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Purpose: Depression is a widespread neuropsychiatric disorder with limited treatment efficacy and frequent adverse effects. 
Ferroptosis, an iron-dependent and oxidative stress (OS) - related form of regulated cell death, is emerging as a key pathogenic 
mechanism in neurological diseases, yet its role in depression remains largely unexplored. This study aimed to evaluate the 
antidepressant and neuroprotective potential of GLX351322 (GLX), a selective inhibitor of NADPH oxidase 4 (NOX4), by formulat
ing it into a nanocarrier system to overcome its pharmacokinetic limitations.
Methods: GLX was encapsulated into methoxy poly (ethylene glycol)-poly(ε-caprolactone) (mPEG-PCL) nanoparticles (GLX-NPs) 
via a simple nanoprecipitation method. Including particle size, zeta (ζ) potential, morphology, drug loading (DL), encapsulation 
efficiency (EE), biodistribution, and release efficiency, were characterized. In vivo, the antidepressant effect was assessed using 
a chronic unpredictable mild stress (CUMS) mouse model, while in vitro, the safety profile was evaluated in CORT-induced HT22 
cells. Fluorescence, Quantitative real-time PCR (qRT-PCR), and Western blot (WB) experiments were conducted to explore the 
underlying neuroprotective mechanisms.
Results: The average particle size of GLX-NPs was 43.58 ± 3.09 nm, with a ζ potential of approximately −12.13 ± 0.35 mV, a DL of 
6.90%, and an EE of 88.79%. GLX-NPs increased the accumulation of the drug in brain tissues. In CUMS mice, GLX-NPs improved 
depressive-like behaviors and preserved hippocampal neuronal integrity. Mechanistically, GLX-NPs inhibited NOX4 expression, 
suppressed reactive oxygen species (ROS) production and lipid peroxidation, and activated the Nrf2/HO-1/GPX4 pathway to alleviate 
ferroptosis. Co-administration with ferroptosis inducers or Nrf2 inhibitors reversed these protective effects.
Conclusion: GLX-NPs effectively alleviate depressive-like behaviors by inhibiting neuronal ferroptosis and OS via modulation of the 
NOX4/Nrf2/HO-1/GPX4 signaling pathway. This study supports the therapeutic potential of GLX-NPs as a novel nanomedicine 
targeting ferroptosis in the treatment of depression.
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Introduction
Depression is a widespread neuropsychiatric disorder that severely impacts an individual’s physical health and daily life, 
imposing a substantial burden on individuals and society.1 Despite the availability of numerous classes of antidepressant 
medications, a significant proportion of patients exhibit suboptimal therapeutic responses,2,3 often accompanied by severe 
adverse effects such as weight fluctuations, insomnia, and suicidal ideation.4–7 Thus, there remains an urgent need to 
develop safer and more effective treatment strategies.
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The blood-brain barrier (BBB) is one of the main obstacles to drug delivery to the brain, and overcoming this barrier 
to enable efficient drug penetration remains a significant challenge in drug development. In recent years, nanomedicine 
has gained widespread attention as an innovative therapeutic strategy due to its ability to significantly enhance the 
bioavailability and stability of drugs. In particular, polymeric nanomicelles (PNMs) have become a research focus in drug 
delivery systems because of their excellent drug loading capacity, good biocompatibility, and biodegradability.8,9 PNMs 
can form colloidal systems with a core-shell structure through the self-assembly properties of amphiphilic copolymers.10 

Methoxy polye (thylene glycol)-poly(ε-caprolactone) (mPEG-PCL) is a typical amphiphilic copolymer that sponta
neously forms micelles in water, with a hydrophilic PEG shell and a hydrophobic PCL core, which effectively 
encapsulates hydrophobic drugs in its hydrophobic core, significantly improving drug solubility and controlling drug 
release.11 Moreover, mPEG-PCL nanomicelles have a small particle size, typically in the range of 50–200 nm,10 allowing 
them to more easily penetrate the BBB and enter the brain tissue.12 These outstanding properties make mPEG-PCL a key 
material in drug delivery, particularly showing great potential for central nervous system (CNS) therapy.

