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Doxorubicin (DOX)-induced cardiotoxicity significantly impairs patients’ quality
of life and long-term prognosis, and can lead to irreversible cardiac dysfunction
and heart failure years or even decades after chemotherapy has ceased.
Natural medicinal products represent a promising strategy for preventing or
treating this cardiotoxicity, with Salvia miltiorrhiza (Danshen) demonstrating
therapeutic properties in this context. Considerable attention has been focused
on Tanshinone IlA, the principal lipophilic diterpenoid quinone compound
found in Danshen, for its potential efficacy against doxorubicin-induced
cardiac injury. Its therapeutic mechanisms include alleviating oxidative stress,
inhibiting cardiomyocyte apoptosis, exerting anti-inflammatory effects in the
myocardium, attenuating cardiac fibrosis, and modulating cardiomyocyte
autophagy. This article provides an in-depth elaboration of the mechanisms and
targets through which Tan IIA counteracts doxorubicin-induced cardiotoxicity.
Furthermore, we explored Tan IlIA drug delivery systems (DDS) and device-
assisted delivery platforms, thus offering novel insights for future research and
clinical translation of Tan lIA, as well as presenting new strategies for addressing
doxorubicin-induced cardiac injury.

KEYWORDS

adriamycin, cardiac toxicity, drug delivery system, pharmacological mechanism of
action, Tanshinone IIA

1 Introduction

Doxorubicin (DOX) is a highly effective antitumour agent that improves patient
survival; however, it is concurrently associated with severe, dose-dependent cardiotoxicity,
also known as doxorubicin-induced cardiomyopathy (DIC/AIC) (1-4). This toxicity
manifests not only acutely during chemotherapy but also chronically, emerging years
or even decades after treatment cessation as cardiomyopathy, leading to irreversible
cardiac dysfunction and heart failure. Once a diagnosis of heart failure has been made,
the 2-year survival rate is as low as 40% (5-8), which severely restricts the clinical
utility of doxorubicin and compromises patients’ long-term quality of life. Currently,
dexrazoxane is the sole cardioprotective agent to have received FDA approval, and
it is specifically indicated for patients receiving anthracycline-based chemotherapy.
However, its application is limited by potential adverse effects, including myelosuppression,
hepatotoxicity, and the development of secondary malignancies (9). Consequently,
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the development of effective and safe cardioprotective agents
that mitigate chemotherapy-induced myocardial injury without
compromising antitumor efficacy remains a critical and urgent
challenge in the field of cardio-oncology (10, 11).

Tanshinone ITA (Tan IIA) is the predominant lipophilic
diterpenoid quinone compound found in the traditional
Chinese herb Salvia miltiorrhiza Bunge. The substance has
attracted considerable attention on account of its multifarious
pharmacological activities, which encompass antioxidant, anti-
inflammatory, anti-fibrotic, anti-apoptotic, and anti-tumor effects,
as well as cardioprotective properties (12-15). Chemotherapy-
induced cardiotoxicity is a complex, multifactorial process
involving numerous interrelated pathways, including oxidative
stress driven by reactive oxygen species (ROS), mitochondrial
dysfunction, cellular apoptosis, inflammatory responses, iron
overload, and calcium dysregulation. In recent years, researchers
have begun to explore the potential of Tan ITA in mitigating
cardiotoxicity associated with chemotherapy, particularly damage
induced by DOX. Preliminary in vitro and in vivo studies have
demonstrated promising protective effects (16, 17). Evidence
suggests that Tan IIA can increase the sensitivity of cancer
cells to DOX chemotherapy. The observed synergy is achieved
by the inhibition of the expression of multidrug resistance
(MDR)-associated ABC transporters, such as P-gp, BCRP, and
MRP]I, thereby increasing the accumulation of DOX within the
intracellular environment of tumor cells. In addition, Tan IIA has
been observed to suppress ELTDI, thereby promoting vascular
normalization and activating the JNK signaling pathway, thus
potentiating the efficacy of PD-1 inhibitors. Collectively, these
observations suggest a synergistic antitumor effect (18-21).

Significant efforts have notably been invested in developing
(DDS)
administration strategies to enhance the targeting, solubility

novel drug delivery systems and device-assisted
and bioavailability of Tan IIA, thereby achieving more efficient
cardioprotection (22-24). While research has revealed Tan IIA’s
potential in treating various cancers, studies focusing on its
protective effects against chemotherapy-induced cardiotoxicity
and the underlying mechanisms are still in their infancy. This
review aims to comprehensively summarize and update recent
advances in the utilization of Tan IIA and its derivative, sodium
tanshinone IIA sulfonate (STS), for attenuating doxorubicin
(DOX)-induced cardiotoxicity. We will explore the molecular
mechanisms underpinning their cardioprotective actions, examine
innovative drug delivery approaches designed to enhance their
efficacy, and seek to pinpoint precise pharmacological targets.
Finally, current challenges and prospective research directions are
discussed to broaden the therapeutic landscape of natural products

in combating chemotherapy-associated cardiac damage.

2 Drug delivery systems and
device-assisted administration
systems for Tanshinone IIA

2.1 Drug delivery systems

A drug delivery system (DDS) can be defined as a device
or method that efficiently transports a therapeutic agent to its
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target site, with the aim of optimizing the drugs absorption,
distribution, metabolism, and excretion (ADME) profile. This
approach has been demonstrated to enhance drug concentration
at the desired location, reduce systemic toxicity, and improve
patient compliance (25, 26). Intelligently responsive nanocarriers
are considered to be a cutting-edge strategy in this field.
These nanomachines have been engineered to exploit specific
pathological microenvironmental cues, such as elevated ROS,
low pH, or high enzymatic activity, to trigger precise drug
release. This enables targeted therapy (27-31). The encapsulation
of hydrophobic drugs within nanocarriers, including liposomes,
micelles, and nanoparticles, has been demonstrated to enhance
their dispersibility and stability in aqueous environments (32,
33). This improvement in stability has been shown to result in
enhanced absorption, prolonged circulation time, and sustained
therapeutic efficacy. It is evident that a number of delivery systems,
specifically formulated for Tan ITA, have been developed to address
DOX-induced cardiotoxicity. These delivery systems have exhibited
considerable therapeutic potential.

2.1.1 ROS responsive delivery systems

DOX-induced cardiotoxicity is closely associated with its
excessive generation of ROS in cardiomyocytes (34). To address
this core pathological mechanism, several smart drug delivery
systems based on Tan IIA have been developed. These systems
are designed to specifically target and respond to the high-
ROS pathological microenvironment in the heart, enabling
precise targeting and controlled release for optimal therapeutic
efficacy. For instance, Zhao et al. constructed a ROS-responsive,
mitochondria-targeted Tan IIA micelle (TK-TPP-TIIA@Ms) that
utilizes a triphenylphosphonium (TPP) group to target ROS-rich
mitochondria in cardiomyocytes and releases Tan IIA specifically
in high-ROS environments. Experimental studies confirmed that
this micelle effectively reduces DOX-induced ROS, inflammation,
and apoptosis, significantly alleviating myocardial injury in heart
failure mice (23).

Furthermore, a theranostic probe named TOP-B, constructed
from a Tan ITA backbone, was developed to address AIC, which
is closely linked to oxidative stress. As an H,O,-responsive
prodrug, TOP-B allows for highly sensitive and selective ratiometric
fluorescence tracking of H,O, levels in AIC models and exhibits
excellent mitochondrial targeting capability, providing a novel tool
for integrated research and treatment of AIC (35). These studies
demonstrate that ROS-responsive drug delivery systems enhance
the protective effect of Tan ITA against DOX-induced cardiotoxicity
(Tables 1, 2).

