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Pramipexole alleviates ferroptosis
in HT22 cells induced by oxygen-—
glucose deprivation/reoxygenation
via the Nrf2/SLC7A11/GPX4

pathway
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Ting Li** & Lixu Liu%2**

Pramipexole, a dopamine receptor agonist, is clinically employed in the treatment of Parkinson’s
disease. Accumulating evidence has demonstrated that it can enhance neurological function

following cerebral ischemia-reperfusion via multiple mechanisms. This study is designed to explore
whether pramipexole exerts a protective effect on neurons subjected to oxygen—glucose deprivation/
reperfusion by inhibiting the ferroptosis pathway. Firstly, CCK8 assay was employed to evaluate cell
viability to determine the optimal intervention time and dosage during oxygen—glucose deprivation/
reperfusion injury. Mitochondrial function was evaluated via transmission electron microscopy and JC-1
fluorescent probe. Intracellular iron, glutathione, and glutathione peroxidase 4 enzyme activity were
measured using ELISA. Ferroptosis-related proteins and genes were analyzed by immunofluorescence,
real-time qPCR, and western blot. And then, a ferroptosis inducer (Erastin) was used as a positive
control to validate the link between pramipexole’s effects and ferroptosis regulation. Oxygen-—

glucose deprivation/reperfusion exposure reduced cell viability, impaired mitochondrial membrane
potential, elevated intracellular iron and reactive oxygen species, and suppressed antioxidant capacity.
Pramipexole treatment reversed these pathological changes and activated the nuclear factor E2-
related factor 2/solute carrier family 7 member 11/glutathione peroxidase 4 signaling axis. Erastin
recapitulated oxygen-glucose deprivation/reperfusion-induced cellular dysfunction, which was also
mitigated by pramipexole. Pramipexole alleviates oxygen-glucose deprivation/reperfusion-induced
neuronal damage and oxidative stress by activating the nuclear factor E2-related factor 2/solute carrier
family 7 member 11/glutathione peroxidase 4 pathway to inhibit ferroptosis, highlighting its potential
as a therapeutic agent for cerebral ischemia-reperfusion injury.

Keywords Pramipexole, Brain injury, Ferroptosis, Oxidative stress, Neuroprotection

Stroke persists as one of the most formidable global health challenges. According to the Global Burden of
Disease data!, the number of stroke cases in China reached 28.76 million in 2019, with a continued upward
trend. Notably, the increase in ischemic stroke cases (195.2%) has been far more prominent when compared
to hemorrhagic stroke. The American Heart Association? reported that the global prevalence of stroke reached
93.82 million in 2021, with ischemic stroke accounting for 69.94 million cases. Characterized by its high
recurrence rate and substantial disability rate, ischemic stroke significantly impacts the quality of life and life
expectancy across the global population.

During the onset of ischemic stroke, the anaerobic metabolism and lactate accumulation lead to a reduction
in ATP levels and intracellular pH, thereby disrupting ATPase-dependent ion transport mechanisms. This
disruption results in intracellular calcium overload, cellular swelling, rupture, and ultimately cell death®.
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Furthermore, when thrombolysis or thrombectomy is performed to restore blood flow (reperfusion), rather
than alleviating the damage, it can paradoxically exacerbate brain injury. This phenomenon is referred to as
ischemia-reperfusion (I/R) injury. The underlying mechanisms of I/R injury are complex and may be associated
with the accumulation of local reactive oxygen species, infiltration of inflammatory cells, and the opening of
mitochondrial membrane permeability transition pores, among other factors*.

Ferroptosis has been recognized to assume a crucial role in cerebral ischemia—reperfusion injury. It
is intricately linked to the dysregulation of intracellular iron metabolism, lipid metabolism, and amino acid
metabolism®. Glutathione peroxidase 4 (GPX4) is a key regulator of ferroptosis, which inhibits ferroptosis
by consuming glutathione (GSH) to convert lipid peroxides into lipid alcohols. Experimental evidence has
demonstrated that the activity of GPX4 is modulated by nuclear factor erythroid 2-related factor 2 (Nrf2)6,
protein kinase B7, microRNAs such as miR-25-3p8, among other regulatory factors. When GPX4 is inactivated, it
disrupts the normal oxidative stress balance, energy metabolism, and inflammatory responses within the brain,
leading to lipid peroxide accumulation and ultimately triggering ferroptosis. The cystine/glutamate antiporter
(system Xc-) is another important component in the context of ferroptosis. It transports extracellular cystine
into cells, where it is used to generate GSH to participate in ferroptosis inhibition. Research has revealed that
after cerebral ischemia, the Solute Carrier Family 7 Member 11 (SLC7A11) subunit of system Xc- is suppressed,
resulting in decreased intracellular GSH levels and the accumulation of lethal lipid peroxides that promote
ferroptosis®. Nrf2, a key transcription factor in the regulation of cellular oxidative stress, is involved in modulating
mitochondrial function and lipid metabolism. Activation of Nrf2 can restore GSH/GPX4 activity and reduce the
expression of long-chain acyl-CoA synthetase 4, thereby ameliorating neuronal ferroptosis after cerebral I/R'°.
Nrf2 also directly regulates SLC7A11 transcription. By increasing the expression of SLC7A11 and GPX4, Nrf2
inhibits the accumulation of lipid peroxides. This suppresses neuronal ferroptosis and improves post-ischemic
cognitive dysfunction in turn'!’. Collectively, these findings highlight the Nrf2/SLC7A11/GPX4 signaling
pathway as a potentially promising therapeutic target for the treatment of ischemic stroke, as specifically shown
in Scheme 1.

Pramipexole (PPX) is a dopamine receptor agonist clinically utilized in the treatment of Parkinson’s disease.
Emerging evidence indicates that PPX might confer neuroprotective effects against brain injury via multiple
mechanisms, including antioxidation, anti-apoptosis, inhibition of excitotoxicity, and the maintenance of
mitochondrial function!?. Notwithstanding these findings, whether PPX can ameliorate cerebral ischemia-
reperfusion injury and whether this protective effect is associated with targeting ferroptosis (particularly through
the Nrf2/SLC7A11/GPX4 pathway) remains to be elucidated. Preliminary research by our team has shown
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Scheme 1. The Role of the Nrf2/SLC7A11/GPX4 in the Ferroptosis Regulatory Pathway.
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that pramipexole enhances cognitive and neurological function in a rat model of global cerebral ischemia—
reperfusion injury and exerts certain inhibitory effects on ferroptosis!>!*. Building on this previous work, the
present study employs an oxygen-glucose deprivation/reoxygenation (OGD/R) cell model to mimic the in vivo.