GLX351322 (GLX) is a small molecule NADPH oxidase 4 (NOX4) inhibitor that has demonstrated significant 
neuroprotective effects in neurodegenerative disease models, such as Alzheimer’s disease (AD) and Parkinson’s disease 
(PD).13–15 Nevertheless, the potential application of GLX in the treatment of depression has not been systematically 
studied. Especially due to its poor solubility and low bioavailability, the therapeutic potential of GLX is limited. To 
overcome these limitations, we encapsulated GLX into mPEG-PCL using a simple nanoprecipitation method to form 
polymeric nanoparticles (GLX-NPs), thereby enhancing its drug delivery efficiency.

NOX4, as a key enzyme in reactive oxygen species (ROS) generation, is widely involved in oxidative stress (OS) 
responses in neurological disorders.16–18 In the complex biological mechanisms of depression, OS is considered an 
important pathological basis. According to the “OS hypothesis of depression”, excessive ROS production and impaired 
antioxidant defense systems lead to structural and functional damage in the brain.19 Therefore, inhibiting the over
expression of NOX4 appears to be a potential therapeutic approach for depression. Additionally, the excessive accumula
tion of ROS not only exacerbates oxidative damage in cells but also triggers ferroptosis. Ferroptosis is an iron-dependent, 
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non-apoptotic form of cell death regulated by OS, which has been identified as a key pathogenic mechanism in various 
neurodegenerative diseases.20–22 However, its role in depression remains unclear. A substantial body of evidence 
suggests a vicious cycle between excessive ROS generation and ferroptosis. On one hand, the accumulation of excessive 
ROS exacerbates oxidative damage in cells, promoting the release and accumulation of iron, thereby accelerating 
ferroptosis. On the other hand, ferrous ions (Fe2+) in cells catalyze ROS generation through the Fenton reaction, further 
driving lipid peroxidation,23 which amplifies neuronal dysfunction and degeneration. Therefore, as a NOX4 inhibitor, 
GLX-NPs demonstrate therapeutic potential in reducing OS and inhibiting ferroptosis.

The Nrf2/HO-1/GPX4 pathway is considered a key regulator of OS and ferroptosis.24,25 This pathway has been 
shown to be activated under conditions that inhibit NOX4 in various neurological disorders, such as memory impair
ments induced by sleep deprivation26 and Alzheimer’s disease,27 exerting protective effects against ferroptosis and 
neurodegeneration. However, whether this pathway alleviates depressive-like behaviors remains unclear. In light of this, 
we encapsulated GLX in mPEG-PCL and characterized the resulting nanoparticles. We hypothesize that GLX-NPs might 
regulate NOX4, thereby influencing the expression of Nrf2/HO-1/GPX4, inhibiting neuronal ferroptosis, and ultimately 
improving depressive symptoms. To test this hypothesis, we established chronic unpredictable mild stress (CUMS) 
mouse models and CORT-induced HT22 cell models. Our results demonstrate that GLX-NPs effectively ameliorate 
depressive behaviors, inhibit ferroptosis in hippocampal neurons, reduce hippocampal neuronal damage, restore redox 
balance, and protect mitochondrial integrity. These findings highlight the potential of GLX-NPs as a promising 
therapeutic strategy in the treatment of depression. Moreover, the neuroprotective effects observed suggest that the 
Nrf2/HO-1/GPX4 pathway plays a crucial role in mediating these benefits, thus offering a novel perspective for 
developing targeted interventions in depression therapy.

Materials and Methods
Preparation of GLX-Loaded mPEG-PCL Micelles
We referred to previous studies11,28 and explored the optimal ratio between GLX and mPEG-PCL for the preparation of 
GLX-loaded micelles (Table S1). Specifically, 0.7 mg of GLX (HY-100111, MCE, USA) and 9.3 mg of mPEG5k-PCL5k 
(JP0051, Jingpi Technology, China) were fully dissolved in 3 mL of N, N-dimethylformamide (DMF, B010697-1L, Energy 
Chemical, China) as the organic phase. The mixture was stirred thoroughly at 400 rpm for 30 minutes to ensure complete 
dissolution. Afterward, it was added dropwise into 5 mL of distilled water under magnetic stirring at 2500 rpm to ensure 
uniform dispersion. Subsequently, the solution was subjected to ultrasonic treatment for 10 minutes using an ultrasonic bath 
at a frequency of 40 kHz at room temperature to eliminate air bubbles and enhance micelle formation. The solution was then 
dialyzed against Milli-Q water (MWCO 3500 Da) for 8 hours, with the water being replaced every hour to ensure the 
complete removal of DMF. The final product, GLX-NPs, was obtained. After dialysis, the solution was centrifuged at 
15,000 rpm for 10 minutes and filtered through a 0.22 μm membrane to remove any unencapsulated drug (Figure 1A).

