reducing its binding to Nrf2 and thereby enhancing
Nrf2 nuclear translocation and the expression of downstream
antioxidant genes. Such cross-talk is particularly important in
cancer contexts, where, for example, PI3K/AKT-driven tumor
cells activate Nrf2/HO-1 to evade oxidative stress-induced
apoptosis, fostering drug resistance (28,195,196). Conversely,
Nrf2 activation can inhibit excessive PI3K/AKT pathway
activity by modulating ROS levels, indirectly affecting AKT
phosphorylation status and preventing excessive cellular
proliferation. This negative feedback mechanism may protect
neurons from metabolic disturbances in neurodegenerative
diseases (197,198). However, the specific interaction mecha-
nisms between PI3K/AKT and Nrf2/HO-1 in cardiovascular
diseases warrant further investigation in future studies.

Notably, in hypertension, cancer and hepatic fibrosis, TSA
alleviates disease progression by inhibiting the PI3K/AKT
pathway (28,63,111). Conversely,in diseases such as AS, cardiac
hypertrophy, HF and MIRI, TSA mitigates disease progres-
sion by activating the PI3K/AKT pathway (99,112,121,128).
This differential regulation of the PI3K/AKT pathway by
TSA across various diseases is primarily the result of the
combined effects of disease-specific pathological mechanisms
and the multi-target nature of the drug. First, disease-specific
pathological mechanisms determine the functional role of the
PI3K/AKT pathway. The biological functions of the PI3K/AKT
pathway are highly context-dependent, with its effects varying
dynamically according to disease type, cell type and patholog-
ical stage. In hypertension, sustained activation of PI3K/AKT
promotes vascular smooth muscle cell proliferation and
migration, leading to vascular wall thickening and, ultimately,
vascular remodeling (111). In cancer, PI3K/AKT drives
tumor angiogenesis by upregulating factors such as vascular
endothelial growth factor and hypoxia inducible factor-la,
supporting tumor growth and metastasis (28). In fibrosis (for
example, hepatic and pulmonary fibrosis), PI3K/AKT activa-
tion promotes myofibroblast transdifferentiation and collagen
deposition (63). In these contexts, inhibiting this pathway can
block the pathological process. However, in AS, cardiac hyper-
trophy, HF and ischemia-reperfusion injury (99,112,121,128),
the protective function of the PI3K/AKT pathway is impaired
or insufficiently upregulated, making it an ally that requires
activation. Under physiological conditions, PI3K/AKT
inhibits cardiomyocyte apoptosis, reduces oxidative stress and
improves energy metabolism, thereby exerting cardioprotec-
tive effects (199,200). Furthermore, activating PI3K/AKT can
promote the differentiation of endothelial progenitor cells and
repair vascular endothelial damage (for example in AS) (99).
In these scenarios, activating this pathway enhances cellular
protective mechanisms.

Second, the multi-target nature of TSA enables its bidi-
rectional regulatory effects of inhibition or activation. TSA
does not simply activate or inhibit a single pathway; instead,
it dynamically modulates PI3K/AKT activity by influencing
upstream and downstream signaling molecules and their

interactive networks. In hypertension, TSA inhibits PDK1 or
the PI3K p110 subunit, blocking AKT phosphorylation (111).
In AS, TSA inhibits NF-kB or the NLRP3 inflammasome,
reducing the release of inflammatory cytokines (TNF-a
and IL-1B), thereby alleviating their inhibitory effect on the
PI3K/AKT pathway (99). In HF, TSA inhibits pro-apoptotic
factors downstream of AKT or upregulates Bcl-2 (an anti-apop-
totic protein), synergistically enhancing the anti-apoptotic
effect of AKT (128). In MIRI, TSA scavenges ROS, preventing
ROS-mediated PTEN activation and subsequent inhibition of
the PI3K/AKT pathway (121). Depending on the dysregulation
of the PI3K/AKT pathway (overactivation or inhibition) in a
specific disease state, TSA can recalibrate pathway activity to
a physiological equilibrium point by modulating its upstream
and downstream molecular network, thereby alleviating the
pathological process in a targeted manner (99,111,121).

