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Tianxiangdan (TXD), a traditional Chinese herbal remedy, demonstrates efficacy in mitigating
myocardial ischemia-reperfusion (I/R)-induced damage. This study employed network phar-
macology to evaluate the therapeutic targets and mechanisms of TXD in treating I/R. High-
performance liquid chromatography-mass spectrometry (HPLC-MS) identified 86 com-
pounds in TXD. Network pharmacological analysis predicted potential target genes and their
modes of action. Cardiac function, ischaemic ST changes, lactate dehydrogenase (LDH),
malondialdehyde (MDA), superoxide dismutase (SOD) activity, myocardial fiber, and infarct
size were assessed using in vivo and in vitro 1/R injury models. Estrogen receptor alpha (ERa)
protein expression and estradiol (E2) levels were measured to confirm TXD’s impact on estro-
gen levels and ERa expression. To examine if TXD reduces I/R injury through ERa, an AZD
group (300 nmol-L™" AZD9496 and 15% TXD serum) was compared to a TXD group (15% TXD
serum). The study hypothesized that TXD upregulates the ERa-mediated iron metamorphosis
pathway. I/R injury-induced ferroptosis was identified using a Fer-1 group (1.0 umol-L™ Fer-
1 and 15% TXD serum) to elucidate the potential association between ferroptosis and ERa
proteins. A DCFH-DA probe detected reactive oxygen species (ROS) and Fe®*, while Western
blotting assessed target protein expression. Both in vitro and in vivo experiments demon-
strated that TXD attenuated I/R injury by reducing elevated ST-segment levels, improving
cardiac injury biomarkers (LDH, MDA, and SOD), alleviating pathological features, and pre-
venting I/R-induced loss of cell viability in vitro. The effects and mechanisms of TXD on I/R in-
jury-associated ferroptosis were investigated using I/R-induced H9c2 cells. The TXD group
showed significantly decreased ROS and Fe*" levels, while the AZ group (treated with
AZD9496) exhibited increased levels. The TXD group demonstrated enhanced expression of
ERa and glutathione peroxidase 4 (GPX4), with reduced levels of P53 protein and ferritin-
heavy polypeptide 1 (FTH1). The AZ group exhibited contrasting effects on these expression
levels. The literature indicated a novel connection between ERa and ferroptosis. TXD activ-
ates the ERa signaling pathway, promoting protection against I/R-induced myocardial cell
ferroptosis. This study provides evidence supporting TXD use for myocardial ischemia treat-
ment, particularly in older female patients who may benefit from its therapeutic outcomes.

1. Introduction

of blood flow to the coronary arteries. However, clinical observa-
tions frequently indicate that myocardial damage exacerbates

Heart failure represents a significant public health challenge,
with its prevalence increasing in recent years. This trend may be
attributed to an aging population and improved survival rates
among patients with coronary artery disease (CAD) '. Acute
myocardial infarction (AMI), a severe cardiac condition, primar-
ily results from thrombus formation obstructing coronary arter-
ies °. The standard treatment for AMI involves rapid restoration
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during the reperfusion phase, leading to myocardial ischemia-
reperfusion (I/R) injury °. Despite the high morbidity and poor
prognosis associated with I/R, effective prevention and treat-
ment strategies remain elusive, necessitating urgent research at-
tention. This study investigates the pathogenesis of I/R and ex-
plores therapeutic approaches using Chinese patent medicines.
Research indicates that women face a higher risk of heart
failure following myocardial infarction. Furthermore, the preval-
ence of hypertension in women increases with age *. Menopausal
hypertensive patients often experience greater blood pressure
fluctuations. Additionally, compared to patients with convention-

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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al cardiovascular disease, older women may exhibit elevated
pulse pressure and disorders in glucose and lipid metabolism.
Consequently, achieving optimal therapeutic outcomes solely
through antihypertensive treatment presents challenges °. Estra-
diol (E2) supplementation can be beneficial, as it promotes vas-
odilation, protects vascular endothelium, reduces blood pressure
levels, and mitigates disease severity °. However, estrogen ther-
apy may elevate the risk of breast and endometrial cancers. In
contrast, hormone replacement therapy based on traditional
Chinese medicine (TCM) can offer effective treatment with com-
paratively lower risk . Moreover, due to potential health risks as-
sociated with hormone therapy, estrogen-activating agents are
currently being utilized to treat myocardial ischemia in meno-
pausal women.