2.1.2 PH-responsive delivery systems
Given that the tumor microenvironment and ischemic
myocardial regions typically exhibit a lower pH (36, 37), Ren et al.
developed pH-responsive calcium alginate nanoparticles loaded
with Tanshinone ITA (Tan ITA/CA) to enhance the solubility of
Tan ITA and achieve controlled drug release. Although the primary
focus of that study was on its anticancer mechanisms, such pH-
responsive carriers are, in principle, also applicable for targeting
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TABLE 1 The conveying system and improved features of Tan IIA.

References

Delivery

Improved properties
system

TK-TPP- Appropriate particle size, and zeta (23)

TIHA@Ms potential; and demonstrated good
encapsulation efficiency, drug

loading, and biological safety

TOP-B Improve targeting and sensitivity (35)

Tan ITA/CA Enhance the solubility and stability (22)
of Tan IIA, increase the drug
loading capacity, and achieve

controlled drug release

MCVs Enhance the synergistic effect of (39)
the drug combination and promote
the protection of STS in
Dox-induced cardiomyocyte

apoptosis

R + T/Lipo/EXO Improve the bioavailability, (42)

enhance targeting ability and

sensitivity

areas of ischemic cardiac injury, offering a potential strategy for
achieving localized high-concentration drug delivery to the heart
(22) (Tables 1, 2).

2.1.3 Collaborative co-delivery systems

In strategies for preventing and treating chemotherapy-
induced cardiotoxicity, co-delivery systems encapsulate both
chemotherapeutic agents and cardioprotective drugs within
a single carrier, aiming to achieve synergistic therapeutic
enhancement and toxicity reduction (38). For example, Zhang et al.
developed multicompartment vesicles (MCVs) for the co-delivery
of DOX and the water-soluble derivative STS. This system not
only enhanced their synergistic antitumor effect on cancer cells
but also significantly reduced DOX-induced cardiomyocyte
apoptosis through carrier-mediated protection. This approach
ingeniously leveraged the cardioprotective properties of STS while
circumventing its potential interference with DOX’s therapeutic
efficacy (39). Research by Li et al. further supports the potential
of combining Tan IIA with DOX to achieve both synergistic
anticancer activity and reduced cardiotoxicity (18, 40) (Tables 1, 2).

2.1.4 Exosome-mediated delivery systems
Plant-derived extracellular vesicles (EVs) are considered

their
biocompatibility and low immunogenicity (41). Wu et al

promising drug delivery carriers due to favorable

constructed a tumor cell-derived exosome-hybridized nanosystem
loaded with Tan IIA [denoted as (R + T/Lipo/EXO)]. Although
this study focused on sepsis, it demonstrated that the system
significantly enhances macrophage

uptake and effectively
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suppresses inflammation and apoptosis (42). Such a biomimetic

delivery strategy, utilizing surface modification with cell
membranes or exosomes, can improve the targeting ability
and cellular internalization efficiency of carriers (43). In the future,
it may be worthwhile to explore the use of cardiomyocyte- or
endothelial cell-derived exosomes to precisely deliver Tan ITA
to injured myocardial tissue, potentially opening new avenues
for more targeted protection against chemotherapy-induced

cardiotoxicity (Tables 1, 2).

2.2 Device-assisted drug delivery systems

In addition device-assisted

administration approaches have also been employed to enhance

to drug delivery systems,
the therapeutic efficacy of Tan IIA. Given that treatment options
for anthracycline-induced cardiotoxicity (AIC) remain relatively
limited, transdermal delivery offers a viable strategy for certain
cardiovascular conditions by circumventing hepatic first-pass
metabolism (44). Notably, Gu et al. (45) significantly improved the
transdermal penetration of Tan IIA from patch formulations by
loading the compound onto nanocrystals and porous silica. This
technique provides a conceptual foundation for the non-invasive
administration of Tan ITA.

Moreover, chitosan-based microneedle transdermal delivery
systems have attracted attention due to their painless application
and high absorption efficiency (46). In the context of myocardial
infarction (MI) therapy, Fan et al. (47) developed an injectable
biomaterial by dispersing Tan ITA with liquid metal particles
in sodium alginate for intrapericardial administration. This
localized approach enabled sustained drug release and prolonged
retention within cardiac tissue, leading to significantly improved
cardiac function. Such a localized, sustained-release strategy holds
significant translational relevance for the prevention and treatment
of chronic myocardial injury in AIC, as it ensures the prolonged
maintenance of a therapeutic concentration of the protective agent
in myocardial tissue.

3 The mechanism of action of Tan IIA
on DOX-induced cardiotoxicity

3.1 Antioxidant stress

Oxidative stress is widely recognized as a primary mechanism
underlying DOX-induced cardiomyopathy (48, 49). DOX has
been demonstrated to generate excessive ROS through multiple
pathways, resulting in lipid peroxidation and depletion of
antioxidant enzymes. This process subsequently triggers apoptosis,
necrosis, or senescence in cardiomyocytes, endothelial cells, and
progenitor cells (5, 34). Furthermore, Evidence indicates that DOX
directly impairs the function of intrinsic antioxidant enzymes,
thereby exacerbating the oxidative stress burden (50). A mounting
body of evidence suggests that the activation of nuclear factor
erythroid 2-related factor 2 (Nrf2), a pivotal regulator of the
cellular antioxidant defense system, plays a pivotal protective role in
counteracting DOX-induced myocardial oxidative stress (50, 51).
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TABLE 2 The research on the drug delivery system used for Tan IlA in AIC and other cardiovascular diseases.

10.3389/fmed.2026.1783433

Delivery Disease Experimental Targets Main results References
system model
TK-TPP- DOX-induced In vivo: C57/BL6 male Reduce IL-1B, IL-6, Reduced myocardial tissue damage caused by (34)
TIIA@Ms HF mice; TNF-a, MDA; increase DOX, decreased cell apoptosis, lowered the
SOD and GSH levels expression of inflammatory factors, improved
In vitro: H9c2 cells oxidative stress, improved cardiac function, and
inhibited DOX-induced heart failure
TOP-B DIC In vivo: male CS7BL/6 NA Early diagnosis and treatment of AIC (35)
mice; Zebrafish;
In vitro: H9C2 cells
Tan ITA/CA Tumor In vitro: CX 1 and HGC Inhibited cell Exhibits antitumor activity by promoting (22)
27 cell proliferation and apoptosis, autophagy, ferroptosis, and immune
reduced the migration of | effects
HGC 27 and CXI1 cells
MCVs Dox-induced In vitro: A549 cancer Reduce Bax/Bcl-2, Reduced myocardial tissue damage caused by (39)
cardiomyocyte cells cleaved-caspase3 DOX, decreased cell apoptosis, lowered the
apoptosis expression of inflammatory factors, improved
oxidative stress, improved cardiac function, and
inhibited DOX-induced heart failure
R+ Blood In vivo: male Bal b/c Reduce TNF-a, IL-6 Improving the inflammatory state of cells (42)
T/Lipo/EXO | poisoning mice In vitro:H1299 significantly enhanced the phagocytic ability of
(NCI-H1299) cells macrophages, reduced the expression of tumor
necrosis factor-a, inhibited cell apoptosis,
regulated the intestinal flora, and alleviated the
phenomenon of immune suppression

AIC, anthracycline-induced cardiotoxicity; DOX, doxorubicin; HE, heart failure; STS, a soluble derivative of Tan IIA; IL-1, interleukin-1p; IL-6, interleukin-6; TNF-q, tumor necrosis factor-a;
SOD, superoxide dismutase; GSH, reduced glutathione; Bax/Bcl-, Bcl-2-associated X protein ratio/B-cell lymphoma 2; NA, not applicable.