In summary, the pathological mechanisms of CCVDs
primarily involve endothelial dysfunction, inflamma-
tory responses, oxidative stress and cell necrosis or
apoptosis (201-203). TSA can inhibit the progression of these
diseases by modulating various signaling pathways. The
underlying mechanisms of these core targets stem from its
pharmacological functions. For instance, the NF-kB pathway,
which contributes to the development of AS (98), myocardial
infarction (115), MIRI (120), cerebral ischemia-reperfusion
injury (135) and stroke (144), serve as a key regulator of
inflammation in cardiovascular diseases. Its activation triggers
the release of pro-inflammatory cytokines, such as TNF-a and
IL-6, promoting inflammation. Given the anti-inflammatory
properties of TSA, it can suppress inflammation in these
diseases by inhibiting the NF-kB pathway. Notably, inter-
vention of TSA is not simply inhibition; rather, it involves
context-dependent modulation, either directly blocking
activation or indirectly regulating activity through upstream
pathways, demonstrating the multi-target therapeutic charac-
teristics of TCM.

5. Research on nanodelivery systems for TSA

TSA suffers from poor water solubility and a short
half-life (30,31). The development of nanodelivery systems
with specific structural features can considerably enhance
the water solubility of TSA and prolong its in vivo circulation
half-life (204,205). Additionally, surface modification of these
nanocarriers enables targeted drug delivery, improving both
bioavailability and therapeutic specificity (204,205).

A TSA-loaded reconstituted high-density lipoprotein
(TA-rHDL) system was developed, with spherical and
discoidal TA-rHDL structures prepared and characterized to
investigate their targeting mechanisms in foam cell models and
pharmacokinetics in rabbits (206,207). Results indicated that
spherical TA-rHDL targeted foam cells via scavenger receptor
class B type I and cholesteryl ester-triglyceride exchange path-
ways, while discoidal TA-rHDL could reconvert into spherical
structures, enhancing targeting efficiency through similar
mechanisms (206). TA-rHDL markedly prolonged circulation
time, with a 4- to 13-fold increase in area under the curve
(AUC) and apolipoprotein modification further optimized
pharmacokinetic parameters. TA-rHDL serves both as a drug
delivery vehicle and an anti-atherogenic carrier, offering a
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long-acting, targeted delivery strategy for hydrophobic cardio-
vascular drugs (206). Moreover, by leveraging the inherent
anti-atherosclerotic properties of rHDL, this system facilitates
drug-carrier synergy therapy, presenting a novel strategy for
treating cardiovascular disease.

Zhang et al (208) developed a lipid-polymer hybrid
nanoparticle (LPN) system for mitochondrial-targeted TSA
delivery. The study involved synthesizing a targeting ligand,
triphenylphosphonium (TPP)-Lys-D-a-tocopheryl polyeth-
ylene glycol 1000 succinate (TPGS), by conjugating TPGS
with TPP cations. TPP-TPGS/TSA/LPNs were then prepared
using nanoprecipitation. In vitro experiments showed sustained
release, with >80% of TSA released within 60 h, considerably
enhancing uptake efficiency in cardiomyocytes (208). In vivo
pharmacokinetic studies revealed that TPP-TPGS/TSA/LPNs
achieved an AUC of 129.27 mg/l h, notably higher when
compared with unmodified TSA/LPNs (42.27 mg/l h) and
TSA/NPs (20.46 mg/1 h) (208). In a rat myocardial infarction
model, the TPP-TPGS/TSA/LPNs treatment group reduced
infarct size to 28%, outperforming unmodified groups (37%)
and free TSA groups (51%) (208). These findings suggest that
TPP-TPGS/TSA/LPNs are an advanced nanocarrier system
capable of improving the aqueous solubility, bioavailability
and mitochondrial targeting in myocardial tissue of TSA,
offering a promising drug delivery strategy for cardiovas-
cular diseases (208). Furthermore, Fan et al (209) developed
a composite material, sodium alginate (SA)/liquid metal
(LM)/TSA, by ultrasonically dispersing LM nanoparticles
and the drug TSA into a SA solution for intrapericardial injec-
tion in the treatment of myocardial infarction. This material
exhibits low viscosity, allowing smooth injection via syringe,
and is X-ray opaque due to the incorporation of LM. In vitro
experiments showed that SA/LM/TSA possesses excellent
biocompatibility and hemocompatibility, enabling the slow
and stable release of TA. In a rat myocardial infarction model,
intrapericardial injection of SA/LM/TSA proved to be a safe
and effective administration method (209). After 7 days of
treatment, compared with the control and TSA direct injection
groups, the SA/LM/TSA group demonstrated considerable
improvements in cardiac function (LVEF and LVES), recovery
of ST-segment elevation on electrocardiogram and substantial
reductions in infarct size and fibrotic area (209). Concurrently,
myocardial injury markers (cTnT, cTnl, CK, CK-MB and
LDH) decreased, pro-inflammatory cytokine levels (TNF-a
and TGF-f) declined and anti-inflammatory cytokine levels
(IL-4 and IL-10) increased, indicating that SA/LM/TSA
exerts synergistic anti-inflammatory and cardioprotective
effects (209). However, the study did not explore the specific
molecular mechanisms by which SA/LM/TSA improves
cardiac function, such as the involvement of specific signaling
pathways. Additionally, only a rat model with a short observa-
tion period (7 days) was used, lacking long-term efficacy and
safety assessments. Further large animal experiments and
pharmacokinetic studies are needed for validation (209).