This scheme illustrates the mechanism of ferroptosis, a regulated cell death pathway driven by iron-dependent
lipid peroxidation, and describes how iron ions, ROS, GSH, Nrf2, SLC7A11, and GPX4 are interrelated
microenvironment of ischemia-reperfusion. By investigating the effects of pramipexole on ferroptosis-related
parameters (such as iron accumulation, lipid peroxidation, and mitochondrial morphological alterations) and
the Nrf2/SLC7A11/GPX4 signaling pathway, this research endeavors to clarify the role of ferroptosis in OGD/R
injury. Moreover, it aims to evaluate the therapeutic potential of pramipexole in the treatment of ischemic stroke
and the mitigation of cerebral ischemia-reperfusion injury.

Materials and methods

Cell culture

HT22 cells (Guangzhou Jiniou Biotechnology Co., Ltd. Guangzhou, China) are a murine hippocampal neuronal
cell line derived from the hippocampus of C57BL/6 mice. They were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) (11995065, Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS)
(G8003, Gibco, Grand Island, NY, USA) and 1% penicillin-streptomycin (15140122, Gibco, Grand Island, NY,
USA). The glucose concentration in the medium was 22.5 mM. Cells were cultured at 37 'C in a humidified
incubator with 5% CO,/95% air and passaged when reaching 80-90% confluence using trypsin (25200056, Gibco,
Grand Island, NY, USA). For each experiment, 5 x 103 cells were seeded in 96-well plates (for cell viability, ROS,
Iron, GSH, and GPX4 activity assays), and 1.5 x 10° cells were seeded in 60-mm dishes (for TEM, JC-1 assays,
Western blot, Immunofluorescence, and RT-qPCR) Two types of blanks were included: (1) Medium blank: Only
medium without cells, used to subtract background fluorescence; (2) Vehicle blank: Medium containing the
same concentration of DMSO as the Erastin treated groups, used to exclude solvent effects.

Experimental materials

HRP conjugated Goat Anti-Rabbit IgG (GB23303) and HRP conjugated Goat Anti-Mouse IgG (GB23301) were
purchased from Wuhan Servicebio Technology (Wuhan, China); Cell Counting Kit-8 (C0038), Enhanced BCA
Protein Assay Kit (P10010) and Antifade Mounting Medium with DAPI (P0131) were obtained from Biyuntian
Biotechnology (Shanghai, China); Pramipexole dihydrochloride powder (HY-17355), Erastin, JC-1 and
H2DCFDA were provided by MedChemExpress (Monmouth Junction, NJ, USA); Tissue iron assay kit (A039-
2-1) and GSH assay kit (A006-2-1) were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China); Glutathione peroxidase 4 (GPX4) colorimetric assay kit (E-BC-K883-M) was obtained from Elabscience
Biotechnology (Wuhan, China); Ultra-fast single-column animal cell total RNA extraction kit (RC102-01),
HiScript IV All-in-One Ultra RT SuperMix for qPCR (R433-01), SupRealQ Ultra Hunter SYBR qPCR Master
Mix (Q713-02) were provided by Nanjing Vazyme Biotech (Nanjing, China); The primary antibodies used in
this study were GPX4 (ab125066, Abcam, Cambridge, MA, UK) and X-CT (ab175186, Abcam, Cambridge, MA,
UK); Nrf2 (16396-1-AP, Proteintech, Wuhan, China) and p53 (10442-1-AP, Proteintech, Wuhan, China).

Experimental grouping
Firstly, cells were divided into the Control group, OGD/R group, and OGD/R + PPX group.

The Control group was cultured in complete DMEM medium containing 22.5 mM glucose, 10% FBS, and
1% penicillin-streptomycin. The gas environment was 5% CO,/95% air at 37 °C incubator (Thermo Scientific
Forma 371 CO, incubator).

For the OGD/R group, the culture medium was replaced with glucose-free DMEM (11966025, Gibco, Grand
Island, NY, USA) on the following day after cell plating. The cells were then placed in a 37 °C incubator (Thermo
Scientific HERAcell VIOS 160i three-gas incubator) containing a mixed gas of 1% 02, 5% CO,, and 94% N2 for
4 h to induce OGD injury. After OGD, the medium was replaced with complete DMEM medium containing
22.5 mM glucose, 10% FBS, and 1% penicillin-streptomycin, and the cells were cultured in a 37 °C incubator
with 5% CO,/95% air for 24 h to simulate reperfusion®®.

For the OGD/R +PPX group, different drug intervention time points were established at four distinct stages:
2 hbefore OGD (pre-hypoxia, 2 h), during OGD (hypoxia, 4 h), during the reoxygenation period (reoxygenation,
24 h), and throughout the ischemia-reperfusion process (hypoxia and reoxygenation, 28 h). Pramipexole (PPX)
was treated at concentrations of 25 uM, 50 uM, 100 uM, 150 pM, and 200 pM. Only during the OGD process do
the cells experience a lack of glucose and oxygen.

For ferroptosis inducing study, the cells were divided into the Control group as described earlier (22.5 mM
glucose, 5% CO,/95% air), Erastin group (ferroptosis inducer, with 22.5 mM glucose and 5% CO,/95% air), and
Erastin + PPX group (22.5 mM glucose, 5% CO,/95% air).

For the Erastin group, cells were treated with 1 pM Erastin (0.1% DMSO) for 24 h to induce ferroptosis,
followed by replacement with drug-free complete medium!®.

For the Erastin + PPX group, after Erastin treatment, cells were treated with complete medium containing
50 uM pramipexole (dissolved in PBS) for 6 h.

CCK-8 Assay

Cell viability was determined using the CCK-8 assay according to the manufacturer’s protocol. Briefly, 10 pl of
CCK-8 solution was added to each well of a 96-well plate, followed by incubation in a cell culture incubator for
30 min. The absorbance was measured at 490 nm using a microplate reader. The cell survival rate was calculated
using the following formula: (OD value of experimental group — OD value of blank group)/(OD value of control
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group — OD value of blank group) x 100%. Based on the assay results, the optimal intervention time point and
drug concentration were determined.