The study by Guo et al. clearly demonstrated that Tan ITA
mitigates DOX-induced oxidative stress and myocardial injury
by promoting the nuclear accumulation of Nrf2 and activating
its downstream antioxidant response element (ARE) signaling
pathway. This action enhances the activity of antioxidant enzymes,
including superoxide dismutase (SOD), catalase (CAT), and
glutathione (GSH), reduces ROS generation, improves cell viability,
and significantly restores DOX-impaired cellular morphology.
Nrf2 knockdown experiments confirmed that suppressing Nrf2
expression reverses the increased cell survival rate conferred by
Tan ITA pretreatment, indicating that the cardioprotective effect
of Tan ITA against DOX-induced toxicity is mediated through
the activation of the Nrf2 signaling pathway (34). Yarmohammadi
et al. also highlighted the potential of Tan ITA to counteract
DOX cardiotoxicity via the Nrf2/ARE pathway (50). Furthermore,
Zhang et al. (52) found that Tan ITA protects cells from oxidative
damage by modulating the Nrf2/NLRP3 signaling pathway, which
reduces the production of ROS and malondialdehyde (MDA) while
promoting the expression of SOD and CAT. Additional research
has shown that pretreatment with Tan IIA alleviates DOX-induced
myocardial damage in C57BL/6 mice by improving histopathology,
lowering serum levels of cardiac enzymes, and enhancing the
activity of antioxidant enzymes (53, 54).

In summary, existing evidence indicates that Tan ITA primarily
enhances myocardial antioxidant defense mechanisms by activating
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the Nrf2/ARE signaling pathway and its synergistic networks,
thereby effectively counteracting DOX-induced oxidative stress-
mediated cardiac damage. The specific mechanisms underlying its
antioxidant effects are illustrated in Figure 1 (Table 3).

3.2 Inhibition of cardiac cell apoptosis

3.2.1 Regulation of the PI3K/Akt and ERK1/2
signaling pathways

Apoptosis constitutes a pivotal pathological basis for
cardiomyocyte damage and heart failure in DOX-induced
cardiotoxicity, a phenomenon that is strongly associated with
the increased generation of ROS triggered by the drug (55, 56).
Research by Fu et al. has demonstrated that Tan IIA confers
cardioprotection by shielding cardiomyocytes from oxidative
stress-induced apoptosis. This protective effect is achieved through
mechanisms such as enhancing free radical scavenging and
preventing lipid peroxidation (57).

Akt, a serine/threonine kinase, has been identified as a primary
mediator of the downstream effects of PI3K, coordinating diverse
intracellular signals and regulating cell proliferation and survival.
As demonstrated in previous studies, the activation of the PI3K/Akt
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FIGURE 1
The protective mechanisms of Tan IIA against oxidative stress and cell apoptosis caused by DOX. Figure was created with BioGDP.com (135)

signaling pathway has been shown to protect myocardial tissue and
prevent cardiomyocyte apoptosis (58). In a study by Hong and
colleagues, Tan ITA was demonstrated to protect cardiomyocytes
from DOX-induced apoptosis by enhancing Akt phosphorylation,
inhibiting DOX-induced ROS production, reducing the release of
cleaved Caspase-3 and cytochrome ¢, and increasing the expression
of the anti-apoptotic protein Bcl-xL. Treatment with a PI3K
inhibitor has been demonstrated to attenuate this protective effect.
These results indicate that Tan IIA’s ability to mitigate doxorubicin
cardiotoxicity is associated with modulation of the PI3K/Akt
pathway (17). This observation was subsequently corroborated by
Deng et al. (59).

The ERK1/2 pathway has been demonstrated to play a
significant role in DOX-induced cardiomyocyte apoptosis (60).
Research by Li et al. (40) further revealed that Tan IIA activates
the ERK1/2 pathway in cardiomyocytes, thereby alleviating DOX
cardiotoxicity, whereas it inhibits the same pathway in breast
cancer cells to enhance the chemotherapeutic efficacy of DOX.
The findings demonstrate the dual function of Tan IIA as both
a cardioprotective agent and a chemosensitizer. Xu et al. (54)
further refined this mechanism, demonstrating that Tan IIA
suppresses cardiomyocyte apoptosis and improves cardiac function
by activating the DAXX/MEK/ERK1/2 signaling pathway.
DOX-induced
cardiotoxicity by activating pro-survival signaling pathways
such as PI3K/Akt and ERK1/2, thereby exerting an anti-apoptotic
effect. It is particularly noteworthy that Tan IIA exerts a tissue-

In conclusion, Tan IIA counteracts

specific, bidirectional regulatory effect on the ERK1/2 pathway.
The provision of cardioprotection and chemosensitization in a
single agent represents a novel strategy to address the fundamental
challenge of balancing efficacy and safety in cancer chemotherapy.
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This positions Tan ITA as a promising candidate for development
into an ideal chemotherapeutic adjuvant with considerable
potential for clinical application.

3.2.2 Regulation of mitochondria and apoptotic
proteins

Mitochondria are the most extensively and severely damaged
organelles in DOX-induced cardiotoxicity (61). DOX directly
impairs mitochondria, causing dose-dependent opening
of the mitochondrial permeability transition pore and the
release of molecules such as cytochrome ¢, which activates the
caspase cascade and initiates cell necrosis or apoptosis (62, 63).
Additionally, DOX disrupts the mitochondrial electron transport
chain, impairing its function, reducing ATP production, and
further promoting reactive oxygen species (ROS) generation
(60, 64). Moreover, DOX-mediated ROS production increases
the activity of cathepsin B, which subsequently mediates the
release of apoptosis-inducing factor (AIF) from mitochondria
through interaction with Bax aggregates. This process triggers
extensive DNA damage, upregulates p53 expression, and activates
poly (ADP-ribose) polymerase 1, ultimately leading to apoptotic
cell death (60). This cascade results in a systematic reduction
of cardiomyocytes and contributes to the development of
cardiomyopathy. Collectively, these findings highlight that
mitochondrial dysfunction and apoptotic proteins are critical
mediators in DOX-induced cardiomyocyte injury.

In relation to the aforementioned mechanisms, numerous
studies have shown that Tan IIA protects cardiomyocytes by

inhibiting the mitochondrial apoptotic pathway at multiple points.
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TABLE 3 The overview of the target/way/mechanism and effect of Tan IIA on AIC and other cardiovascular diseases.

Animals or
cells

Range of
dosage

The specific
molecular
mechanisms

Adjustment indicators

References

AIC

H9c2 cells

1,3,5 10 uM

Mice

15, 30 mg/kg

Nrf2

Increased cell survival rate, significantly restored
morphological changes, reduced ROS production, and

elevated GSH levels

(34)

Renal fibrosis
caused by uric

acid

HK-2cells

1,2, 5, 10, 20, 50,
100 LM

Nrf2/NLRP3

Reduced the generation of ROS and MDA, promoted
the expression of SOD and CAT, and significantly
decreased the expression of TGF-B, FN and COL-1

(52)

AIC

Neonatal rat

cardiomyocytes

0.5-2 WM/L

NA

Significantly reduced ROS production and prevented
the decrease in the Bcl-2/Bax ratio caused by

doxorubicin.