Characterization of GLX-Loaded mPEG-PCL Micelles
Assessment of Size Distribution and Electrokinetic Properties
The particle size and zeta (ζ) potential of GLX-NPs micelles were detected through dynamic light scattering (DLS) using 
a Zetasizer Nano ZS analyzer (Zetasizer Ultra, Malvern Instruments, UK). All measurements were performed at 
a controlled temperature of 25 °C.

Morphology
The structural characteristics of the micelles were visualized by transmission electron microscope (TEM, HT7800, 
Hitachi, Japan). Both unloaded mPEG-PCL (NPs, without GLX) and GLX-NPs micelles were separately dispersed in 
Milli-Q water and deposited onto a carbon-coated copper grid. Negative staining was performed using phosphotungstic 
acid, followed by air-drying under ambient conditions.
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Figure 1 Synthesis and characterization of GLX-NPs. (A) Schematic illustration of the preparation process of GLX-NPs. (B) Particle size distribution of GLX-NPs and NPs. 
(C) TEM image of GLX-NPs and NPs. (D) Zeta potential of GLX-NPs and NPs (n=3). (E) Biodistribution of GLX and GLX-NPs in various tissues at 24 hours post- 
administration (n = 3). (F) XRD patterns of the GLX-NPs and other formulations. (G) Timeline of the animal experiments.
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Drug Loading (DL), Encapsulation Efficiency (EE), Biodistribution, and in vitro Release 
Kinetics
High-performance liquid chromatography (HPLC, Elite 3100, E-Classical, China) was employed in conjunction with 
a reversed-phase C18 column (Supersil ODS2, 5 μm, E-Classical, China) to quantify DL, EE, and the distribution of 
GLX and its nanoformulation in various organs, including the brain, heart, liver, spleen, lungs, and kidneys. The column 
temperature was maintained at 30°C, and the flow rate was set to 1 mL/min. The mobile phase consisted of methanol and 
water (containing 0.05% TFA), and HPLC separation was performed at 254 nm with a gradient from 20/80 to 80/20 (v/ 
v). DL and EE were calculated according to the following formulas:

GLX or GLX-NPs were administered to CUMS model mice, followed by euthanasia at 6, 12, and 24 hours post-dosing to 
collect tissue specimens from the brain, heart, liver, spleen, lungs, and kidneys. The harvested tissues were homogenized 
and subjected to methanol extraction. The resulting supernatants were passed through 0.22 μm membrane filters and 
analyzed using HPLC.

Additionally, the in vitro release kinetics of GLX-NPs were evaluated using the same HPLC method. Briefly, 1 mL of 
GLX-NPs solution was placed in a dialysis bag (molecular weight cutoff: 3.5 kDa). The dialysis bag was then immersed 
in 30 mL of phosphate-buffered saline (PBS, pH 7.4) containing 0.5% (w/w) Tween 80 (HY-Y1891, MCE, USA) and 
incubated at 37°C under gentle shaking. At predetermined time intervals, the amount of drug released into the incubation 
medium was quantitatively determined.

Crystallographic Analysis by Powder X-Ray Diffraction (XRD)
The crystallographic analysis of pure drug, physical mixtures, polymer, blank nanoparticles, and drug-loaded nanopar
ticles was performed using a powder X-ray diffraction (XRD) instrument (D8-ADVANCE, Bruker, Germany) equipped 
with a Cu Kα radiation source at 40 kV and 20 mA. Before analysis, each sample was compressed into thin films using 
a tablet press and placed on a steel holder. XRD data were collected in the 2θ range of 5° to 60° with a scanning rate of 
7°/min.