Transmission electron microscopy (TEM)

Cells were collected and fixed in 2.5% glutaraldehyde solution at 4 ‘C for 2 h, then washed with PBS, and post-
fixed in 1% osmium tetroxide solution for 2 h, followed by another PBS wash. The cells were dehydrated through
agraded series of ethanol and acetone, and embedded in resin blocks using acetone and 812 embedding medium.
Ultrathin sections were stained with uranyl acetate and lead citrate, and observed on the TEM. Qualitative
analysis of membrane morphological features was conducted on the TEM images by comparing the staining
intensity and structural characteristics.

Mitochondrial Membrane Potential (JC-1) Assay

The changes in mitochondrial membrane potential were assessed using the JC-1 fluorescent probe!”. Cells
were incubated with 5 pg/ml JC-1 solution at 37 °C for 20-30 min, followed by two washes with PBS (5 min
each). Imaging was performed using a long-term dynamic live-cell imaging and functional analysis system. For
quantification of JC-1 images, Image] software was used to calculate the red (aggregates) and green (monomers)
fluorescence intensities. The red/green fluorescence ratio was computed and averaged for each group to obtain
the data.

Intracellular iron concentration

Following the instructions provided in the iron assay kit, cells were collected using a cell scraper and centrifuged
at 1000 rpm for 10 min to obtain cell pellets. The cells were washed 1-2 times with isotonic PBS buffer (0.1 M, pH
7.4), resuspended in isotonic PBS buffer, and subjected to ultrasonic disruption in an ice-water bath. Complete
cell disruption was confirmed under microscopic observation. Subsequently, 0.5 ml of double-distilled water/
iron standard solution/cell suspension was mixed with 1.5 ml of iron chromogenic reagent, incubated in a
metal bath at 95 °C for 5 min, and cooled. The mixture was then centrifuged at 3500 rpm for 10 min, and
the supernatant was analyzed using a microplate reader at 520 nm. The intracellular iron content (mg(umol)/g
protein) was calculated using the following formula: (OD value of experimental group—OD value of blank
group)/(OD value of standard group — OD value of blank group) x standard solution concentration x 2 + protein
concentration of experimental group.

Intracellular Reactive Oxygen Species (ROS)

The relative intracellular ROS content was determined using the H2DCFDA fluorescent probe. Cells were
stained with 10 uM H2DCFDA at 37 °C in the dark for 20 min, followed by two washes with PBS. Fluorescence
intensity was measured using a multifunctional fluorescence microplate reader (Ex/Em =488/525 nm).

GPX4 Enzyme Activity Assay

GPX4 enzyme activity in cells was determined using a colorimetric method. According to the kit instructions,
cells were collected using a diluted stabilizer and lysed by sonication on ice, followed by centrifugation at
10,000x g for 10 min. The supernatant was collected, and 20 uL of the sample was added to the microplate
wells. The assay wells received 40 uL of buffer, while the control wells received 40 L of buffer containing GPX4
enzyme inhibitor. The plates were incubated at 37 °C for 30 min. Subsequently, 140 pL of reaction working
solution and 40 pL of buffer-diluted oxidant were added to each well. The absorbance (A1) at 340 nm was
immediately measured using a microplate reader within 15 s. After incubation at room temperature (25 °C) for
15 min, the absorbance (A2) was measured again. GPX4 activity (U/gprot) was calculated as follows: (AA of the
assay — AA of the control) + (molar extinction coefficient x optical path length) x (total reaction volume + volume
of supernatant in the reaction) + reaction time of the cell sample x dilution factor + protein concentration.

GSH content

Following the instructions provided by the GSH assay kit, cells were collected and washed 1-2 times with PBS.
Subsequently, the cells were resuspended in isotonic PBS buffer (0.1 M, pH 7.4) and subjected to ultrasonic
homogenization for cell lysis. The lysate was mixed with Reagent 1 in a 1:1 ratio and centrifuged at 3500 rpm for
10 min. The supernatant was collected for chromogenic reaction, and the absorbance at 405 nm was measured
using a microplate reader. Additionally, a portion of the lysate was used to determine protein concentration using
the BCA protein assay kit. The GSH content in cells was calculated as follows: (OD value of the experimental
group — OD value of the blank group)/(OD value of the standard group — OD value of the blank group) x standard
solution concentration x 2 + protein concentration of the experimental group.

Western Blot (WB) Analysis

After cell treatment, cells were collected and lysed in 1xRIPA lysis buffer containing protease inhibitors.
Protein concentration was determined using the BCA method. Samples were separated by 10% SDS-PAGE and
transferred to 0.45 pm PVDF membranes. The membranes were blocked with a protein-free rapid blocking
solution at room temperature for 10 min, followed by overnight incubation at 4 °C with primary antibodies
against Nrf2, SLC7A11, GPX4, and p53. After TBST washing, the membranes were incubated with secondary
antibodies at room temperature for 1 h, and signals were detected using an ECL chemiluminescence kit. Western
blot band intensities were quantified with ImageJ software. The optical density of each target protein band was
normalized against that of the internal reference protein (B-actin). The relative expression level of the target
protein was calculated as the ratio of the normalized intensity in the treatment group to that in the control group.
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Real-Time Quantitative PCR (RT-qPCR)

After cell treatment, total RNA was extracted using an RNA extraction kit, and the OD260/0D280 ratio was
measured. Total RNA was diluted tenfold, and reverse transcription was performed using the extracted RNA
as a template, along with reverse transcriptase, DNase, and dNTPs, following the kit instructions. The cDNA
template, fluorescent dye, and primers were added to an eight-tube strip, and the PCR reaction was initiated.
Gene expression differences between samples were compared based on CT values. Relative gene expression was
calculated as 2/ (-AACt). All primer sequences are provided in Table 1.

Immunofluorescence (ICC)

The culture medium was removed, and cells were fixed with 4% paraformaldehyde at room temperature for
15 min, followed by permeabilization with Triton X-100 for 5-10 min. After washing, cells were blocked with
5% BSA for 30 min and incubated with primary antibodies (Nrf2, SLC7A11, or GPX4) diluted 1:500 at 4 °C
overnight. After PBS washing, cells were incubated with Alexa Fluor 488-conjugated secondary antibodies at
room temperature for 1 h. A drop of antifade mounting medium containing DAPI (10-20 pL) was applied to the
slides, and images were captured using a confocal or fluorescence microscope.