(68)

AIC

HIC2 cells

0.5-20 M

Zebrafish

20 WM

Mice

10 mg/kg

Beclinl/LAMP1

Reduced the levels of LC3-II and P62, decreased the
content of autolysosomes, increased the activity of
tissue protease B; weakened the inhibitory
phosphorylation of ULK1, increased the level of Beclinl
and the content of autophagosomes, inhibited mTOR
activity, promoted the nuclear localization of TFEB,

and activated the expression of LAMP

(53)

AIC

H9C2 and HL-1

cells

40 pM/L

C57BL/6 mice

2.5,5 or 10 mg/kg

DAXX/MEK/ERK1/2

Enhance cell vitality; induce the expression of DAXX,
p-ERK1/2 and p-MEK, restore cardiac function,
prevent changes in myocardial structure and myofibril
destruction. Inhibit the expression of cleaved caspase-8,

p-P38 and cleaved caspase-3 to suppress cell apoptosis

(54)

AIC

Neonatal rat

cardiomyocytes

0.1,03,1,3pM

Akt-signaling
pathways

Enhance the phosphorylation of Akt in myocardial
cells, inhibit the generation of ROS, reduce the quantity
of cleaved caspase-3 and cytoplasmic cytochrome ¢, and
increase the expression of Bcl-xL, thereby inhibiting

myocardial cell apoptosis

17)

AIC

H9c2 cells

NA

miR-133/caspase-9

Restoring miR-133 and inhibiting the Caspase-9

signaling cascade relieved myocardial apoptosis

(65)

Ethanol-induced
myocardial

apoptosis

C57BL/6 mice

5/10 mg/kg

PI3K/Akt

Down-regulate the expression of PDCD4 and activate

the PI3K/Akt pathway to inhibit apoptosis

(59)

AIC

BALB/c nude

mice

10 mg/kg

ERK1/2

Inhibit the activation of ERK1/2 in Dox-treated breast
cancer cells, reduce the expression of c-Myc, increase
the expression of caspase-3, and decrease the expression
of MMP-2; promote the activation of ERK1/2 in
Dox-treated cardiomyocytes, increase the expression of

c-Myc, and decrease the expression of caspase-3

(40)

Myocardial

ischemia

SD Rat

10 mg/kg

ERS and
mitochondrial
apoptosis signaling

pathway

Reduced the apoptosis of myocardial tissue and the
expression levels of caspase-3, Cyto c and Apaf-1in
myocardial tissue. Increased the survival rate of
damaged myocardial cells, enhanced the expression of
Bcl-2 and Bak, increased Bim and CHOP, decreased the
production of TBARS, ROS and H,O,, reduced the
expression of ATF4 and IRE1q, and decreased
intracellular calcium and oxidative stress in myocardial

cells

(66)

AIC

SD Rat

4.16 ml/kg DHI

H9c2 cells

10 pul/ml DHI

NA

Significantly increased the expression level of Bcl-2, and
prevented the increase in the expression of Bax and

caspase-3

(67)
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TABLE 3 (Continued)

Animals or
cells

Range of
dosage

The specific
molecular
mechanisms

10.3389/fmed.2026.1783433

Adjustment indicators

References

IRI

H9c2 cells

8uM

VDAC1

Significantly reduced cell survival rate, GPX4 and GSH
expression, and the GSH/GSG ratio, and inhibited the
upregulation of LDH activity, COX-2 and VDACI1
protein expression, ROS level, mitochondrial damage,
and A/R-induced GSSG. Increased MMP and Bcl-2/Bax

ratio, activated Caspase-3 and closed m PTP

(72)

AIC

H9c2

cardiomyocytes

0, 1.062, 2.125, 4.25,
8.5,17, 34, 68 pM

C57/BL6 male

mice

1.5 mg/kg

NA

Reducing ROS expression, decreasing the secretion of
inflammatory factors, restoring mitochondrial
membrane potential, improving oxidative stress,
alleviating myocardial injury, inhibiting apoptosis, and

preventing heart failure

(23)

HF induced by
AMI

HIC2 cells

0.05 pg/ml,
0.1 pg/ml

Rat

1.5 mg/kg

TLR4/NF-kB p65

Reduce the levels of NT-pro-BNP, IL-1f and IL-18, and
inhibit cardiomyocyte apoptosis. downregulate the
expressions of inflammatory cell apoptosis-related
proteins such as TLR4, NF-«B p65, IL-1p, NLRP3,
Caspase-1 and GSDMD-N. Enhance the survival ability
of cardiomyocytes, inhibit apoptosis, and prevent the

nuclear translocation of NF-kB p65 protein

(16)

response of
VSMCs induced
by LPS

The inflammatory

VSMC cells

25, 50, 1000M/L

TLR4/TAK1/NF-kB

Inhibit the expression of MCP-1, IL-6 and TNF-a,
inhibit the production of NO, and suppress the
expression of TLR4, the phosphorylation of TAK1, and

the nuclear translocation of NF-kB (p65)

(76)

Atherosclerosis

HUVECs

2.5uM, 5uM,
10pM

circ_0000231/miR-
590-5p/TXNIP/NF-
kB

Regulate the miR-590-5p/TXNIP axis to down-regulate
circ_0000231 and activate the NF-«kB signaling pathway

(77)

Atherosclerosis

ApoE~/~mice/
HUVECs

10/20 mg/kg

AMPK

Inhibited the formation of NLRP3, ASC and GSDMD;
inhibited the expression of IL-1B and IL-18; reduced
the number of PI-positive cells, decreased the
expression of mature caspase-1 and cleaved GSDMD,
and lowered the level of activated IL-1B. Restored
mitochondrial membrane potential and reduced the

generation of mt ROS, and increased AMPK expression

(80)

Atherosclerosis

ApoE~/~mice

10 mg/kg

TGF-
B/PI3K/Akt/eNOS

Increase the level of HDL-C, reduce the levels of TC,
triglycerides and LDL-C; increase the level of nitric
oxide and the ratio of nitric oxide to ET-1, reduce the
levels of TNF-a, IL-6 and ET-1; upregulate the mRNA
levels of TGF- and PI3K. Downregulate the mRNA
expressions of MMP-9, VEGF and HIF1-a. Increase the
expression of HDL-C, and reduce the expressions of

testosterone acid, triglycerides and LDL-C

(81)

HF induced by

excessive stress

Rat

5,10, 20 mg/kg

NA

Increase LVEF and LVFS, decrease LVID d, LVIDs,
LVEDP, and LVSP; reduce HWI and LVWI

(89)

HF induced by
AMI

SD Rat

1.5 mg/kg

Nox4

Reduce the expression levels of collagen I, collagen III,
TGEF-B, a-SMA, MMP2 and MMP9Y, increase the
activity of superoxide dismutase and glutaldehyde, and
decrease the activity of superoxide anion and NADPH

oxidase

(90)
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TABLE 3 (Continued)

Animals or References

cells

Range of
dosage

The specific
molecular
mechanisms

Adjustment indicators

AIC H9c2 cells 0,1.6,8,40 pM NA Increase cell survival rate and improve cell apoptosis, (84)

alleviate the disorder of cardiac muscle cells, hydropic

Mice NA

vacuolation and myofibril loss. Improve heart rate, ST
interval, QRS wave group, myocardial contractility and

myocardial tension

Diabetic Mice 10/50 mg/kg ERS/SIRT1 It alleviated the pathological changes in the hearts of (104)

cardiomyopathy diabetic mice, improved the pathological morphology
of myocardial cells, reduced the cell death rate, and
inhibited the expression of ERS-related proteins and

