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Abstract. Keywords:
Objective: 1o investigate the regulatory mechanism of the ferroptosis signaling Ischemic stroke;
pathway in ischemic cerebral neurons and evaluate the intervention effect of Ferroptosis; Iron
Buyang Huanwu Decoction (BYHWD). metabolism;
Methods: Sixty male Sprague-Dawley rats were randomly assigned to four TFRI/DMTI;
groups: sham, ischemic stroke (1S), IS+DFP (deferiprone), and IS+BYHWD Buyang Huanwu
group. After a 5-day acclimatization period, drug administration commenced. Decoction

The middle cerebral artery occlusion (MCAO) model was established via the
intraluminal suture method. Neurological deficits were assessed using the Longa
score at 2 h post-operation. Protein expression levels of TFRI1 and DMTI were
semi-quantitatively detected by Western blot. Ferroptosis-related indicators in
the ischemic brain were evaluated: brain iron deposition, malondialdehyde
(MDA), and glutathione (GSH) levels were measured using assay kits, and
reactive oxygen species (ROS) levels were determined by Iluminol-based
chemiluminescence.

Results: Compared with the sham group, the IS group exhibited significantly
increased neurological deficit scores (P< 0.01) and up-regulated TFRI and
DMT1 protein expression (P< 0.01). Brain iron deposition, MDA, and ROS levels
were elevated, while GSH content was decreased (P< 0.05). Compared with the
IS group, the IS+BYHWD group showed significantly alleviated neurological
deficits (P< 0.01), down-regulated TFR1 and DMTI expression (P< 0.01),
reduced brain iron deposition, MDA, and ROS levels, and increased GSH content
(P<0.05).

Conclusion: BYHWD confers an anti-ferroptotic effect on acute cerebral
ischemic neurons via regulation of the TFR1/DMT1 signaling pathway, resulting
in decreased iron deposition, lipid peroxidation, and ROS accumulation in the
ischemic brain, and ultimately improving neurological outcomes in IS rats.

Ischemic stroke (IS) is characterized by clinical neurological deficits resulting from the disruption
of blood supply to localized brain regions. IS exhibits notoriously high rates of incidence,
disability, mortality, and recurrence. Furthermore, its onset is demonstrating a progressively
younger demographic trend, thereby imposing a profound socioeconomic and personal burden!!.

pg. 14


http://fsrma.org.hostajournal.com/index.php/FSRMA/index
http://fsrma.org.hostajournal.com/

FUNDAMENTAL SCIENTIFIC REPORTS IN MULTIDISCIPLINARY AREAS

Therefore, further elucidating the underlying pathogenic mechanisms of IS and identifying novel
therapeutic targets as well as preventative strategies are of paramount clinical significance.
Ferroptosis is a recently defined form of cell death driven by iron accumulation, which is tightly
regulated by the TFR1/DMT]I1 signaling pathway. Intracellular iron overload initiates lipid
peroxidation via the Fenton reaction, leading to a massive accumulation of reactive oxygen species
(ROS). This overwhelming oxidative stress inflicts severe damage on biomembranes, proteins, and
nucleic acids, ultimately executing the process of ferroptosis and subsequently exacerbating
ischemic brain tissue injury!> 31, Buyang Huanwu Decoction (BYHWD), a compound Chinese
traditional formula, consists of seven herbal medicines: Radix Astragali, Radix Angelicae
Sinensis, Radix Paeoniae Rubra, Pheretima, Rhizoma Chuanxiong, Semen Persicae, and Flos
Carthami. Traditionally characterized by its efficacy in invigorating Qi, promoting blood
circulation, and unblocking meridians, BYHWD has demonstrated favorable clinical efficacy in
patients with ischemic strokel* °. However, its underlying pharmacological mechanisms and
specific molecular targets against ischemic stroke remain to be fully elucidated. By investigating
the regulatory mechanism of the TFR1/DMT1 signaling pathway on ferroptosis in ischemic
cerebral neurons and evaluating the interventional effects of BYHWD, this work aims to explore
novel therapeutic pathways and molecular targets for the prevention and treatment of ischemic
brain injury using TCM.

1. Materials and Methods

1.1 SD rats

Sixty healthy male Sprague-Dawley (SD) rats, weighing 220-250 g, were provided by the Hunan
Slack Jingda Experimental Animal Co., Ltd (Hunan, China), [License No. SCXK (Xiang) 2024-
0009]. The rats were housed in the Animal Experiment Center of Changsha Medical University
under standard laboratory conditions (temperature: 21-25 °C; humidity: 45%—65%). All animal
protocols were conducted in strict accordance with the Guiding Opinions on the Treatment of
Laboratory Animals issued by the Ministry of Science and Technology of the People's Republic of
China, and the study was reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC) of Changsha Medical University.