Statistical analysis

Statistical analysis was performed using SPSS 27.0 software, and graphs were generated using GraphPad Prism 7.
Technical replicates within each independent experiment were averaged to obtain a single data point, and these
independent data points were used for statistical analysis. Data are presented as mean + standard deviation (SD).
For normally distributed data, one-way ANOVA was used for comparisons between groups at the same time
point. If homogeneity of variance was met, post hoc tests were performed using the Bonferroni’s test; otherwise,
Dunn’s test was applied. Comparisons across different drug concentrations and time points were analyzed
using two-way ANOVA. A test value of p<0.05 was considered statistically significant. Each experiment was
performed in triplicate wells per group, and the entire experiment was repeated independently 3 times. This
replication size applies to experiments including cell viability, JC-1, ROS, Iron, GSH, GPX4 activity, Western blot
and RT-qPCR. For TEM, 3 independent samples per group were analyzed, with 5 fields of view per sample. For
Immunofluorescence, 3 independent samples per group were analyzed, with 6 fields of view per sample, n=18
fields of view total.

Software and computational environment

Our experiments were conducted on the Microsoft Windows 10 operating system. The code was implemented in
Python 3.8.16 using the PyTorch 1.7.0 deep learning framework (URL: https://pytorch.org). Model training and
inference were accelerated on an NVIDIA GPU with CUDA 12.0 and cuDNN 8.8.0 libraries (URL: https://deve
loper.nvidia.com/cuda-toolkit and https://developer.nvidia.com/cudnn, respectively).

Results

The impact of pramipexole on cell viability following OGD/R

Earlier reports indicated that levodopa exisits controversial cytotoxic effects!®, and pramipexole exhibits
a superior safety profile compared with levodopa®®. In this study, the results of cell viability indicate that
pramipexole did not exhibit any cytotoxic effects at any concentration or time point, which partially confirmed
the findings of previous research. Among the four drug intervention time points (pre-OGD, during OGD,
during reoxygenation, full-phase), treatment during full-phase resulted in more pronounced protection against
OGD/R-induced cell death, as reflected by higher overall cell viability compared to treatment during hypoxia
(an increase of 13.1%, P=0.0063). The efficacy of PPX treatment during the reoxygenation phase was statistically
comparable to that of the full-phase treatment. Among all treatments with concentrations of 25, 50, 100, 150,
and 200 puM, 50 uM was identified as the optimal concentration (P=0.0138). Compared to the OGD/R group,
treatment with 50 uM PPX during the reoxygenation phase resulted in the most significant improvement in cell
viability (a 32.7% increase, P=0.0318). Consequently, all subsequent experiments employed the intervention
method of 50 uM pramipexole treatment during the reoxygenation phase (Fig. 1 a-b).

Target gene | Sequence (5'-3")

Nrf2 Forward: TCTTGGAGTAAGTCGAGAAGTGT
Reverse: GTTGAAACTGAGCGAAAAAGGC
SLC7A11 Forward: GTGGAACTGCTCGTAATACGC
Reverse: CGTGCTATTTAGGACCATCACC

GPX4 Forward: AGTACAGGGGTTTCGTGTGC
Reverse: CATGCAGATCGACTAGCTGAG
p53 Forward: GGACAGCTTTGAGGTTCGTG

Reverse: TCATTCAGCTCCCGGAACAT

GAPDH Forward: AGGTCGGTGTGAACGGATTTG

Reverse: TGTAGACCATGTAGTTGAGGTCA

Table 1. Primer sequence.
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Effects of pramipexole on mitochondrial morphology and function following OGD/R
Transmission electron microscopy analysis revealed significant alterations in mitochondrial morphology in the
OGD/R group, characterized by reduced mitochondrial volume, diminished cristae, and increased membrane
density. The treatment of PPX partially reversed these OGD/R-induced morphological changes (Fig. 1 ¢).
Furthermore, mitochondrial membrane potential was assessed using the JC-1 fluorescent probe, with the red-to-
green fluorescence ratio serving as an indicator of mitochondrial membrane potential. The results demonstrated
a significant decrease of 28.2% compared to the control group in mitochondrial membrane potential following
OGD/R treatment (P <0.0001). Notably, pramipexole treatment effectively ameliorated 33.5% the mitochondrial
membrane potential levels (P <0.0001 vs OGD/R group) (Fig. 1d,e).
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«Fig. 1. The impact of pramipexole on cell viability, mitochondrial-related indicators and ferroptosis-related
indicators of HT22 cells subjected to OGD/R. (a) The influence of different drug concentrations on the
viability of HT22 cells after OGD/R, definitions of the four drug intervention groups are provided in the
Methods section. Pre-hypoxia means the Pre-OGD group refers to PPx treatment 2 h before the onset of OGD
(hypoxia phase). (b) The influence of administering 50 tM pramipexole at different time intervals on cellular
viability. (c) Representative TEM images depicting mitochondrial morphology across experimental groups,
the red arrow points to the representative mitochondrion, with a scale bar of 500 nm. (d) Representative
images of JC-1 fluorescent probe staining acquired via a long-term dynamic live-cell imaging and functional
analysis system, with a scale bar of 400 um.Magnification: 10x. (e) Changes in mitochondrial membrane
potential. (f) Changes in Iron concentration. (g) Changes in relative ROS levels. (h) Changes in GPX4 enzyme
activity. (i) Changes in GSH concentration. Data are presented as mean + SD. *P <0.05, **P <0.01, ***P <0.001,
PP <0.0001.

Effects of pramipexole on intracellular iron content, ROS levels, GPX4 enzyme activity and
GSH levels following OGD/R

This study investigated the effects of pramipexole on intracellular iron content, relative ROS levels, GPX4
enzyme activity, and GSH levels in cells subjected to OGD/R. The results demonstrated a significant increase in
intracellular iron content in the OGD/R group compared to the control group. The mean iron concentration in
the Control group was 2.8 umol/g, whereas the OGD/R group exhibited a mean iron concentration of 5.2 umol/g
(P<0.0001). Treatment of pramipexole significantly reduced intracellular iron concentration to a mean value of
3.6 umol/g (P=0.0008 vs OGD/R group) (Fig. 1f).