mRNAs

AIC, anthracycline-induced cardiotoxicity; IRI, ischemia-Reperfusion Injury; HE heart failure; AMI, acute myocardial infarction; VSMCs, vascular smooth muscle cells; LPS, lipopolysaccharide;
EPCs, endothelial progenitor cells; TNF-a, tumor necrosis factor-o; HUVECs, Human umbilical vein endothelial cells; CFs, cardiac fibroblasts; Nrf2, Nuclear factor (erythroid-derived 2)-like
2; ROS, reactive oxygen species; GSH, reduced glutathione; MDA, malondialdehyde; CAT, catalase; TGF-B, transforming growth factor-; FN, fibronectin; COL-1, collagen type I; Bcl-2/Bax,
B-cell lymphoma 2/Bcl-2-associated X protein ratio; LC3-1II, microtubule-associated protein 1A/1B-light chain 3-phosphatidylethanolamine conjugate; P62, Sequestosome 1; ULK1, Unc-51
like autophagy activating kinase 1; mTOR, mammalian target of rapamycin; TFEB, transcription factor EB; LAMP, lysosome-associated membrane protein; DAXX, death domain-associated
protein; p-ERK1/2, phosphorylated extracellular signal-regulated kinase 1/2; p-MEK, phosphorylated mitogen-activated protein kinase; p-P38, phosphorylated P38; Akt; ak strain transforming;
miR-133, microRNA-133; PDCD4, programmed cell death 4; PI3K, phosphatidylinositol 3-kinase; ERK1/2, extracellular signal-regulated kinase 1/2; c-Myc, cellular Myc; MMP-2, matrix
metalloproteinase-2; Apaf-1, apoptotic protease-activating factor-1; Cyt-c, cytochrome ¢; Bim, Bcl-2 interacting mediator of cell death; LAMP1, lysosomal-associated membrane protein 1;
CHOP, C/EBP homologous protein; TBARS, thiobarbituric acid reactive substances; ATF4, activating transcription factor 4; IREla, inositol-requiring enzyme 1 alpha; Bax, Bcl-2-associated
X protein; LDH, lactate dehydrogenase; COX-2, prostaglandin-endoperoxide synthase 2; VDACI, voltage-dependent anion channel 1; GSSG, oxidized glutathione; MMP, matrix metallo
proteinase; mPTP, mitochondrial permeability transition pore; NT-pro-BNP, N-terminal pro-brain natriuretic peptide; IL-18, interleukin-18; TLR4, toll-like receptor 4; NF-kB p65, nuclear factor
kappa-light-chain-enhancer of activated B cells p65; IL-1B, interleukin-1B; NLRP3, NLR family pyrin domain containing 3; GSDMD-N, gasdermin D N-terminal domain; MCP-1, monocyte
chemoattractant protein-1; IL-6, interleukin-6; NO, nitric oxide; MNCs, mononuclear cells; VCAM-1, vascular cell adhesion molecule-1; ICAM-1, intercellular adhesion molecule-1; NF-kB,
nuclear factor kappa-light-chain-enhancer of activated B cells; IxB-a, nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor-o; IKKa/B, inhibitor of nuclear factor kappa-B
kinase subunit a/B; miR-590-5p/TXNIP, microRNA-590-5p/thioredoxin-interacting protein axis; circ_0000231, circular RNA 0000231; ASC, apoptosis-associated speck-like protein containing
a CARD; GSDMD, gasdermin Dj; PI, propidium iodide; mtROS, mitochondrial reactive oxygen species; AMPK, adenosine monophosphate-activated protein kinase; HDL-C, high-density
lipoprotein cholesterol; TC, total cholesterol; LD-C, low-density lipoprotein cholesterol; ET-1, endothelin-1; mRNA, messenger RNA; MMP-9, matrix metalloproteinase-9; VEGE vascular
endothelial growth factor; HIF1-a, hypoxia-inducible factor 1-alpha; sCD40L, soluble CD40 ligand; LVEE, left ventricular ejection fraction; LVFES, left ventricular fractional shortening; LVIDd,
left ventricular internal diameter end-diastole; LVIDs, left ventricular internal diameter end-systole; LVEDP, left ventricular end-diastolic pressure; LVSP, left ventricular systolic pressure;
HWI, heart weight index; LVWI, left ventricular weight index; a-SMA, a-smooth muscle actin; MMP9, matrix metalloproteinase-9; TIMP, tissue inhibitor of metalloproteinase; miR-618,

microRNA-618; E.S, endoplasmic reticulum stress; NOX4, NADPH oxidase 4; SOD, superoxide dismutase; SD Ra: Sprague-Dawley Rat; DHI: Danhong injection; NA, not applicable.

It reduces the release of cytochrome ¢ from mitochondria into
the cytosol, upregulates the expression of anti-apoptotic proteins
such as Bcl-2 and Bcl-xL, and downregulates the levels of
pro-apoptotic proteins such as caspase-3, caspase-9, and Bax.
Furthermore, the ability of Tan IIA to attenuate doxorubicin-
induced cardiomyocyte apoptosis exhibits a degree of dose-
dependency (17, 65-68). Additionally, miR-133 plays a critical
role in DOX-induced cardiomyocyte apoptosis by regulating
caspase-9 expression, thereby blocking the initiation of the DOX-
triggered apoptotic cascade. DOX significantly suppresses miR-133
expression in H9¢2 cardiomyocytes, leading to increased apoptosis.
Treatment with Tan ITA markedly reverses this downregulation
of miR-133 under pathological conditions, which in turn inhibits
the activation of caspase-9 and its associated apoptotic effectors,
thereby alleviating DOX-induced cardiomyocyte apoptosis (65).
Collectively, these studies establish the foundation for Tan IIA-
mediated cardioprotection through anti-apoptotic pathways. The
specific mechanism by which Tan ITA counteracts DOX-induced
cardiomyocyte apoptosis is illustrated in Figure 1.
Mitochondria-dependent ferroptosis also plays a critical role
in the progression of AIC (69, 70). Specifically, the accumulation
of free iron within mitochondria and the consequent lipid
peroxidation and oxidative stress trigger ferroptosis, recognized
as a primary mechanism of DOX-induced cardiomyocyte death
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(71). Research by Hu et al. revealed that Tan ITA can directly
interact with voltage-dependent anion channel 1 (VDAC1), thereby
simultaneously inhibiting the mitochondria-mediated apoptotic
pathway and ferroptosis (72). This dual action positions Tan ITA
as a potential therapeutic agent capable of counteracting both cell
death pathways. To further enhance the targeting and efficacy
of Tan IIA, Zhao et al. developed a ROS-responsive micellar
delivery system for Tan ITA. This targeted delivery system effectively
reduces DOX-induced ROS production, inflammatory response,
and apoptosis in cardiomyocytes, while also restoring the damaged
mitochondrial membrane potential, directly validating the high
efficiency and specificity of targeted Tan IIA delivery in regulating
mitochondrial function and apoptotic pathways (23).

Taken together, the available evidence indicates that Tan
ITIA effectively counteracts DOX-induced cardiotoxicity through
that
dysfunction. By simultaneously blocking two key cell death

multitargeted interventions ameliorate mitochondrial
pathways—apoptosis and ferroptosis—Tan IIA offers a more
comprehensive strategy for combating DOX-related cardiac
injury. The identification of a clear mitochondrial target, VDACI,
provides a molecular basis for developing highly selective drugs.
Furthermore, validated targeted delivery strategies establish
a reliable pathway for the efficient and low-toxicity clinical

translation of this agent (Table 3).
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3.3 Anti-inflammatory and anti-fibrotic
effects

3.3.1 Inhibition of inflammatory signaling
pathways

A  major mechanism of DOX-induced cardiotoxicity
involves excessive ROS generation, which elevates inflammatory
chemokines and cytokines, thereby perpetuating inflammatory
responses (73-75). The nuclear factor-«B (NF-«kB) pathway, a
central regulator of inflammation, represents a critical therapeutic
target in this process. Studies show that Tan ITA can effectively
mitigate associated myocardial injury by suppressing NF-kB
activation through multiple molecular pathways.

Tan IIA directly inhibits the nuclear translocation and
activity of NF-«B,
downstream inflammatory factors and mitigating resultant

transcriptional thereby downregulating
damage in both endothelial cells and vascular smooth muscle
cells (VSMCs) (76-78). In endothelial cells, this action suppresses
NEF-kB activation, reducing TNF-a-induced expression of VCAM-1
and ICAM-1 to produce anti-inflammatory effects (78). Evidence
also indicates that Tan IIA modulates key upstream inflammatory
pathways. It alleviates cardiomyocyte pyroptosis and inflammation
by inhibiting the TLR4/NF-«kB p65 pathway in acute myocardial
infarction, while partially attenuating LPS-induced inflammation
in vascular smooth muscle cells through the TLR4/TAKI1/NF-
kB axis (16, 76). Beyond these direct mechanisms, Tan IIA
also regulates NF-«kB indirectly through complex molecular
networks. Chen et al. demonstrated that it suppresses this pathway
via the circ_0000231/miR-590-5p/TXNIP axis, consequently
reducing inflammatory responses induced by oxidized low-density
lipoprotein (77).