Tianxiangdan (TXD) is a TCM formula that has been used for
centuries, with historical accounts suggesting its formulation by
Xunbang Zhang during the Ming Dynasty (14" century). In TCM,
TXD is believed to tonify the heart and Qi (vital energy) while ex-
hibiting calming and anti-inflammatory properties. In modern
pharmacological research, TXD has gained interest for drug de-
velopment and was approved for clinical trials as a novel Chinese
medicine in 2015 (approval number: 2015L03185) *. TXD com-
prises water extracts of Rhodiolae Crenulatae Radix et Rhizoma
(Hongjingtian), Dalbergiae Odoriferae Lignum (Jiangxiang), Small
Leaf Ziziphora (Xintahua), and Salviae Miltiorrhizae Radix et
Rhizoma (Danshen) in equal proportions (1:1:1:1). Research
has demonstrated that TXD exerts its effects against atherosclero-
sis via nuclear factor kappa B (NF-«B) and p38 mitogen-activated
protein kinases (p38/MAPK) signaling pathways, and improves
coronary microvascular dysfunction (CMD) in rats by suppress-
ing inflammation in the micro-vessels through nuclear factor
erythroid 2-related factor 2 (Nrf2) activation ®°. The pathogenes-
is of CAD is closely linked to atherosclerosis, CMD, and
ischemia/reperfusion (I/R) injury. Furthermore, atherosclerosis
can induce CMD, thereby substantially increasing the risk of
myocardial I/R injury *’.

In this study, network pharmacology was employed to ana-
lyze the molecular interactions and target relationships between
the active compounds of TXD and I/R. It integrates preliminary
findings on the association of estrogen receptor alpha (ERa), fer-
roptosis, and TXD with current scientific insights to provide evid-
ence for I/R therapy. Ferroptosis, an iron-dependent, non-apop-
totic form of cell death, is primarily characterized by reactive
oxygen species (ROS) accumulation. It plays a critical role in the
pathophysiology of I/R injury, where it regulates key pathways
involving ROS production, glutathione peroxidase 4 (GPX4), and
autophagy-dependent ferroptosis pathways . The aim of this re-
search is to present evidence for treating I/R patients, particu-
larly elderly women, with TXD, which could potentially improve
therapeutic outcomes. This research aims to present evidence for
treating I/R patients, particularly elderly women, with TXD, po-
tentially improving therapeutic outcomes. The study highlights
innovative approaches in TCM for myocardial ischemia treat-
ment. It suggests that hormone replacement therapy derived
from TCM could offer a safer and more effective solution for men-
opausal women, with reduced associated risks.

2. Materials and methods

2.1. Animals and ethical approval

A total of 80 SPF-grade SD rats (70 females and 10 males)
were obtained from the Animal Experimental Center of Xinjiang
Medical University (SCXK: 20220003). The study was approved
by the Experimental Animal Ethics Committee of Xinjiang Medic-
al University (Ethics approval number: IACUC-20210326-13) and
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conducted in full compliance with the ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines.

2.2. Materials

TXD (20210816) was obtained from Xinjiang Autonomous
Region Traditional Chinese Medicine Hospital (Xinjiang, China).
Estrogen receptor inhibitor (S837201) was procured from Sel-
leck (Houston, USA). Ferroptosis inhibitors (hy-100579) were ac-
quired from MCE (New Jersey, USA). Bicinchoninic acid (BCA) kit
(Prilley, CAS: p1511-1/2/3); cell counting kit-8 (CCK-8) kit (Abb-
kine, CAS: KTC011001); ROS kit (S0033s), lactate dehydrogenase
(LDH) kit (C0016), superoxide dismutase (SOD) kit (S0101s) and
malondialdehyde (MDA) kit (S0131s) were obtained from Biy-
untian (Shanghai, China). Dulbecco’s modified eagle medium
(DMEM) (41420ES76) and pancreatic enzyme (40126ES60) were
purchased from Yeasen (Shanghai, China). Fetal bovine serum
(16000044) was acquired from GIBCO (Waltham, USA); P53 anti-
body (ab131442), ferritin-heavy polypeptide 1 (FTH1) antibody
(ab266581), GPX4 antibody (ab144369) and goat anti-rabbit sec-
ondary antibody (ab150077) were obtained from Abcam (Shang-
hai, China). Salidroside (10338-51-9), tyrosol (501-94-0), and
salvianolic acid B (121521-90-2) were procured from MCE (New
Jersey, USA).