ROS, as a product of iron-mediated Fenton reactions, showed a consistent trend with iron content variations.
OGD/R treatment resulted a 7.7% increase relative ROS levels (P =0.0084 vs Control group), while pramipexole
effectively reduced by 5.5% intracellular ROS (P=0.0289 vs OGD/R group) (Fig. 1g). GPX4 enzyme activity
and GSH levels were quantified using ELISA. The control group demonstrated a mean GPX4 enzyme activity of
11.6 U/gprot, which significantly decreased to 3.5 U/gprot following OGD/R treatment (P=0.0001 vs Control
group). Pramipexole treatment enhanced GPX4 enzyme activity to 8.8 U/gprot (P=0.0039 vs OGD/R group)
(Fig. 1h). Compared to the control group, OGD/R treatment reduced intracellular GSH levels by 32% (P =0.0312
cs Control), while pramipexole significantly elevated 45.2% intracellular GSH levels (P=0.0351 vs OGD/R)
(Fig. 1i).

The impact of pramipexole on the Nrf2/SLC7A11/GPX4 protein pathway in cells following
OGD/R

Western blot analysis revealed that, compared to the control group, intracellular Nrf2 levels slightly increased
post-OGD/R (P=0.4936 vs Control group), while SLC7A11 and GPX4 expression significantly decreased
(P=0.0088 and P=0.0034 vs Control group). Upon treatment of pramipexole, Nrf2 protein was markedly
activated, with a 77.3% increase in Nrf2 protein content in the OGD/R +PPX group compared to the control
(P=0.0005). Additionally, SLC7A11 protein content increased 2.5 times (P =0.0125) and GPX4 protein content
increased 1.6 times (P=0.0105) compared to the OGD/R group. Post-OGD/R injury, HT22 cells exhibited a
52.2% increase in p53 protein expression (P=0.0083 vs Control), which was significantly suppressed by 39.2%
when treating pramipexole (P=0.0025 vs OGD/R) (Fig. 2 a—e).

RT-qPCR results indicated that, compared to the control group, Nrf2 gene expression had a insignificant
increase in cells treated with OGD/R, while SLC7A11 and GPX4 gene expression significantly decreased by
30.3% and 36.1% (P =0.0203 and P =0.0015 vs OGD/R group). In the OGD/R + PPX group, Nrf2 gene expression
was significantly higher than in the control group (an increase of 20.7%, P =0.0459), and SLC7A11 and GPX4
gene expression were notably higher than in the OGD/R group (increase by 39.2% and 39.3%, P=0.0349 and
P=0.0234). The expression of p53 gene was 1.1 times higher in the OGD/R group compared to the control
(P=0.0331), and pramipexole significantly inhibited p53 gene expression by 55.1% (P=0.0242 vs OGD/R
group) (Fig. 2 f-i).

Immunofluorescence assays showed that, compared to the control group, Nrf2 fluorescence intensity
insignificantly increased in cells treated with OGD/R, while SLC7A11 and GPX4 fluorescence intensity
decreased by 19.6% and 21.8% (P=0.0007 and P =0.0005 vs Control group). In the OGD/R + PPX group, Nrf2
fluorescence intensity was insignificantly stronger than in the OGD/R group and had an increase of 19.7% than
in the control group (P=0.0291). Furthermore, SLC7A11 and GPX4 fluorescence expression was pronounced
in the OGD/R +PPX group compared to the OGD/R group ,reaching increases of 10.8% and 14.0% (P =0.0389
and P=0.0398) (Fig. 2 j-o).

Effects of pramipexole on cell viability and mitochondrial morphology and function after
erastin treatment

The results of the CCK8 assay indicated that compared with the control group, the cell viability in the Erastin
group decreased by 37.8% (P <0.0001), while 50 uM pramipexole significantly increased the cell viability
by 29.7% after 1 uM Erastin treatment (P=0.0005) (Fig. 3 a,b). In addition, we used transmission electron
microscopy to observe the morphological changes of the cells. The results showed that compared with the
control group, the mitochondrial morphology in the Erastin group changed significantly, mainly manifested as
reduced mitochondrial volume, decreased mitochondrial cristae, and increased membrane density, while the
addition of pramipexole maintained the normal morphology of mitochondria (Fig. 3 c). The JC-1 probe was
used to stain the mitochondria of cells to investigate the changes in mitochondrial membrane potential in the
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Fig. 2. Effect of pramipexole on Nrf2/SLC7A11/GPX4 proteins and genes in cells subjected to OGD/R.
(a—e) Protein expression of Nrf2, SLC7A11, GPX4, p53 in HT22 cells after OGD/R. (f-i) Gene expression of
Nrf2, SLC7A11, GPX4, p53 in HT22 cells after OGD/R. (j—o) Immunofluorescence staining and detection
of Nrf2, SLC7A11, GPX4 in HT22 cells after OGD/R. Data are presented as mean + SD. *P <0.05, **P <0.01,
P <0.001, ***P <0.0001.

| https://doi.org/10.1038/s41598-026-40289-w nature portfolio

Scientific Reports|  (2026) 16:11134


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(a)

150

100-I ‘
0

Cell Viability(%)
2

CTRL

Erastin

‘rastin+PPX

-

o

=3
1

Erastin

-
=3
=1

Cell Viability (%)
3

<
Aggregate Monomer Bright-field Merge Zoom

(e)

JC-1 aggregate/monomer
(red/green)

(f) KKk

* *kok
% %k %k k
15 *okkK 6 o
* %k % 5 § | g E
% ] o %
4+ 2 ok & S5 180
1.0 £8 2 10 Sg £8
o © 5 s oD
62 g g3 §e
0.5 o E gt £ 0.8} =5 o £ 140
c2 8 < F=
2 & N ]
o
0.0 0 0.6 0
o g &
6@’ (,;a“o ,3“*' & & & & £ & S .8Q+
¢ & O E CE ¢ &
& o & &
< & <& <

Fig. 3. Effect of pramipexole on cell viability, mitochondrial-related indicators and ferroptosis-related
indicators in erastin-treated cells. (a) Changes in cell viability after 24-h erastin-treatment. (b) Effect

of pramipexole on cell viability in 1 uM erastin-treated cells. (c) Representative TEM images depicting
mitochondrial morphology across experimental groups, the red arrow points to the representative
mitochondrion, with a scale bar of 500 nm. (d) Representative images of JC-1 fluorescent probe staining
acquired via a long-term dynamic live-cell imaging and functional analysis system, with a scale bar of 400 pm.
Magnification: 10x. (e) Changes in mitochondrial membrane potential. (f) Changes in Iron concentration. (g)
Changes in relative ROS levels. (h) Changes in GPX4 enzyme activity. i Changes in GSH concentration. Data
are presented as mean + SD. *P <0.05, **P<0.01, ***P < 0.001, ****P <0.0001.