Tan IIA exhibits broad
protective effects. It can reverse the inhibitory effects of TNF-

In terms of cellular function,

a on the proliferation, migration, adhesion, and angiogenic
capacity of endothelial progenitor cells, while also reducing
the secretion of related inflammatory cytokines (79). Moreover,
STS has been shown to improve mitochondrial function and
suppress mitochondrial ROS production by activating AMPK
phosphorylation, ultimately inhibiting NLRP3 inflammasome
activation (80). Additional studies suggest that its protective effects
may also involve the activation of the TGF-B/PI3K/Akt/eNOS
pathway, which alleviates endothelial and inflammatory injury
while lowering blood lipids and stabilizing plaques (81).

In summary, inflammatory response is a central pathological
event in DOX-induced cardiac injury. Through the multi-target
synergistic actions described, Tan ITA effectively inhibits the NF-
kB signaling pathway and its downstream inflammatory cascade,
thereby providing a solid molecular pharmacological basis for
mitigating secondary myocardial damage. The specific anti-
inflammatory mechanisms are summarized in Figure 2A.

3.3.2 Anti-fibrotic and cardiac remodeling effects

DOX can impair myocardial contractile and diastolic functions
by triggering processes such as inflammation, fibrosis, vascular
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remodeling, and cardiomyocyte hypertrophy. These pathological
changes lead to a variety of structural and functional cardiac
abnormalities, ultimately resulting in heart failure and death
(82). Experimental studies by Merten et al. have shown that
cumulative doses of DOX induce hypertrophy in H9c2 rat
cardiomyocytes (83). Research by Jiang et al. further confirmed
that DOX-treated cells exhibit increased surface area and reduced
cell number compared to normal H9c2 cells. In contrast,
STS reverses DOX-induced cardiomyocyte hypertrophy, alleviates
cellular disarray, reduces vacuolization and loss of myofibrils,
and significantly improves cardiac contractility and myocardial
tension (84).

Reportedly, miR-133 is involved in the regulation of myocyte
proliferation and differentiation (85), and has been shown to
improve cardiac reprogramming in mouse or human fibroblasts
by directly targeting Snail, a master regulator of epithelial-to-
mesenchymal transition (86). Moreover, miR-30 and miR-133
directly regulate connective tissue growth factor (CTGE),
playing an important role in myocardial extracellular matrix
remodeling (87). In zebrafish experiments, Mishima et al.
(88) found that miR-1 and miR-133 influence muscle gene
expression and regulate the organization of sarcomeric actin.
Experimental studies by Song et al. (65) demonstrated that Tan
ITA ameliorates myocardial remodeling through regulation of
miR-133 expression. Research by Wang et al. in zebrafish and
C57BL/6 mice also found that Tan ITA ameliorates DOX-induced
cardiac dysfunction and reverses structural abnormalities such
as disorderly arrangement of cardiac tissue, myofibrillar loss,
pyknosis, and plasma-dissolved cardiomyocytes (53). Another
study demonstrated that Tan IIA dose-dependently reverses
changes in left ventricular ejection fraction (LVEF), left ventricular
fractional shortening (LVFS), and left ventricular internal
dimension at end-systole (LVIDs) in DOX-treated groups, and
significantly prevents DOX-induced structural alterations in
cardiomyocytes including myocardial fiber breakage and nuclear
pyknosis (54).

Furthermore, Li et al. showed that Tan IIA alleviates ventricular
remodeling in pressure overload-induced heart failure rats by
suppressing myocardial inflammatory factors (IL-6, CRP) and
cardiomyocyte apoptosis (89). In a myocardial infarction model,
Tan ITA reversed cardiac dysfunction and fibrosis through
inhibition of oxidative stress mediated by Nox4 (90). Additionally,
Jiang et al. revealed that Tan ITA exerts antifibrotic effects on cardiac
fibroblasts and rat cardiac tissue by upregulating miR-618, thereby
suppressing profibrotic factors (84). These findings collectively
reinforce the protective role of Tan ITA against myocardial fibrosis
and cardiac remodeling.

The collective evidence demonstrates that Tan ITA concurrently
targets multiple pathological pathways, including inflammation,
fibrosis, and cardiomyocyte hypertrophy. This multi-faceted action
provides a comprehensive therapeutic strategy to counteract
the complex myocardial remodeling induced by DOX. The key
regulatory molecules involved establish well-defined molecular
targets for developing precise cardioprotective agents. The specific
mechanisms responsible for its anti-fibrotic and anti-remodeling
effects are delineated in Figure 2B. These findings hold significant
implications for improving the clinical management of DOX-
induced chronic cardiomyopathy (Table 3).
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FIGURE 2
The protective mechanism of Danshenone IIA against doxorubicin-induced myocardial inflammation, fibrosis and remodeling. (A) Protective
mechanism of Tan IIA against doxorubicin-induced myocardial inflammation and fibrosis. (B) Protective mechanism of Tan IIA against
doxorubicin-induced myocardial fibrosis and cardiac remodeling. Figure was created with BioGDP.com (135).

3.4 Modulating autophagy and restoring
autophagic flux

The cardiotoxicity induced by DOX is closely associated
with its disruption of the autophagic process in cardiomyocytes.
Autophagy, a critical mechanism for maintaining cellular
homeostasis, metabolic balance, organelle function, and
redox stability (63, 91-93), shows a significant link between
its dysregulation and cardiovascular diseases, particularly
anthracycline-induced cardiotoxicity (AIC) and the resulting
heart failure (53, 92, 94). DOX impairs cellular homeostasis and
contributes to cardiotoxicity by disrupting the dynamic balance
between autophagosomes and autolysosomes and downregulating
autophagic flux in cardiomyocytes such as H9c2 cells (53).

The complete autophagic process relies on the coordinated
action of multiple sequential stages. During the initiation phase,
the UNC-51-like kinase 1 (ULK1) complex drives the synthesis of
the double-membrane autophagosome. The multiprotein complex
assembled by the autophagy-related protein Beclin 1 with Vps34
and UVRAG is subsequently phosphorylated and activated by
ULK1, thereby mediating autophagosome formation (95). The
maturation phase is characterized by the lipidation of microtubule-
associated protein 1 light chain 3 (LC3), marked by the conversion

of the cytosolic form LC3-I to its membrane-bound counterpart,
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LC3-II (96). Finally, in the degradation stage, the autophagosome
fuses with the lysosome to form an autolysosome, within which the
encapsulated contents are degraded by lysosomal acid hydrolases,
a process facilitated by lysosome-associated membrane proteins 1
and 2 (LAMP1/2) (97).

DOX disrupts autophagy by activating its core negative
regulator, mTOR. Specifically, mTOR phosphorylates UNC-51-like
kinase 1 (ULK1) at Ser757, inhibiting its activity. This indirectly
inactivates Beclinl, thereby blocking autophagosome formation
during the autophagy initiation phase (92). Concurrently,
mTOR phosphorylates the basic helix-loop-helix leucine zipper
transcription factor EB (TFEB), resulting in its cytoplasmic
retention and impaired nuclear localization. Consequently, this
suppresses the expression of TFEB target genes, including those
involved in lysosomal biogenesis, such as lysosomal hydrolases,
(LAMP1),
which ultimately disrupts autophagic flux (98). Furthermore,

and lysosome-associated membrane protein 1
DOX inhibits the activity of cathepsin B, impairing lysosomal
proteolysis. This interference with autolysosomal degradation leads
to the accumulation of autolysosomes, hinders autophagosome
formation, and reduces overall autophagic flux.