2.3. HPLC-MS analysis of TXD components

The components of TXD were analyzed using the Waters UP-
LC Xevo T Q-S micro (Waters Corporation, Milford, MA, USA). To
prepare the TXD solution, 2.0 g of TXD powder was precisely
weighed and combined with 20 mL of water. The mixture under-
went water bath reflux extraction for 60 min, after which it was
allowed to cool. Subsequently, the water quantity was adjusted to
compensate for any weight loss, and the resulting solution was
filtered.

The chromatographic analysis employed an ACQUITY UPLC
HSS T3 column (2.1 mm x 100 mm, 1.8 pm). The mobile phase
consisted of 0.1% formic acid aqueous solution (A) and acetoni-
trile (B). Gradient elution was performed at a column temperat-
ure of 40 °C and a flow rate of 0.25 mL-min™". The injection
volume for gradient elution was 5 pL.

The ionization technique employed was electrospray ioniza-
tion (ESI), utilized in both positive and negative ion detection
modes. The mass spectrometer parameters were as follows: scan-
ning range of mass-to-charge ratio (m/z) 50-1200; capillary
voltage of 3.0 and 2.5 kV for positive and negative ion modes, re-
spectively; cone hole voltage of 40 V; cone hole gas flow rate of 50
L-h™"; desolvation gas flow rate of 900 L-h™%; collision gas flow
rate of 0.2 mL-min”’; ionization source temperature of 150 °C;
and desolvation gas temperature of 350 °C. The data acquisition
method utilized was the Mississippi Educator Career (MSE) Con-
tinuum.

2.4. Prediction of targets and mechanisms of TXD-1/R via network
pharmacology

GeneCards (http://www.genecards.org) was utilized to ob-
tain target information for the chemical composition of TXD by
high-performance liquid chromatography-mass spectrometry
(HPLC-MS). Additionally, DisGeNET (https://www.disgenet.
org/), Therapeutic Target Database (TTD, https://db.idrblab.
net/ttd/), and the Online Mendelian Inheritance in Man (OMIM,
http://omim.org) were employed with the disease keyword
“myocardial ischemia” to acquire various disease targets related
to myocardial ischemia. To identify potential co-acting targets for
TXD-I/R, a Venny diagram was generated using Venny 2.0 via li-
uxiaoyuyuan.cn. The protein-protein interaction (PPI) network
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was constructed using STRING (https://cn.string-db.org/) with
TXD-I/R target inputs, setting the criteria as “Homo sapiens” and
“highest confidence (> 0.9) ”. Cytoscape3.9 (http://cytoscape.

org/) was employed to visualize the network and generate TXD-
chemical composition-target-myocardial ischemia maps. Gene
Ontology (GO)-biofunction and Kyoto Encyclopedia of Genomes
(KEGG) signaling pathways were screened in Metascape
(http://metascape.org/) using TXD-I/R targets. In the DockThor
platform (https://dockthor.Incc.br/), ERa underwent molecular
docking with salidroside, which possessed the greatest amount of
TXD moiety. The optimal conformation with the lowest docking
binding energy was selected for analyzing the binding mode. The
results were visualized using Pymol 2.3.0 software.

2.5. Establishment of ovariectomy (OVX) model

Rats were weighed and anesthetized via intraperitoneal in-
jection of pentobarbital sodium (40 mg-kg™'). The animals were
positioned laterally on the operating table, and their muscle lay-
er was carefully separated using blunt forceps to expose the
ovary. The ovarian structure was observed to closely resemble a
chrysanthemum in appearance. Using blunt forceps, the ovary
was gently grasped, and a non-absorbable suture soaked in nor-
mal saline was introduced below it to create a secure ligation. The
ovaries were then excised using ophthalmic scissors. Finally, an
appropriate amount of penicillin powder was applied to the sur-
gical site, which was subsequently closed with an absorbable su-
ture, as previously described *%.