Erastin group and the Erastin + PPX group (Fig. 3 d,e). The results showed that the mitochondrial membrane
potential decreased by 28.3% compared to the Control group after Erastin treatment (P <0.0001), while the
addition of pramipexole alleviated mitochondrial membrane dysfunction, reaching a 29.2% increase compared
to Erastin group. (P <0.0001).
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Effects of pramipexole on intracellular iron content, ROS level, GPX4 enzyme activity, and
GSH content after erastin treatment

The results of iron ion content detection showed that the average iron content in the control group cells was
2.8 umol/g, while the average iron ion content in the Erastin group cells was 5.0 umol/g (P <0.0001). After
adding pramipexole, the average intracellular iron ion content was 3.2 pmol/g (P =0.0003 vs the Erastin group)
(Fig. 3 f).

The relative content of intracellular ROS was detected by DCFH-DA fluorescent probe. The results showed
that compared with the control group, the relative content of ROS in the Erastin group had a 11.5% increase
(P=0.0004), and pramipexole reduced the ROS level by 4.5% (P =0.0286 vs Erastin) (Fig. 3 g). The intracellular
GPX4 enzyme activity and GSH content were detected by ELISA. The results showed that the GPX4 enzyme
activity was high and the GSH content was sufficient in the control group. In contrast, after Erastin treatment,
the intracellular GPX4 enzyme activity decreased from 10.1U/gprot to 3.2U/gprot (P <0.0001 vs Control group),
and the phenomenon of intracellular GSH depletion occurred with a decrease of 74.3% (P =0.0014 vs Control).
After adding pramipexole, it significantly increased the intracellular GPX4 enzyme activity to 7.8U/gprot
(P=0.0008 vs Erastin group) and increased the GSH content by 2.4 times (P=0.0131 vs Erastin) in Erastin-
damaged cells (Fig. 3 h-i).

Effects of pramipexole on the Nrf2/SLC7A11/GPX4 signaling pathway in cells after erastin
treatment

The results of WB experiments showed that compared with the control group, the expression of Nrf2 protein
in the Erastin group had an insignificant change (P =0.2584), the expression of p53 protein increased by 52.6%
(P=0.0031). The expression of SLC7A11 protein had a decrease of 56.5% (P=0.0011), and the expression of
GPX4 protein decreased significantly by 54.8% (P <0.0001). Pramipexole activated Nrf2 protein by 2.0 times
(P=0.0032 vs Control group), increased the expression levels of intracellular SLC7A11 by 1.4 times and
GPX4 by 96.3% (P=0.0006 and P<0.0001 vs Erastin group), and inhibited the expression of p53 by 44.7%
(P=0.0004 vs Erastin group) (Fig. 4 a—e). The data of RT-qPCR showed that compared with the control group,
the expression level of Nrf2 gene in cells showed an insignificant increase after Erastin treatment, the expression
of p53 gene increased by 54.4% (P =0.0071), and the expression of SLC7A11 and GPX4 was inhibited, showed
a decreased of 64.3% and 12.5% (P=0.0443 and P=0.0317). After adding pramipexole, it significantly activated
the expression of Nrf2 by 59.3% (P =0.0328 vs Control), promoted the expression of SLC7A11 gene by 2.0 times
and GPX4 gene by 17.2% (P=0.0172 and P=0.0092 vs Erastin group), and inhibited the expression of p53
gene by 27.1% (P=0.0313 vs Erastin group) (Fig. 4 f-i). The results of immunofluorescence experiments proved
that compared with the control group, the expression of Nrf2 protein in the Erastin group had an insignificant
change, the expression level of SLC7A11 protein decreased by 25.5% (P <0.0001), and the expression of GPX4
protein decreased by 25.0% (P <0.0001). After adding pramipexole, the expression of Nrf2 further increased by
31.4% (P=0.0135 vs Control group), and the expression of SLC7A11 protein and GPX4 protein also significantly
increased by 8.4% and 16.0% (P=0.0117 and P=0.0075 vs Erastin group) (Fig. 4 j-o).

Discussion

Current emergency treatment modalities for ischemic stroke primarily involve pharmacological thrombolysis or
mechanical thrombectomyzo. Nevertheless, the abrupt restoration of blood flow to ischemic cerebral regions can
trigger localized inflammation and the accumulation of reactive oxygen species, potentially exacerbating tissue
damage. Therefore, the alleviation of ischemia-reperfusion injury is of paramount importance for enhancing the
prognosis of patients suffering from ischemic stroke. Ferroptosis, a regulated form of programmed cell death, is
distinguished by the iron-dependent buildup of lipid peroxides. Significantly, ferroptosis is intricately linked to
the development and advancement of cerebral ischemia-reperfusion injury. As far back as 1988, Dietrich et al.?!
documented iron deposition in the basal ganglia, thalamus, periventricular areas, and subcortical white matter
regions during the recovery stage of ischemic brain injury.

Pramipexole has emerged as a promising neuroprotective agent capable of exerting neuroprotective effects
independent of cell death modalities and its dopamine receptor agonist properties??. Clinical investigations have
provided compelling evidence that pramipexole can significantly expedite the restoration of consciousness in
patients suffering from severe brain disorders>>?!. Furthermore, pramipexole mitigates brain injury through
multiple mechanisms. It can induce a state of mild hypothermia, inhibit necroptosis*>?°, maintain the integrity
of the blood—brain barrier, and attenuate the inflammatory responses?’. Our research group’s earlier studies
have revealed that pramipexole can enhance cognitive function in Sprague-Dawley (SD) rats subjected to
global cerebral ischemia—reperfusion injury. It accomplishes this by reducing intracranial lipid peroxidation
and inhibiting ferroptosis related pathways!*!4, Therefore, the present study endeavors to conduct in vitro
experiments to validate the mechanisms underlying pramipexole’s actions. By using Erastin as a positive control,
this study aims to rule out the possibility that pramipexole’s neuroprotective effects are solely attributed to its
ability to inhibit oxidative stress, thereby further elucidating whether pramipexole improves functional status in
OGD/R injury models by specifically suppressing ferroptosis.