Animals
C57BL/6J mice (Male, 18–20 g) were sourced from Jilin University. Animals were housed under standardized laboratory 
conditions. All experimental protocols were approved by the Animal Ethics Committee of Jilin University and conducted 
in accordance with internationally accepted guidelines for the ethical use of laboratory animals (No. SY. 2024–10-005).

CUMS-Based Depression Induction Protocol
CUMS regimen was implemented with slight modifications to previously described protocols.29,30 Following a seven-day 
acclimatization phase, animals were exposed to a series of stressors intended to produce sustained and unpredictable 
psychological pressure. The regimen consisted of stressors such as: 24-hour fasting, 5-minute forced swims at 4 °C and 
45 °C respectively, 2-hour restraint, 1-minute tail pinch, 6-hour cage tilting at a 45° angle, 24-hour exposure to damp 
bedding, 24-hour water deprivation, 24 hours in an empty cage, and 5-minute cage shaking. To maintain unpredictability, 
a different stressor was randomly applied each day over a continuous six-week period.

Group and Drug Treatment
Experiment 1: A total of 36 mice were randomly divided into 6 experimental groups (n=6 per group): Control, CUMS, 
CUMS+ NPs, CUMS+GLX (5.0 mg/kg, HY-100111, MCE, USA), CUMS+GLX-NPs (5.0 mg/kg), CUMS+ fluoxetine 
(Flu, 20.0 mg/kg, PHR1394, Sigma-Aldrich, USA). All animals were exposed to chronic CUMS for a period of six 
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weeks except for the control group. Drug treatments were initiated at the beginning of week 5 and continued daily for the 
final two weeks while CUMS exposure persisted. GLX and Flu were administered via intraperitoneal injection (i.p). 
GLX-NPs were administered intravenously (i.v). via the tail vein. A blank nanoparticle group (CUMS + NPs, i.v). was 
included to control for the effect of the nanocarrier. The therapeutic doses of GLX-NPs and Flu were determined based 
on preliminary experiments (Figure S1A–H) and previous studies.31

Experiment 2: This experiment consisted of five groups of mice (n = 6 per group): Control, CUMS, CUMS + GLX- 
NPs (5 mg/kg), CUMS + GLX-NPs + RSL3 (5.0 mg/kg, HY-100218A, MCE, USA), and CUMS + Ferrostatin-1 (Fer-1, 
5.0 mg/kg, HY-100579, MCE, USA). The drug administration schedule was the same as in Experiment 1. Fer-1 and 
RSL3 were administered via i.p. In the combination group (GLX-NPs + RSL3), RSL3 was followed by intravenous 
administration of GLX-NPs 1 hour after RSL3 administration, in order to minimize potential pharmacokinetic interac
tions. The administration approach and dosage of RSL3 and Fer-1 were based on protocols reported in earlier studies.32,33

Experiment 3: This experiment consisted of four groups of mice (n = 6 per group): control, CUMS, CUMS + GLX- 
NPs (5.0 mg/kg), and CUMS + GLX-NPs + ML385 (30.0 mg/kg, HY-100523, MCE, USA). The drug administration 
schedule was the same as in Experiment 1. In the combination group, ML385 was administered first via intraperitoneal 
injection, followed by intravenous GLX-NPs after a 1-hour interval. The ML385 dosage was determined according to 
findings from prior research.34

Behavioral Testing
Sucrose Preference Test (SPT)
To reduce novelty-induced stress, mice were individually housed during the habituation period and provided with two bottles of 
1% (w/v) sucrose solution for 24 hours. Subsequently, they were exposed to one bottle containing 1% sucrose solution and 
another with distilled water for an additional 24 hours. To avoid spatial bias, bottle placement was alternated every 2 hours. Prior 
to the formal assessment, mice underwent a 12-hour deprivation of both food and water. Following the deprivation, each mouse 
received two pre-weighed bottles—one containing 1% sucrose and the other distilled water—and was permitted to drink freely 
for a duration of 4 hours. The remaining volume in each bottle was measured post-test to determine intake. To quantify sucrose 
preference, the following equation was applied: Sucrose Preference (%) = sucrose consumption / (sucrose consumption + 
distilled water consumption) × 100%.