Tan IIA corrects the abnormal autophagic flux induced
by DOX through a dual mechanism involving enhanced
autophagosome formation and

autolysosomal degradation,
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thereby improving cardiomyocyte viability (53). In zebrafish and
C57BL/6 mouse models of anthracycline-induced cardiotoxicity,
Tan IIA’s restoration of autophagic function via upregulation of
Beclinl and LAMP1 expression, as demonstrated by Wang et al.,
involves increased activity of cathepsin B, thereby improving
lysosomal proteolysis. Furthermore, Tan IIA inhibits mTOR
activation and downregulates phosphorylation of ULKI at
Ser757, which facilitates the recovery of nuclear TFEB levels.
Collectively, these actions restore cardiomyocyte function,
maintain structural collagen deposition, and reverse DOX-induced
cardiotoxicity (53).

The studies discussed above together establish that Tan ITA
mitigates DOX-induced cardiotoxicity via multi-target regulation
of autophagic flux, with the specific mechanisms involved detailed
in Figure 3. Through its dual regulatory actions on the synthesis,
maturation, clearance, and lysosomal biogenesis phases of the
autophagy process, Tan ITA provides a precise and comprehensive
strategy for intervening in the autophagic imbalance caused by
DOX. The key pathways identified, such as those involving
Beclinl and LAMPI1, offer well-defined targets for developing
novel cardioprotective agents centered on the modulation of
autophagy (Table 3).

3.5 Other potential mechanisms

Tan IIA has other
pathophysiological processes closely associated with cardiovascular

also been shown to modulate
diseases, including calcium ion homeostasis, cellular energy
metabolism, endoplasmic reticulum stress, and systemic gut-brain
axis regulation. In the context of DOX-induced cardiotoxicity,
disruption of calcium homeostasis within cardiomyocytes
represents a key injury mechanism (60, 99). Tan IIA may exert
cardioprotective effects by regulating relevant calcium signaling
pathways, a potential mechanism preliminarily observed in models
of cardiotoxicity induced by sunitinib (100).

Metabolic dysfunction represents a key driver of doxorubicin-
induced cardiotoxicity (101), and Tan IIA has been demonstrated
to ameliorate myocardial energy metabolism. Specifically, Zhou
et al. reported that Tan IIA activates the hypoxia-inducible factor
la (HIF-1a) signaling pathway and upregulates glucose transporter
1 (GLUT-1) expression. This action may enhance glucose uptake
and utilization in cardiomyocytes, thereby alleviating energy
metabolism impairment (102).

Endoplasmic reticullum (ER) stress represents a pivotal
mechanism in DOX-induced -cardiotoxicity (103). Tan IIA
mitigates excessive ER stress and maintains ER homeostasis,
thereby reducing consequent cardiomyocyte apoptosis and
dysfunction, partly through upregulating deacetylase SIRT1. This
protective mechanism has also been validated in other models of
ER stress-related cardiomyopathies (104).

Furthermore, the cardioprotective properties of Tan IIA
may extend to systemic regulatory networks (104). DOX can
compromise intestinal barrier function during treatment, leading
to low-grade endotoxemia that exacerbates cardiac inflammation
and injury (105). Research by Zhu et al. demonstrated that Tan
IIA improves the composition of the gut microbiota, reduces
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intestinal mucosal permeability and local inflammation, lowers
circulating levels of lipopolysaccharide (LPS), and indirectly exerts
cardioprotective effects through modulation of the gut-brain
axis (106).

Collectively, these studies indicate that the protective effect of
Tan ITA against DOX-induced cardiotoxicity stems from a multi-
target, multi-pathway approach. This encompasses intracellular
mechanisms including calcium homeostasis regulation, support for
energy metabolism, and maintenance of endoplasmic reticulum
stability, as well as systemic modulation of gut-brain axis function.
By systematically alleviating the multi-faceted cardiac injury caused
by DOX, this evidence provides a robust pharmacological rationale
for its potential clinical application.

4 Clinical applications of Tanshinone
[1A in doxorubicin-induced
cardiotoxicity

In the field of adjuvant cancer therapy, pharmaceutical
preparations containing Tan ITA are widely used to mitigate
DOX-induced cardiotoxicity. Network pharmacology studies and
experimental research indicate that Danshen Injection and
Danhong Injection can counteract acute myocardial injury
through multi-target mechanisms (67, 107). Specifically, Yi
et al. demonstrated that Danhong Injection alleviated DOX-
induced cardiotoxicity in rats by inhibiting apoptotic pathways,
as evidenced by improvements in electrocardiographic parameters
and reductions in serum biochemical markers (67). Furthermore,
a clinical study by Kong et al. showed that the combined use of
Tongluo Ningxin Formula with anthracycline-based chemotherapy
significantly reduced the incidence of ST-T segment abnormalities,
decreased QRS wave voltage, and lowered the occurrence of
arrhythmias in patients. It improved cardiac function, as reflected
by an increase in left ventricular ejection fraction (LVEF), and
modulated serum markers of myocardial status, elevating cardiac
troponin T (cTnT) and superoxide dismutase (SOD) levels (108).

Tan IIA, particularly in its sulfonated form, has demonstrated
clinical benefits in cardiovascular contexts. Research by Peng et al.
and Wu et al. indicates that STS, when combined with standard
therapy, reduces the frequency and duration of angina episodes,
improves electrocardiographic findings and clinical symptoms,
and lowers levels of blood lipids and inflammatory markers
(109, 110). The findings from a randomized controlled trial
by Li et al. offered further support for the anti-inflammatory
effect of adjunctive STS in coronary heart disease, manifested
as significant reductions in systemic markers including hs-
CRP and cellular inflammatory cytokines (111). Collectively, this
evidence establishes the clinical efficacy of STS in ameliorating
myocardial ischemia and inflammation, two key pathogenic
pathways that strongly overlap with the mechanisms underlying
DOX-related cardiotoxicity.

More importantly, Tan IIA may bring additional benefits to
chemotherapy patients with underlying cardiovascular diseases;
this drug has both antihypertensive effects and AIC effects,
serving as a highly promising intervention for cancer patients
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FIGURE 3
The protective mechanism of Tan IIA against the abnormal autophagic flux caused by DOX. Figure was created with BioGDP.com (135).

with comorbid hypertension, demonstrating significant potential
for synergistic treatment of multiple diseases, and providing a
new therapeutic option for special cancer populations (112).
Although Tan ITA has shown important value in the field of
cancer comorbidities, direct clinical studies on special populations
such as elderly cancer patients and those with comorbid diabetes
mellitus, hyperlipidemia, or potential cardiovascular diseases
remain relatively scarce at present, and its synergistic advantages
in synchronously regulating underlying diseases during cancer
treatment have not yet been fully verified and explored, which
makes in-depth exploration in this direction have important clinical
significance and research prospects. Therefore, future studies
should focus on the efficacy, safety, and mechanism of action of
Tan IIA in cancer patients with comorbidities such as metabolic
diseases and cardiovascular diseases, clarify its application value
in special populations, and provide high-quality evidence-based
medical basis for promoting clinical translation and formulating
individualized treatment strategies.

As a commonly used cardioprotective drug in clinical practice,
Dexrazoxane has a definite effect in preventing doxorubicin-related
cardiotoxicity while Tanshinone IIA shows superior potential value
in some cardioprotective effects. A meta-analysis systematically
evaluated the role of various drugs in the prevention and treatment
of anthracycline-induced cardiotoxicity (AIC), and the results
demonstrated that Dexrazoxane and Tan IIA have their own
advantages in improving different cardiac function indicators.
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Specifically, both compound Salvia miltiorrhiza preparations
containing Tan ITA and Qili Qiangxin Capsules are more effective
than Dexrazoxane in improving left ventricular ejection fraction
(LVEF), while Dexrazoxane is slightly more effective than Salvia
miltiorrhiza preparations in reducing the level of myocardial
enzyme CK-MB after chemotherapy (113). These study results
confirm that Tan ITA has important research significance in the
field of anthracycline-induced cardiotoxicity, and we therefore
compared the two drugs in terms of efficacy, safety, and action
targets (Table 4). At present, clinical studies directly comparing the
two are still relatively limited, so future research needs not only to
deepen the clinical exploration of Tan ITA but also to strengthen
head-to-head comparison and combined application research of
the two drugs, thereby providing more direct reference evidence for
the rational clinical application of Tan ITA.