The CCK-8 assay was employed to assess cellular viability changes subsequent to OGD/R in order to identify
the optimal concentration and treatment timing. The outcomes indicated that interventions using different
concentrations of pramipexole (PPX) at various time points during OGD/R had distinct impacts on cellular
viability. Specifically, treatment during hypoxia proved detrimental to cells, whereas both reoxygenation and
continuous treatment demonstrated partial improvements in cellular viability, and 50 uM was determined to be
the optimal concentration. Although prior research has indicated that administering agents before ischemia—
reperfusion injury can yield significant therapeutic effects®®, our findings suggest that pramipexole treatment
during reoxygenation or throughout the process is more effective in enhancing cellular viability. Additionally,
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Fig. 4. Effect of pramipexole on Nrf2/SLC7A11/GPX4 proteins and genes in cells after erastin treatment. (a—e)
Protein expression of Nrf2, SLC7A11, GPX4, p53 in HT22 cells after Erastin treatment. (f-i) Gene expression
of Nrf2, SLC7A11, GPX4, p53 in HT22 cells after Erastin treatment. (j—o) Immunofluorescence staining and
detection of Nrf2, SLC7A11, GPX4 in HT22 cells after Erastin treatment. Data are presented as mean + SD.
*P<0.05, **P <0.01, **P<0.001, **P <0.0001.
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existing research has demonstrated that intervening after ischemia-reperfusion injury can significantly reduce
the cerebral infarction volume and improve neurological deficits in mice models of middle cerebral artery
occlusion?. Compared to pre-injury treatment, post-injury treatment may hold greater clinical relevance and
applicability.

Transmission electron microscopy was employed to observe the cells subsequent to OGD/R treatment. It was
found that certain cells exhibited ferroptosis-related mitochondrial morphological changes following OGD/R,
while the mitochondrial morphology in the OGD/R+PPX group remained relatively intact. As the “energy
factory” of cells, mitochondrial dysfunction is a key link in the occurrence and development of brain injury.
Dysfunction of mitochondria can trigger oxidative stress, inflammatory responses, and calcium imbalance,
thereby impairing brain plasticity and function®’. To assess the relative level of mitochondrial membrane
potential, the JC-1 fluorescent probe was utilized. The results showed that OGD/R injury led to a notable
reduction in the mitochondrial membrane potential within cells and the addition of pramipexole effectively
reversed these changes in the mitochondrial membrane potential. Collectively, these results suggest that OGD/R
injury exerts a substantial influence on both mitochondrial morphology and function, while pramipexole can
preserve normal mitochondrial morphology and function. Previous research® has indicated that safeguarding
mitochondrial function can mitigate the severity of ischemia-reperfusion-induced brain injury. Additionally,
it has been reported® that PPX can enhance the mitochondrial membrane potential following traumatic brain
injury and alleviate the degree of mitochondrial dysfunction. The results of this study confirm that pramipexole
can maintain mitochondrial morphology and function after OGD/R injury, thereby exerting a cytoprotective effect.

After cerebral ischemia-reperfusion injury, the integrity of ferritin is disrupted, leading to the release of a
substantial amount of free iron. Fe?* in the cytoplasm generates ROS through the Fenton reaction, increasing
the cell’s sensitivity to ferroptosis. At the same time, the intracellular antioxidant defense system is inhibited,
creating a conducive environment for the occurrence of ferroptosis. The results showed that following OGD/R
treatment, both the intracellular iron content and ROS levels increased significantly. This elevation in oxidative
stress within the cell greatly augmented the likelihood of ferroptosis. However, the addition of PPX effectively
mitigated the intracellular iron and ROS contents. GPX4, a pivotal antioxidant peroxidase, uses GSH as a
substrate to counteract the intracellular lipid peroxidation process, directly reducing lipid hydroperoxides or
indirectly reducing cholesterol hydroperoxides and thymidine hydroperoxides to inhibit ferroptosis®2. The
research results demonstrated that after OGD/R injury, the activity of GPX4 in cells was inhibited, and the GSH
content decreased substantially. Conversely, when pramipexole was introduced, the activity of the GPX4 enzyme
was enhanced, and the GSH content increased significantly. These results clearly indicated a marked attenuation
of the cell’s antioxidant capacity after OGD/R and pramipexole can effectively ameliorate the intracellular oxidative
stress induced by OGD/R and enhance the cell’s resistance to ferroptosis.

Oxidative stress represents a crucial factor contributing to cell damage during cerebral ischemia—reperfusion
injury. Nrf2, an essential antioxidant factor, is degraded by the KEAP1 and other E3 ubiquitin ligase complexes
under basal conditions and translocates into the nucleus, where it activates target genes harboring antioxidant
response elements upon exposure to stress conditions. This activation participates in multiple physiological
processes, including iron metabolism, lipid metabolism, and the regulation of mitochondrial function®.
Research findings indicate that following OGD/R treatment, the expression of Nrf2 in neurons experiences a
modest increase. This observation suggests that Nrf2 is activated under stress conditions, potentially serving
as an endogenous protective mechanism. The addition of pramipexole can significantly increase the expression
of Nrf2 protein and gene in neurons, proving that pramipexole can further promote the expression of Nrf2
subsequent to OGD/R injury. Activated Nrf2 plays a pivotal role in promoting the expression of downstream
antioxidant genes. This, in turn, helps to mitigate oxidative stress and mitochondrial dysfunction®*>. GPX4
holds a unique position as the sole enzyme capable of directly reducing phospholipid hydroperoxides and is
involved in the regulation of ferroptosis across various diseases*®. Activation of GPX4 has been shown to alleviate
the severity of brain injury in animal models of different brain diseases, such as subarachnoid hemorrhage®” and
Alzheimer’s disease®. In the present study, OGD/R treatment was found to significantly reduce the protein and
gene expression of GPX4 in HT22 cells. Conversely, the addition of pramipexole was able to reverse this trend,
leading to a significant enhancement of antioxidant capacity. In addition, SLC7A11 mediates cystine uptake
and glutamate release. Dysfunction of SLC7A11 can result in a decline in intracellular cysteine and depletion
of glutathione (GSH) synthesis®’. Downregulation of SLC7A11 indirectly inhibits the activity of GPX4 by
impeding the cysteine metabolic pathway, leading to the accumulation of lipid peroxides and ultimately inducing
ferroptosis®**!. The results of this study revealed that OGD/R treatment significantly inhibits the expression
of both the SLC7A11 protein and gene in cells. However, the addition of pramipexole can effectively increase
the levels of SLC7A11 protein and gene. Additionally, p53, an important tumor suppressor protein, undergoes
serine phosphorylation and activation after cerebral ischemia-reperfusion injury*2. Inhibiting the expression of
P53 has been shown to improve mitochondrial function and exert neuroprotective effects in rats with transient
middle cerebral artery occlusion®’. Through WB and RT—qPCR experiments, this study investigated the
expression changes of p53. The results showed that the expression level of p53 increased after OGD/R treatment,
while pramipexole inhibited the activation of p53. Collectively, these findings suggest that the protective effect of
pramipexole on OGD/R—injured cells is closely associated with the activation of the Nrf2/SLC7A11/GPX4 protein
pathway. Additionally, pramipexole’s ability to inhibit p53 activation may also contribute to its neuroprotective
effects in the context of cerebral ischemia—reperfusion injury.