Tail Suspension Test (TST)
Medical tape was attached 1–2 cm from the tail tip to suspend mice individually during the test. The device maintained the 
mice in an unobstructed head-down orientation by suspending them 50 cm above ground level. The total test duration was 
6 minutes, with the initial 2 minutes considered as an acclimatization phase. Immobility time was quantified during the 
remaining 4 minutes. A state of immobility was identified when no active movement of the limbs or body was observed, 
excluding motions attributed to breathing. Behavioral responses were documented via video recordings for post hoc analysis.

Forced Swim Test (FST)
For the forced swim test, individual mice were placed in cylindrical glass containers (35 cm × 15 cm) filled with fresh 
water (12–15 cm depth; temperature: 25–27 °C). At the time of behavioral assessment, each mouse was placed 
individually in the water-filled cylinder for 6 minutes while behavior was recorded. The first 2 minutes were considered 
adaptation and not analyzed. Immobility time during the last 4 minutes, defined as minimal movement to keep the head 
above water, was recorded. Each mouse was tested once. After each test, the water was changed and the cylinder cleaned. 
Mice were dried and returned to their cages to recover.

Open Field Test (OFT)
Each mouse was individually introduced into a square open-field chamber (dimensions: 50 × 50 × 40 cm) and allowed to 
explore freely for 5 minutes. The spontaneous locomotor behavior was captured via video recording and subsequently 
analyzed using the EthoVision XT13 system (Noldus Information Technology, Netherlands). To prevent olfactory 
interference between trials, the apparatus was thoroughly sanitized with 75% ethanol after each session.
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Hematoxylin-Eosin (HE) and Nissl Staining
Mice were anesthetized using 3% isoflurane (R510-22-10, Reward Life Science, China), followed by transcardial 
perfusion with physiological saline and subsequent fixation using 4% paraformaldehyde (BL539A, Biosharp, China). 
After dissection, brain specimens were incubated in 4% paraformaldehyde at 4 °C for at least 12 hours to achieve post- 
fixation. The specimens underwent dehydration, paraffin embedding, and sectioning. Rehydration was performed after 
deparaffinization. Final staining and sealing with neutral resin were performed.

To further assess neuronal injury, Nissl staining was performed. Paraffin-embedded brain sections were deparaffi
nized, rinsed thoroughly, and then stained according to the supplier’s guidelines (G1086, Servicebio, China). the slides 
were briefly washed twice with distilled water, dehydrated through an ethanol series, and sealed using neutral resin. 
Hippocampal tissue morphology was visualized under the microscope (BX51, Olympus Corporation, Japan).

Immunofluorescence
Frozen brain tissue was equilibrated at room temperature for approximately 5 minutes before employing sodium citrate buffer 
to promote antigen repair. Primary antibodies were incubated at 4°C overnight. The following day, sections were incubated 
with fluorescently labeled secondary antibody for 1 h at room temperature under light-avoidance conditions. Nuclear staining 
was accomplished using DAPI. Fluorescent images were acquired using a microscope (IX73, Olympus, Japan).

For cellular staining, cell crawls were fixed with paraformaldehyde and washed with PBS. Subsequently, the samples 
were blocked in 10% goat serum containing 0.3% Triton X-100 for at least 1 hour. Primary antibody treatment was 
performed overnight at 4°C. Upon returning to room temperature the next day, the cells underwent three PBS washes, 
each lasting 5 minutes. Secondary antibody incubation was then conducted for 1 hour. DAPI was applied for nuclear 
visualization, and the samples were mounted for analysis. Fluorescent imaging was performed with a microscope (IX73, 
Olympus, Japan). The list of antibodies used in detail is shown in Table S2.