2.6. Establishment of myocardial /R model

The female SD rats (n = 70) were initially anesthetized
through intraperitoneal injection of pentobarbital sodium (40
mg-kg™"). Their four limbs were then immobilized for electrocar-
diogram analysis via a standard lead II electrocardiograph. Fol-
lowing skin preparation of the left sternal rib, the pectoralis ma-
jor muscle was meticulously dissected layer by layer using
homeostatic forceps to expose the left atrial region of the heart.
Subsequently, the left anterior descending atrium was ligated
with a suture. The rats were then subjected to 30 min of ischemia
followed by reperfusion . In the Con (control) and OVX groups,
the coronary artery remained unligated after threading, with oth-
er procedures mirroring those described above. Finally, heart tis-
sues and serum were collected for subsequent experiments.

HO9c2 cells were cultured in glucose-deficient DMEM and in-
cubated in a 37 °C Tri-Gas incubator (1% O,, 5% CO,, and 94%
N,) for 6 h. Subsequently, the incubator conditions were adjus-
ted to 95% air and 5% CO, for an additional 2 h .

2.7. Experimental design

Female SD rats (n = 70, age = 9 weeks old, weight = 210 + 40
g) were maintained in the Experimental Animal Centre of Xinji-
ang Medical University under controlled conditions: room tem-
perature (22 # 2) °C, relative humidity of 50% * 5%, and a 12 h
alternating light and dark cycle. The rats were randomly as-
signed to 7 groups of 10 rats each, as indicated in the table (Fig.
1A). Additionally, H9c2 cells were cultured in DMEM supplemen-
ted with 5% fetal bovine serum and 100 unit-mL™ penicillin in a
humidified incubator at 37 °C with 95% air and 5% CO,. These
cells were subsequently divided randomly into seven distinct
groups as outlined in the table (Fig. 1B).

2.8. Treatment with drug-containing serum

The TXD dosage was calculated based on the body surface
area of humans and animals as well as the standard daily dosage
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for adults (TXD capsules, thrice daily, 4 capsules per administra-
tion). TXD capsules (0.378 g-kg™'-d™") were administered for 4
consecutive days. Subsequently, male SD rats (n = 10) were anes-
thetized via intraperitoneal injection of pentobarbital sodium (40
mg-kg™"). After 1 h, blood was collected from their abdominal
aorta and left to stand at room temperature for 20 min. The su-
pernatant was then centrifuged at 4 °C for 10 min at 1500 r-min~".
Finally, the complement was inactivated in a water bath for 30
min, filtered through a 0.22 um filter, aliquoted, and stored at
-80 °C for future use.

2.9. Cardiac function data detection and collection

Female SD rats were fasted without water for 12 h prior to
surgery. Anesthesia was induced by an intraperitoneal injection
of sodium pentobarbital (40 mgkg™), and the rats were posi-
tioned on the operating table. Then the neck and chest areas were
disinfected using standard surgical protocols. A tracheotomy was
then performed, followed by intubation, and the rats were con-
nected to a ventilator (frequency = 65 beats/min, tidal volume =
18 mlL, inspiratory-expiratory ratio = 2:1). Finally, needles for
electrode placement were inserted subcutaneously into the
limbs, and the electrodes were connected to the BL-420S Biofunc-
tion Experiment System.

2.10. 2,3,5-Chlorophenyltetrazolium (TTC) staining of rat heart

The heart tissues, previously stained with Evans blue, were
excised and subsequently sectioned into 2-3 mm circular slices
from the base to the apex. These sections were then incubated at
37 °Cin 1% TTC dye for 15 min, followed by fixation in 4% para-
formaldehyde. Post-staining, the non-infarcted myocardial tissue
in the at-risk area appeared red, while the infarcted zone was dis-
tinguishable by its white coloration.

2.11. Hematoxylin-eosin (HE) staining of rat’s myocardium

Upon completion of the ischemic period, the cardiac tissues
underwent fixation in 4% paraformaldehyde, followed by dehyd-
ration in ethanol. The tissues were then washed, embedded in
paraffin, and subsequently in neutral gum. Hematoxylin staining
was applied for 5 min, followed by eosin staining for 1 min. Fi-
nally, the samples were subjected to dehydration, neutral gum
treatment, and transparency procedures before image acquisi-
tion.