1.2 Drugs Preparation

The BYHWD was prepared by water decoction andalcohol extraction as previously described. The
BYHWD wasdissolved in saline to achieve a concentration of 2.5 g/mL.

Deferiprone (DFP, Obertek Pharmaceutical Co., Ltd., Canada), an oral clinical medication utilized
to alleviate intracellular iron overload, served as the positive control. The DFP was dissolved in
saline to achieve a concentration of 500 mg/mL.

1.3 Animal Grouping and Drug Administration

Sixty SD rats were randomly assigned to four groups (n = 15 per group): sham-operated (sham),
ischemic stroke (IS), IS+DFP, and IS+tBYHWD. After a 5-day acclimatization period, drug
administration was initiated. The ISTBYHWD group received BYHWD via intragastric gavage at
a dose of 6.25 g/day (2.5 mL). The sham and IS groups received an equal volume of physiological
saline. These three groups were treated once daily for 7 consecutive days. The IS+DFP group
received DFP via intragastric gavage at a clinically equivalent dose of 12.5 mg/day (2.5 mL), once
daily for 7 consecutive days. The MCAO model was established at 2 h after the final
administration.

1.4 Rat MCAO model

The middle cerebral artery occlusion (MCAO) model was established using a modified
intraluminal suture method originally described by Zea Longa et al!® 7. Rats were anesthetized
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with 3% sodium pentobarbital (0.1 mL/100 g). A right paramedian neck incision was made to
expose the right CCA, ECA, and pterygopalatine artery. A nylon monofilament (0.26 mm
diameter) was inserted into the right CCA via a small incision, with temporary clamping of the
pterygopalatine artery to prevent misdirection. The monofilament was advanced 18—20 mm from
the CCA bifurcation (adjusted for body weight) to occlude the origin of the right middle cerebral
artery. The skin was then sutured, and the distal end of the monofilament was partially fixed to the
skin. Successful occlusion was confirmed upon awakening by the presence of contralateral
forelimb flexion, circling to the left, and leftward leaning when suspended by the tail. The sham
group underwent the same procedures without monofilament insertion.

1.5 Neurobehavioral Score

Neurological function was evaluated at 2 h post-operation according to the 5-point scoring system
(0—4) established by Longa et al. : 0, no neurological deficit; 1, failure to fully extend the
contralateral forepaw; 2, circling to the contralateral side; 3, falling to the contralateral side; 4,
inability to walk spontaneously with impaired consciousness.

1.6 Sample Collection and Tissue Preparation

Brain tissue samples from each group were rapidly collected, briefly washed with ice-cold saline,
immediately snap-frozen in liquid nitrogen, and stored for subsequent analyses, including
detection of TFR1 and DMT1 protein expression and measurement of brain iron, MDA, GSH, and
ROS levels.

2 Measurements and Methods

2.1 Measurement of Iron, MDA, GSH and ROS in the rat Brain

The level of iron in rat brain were measured using an iron assay kit (#MAKO025, Sigma). The lipid
peroxidation product malonaldehyde (MDA) concentration in rat brain was measured using an
MDA assay kit (#A003-2, Nanjing Biotechnology Co. Ltd., China). The level of glutathione GSH)

in rat brain were measured using GSH assay kit (#A061-1, Nanjing Biotechnology Co. Ltd.,
China). The amount of reactive oxygen species (ROS) in rat brain were measured using luminol-
based chemiluminescent quantitative detection kit (#GMS10112.5 v.A,GENMED SCIENTIFICS
INC., USA).

2.2 TFR1 and DMT1 protein expression by Western blotting analysis

Total protein was extracted from the brain tissues of each group and denatured by heating. Equal
amounts of protein samples were loaded and separated by electrophoresis at 120 V for 120 min.
The proteins were then transferred onto membranes at 200 mA for 2 h. Following transfer, the
membranes were blocked with 5% non-fat milk for 1 h. For primary antibody incubation, the
membranes were incubated overnight at 4 °C with primary antibodies against TFR1 (#bs-1782R),
DMT1 (#bs-3577R), which were purchased from Boosen Biotechnology, China. Subsequently,
the membranes were washed three times with TBST buffer (10 min/wash) and incubated with a
goat anti-rabbit secondary antibody (1:8000) at 37 °C for 1 h. For visualization, the membranes
were washed three times with TBST (10 min/wash) and once with TBS buffer for 10 min.
Enhanced chemiluminescence (ECL) reagent was applied, and the cumulative optical density of
the relative protein expression was determined by densitometric analysis with Image] software
(V1.8.0, National Institutes of Health).