In ischemic stroke research, Ma et al (210) developed a TSA
microemulsion (TSA ME), a reformulated delivery system
utilizing microemulsion technology to enhance bioavailability
and targeting. The study demonstrated that TSA ME notably
improved neurological deficits, reduced infarct volume in a rat
MCAO model and inhibited histone deacetylase activity in an
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OGD/R hippocampal neuron model (210). Mechanistically,
TSA ME upregulated H3K18ac and H4K8ac expression,
downregulated excitotoxicity-related NMDARI protein and
apoptosis-related Caspase-3 and concurrently promoted
neuronal cytoskeletal protein MAP-2 expression (210).
Compared with the conventional TSA solution, the micro-
emulsion markedly improved drug delivery efficiency, with
efficacy comparable to valproic acid (positive control) (210).
These findings provide experimental evidence for TSA ME
as a therapeutic candidate for ischemic stroke, highlighting
its neuroprotective role via epigenetic modulation in cerebral
ischemia-reperfusion injury.

In another study, the effects of cationized bovine
serum albumin-conjugated PEGylated TSA nanoparticles
(CBSA-PEG-TSA-NPs) on neuronal signaling pathways and
neuroprotection in cerebral ischemia were investigated (211).
CBSA-PEG-TSA-NPs considerably prolonged the circulation
time, increased plasma concentration and enhanced brain
accumulation of TSA (211). The nanoparticles effectively
reduced infarct volume, neurological dysfunction, neutro-
phil infiltration and neuronal apoptosis, while suppressing
pro-inflammatory cytokines (TNF-a and IL-8) and upregu-
lating anti-inflammatory cytokines (IL-10 and TGF-f1) (211).
Additionally, CBSA-PEG-TSA-NPs markedly downregulated
GFAP, MMP-9 and COX-2 protein levels and reduced phos-
phorylation of ERK1/2, p38MAPK and JNK (211). The study
concluded that CBSA-PEG-TSA-NPs exert neuroprotective
effects in ischemic stroke by modulating MAPK signaling
pathways (211). Further research explored the neuroprotective
effects of TSA-loaded PLGA nanoparticles (TSA-NPs) in
a porcine ischemic stroke model (204). The study evaluated
the acute-phase therapeutic efficacy of TSA-NPs on cerebral
pathological damage and motor dysfunction (204). TSA-NPs
markedly reduced hemispheric swelling, midline shift and
ischemic lesion volume, while alleviating cytotoxic edema,
white matter injury and cerebral hemorrhage. Moreover,
TSA-NPs improved post-stroke gait parameters (for example,
step frequency and stride length) by inhibiting oxidative stress
and inflammation (for example, reducing circulating neutrophil
proportion) (204). These studies address clinical translation
challenges of TSA, including its short half-life, poor solubility
and limited BBB penetration, offering efficient targeted
delivery solutions for ischemic stroke (204). Waters et al (204)
work validated the neuroprotective mechanisms of nanocar-
rier systems in large animal models, providing preclinical
evidence closer to human pathology.