In fact, a significant oxidative stress process is evident during ischemia-reperfusion injury, which is
closely related to the occurrence of ferroptosis. Our research findings indicate that pramipexole can effectively
lower intracellular iron ion and ROS levels subsequent to OGD/R injury. Moreover, it enhances the activity
of GPX4 and increases the content of GSH. Thus, the protective effect of pramipexole against OGD/R injury
may be attributed to its inhibition of ferroptosis. To verify this hypothesis, we established a positive control
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group using the ferroptosis inducer Erastin to determine whether pramipexole indeed exerts an inhibitory
effect on ferroptosis. As anticipated, cell viability significantly decreased after Erastin treatment, while 50 pM
pramipexole significantly improved cell viability. Furthermore, Erastin treatment induced distinct ferroptosis-
related morphological alterations in mitochondria, accompanied by a significant reduction in mitochondrial
membrane potential. This indicates a disruption of normal mitochondrial morphology and function. The
addition of pramipexole, however, reversed these mitochondrial morphological changes and preserved
normal mitochondrial function. The core mechanism of ferroptosis involves intracellular iron overload and
lipid peroxidation accumulation®*. Excess iron reacts with H202 to generate ROS, which further oxidizes
polyunsaturated fatty acids to form lipid peroxides, damaging cell membrane structures and attacking DNA
and proteins. In this process, GPX4 and GSH, as pivotal antioxidants, convert toxic phospholipid peroxides
into non-toxic phospholipid alcohols, thereby alleviating oxidative stress®>. When compared to the control
group, the Erastin group showed significantly reduced expression of ferroptosis-related biomarkers, including
iron ions, ROS, and GSH, along with inhibited GPX4 enzyme activity. The addition of pramipexole alleviated
intracellular iron overload, reduced ROS content, enhanced GPX4 enzyme activity, and increased intracellular
GSH content following Erastin treatment. The decline in mitochondrial membrane potential is one of the
important characteristics of ferroptosis, and mitochondrial dysfunction plays a crucial role in the regulation of
programmed cell death, such as ferroptosis*®. Iron ions, ROS, GSH, and GPX4 enzyme are all closely associated
indicators in the progression of ferroptosis. This study further confirmed the inhibitory effect of pramipexole on
ferroptosis by detecting the differential characteristics between the Erastin group and the Erastin + PPX group.
This confirms that the protective effect of pramipexole on OGD/R-injured cells is achieved through the inhibition
of ferroptosis.

Research findings indicate that Nrf2 is closely associated with ferroptosis, capable of inhibiting lipid
peroxidation and modulating the progression of ferroptosis through multiple signaling pathways*. GPX4
has been experimentally demonstrated to alleviate cerebral ischemia—reperfusion injury through inhibiting
ferroptosis®. Similarly, SLC7A11 plays a crucial role in the occurrence of ferroptosis by regulating the cysteine
metabolic pathway?. Investigations into intracellular protein expression following ferroptosis reveal that,
comparable to the OGD/R group, the Erastin group exhibits increased Nrf2 protein and gene expression,
while SLC7A11 and GPX4 protein and gene expression levels are significantly reduced. When pramipexole
was introduced, it further activated Nrf2 and significantly enhanced the protein and gene expression of GPX4
and SLC7A11. Additionally, p53 exerts a dual regulatory effect on ferroptosis. On one hand, p53 can trigger
ferroptosis by suppressing SLC7A11 expression or enhancing the expression of SAT1 (spermidine/spermine
N1-acetyltransferase 1) and GLS2 (glutaminase 2). On the other hand, p53 can also inhibit ferroptosis through
the direct suppression of dipeptidyl peptidase 4*”. The results of the present study show that Erastin treatment
leads to an upregulation of p53 expression, while pramipexole effectively inhibits p53 activation. These findings
strongly suggest that pramipexole inhibits the onset of ferroptosis by promoting the expression of Nrf2/SLC7A11/
GPX4 proteins and genes, thereby enhancing cellular antioxidant stress capacity.

In summary, ferroptosis occurs during OGD/R-induced injury, marked by several key features, including
intracellular iron overload, the accumulation of ROS, the decline of GPX4 enzyme activity, the depletion of
glutathione (GSH), and mitochondrial dysfunction. Our research demonstrates that pramipexole exhibits
multifaceted neuroprotective effects. It effectively maintains the normal mitochondrial membrane potential
and morphology, ameliorates intracellular iron overload, scavenges excessive ROS, and preserves the activity of
GPX4 enzyme and the levels of GSH. Specifically, pramipexole mitigates OGD/R-induced ferroptosis through
the Nrf2/SLC7A11/GPX4 pathway, exerting protective effects against cerebral ischemia-reperfusion injury,
thereby demonstrating its potential as a neuroprotective pharmaceutical agent.

Nevertheless, this study has certain limitations. Regarding the research subjects, HT22 cells are dopaminergic
neurons, and our findings confirm that pramipexole helps maintain their normal physiological functions.
Nonetheless, other studies have shown that pramipexole can inhibit astrocyte activation and suppress
neuroinflammation®®, and may possess extra-cerebral protective effects?”. These findings suggest that the
protective mechanisms of pramipexole might be more widespread. Thus, future research should explore
the cytoprotective potential of pramipexole across diverse cell types. Moreover, this study solely focused on
ferroptosis as the cell death mechanism, without analyzing other ferroptotic pathways or alternative cell death
types. Given the intricate interplay between various cell death modalities®, future studies should concurrently
examine multiple cell death mechanisms to further elucidate the underlying mechanisms of pramipexole’s
neuroprotective effects.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on rea-
sonable request. [The original Western Blot bands have been uploaded as supplementary material.]
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