2.3 Statistical Analysis

All data are presented as the mean + standard error of the mean. SPSS 28.0 software (Chicago, IL,
USA) was used for statistical analysis. One-way analysis of variance with multiple comparisons
using Student-Newman-Keuls test was used to analyze differences between different groups. In all
tests, the difference with P < 0.05 was considered statistically significant.

pg. 16



FUNDAMENTAL SCIENTIFIC REPORTS IN MULTIDISCIPLINARY AREAS

3 Results

3.1 Neurobehavioral Score

Compared with the sham group, the neurological deficit scores of the rats in the IS group were
significantly increased (P<0.01). However, compared with the IS group, the scores in the IS+DFP
group were significantly reduced (P< 0.01; Fig. 1).
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Figure 1Changes of the neurobehavioral score in the brain tissues of IS rats, which were reversed by BYHWD treatment. The
values were presented asmean + standard error of mean (n = 15). **P< 0.01, vs sham group,##P< 0.01, vs IS group.

3.2 Measurement of MDA, GSH, ROS, and iron levels (mean £+ SD, n =5)

Compared with the sham group, the IS group exhibited significantly decreased GSH content and
increased levels of MDA, ROS, and iron in the brain tissue (P< 0.01, Fig. 2). Conversely, compared
with the IS group, the ISfBYHWD group showed significantly elevated GSH content (Fig. 2B)
and markedly reduced levels of MDA (Fig. 2A), ROS (Fig. 2C), and iron (Fig. 2D) (P< 0.01).
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Figure 2Changes of the major biomarkers of ferroptosis were detected in the brain tissues of IS rats, which were reversed by
BYHWD treatment. **P< 0.01, vs sham group,; #P< 0.05, ##P < 0.01, vs IS group.
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3.3 BYHWD treatment regulated the expression of ferroptosis-related genes activated in the
MCAQO rats (mean = SD, n =5)

Compared with the sham group, the IS group exhibited significantly upregulated protein
expression of TFR1 and DMT1 (P< 0.01). Conversely, both the ISTBYHWD and IS+DFP groups
showed significantly downregulated expression of TFR1 and DMT1 relative to the IS group (P<
0.01; Fig. 3).
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Figure 3BYHWD treatment regulated the expression of ferroptosis-related genes activated in the IS rats. **P< 0.01, vs sham
group; #P< 0.05, ##P< 0.01, vs IS group.

4 Discussion

Intracellular iron homeostasis is strictly regulated by iron transport signaling pathways. Iron acts
as a catalyst; when iron transport in cerebral neurons is imbalanced, the accumulation of excessive
(Fe?") induces the production of a large amount of reactive oxygen species (ROS) via the Fenton
reaction, which subsequently oxidizes cell membrane lipids and triggers ferroptosis. The
membrane protein transferrin receptor 1 (TFR1) facilitates the entry of ferric iron (Fe*") into the
cell, which is then converted to and transported as ferrous iron (Fe?") with the involvement of
divalent metal transporter 1 (DMT1). As critical transporters in iron metabolism, TFR1 and DMT1
play an essential role in maintaining iron ion stability within cerebral neurons and protecting their
normal structure and function” '), In the present study, we found that following acute ischemic
and hypoxic stimulation in the right cerebral hemisphere of rats, the protein expressions of TFR1
and DMT1 in the cerebral ischemic area were significantly upregulated. Concurrently, the
intracellular levels of iron and ROS increased, resulting in neuronal damage. The BYHWD has an
important effect on cerebral ischemia in clinical treatments!!!). In addition, Modern
pharmacological studies indicate that Astragali Radix contains various active components,
including total flavonoids, polysaccharides, and saponins, which exhibit multiple biological
functions such as antioxidant activity!'?], reduction of cellular MDA content, and enhancement of
superoxide dismutase (SOD) activity!!* . The principal bioactive constituents of Chuanxiong
Rhizoma, such as ligustrazine and chuanxiong phthalide, have been shown to dilate cerebral blood
vessels, substantially increase cerebral blood flow, and improve microcirculation, thereby
stimulating neuronal recovery following focal cerebral ischemia!*!. Pheretima contains a range of
active constituents, such as lumbrokinase and arachidonic acid, which possess antioxidant,
anticoagulant, and vasodilatory properties, thereby contributing to the improvement of
microcirculation!'®). In the present study, both DFP and BYHWD, administered via intragastric
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gavage, significantly downregulated TFR1 and DMT]1 protein expression in MCAO rats. The

neuroprotective effect of BYHWD is likely mediated by its bioactive constituents, which are

capable of crossing the blood—brain barrier and reaching brain tissue. These constituents promote

cerebral circulation and neurological functional recovery, indicating substantial therapeutic

potential for the treatment of cerebral ischemic injury.

In conclusion, our data indicate that cerebral ischemia triggers neuronal ferroptosis via iron

metabolism imbalance and redox disruption. BYHWD inhibits ferroptosis by modulating the

TFR1/DMT1 pathway, reducing iron overload and lipid peroxidation in the ischemic brain, and

consequently improving neurological outcomes in IS rats.
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