A recent study explored the therapeutic efficacy of
ROS-responsive TPP-modified TSA micelles (TK-TPP-TSA@
Ms) in mitigating DOX-induced HF (205). The research devel-
oped a microenvironment-responsive micellar system targeting
myocardial mitochondria by encapsulating TSA within
micelles and conjugating TPP-modified DSPE-PEG2000 as
a targeting moiety, with ROS-cleavable TK bonds serving as
linkers. In vitro experiments demonstrated that TK-TPP-TSA@
Ms exhibited robust uptake in H9c2 cells, considerably
reducing ROS levels induced by DOX, suppressing inflam-
matory cytokine secretion, inhibiting apoptosis and restoring
mitochondrial membrane potential (205). In vivo studies
further confirmed that TK-TPP-TSA@Ms effectively alleviated
DOX-induced myocardial tissue damage, reduced apoptosis
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and inflammatory cytokine expression, mitigated oxidative
stress and inhibited HF progression in mice. Fluorescence
microscopy and flow cytometry analyses validated the
targeting capability and ROS responsiveness of micelles.
Under HF conditions, ROS cleaved the TK bonds, exposing
TPP targeting ligands and enhancing micelle accumulation in
damaged cardiomyocytes (205). Additionally, TK-TPP-TSA@
Ms demonstrated favorable biocompatibility and stability,
with negligible hemolytic effects, making them suitable for
clinical applications. The study concluded that TK-TPP-TSA@
Ms represent a safe and effective targeted therapeutic strategy
for cardiac diseases, with potential as a promising treatment
for HF (205).

In summary, nanomedicine delivery systems offer notable
advantages in treating CCVDs. They enhance drug solu-
bility and stability, addressing the challenges of poor water
solubility and short half-life of TSA, thus improving bioavail-
ability and ensuring greater drug accumulation at target sites.
Additionally, these systems enable precise lesion targeting,
reducing drug distribution to non-target tissues and mini-
mizing adverse effects while enhancing therapeutic efficacy.
Moreover, nanocarriers facilitate sustained or controlled drug
release, prolonging the duration of action and maintaining
effective concentrations, which further improves treatment
outcomes.

6. Conclusion and future prospects

In recent years, active components of TCM have gained
recognition for their unique advantages and potential in
treating CCVDs. Various TCM monomers, such as Panax
notoginseng saponins (212), astragaloside (213) and ginsen-
osides (214), effectively alleviate symptoms and reduce
the risk of complications in CCVDs through multiple
mechanisms, including lipid regulation, antioxidant effects,
anti-inflammatory actions and the improvement of vascular
endothelial function (212-214). TSA, a monomer derived from
Salvia miltiorrhiza, is a prime example. It not only exhibits
these therapeutic mechanisms but also shows notable protec-
tive effects against MIRI and cerebral infarction in numerous
preclinical studies and preliminary clinical trials. Its mecha-
nisms include regulating multiple signaling pathways, such
as inhibiting inflammation-related pathways and activating
antioxidant stress-related pathways, thereby improving
cardiovascular and cerebrovascular function through diverse
channels (26,143,215).

However, due to insufficient foundational research, the
molecular mechanisms underlying the multi-target effects of
TSA remain incompletely understood, particularly its inter-
actions with ERs and regulatory networks involving specific
miRNAs. Future studies could integrate single-cell sequencing
technology to analyze the target sites of TSA in specific cell
types, such as cardiomyocytes and neurons. Combining
proteomics to explore the interaction networks of TSA with
ERs and miRNAs (for example, miR-29b and miR-133) and
utilizing gene editing techniques, such as CRISPR-Cas9,
to validate key pathways (for example, Nrf2/HO-1 or
PI3K/AKT/mTOR) by knocking out the ALKBHS5 gene would
help clarify the role of m6A modification in the anti-myocar-
dial hypertrophy effects of TSA.