2.12. Determination of LDH in rat blood

Following anesthesia, 2 mL of carotid blood was extracted
from the rats and left to stand at room temperature for 2 h. Sub-
sequently, the supernatant underwent centrifugation at 1 x 10*
r-min~' for 10 min at 4 °C. The LDH content was then measured
according to the kit’s protocol.

2.13. Measurement of MDA and SOD content in rat myocardial tis-
sues

Frozen rat myocardial tissues underwent homogenization
and subsequent centrifugation at 1 x 10* r-min™" for 10 min. The
resulting supernatant was collected for the determination of MDA
and SOD levels, following the protocols specified in the respect-
ive assay Kkits.

2.14. Cell viability assessment via CCK-8 method

Following the grouping and treatment of H9c2 cells with
various drugs at 37 °C in CO,, a 5% CCK-8 solution was applied to
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A Pre-adaptation OovVX Administration Hypoxia-ischemia Reperfusion
Con
ovX +
I/R + + +
s E2 + 0.8 mg-kg-d™' E2 + +
W TXD-H + 0.8 mg-kg™'-d"! TXD + +
S 2 TXD-M + 0.4 mg-kg™'-d” TXD + +
TXD-L + 0.2 mg-kg™"-d! TXD + +
7d 60d 30 min 30 min
Subsequent treatment -
Administration Hypoxia Reperfusion
Con
I/R + +
AZ 300 nmol-L™! AZD9496 + 15% TXD medicated serum + +
E2 10* mol-L ™! E2 + +
TXD-H 15% TXD medicated serum + +
TXD-L 5% TXD medicated serum + +
Fer-1 1.0 pmol-L™! Fer-1 + 15% TXD medicated serum + +
24h 6h 2h
Subsequent treatment

Fig. 1 The schematic representation of experimental grouping and corresponding treatment on (A) rat and (B) H9c2 cells.

the cells for 30 min, adhering to the detection kit instructions.
Subsequently, the optical density values of cells in each group
were measured using an enzyme-linked immunosorbent assay at
450 nm.

2.15. Determination of E2 in rat blood and H9c2 cells

Following anesthesia, 2 mL of carotid blood was collected
from the rats and left to stand at room temperature for 2 h. The
supernatant was subsequently centrifuged at 1 x 10" r-min™ for
10 min at 4 °C, and the E2 content was measured according to the
kit's protocol. After treatment of each cell group, the culture me-
dium was removed, and the cells were washed three times with
DMEM. The E2 content was then determined following the Kit’s
instructions. At the conclusion of the incubation period, the ab-
sorbance values of each cell group were measured using an en-
zyme marker.

2.16. Determination of Fe** in H9c2 cells

Following the treatment of each cell group, the culture medi-
um was removed and the cells were rinsed three times with
DMEM. The Fe** content was measured according to the kit’s pro-
tocol. At the conclusion of the incubation period, the absorbance
values for each cell group were observed using enzyme markers.

2.17. Detection of ROS by DCFH-DA probe in H9c2 cells

Upon reaching 80%-90% confluency, the H9c2 cells were
grouped and modeled. Subsequently, 1 mL of probe containing
DCFH-DA (1 x 10™* mol-L™) was introduced and incubated for 30
min at room temperature. The treated cells were then examined
and imaged using a Leica TCS SP8 X laser confocal microscope
(Ex: 488 nm, E: 525 nm).

2.18. Western blotting analysis

EProtein extraction was performed on H9c2 cells and
myocardial lysates obtained from the anterior wall of the left
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ventricle. The protein concentration was subsequently determ-
ined using the BCA protein quantification kit. Equal quantities of
protein were then separated on Bolt™ 4 to 12% BisTris protein
gels for 80 min and transferred to PVDF membranes for 50 min.
The membranes were incubated with primary antibodies in a re-
frigerated shaker at 4 °C for 12 h, washed three times with PBS
for 10 min each, and then treated with secondary antibodies. Fi-
nally, an electrochemical luminescence (ECL) reagent was ap-
plied to visualize the protein bands. The resulting band intensit-
ies were analyzed using Image] software to determine relative
protein levels.