Assessment of Oxidative Stress and Corticosterone (CORT) Levels
Samples including tissue homogenates, serum, and cell extracts were obtained and prepared for subsequent analysis. 
CORT (BP02183, Baipeng Bio, China), 5-hydroxytryptamine (5-HT, BP01315, Baipeng Bio, China), Fe2+ (BC5415, 
Solarbio, China), malondialdehyde (MDA, S0131S, Beyotime, China), reduced glutathione (GSH, A006-2-1, Nanjing 
Jiancheng, China), total superoxide dismutase (SOD, A001-3-2, Nanjing Jiancheng, China), and lipid peroxide (LPO, 
BC5245, Solarbio, China) was used as specified by the supplier’s recommended protocol.

Cell Treatment
In the experiment, HT22 cells incubated with GLX-NPs (20 μM, 2h) or Fer-1 (5 μM, 2h, HY-100579, MCE, USA) were 
treated with CORT (200 μg/mL, 24h, HY-B1618, MCE, USA). HT22 cells incubated with GLX-NPs (20 μM, 2 h) and 
RSL-3 (5 μM, 2h, HY-100218A, MCE, USA) were stimulated with CORT (200 μg/mL, 24h). HT22 cells incubated with 
GLX-NPs (20 μM, 2h) and ML385 (5 μM, 2h) were exposed with CORT (200 μg/mL, 24h).

Assessment of Cytotoxicity
HT22 cells were incubated with a working solution of CCK-8 (C0037, Beyotime, China) for 2 hours. At the end of 
incubation, absorbance was measured at 450 nm using a microplate reader (Spark, TECAN, Austria). The resulting 
optical density values were used to assess cell viability.

Western Blot (WB) Analysis
Proteins from brain tissues or cells were extracted using RIPA lysis buffer, and concentrations were determined using the 
BCA protein quantification kit (P0012, Beyotime, China). Equal amounts of protein were resolved by SDS-PAGE and 
electrotransferred onto PVDF membranes using a blotting apparatus. Membranes were blocked in 5% non-fat milk 
solution and incubated overnight at 4 °C with primary antibodies (detailed in Table S3). After washing, membranes were 
probed with horseradish peroxidase-conjugated secondary antibodies for 1 hour at ambient temperature. Signal detection 
was performed using enhanced chemiluminescence (ECL, 5200, Tanon, China).
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Quantitative Real-Time PCR (qRT-PCR)
RNA from brain tissues and cells was extracted using TRIzol reagent (ET101-01, TransGen Biotech Co., Ltd, China) and 
complementary DNA (cDNA) was synthesized by reverse transcription. qRT-PCR was carried out using SYBR Green 
Master Mix (AQ601, TransGen Biotech Co., Ltd, China). The primer sequences for NOX4, Nrf2, HO-1, GPX4, and β- 
actin are provided in Table S4.

Transmission Electron Microscopic Analysis
The hippocampal tissues or HT22 cells were initially fixed with 2.5% glutaraldehyde for 2 hours, followed by prolonged 
fixation for 24 hours (4 °C). Post-fixation was performed using 1% osmium tetroxide at room temperature for an 
additional 2 hours. After fixation, the sections were sequentially dehydrated, embedded, sectioned, and subsequently 
stained by uranyl acetate and lead citrate. Imaging was conducted using a TEM (JEM-1400, JEOL, Tokyo, Japan).

Mitochondrial Membrane Potential (MMP) Detection
After cell samples were prepared, 1 mL of JC-1 staining solution was added for staining (M8650, Solarbio, China). 
Excess dye was removed by washing twice with JC-1 buffer. A confocal laser scanning microscope (FV3000, Olympus 
Corporation, Tokyo, Japan) was employed to acquire and visualize fluorescence.

Intracellular Fe2+ Levels Detection
Intracellular Fe2+ levels were determined using the FerroOrange fluorescent dye (G1727, Servicebio China). HT22 cells 
were gently washed twice with serum-free medium after the culture medium was aspirated. Cells were subsequently 
maintained at 37 °C in darkness for 30 minutes in a 1 μmol/L FerroOrange solution formulated in serum-free medium.

Lipid Peroxidation Detection
HT22 cells were cultured in 6-well plates before being incubated with 2 μM C11-BODIPY (581/591), following the 
manufacturer’s protocol (S0043M, Beyotime, China). Fluorescence signals were captured using a laser scanning confocal 
microscope (FV3000, Olympus Corporation, Japan). The oxidized form of the probe (O-BODIPY) was excited/emitted at 
488/510 nm, while the reduced form (R-BODIPY) was visualized at excitation/emission wavelengths of 581/591 nm.