Moreover, the interactions between TSA and other drugs
remain largely unexplored. While TSA is often used in
combination with other medications, the mechanisms behind
these interactions and their impact on efficacy and safety
remain unclear, creating challenges for rational clinical drug
use. Future research could investigate the synergistic effects
of TSA with other Chinese herbal components (for example,
salvianolic acid B) to develop compound formulations.
Interdisciplinary collaboration will be essential to overcome
current limitations and improve formulation development.

Finally, in terms of clinical translation, the lipophilic
nature of TSA limits its oral absorption, making it difficult
to achieve effective plasma concentrations and hindering its
utilization (21). Thus, the majority of clinical studies have
been small-scale trials lacking the support of large-scale,
multicenter data (216-218). Additionally, the study periods
are short, and the limited duration of observations is insuf-
ficient to evaluate long-term efficacy and safety. Currently,
the most studied clinical formulations are Danshen injec-
tion and TSA sulfonate sodium injection (218-220). TSA is
converted into TSA sulfonate sodium through a sulfonation
reaction (221). This process involves specific chemical condi-
tions that promote the binding of functional groups in the TSA
molecule to sulfonate ions, resulting in the formation of TSA
sulfonate sodium, which exhibits increased water solubility
and enhanced bioactivity (221). This transformation not only
improves the pharmacokinetic properties of TSA but also
boosts its stability and efficacy in vivo (221). TSA sulfonate
sodium can improve myocardial ischemia, inhibit platelet
aggregation and provide antioxidative, anti-inflammatory and
cardioprotective effects (222-225). It has been used clinically
to treat CCVDs, such as coronary heart disease (226), angina
pectoris (220) and stroke (227). Although clinical research still
has limitations, including variable trial quality, limited sample
sources and a lack of long-term follow-up data, the positive
efficacy and favorable safety profile demonstrated by TSA
sulfonate sodium injection have laid a solid foundation for its
clinical application.

Through sulfonation structural modification and
nanodrug delivery systems (such as rHDL (206),
TPP-TPGS/LPNs (208), and CBSA-PEG-TSA-NPs (211),
TSA's water solubility has been enhanced, its half-life
extended and its targeting ability improved. As a result, TSA
has transitioned from traditional applications to precision
therapy, making notable strides in areas such as cardiovas-
cular diseases (94,118), diabetic nephropathy (228,229) and
tumor-targeted therapy (29,230). However, several challenges
remain in achieving broader clinical application and preci-
sion therapy for TSA. In the treatment of cardiovascular
diseases, while TSA sulfonate sodium injection has shown
efficacy, individual patient variability may lead to inconsis-
tent therapeutic outcomes (231-233). Future research should
focus on investigating genetic characteristics, metabolic
status and other factors to enable personalized, precision
medicine. In diabetic nephropathy, research is still in its
early stages, and the precise mechanisms through which TSA
acts on renal lesions require further exploration (228,229).
A deeper understanding of its mechanism will facilitate the
optimization of treatment regimens and improve therapeutic
efficacy. In tumor-targeted therapy, although nanodrug
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delivery systems have improved the targeting ability of
TSA (208), tumor cell heterogeneity and the complex tumor
microenvironment complicate treatment (234). Continuous
optimization of nanodrug delivery systems is necessary to
enhance their specificity for tumor cells and efficiency in
targeted delivery. Additionally, combining TSA with other
tumor therapies should be explored to leverage its synergistic
effects in comprehensive cancer treatment. To further promote
clinical translation of TSA, interdisciplinary collaboration
among experts in medicine, pharmacology, biology and other
fields is essential for conducting large-scale, high-quality
clinical trials. A robust long-term follow-up system must be
established to accumulate more clinical data and evaluate the
long-term efficacy and safety of TSA. Moreover, the stan-
dardization of drug development should be strengthened to
ensure the effectiveness and safety of TSA-related drugs in
clinical practice.

With ongoing technological advancements and deeper
research, TSA is poised to carry out a pivotal role in treating
more diseases. Overcoming existing challenges will expand
treatment options and improve therapeutic outcomes for
patients. The potential of TSA in precision therapy is expected
to be fully realized, paving the way for new breakthroughs and
transformative changes in clinical treatments.
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