2.19. Statistical processing

The data are presented as mean = SD and analyzed using
GraphPad Prism 9.0 software. The differences among multiple
groups were analyzed by one-way analysis of variance. A P-val-
ue < 0.05 was considered statistically significant.

3. Results

3.1. Detection of the main components of TXD by HPLC

HPLC-MS is a sophisticated analytical technique that com-
bines the separation capabilities of liquid chromatography with
the structural analysis prowess of mass spectrometry. Its notable
advantages, including high specificity and sensitivity, make it par-
ticularly suitable for analyzing complex systems *°. In this study,
HPLC-MS was utilized to analyze the chemical components in the
TXD capsule, identifying 86 promising components for future
clinical trials and subsequent drug development. A superior peak
shape indicates higher column efficiency and improved separa-
tion. The column’s separation capacity reflects its ability to differ-
entiate targets (peaks); thus, enhanced separation facilitates easi-
er baseline separation between two peaks '*. TXD demonstrated
good and consistent peak shape and separation, with detection
completed within a retention time of approximately 50 min (no
additional peaks were observed after 50 min). The primary com-
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ponents of TXD were identified as: 1. daidzein; 2. miltirone; 3. iso-
mucronustyrene; 4. liquiritigenin; 5. rosmarinic acid; 6. salidros-
ide; 7. salvianic acid A; 8. rutin; 9. kaempferide; 10. linarin; 11.
cryptotanshinone; 12. lithospermic acid; 13. formononetin (Fig.
S1, Table S1).

3.2. Candidate targets of TXD and myocardial 1/R injury-induced
ferroptosis

Molecular docking plays a critical role in virtual screening by
accurately predicting favorable binding configurations between
ligands and protein binding sites based on energy considerations.
This approach enables the ranking and prioritization of com-
pounds based on predicted binding affinities. In this study, 1599
myocardial ischemia targets were identified through screening
the OMIM and DisGeNET databases, while 257 targets were
found by searching the HPLC/MS-based chemical composition of
TXD on TTD (Fig. 2A). The intersection of drug and myocardial
ischemia targets yielded 84 common targets, which were then
imported into the STRING database to generate a PPI network
(Fig. 2B). Additionally, GO (Fig. 2C) and KEGG (Fig. 2D) enrich-
ment analyses were conducted on the selected targets. Upon ob-
serving a potential correlation between ferroptosis and ERa, the
study investigated TXD’s potential to enhance E2 and ERa expres-
sion in ovariectomized rats. The initial hypothesis posited that
ERa might regulate the ferroptosis pathway. Finally, molecular
docking visualization was performed between ERa and salidros-
ide, the latter being the most abundant component of TXD (Fig.
2E).

3.3. TXD therapy can protect the heart against I/R-induced dam-
age in rats

Persistent elevation of ischemic ST segment alterations, as
evidenced by electrocardiographic analysis, indicates the pres-
ence of myocardial ischemia ". During an ischemic event, these
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ST changes increase progressively for 30 min before gradually
stabilizing following reperfusion. The study demonstrates that
both TXD and E2 significantly mitigated the magnitude of ischem-
ic ST changes (Fig. 3A).

TTC staining functions as a crucial marker for myocardial
ischemia "*. In this study, extensive myocardial infarction was ob-
served in the I/R group, which was significantly mitigated by TXD
and E2 administration (Fig. 3B).

The myocardial sections in the I/R group demonstrated sig-
nificant pathological changes compared to the control group, as
anticipated. These changes included disorganized myocardial
fiber arrangement, partial myocardial fiber rupture and dissolu-
tion, myocardial cell edema, cell gap expansion, and substantial
inflammatory cell infiltration. However, TXD and E2 treatments
notably mitigated these symptoms (Fig. 3C). Previous research
has established that serum LDH levels serve as a molecular indic-
ator of myocardial injury '’, while SOD and MDA function as
markers of oxidative stress. Consequently, measuring the serum
concentrations of SOD, LDH, and MDA allows for the assessment
of their content. The results revealed that, in comparison to the
control group, the I/R group exhibited significantly elevated con-
centrations of LDH and MDA, whereas SOD concentrations were
markedly reduced (P < 0.05). Following TXD and E2 pretreat-
ment, however, LDH and MDA concentrations decreased signific-
antly, while SOD concentrations increased substantially (P <
0.05) (Fig. 3D). Furthermore, the serum concentrations of SOD,
LDH, and MDA in the TXD pretreatment group demonstrated cor-
relation. These findings indicate that TXD effectively prevents I/R-
induced injury.