5 Challenges and future prospects

Tan IIA demonstrates significant potential in preventing
and treating DOX-induced cardiotoxicity; however, its clinical
translation faces multiple challenges. The inherent lipophilicity
of Tan IIA leads to poor aqueous solubility and low oral
bioavailability, which represents a primary barrier to its widespread
application (24). Although its sulfonated derivative, STS, addresses
the solubility issue, its stability, targeting specificity, and clearance
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TABLE 4 The advantages and disadvantages of dexrazoxane and Tanshinone lIA in terms of differences in efficacy, safety profile, and therapeutic targets.

Drug

characteristics

Core target

Dexrazoxane

It has a single target and strong specificity, mainly reducing
the formation of doxorubicin-iron complexes through iron
chelation to inhibit oxidative stress, inhibiting
topoisomerase IIf to prevent DNA damage, and suppressing
the p38 MAPK/NF-kB pathway to reduce cardiomyocyte
apoptosis and necrosis (123-126)

Tanshinone lIA

It targets a variety of molecules and acts through a wide range of
signaling pathways. It mainly exerts potent antioxidant effects by
activating the Nrf2 pathway, exerts anti-inflammatory effects by
inhibiting the NF-kB pathway, maintains cardiomyocyte homeostasis
by regulating the autophagy pathway, and protects myocardial
mitochondrial function while attenuating myocardial fibrosis and
ventricular remodeling, thereby reducing cardiomyocyte apoptosis

(17, 50, 51, 53, 54, 65-68, 77)

and caution is warranted when administered in combination
with other agents. The primary adverse effect is the potential
induction of secondary malignancies, including acute
myeloid leukemia and myelodysplastic syndrome, which
may increase the burden of chemotherapy resistance.
Additional adverse reactions include nausea, alopecia,

mucositis, vomiting, and elevated liver enzymes (9, 131-133)

Therapeutic It possesses a high level of evidence but has limitations in It has a wide range of effects, but the level of evidence needs to be
characteristics clinical application. In the FDA-approved indication improved. In addition to cardioprotection, it has auxiliary therapeutic
(metastatic breast cancer with a cumulative doxorubicin value for various cardiovascular diseases and can provide additional
dose >300 mg/m?), it can significantly reduce the risk of benefits for patients with comorbid underlying diseases; however, there
heart failure by approximately 80%, whereas data for other is currently a lack of direct, large-sample RCT evidence to prove that it
tumor types and pediatric patients remain limited (9, 127) can reduce the incidence of heart failure in the population, and the
clinical improvement effect on key indicators such as LVEF also needs
to be confirmed by higher-quality studies (112, 128-130)
Safety profile This drug is associated with well-defined adverse reactions, Adverse reactions are mild with good tolerability. Hypersensitivity

reactions are the main clinical manifestations, such as rash and

phlebitis, and fever, abdominal pain are rare (134)

MAPK, mitogen-activated protein kinase; NF-k B, nuclear factor kappa-light-chain-enhancer of activated B cells; Nrf2, nuclear factor (erythroid-derived 2)-like 2.

rate within the body require further optimization. Furthermore,
high concentrations of Tan ITA or STS have shown potential
cytotoxicity or developmental toxicity in certain models such as
zebrafish embryos, HEK293 cells, and vascular smooth muscle cells
(VSMCs) (114, 115), necessitating precise control over dosage and
targeted release.

Additionally, the dual regulatory mechanism of Tan IIA,
which enhances chemosensitivity in tumor cells while protecting
cardiomyocytes, necessitates a high degree of in vivo targeting
specificity (40). Consequently, the development of intelligent
dual-targeting delivery systems capable of distinguishing between
the tumor microenvironment and the injured myocardial
microenvironment is critical for achieving optimal therapeutic
outcomes. Future progress in the clinical translation and
application of Tan IIA in cardio-oncology will be significantly
advanced through rational formulation design based on
pharmacokinetic principles, precise investigations of drug-drug
interactions, and exploration of alterations in its pharmacokinetic
behavior under pathological conditions (116).

Current clinical evidence supporting the preventive and
therapeutic effects of Tan IIA and its sulfonated derivative (STS)
against DOX-induced cardiotoxicity predominantly derives from
systematic evaluations of traditional Chinese medicinal compound
formulations. A notable limitation remains the scarcity of high-
quality randomized controlled clinical trials, which constrains the
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full realization of their clinical value (109, 117). Future research
efforts should prioritize the development of more sophisticated
intelligent targeted delivery systems to achieve ultra-precise
targeting and controlled drug release within cardiomyocytes.
Concurrently, continued exploration of localized administration
strategies is essential to facilitate the long-term, sustained release
and maintenance of high Tan IIA concentrations at cardiac
sites, thereby effectively addressing the challenge of chronic
cardiotoxicity (47, 118).

On the molecular level, AIC is closely linked to the non-specific
inhibition of topoisomerase II beta (Top2f) (119, 120). Future
investigations should aim to clarify whether Tan IIA influences
the activity or degradation of Top2f, which would help determine
if its cardioprotective mechanism parallels that of the standard
protective agent dexrazoxane (55). Notably, research has revealed
that Tan IIA inhibits ferroptosis, mediated through the voltage-
dependent anion channel 1 (VDACL1), an important mechanism
underlying its cardioprotective action (69, 72). Subsequent studies
could systematically evaluate the cardioprotective efficacy of
Tan ITA within the pathological context of iron metabolism
dysregulation induced by DOX.

Furthermore, the regulatory role of Tan IIA in autophagy
warrants in-depth
cardiomyocytes (121). It is worth noting that the application

more investigation  specifically  in

of network pharmacology and artificial intelligence technologies
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holds promise for more effectively predicting the multi-target
of Tan IIA,
formulation compatibility, accelerating the design of novel
DDS, enhancing  pharmacokinetic/pharmacodynamic
(PK/PD) predictions. This integrated approach can thereby
provide robust guidance for preclinical research and formulation

interaction networks optimizing compound

and

optimization (122).

6 Conclusions and perspective

Tan IIA, the primary lipophilic active constituent derived
from the traditional Chinese herb Salvia miltiorrhiza (Danshen),
demonstrates significant therapeutic potential in preventing and
treating DOX-induced cardiotoxicity. Its core protective effects
stem from multifaceted pharmacological actions, including potent
antioxidant activity, inhibition of cardiomyocyte apoptosis, and
attenuation of inflammatory responses and fibrosis. Substantial
research confirms that Tan IIA and its derivatives effectively
mitigate DOX-induced myocardial injury and improve cardiac
function. Notably, Tan IIA possesses a dual capability: it acts
as a chemosensitizer in tumor cells while providing protection
to cardiomyocytes. This unique profile positions it as an
ideal adjunctive strategy in chemotherapy. Importantly, novel
drug delivery technologies, particularly ROS-responsive and
mitochondria-targeted nanocarriers, as well as synergistic co-
delivery systems, offer promising solutions to challenges such
as its low bioavailability. These approaches hold potential for
achieving precise and controlled drug release at the site of cardiac
injury. Currently, STS injection has established a foundation
for clinical application in cardiovascular diseases. However, the
evidence level for Tan ITA in managing DOX cardiotoxicity requires
further elevation through well-designed, high-standard prospective
clinical trials. Future research should focus on elucidating the
key molecular mechanisms underlying its cardioprotective effects,
optimizing intelligent targeted delivery systems to enhance its
pharmacokinetic profile, and conducting rigorous clinical studies.
These efforts will ultimately facilitate the translation of Tan IIA into
a widely adopted clinical therapy for AIC.
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