3.4. Effects of TXD on EZ2 levels and ERa protein expression in rats
and H9c2 cells

AZD9496 pre-treatment was observed to significantly re-
duce ERa protein expression levels in H9c2 cells. Notably, com-
pared to the Con group, the I/R group exhibited significantly de-
creased ERa protein expression; however, TXD treatment re-
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versed this effect in both H9c2 cells (P < 0.05) (Fig. 4A) and in
rats (P < 0.05) (Fig. 4B). The TXD group demonstrated signific-
antly higher E2 levels in both H9¢2 and rat cells compared to the
I/R group (P < 0.05) (Figs. 4C and 4D).

3.5.TXD alleviates 1/R-induced damage by reducing ferroptosis
through ERa upregulation in H9c2 cells

In the TXD group, the level of ROS was significantly lower
compared to the I/R group. Additionally, ROS levels increased
significantly after AZ pretreatment. TXD effectively prevented I/R-
induced myocardial injury by inhibiting ROS levels (Fig. 5A).
Western blotting analysis detected the expression of various pro-
teins associated with ferroptosis and ERa after AZ and Fer-1 pre-
treatment. The expression levels of P53, GPX4, and FTH1 were
significantly higher in the TXD group compared to the I/R group
(P < 0.05). Furthermore, the expression of P53, GPX4, and FTH1
increased significantly after AZ pretreatment (P < 0.05), indicat-
ing that ERa could be used to treat I/R-induced ferroptosis (Fig.
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5B). Moreover, a significant increase in Fe’* contentwas ob-
served in H9c2 cells in the I/R group compared to the control
group (P < 0.05), suggesting a correlation between I/R and fer-
roptosis. Notably, compared to the TXD-H group, the AZ group
significantly promoted ferroptosis progression (P < 0.05) (Fig.
5C). The CCK-8 assay, examining H9c2 cell activity, revealed that
AZ group cell proliferation activity was markedly inhibited, which
TXD and Fer-1 treatment reversed (P < 0.05). These results sug-
gest that ferroptosis is the primary factor behind I/R injury. Addi-
tionally, the AZ group indicated that ERa plays a significant role
in protecting I/R cells from ferroptosis (Fig. 5D). In conclusion,
these findings demonstrate that TXD pretreatment significantly
upregulates ERa expression and reduces ferroptosis in H9¢2 cells
injured by I/R.

4. Discussion

TCM offers several advantages, including multi-level and
multi-target approaches with fewer adverse reactions. It has
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demonstrated therapeutic effects against myocardial ischemia- moting TCM for treating myocardial ischemia-reperfusion injury
reperfusion (I/R) injury through complex mechanisms. Due to its can significantly contribute to new drug research and develop-
intricate composition, diverse mechanisms of action, and versatil- ment. TXD comprises Rhodiolae Crenulatae Radix et Rhizoma
ity, TCM represents a highly potent system. Consequently, pro- (Hongjingtian), Dalbergiae Odoriferae Lignum (Jiangxiang), Small
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Leaf Ziziphora (Xintahua), and Salviae Miltiorrhizae Radix et
Rhizoma (Danshen). Its primary active compound, salidroside,
has been reported to have myocardial protective effects *’. Fur-
thermore, extracts from Danshen and Hongjingtian, as well as Ji-
angxiang, have been commonly utilized in treating myocardial
ischemia and other cardiovascular diseases °'. Additionally, the
Uygur medicine Xintahua has shown efficacy in treating hyper-
tension, edema, heart disease, insomnia, tracheitis, and hemor-
rhoids *.

Salidroside treatment has been shown to significantly in-
crease estrogen levels and decrease urinary calcium excretion,
thus mitigating the deterioration of trabecular bone in OVX mice
and diabetic mice *’. Research indicates that salidroside can alle-
viate estrogen deficiency-induced osteoporosis and diabetes by
elevating estrogen levels **. This investigation demonstrated that
E2 concentration and ERa protein levels in the OVX group were
markedly lower compared to the Con group; however, TXD treat-
ment substantially increased these levels. Consequently, TXD ap-
pears to influence the estrogen signaling pathway, enabling es-
trogen to perform its normal functions.

Antioxidants and associated enzymes play a crucial role in
preventing cardiovascular diseases. SOD is instrumental in main-
taining the body’s oxidative and antioxidant equilibrium by neut-
ralizing superoxide anions, thereby shielding cells from oxidative
stress-induced damage *°. The human body generates oxygen-
free radicals through both enzymatic and non-enzymatic pro-
cesses, leading to lipid peroxidation and the production of meta-
bolites such as MDA. Consequently, SOD activity levels serve as
an indirect indicator of the body’s capacity to neutralize oxygen-
free radicals “°. Additionally, MDA concentration levels indirectly
reflect the extent of cellular damage caused by oxygen-free radic-
al attacks. Oxidation can significantly impair blood vessel en-
dothelial cells, facilitating the entry of low-density lipoprotein
(LDL) *. Furthermore, oxidation can enhance blood clotting
factor activity, promoting thrombus formation. Notably, treat-
ment with TXD and E2 in I/R rats increased SOD activity while
markedly reducing LDH and MDA levels. Therefore, TXD may mit-
igate various pathological damage to cardiac tissues by modulat-
ing oxidative stress injury through estrogen-like effects.

In most gynecologic cancers, estrogen disrupts intracellular
iron homeostasis and promotes free iron export into the system-
ic circulation. ROS serve as crucial regulators of systemic iron bal-
ance. A study on a female mouse model demonstrated that estro-
gen significantly reduces ROS expression “°. Furthermore, an in
vivo investigation revealed that serum ROS levels decreased by
more than 40% in women receiving E2 treatment *°. Activation of
estrogen-related receptor gamma can also enhance the effect of
ferroptosis in sorafenib-resistant cells *. The present study iden-
tified a correlation between E2 and ferroptosis, observing that re-
duced E2 levels in a de-ovulated rat model resulted in more
severe myocardial injury, which was substantially mitigated fol-
lowing E2 administration. This research is the first to demon-
strate that ERa can effectively regulate ferroptosis and that
AZD9496-induced ERa inhibition promotes ferroptosis-associ-
ated protein expression and hypoxic injury in H9c2 cells.

Excessive intracellular iron accumulation can induce lipid
peroxidation. FTH1 plays a crucial role in reducing intracellular
free iron and mitigating cell damage by maintaining Fe’* homeo-
stasis and preventing its overload. Notably, FTH1 knockout in
cardiac tissues has been shown to disrupt iron regulation and in-
crease cardiac oxidative stress, thereby heightening the risk of
cardiac injury due to iron overload *'. The susceptibility of cells to
ferroptosis is primarily regulated by ROS and GPX4 *. GPX4 in-
hibits ferroptosis by converting toxic lipid ROS into non-toxic lip-
id alcohols in the presence of glutathione (GSH) **. In this study, a
potential association between TXD and ferroptosis was observed.
Furthermore, p53 expression and ROS levels were elevated in the
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I/R group, inducing ferroptosis in cardiomyocytes, which aligns
with previous research findings. Moreover, TXD significantly re-
duced Fe*" and ROS levels, as well as the expression of GPX4 and
FTH1, while AZ demonstrated opposite effects. These findings
suggest that TXD exerts a protective effect against I/R-induced
cardiomyocyte ferroptosis by activating the ERa signaling path-
way.

In conclusion, this study demonstrates that TXD exhibits a
significant protective effect against hypoxia-induced cardiac dam-
age and exerts cardioprotection by activating ERa to mitigate ox-
idative stress in myocardial tissues. Consequently, targeting ERa
or key proteins involved in ferroptosis emerges as a crucial
strategy for the prevention and treatment of myocardial
ischemia. TXD presents potential as a therapeutic agent for man-
aging myocardial ischemia in elderly women.
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