Intracellular ROS and Mitochondrial ROS Detection
Intracellular ROS were assessed using the fluorescent dye 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA, 
S0033S, Beyotime, China) via fluorescence staining (IX73, Olympus, Japan) combined with flow cytometry (FACS 
Canto II, BD, USA). Cells were induced and incubated with DCFH-DA for 30 minutes in the absence of light.

To evaluate mitochondrial ROS, cells were seeded in confocal dishes and treated with 5 µM MitoSOX at 37 °C for 
20 minutes (M36008, Thermo Fisher Scientific, USA). After staining, they were washed twice with PBS and then 
incubated with Hoechst 33342 for nuclear labeling for an additional 10 minutes.

Statistical Analysis
All data are reported as mean ± S.D. Statistical evaluation employed one-way ANOVA followed by Tukey’s test, with 
significance set at p < 0.05. A minimum of three independent replicates were used for each experiment.

Results
Particle Size and ζ Potential of GLX-NPs
DLS analysis was performed to characterize the hydrodynamic diameter and surface charge of the nanoparticles. The 
results demonstrated that the average hydrodynamic sizes of NPs and GLX-NPs were 50.03 ± 0.47 nm and 43.58 ± 3.09 
nm (Figure 1B), respectively. The relatively smaller size of GLX-NPs may be attributed to enhanced intermolecular 
interactions upon GLX encapsulation, which could result in a more compact nanoparticle structure. TEM was employed 
to examine the micellar morphology of both NPs and GLX-NPs, as depicted in Figure 1C. The micelles of both NPs and 
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GLX-NPs exhibited a spherical shape, with the average diameter of NPs being 46.57 nm and GLX-NPs showing 
a slightly smaller average diameter of 39.46 nm. The ζ potentials of PEG-PCL and GLX-NPs were measured as −12.73 ± 
1.77 mV and −12.13 ± 0.35 mV (Figure 1D), respectively. The negative surface charge, along with PEGylation, 
contributed to improved colloidal stability by inhibiting particle aggregation and reducing macrophage-mediated 
clearance, thereby prolonging systemic circulation time.35 These characteristics are favorable for the efficient delivery 
of GLX-NPs across the BBB.

DL, EE and Biodistribution, and In Vitro Release Kinetics
In this study, we initially measured the DL and EE of GLX using different ratios of mPEG-PCL to GLX, and based on 
these measurements, determined the optimal ratio of 9:9.3. At this ratio, the prepared GLX-NPs achieved a drug loading 
of 6.90% and an encapsulation efficiency of 88.79%. These parameters are crucial for optimizing the therapeutic efficacy 
and delivery efficiency of nanoparticles. DL directly influences the therapeutic effect and effective dose, while EE 
reflects the stability and bioavailability of the drug within the delivery system.

Furthermore, we evaluated the organ distribution of GLX and GLX-NPs at different time points in the CUMS model 
mice. The results showed that GLX-NPs consistently exhibited higher brain drug accumulation at all time points 
compared to free GLX (Figure 1E for 24 hours, Figure S2A for 6 hours, Figure S2B for 12 hours). Notably, between 
12 and 24 hours, the drug concentration in the free GLX group decreased by approximately 44.91%, while the GLX-NPs 
group showed only a decline of 15.69%. This difference indicates that the drug concentration in the free drug group 
decreased at a rate 2.8 times faster than that in the GLX-NPs group, further suggesting that the nanoparticle-based 
formulation significantly prolongs the retention time of the drug in the brain and exhibits superior controlled release 
properties, thereby enhancing the therapeutic efficacy of the drug.

Additionally, we investigated the release profile of GLX-NPs based on in vitro release experiments. As shown in 
Figure S2C, GLX-NPs released 10.75% of the drug within the first 8 hours, followed by a slower release phase, reaching 
52.22% at 120 hours. From 120 to 168 hours, the release continued, but the increase was smaller, with only about 11.77% 
more released, further supporting the sustained release characteristics of the nanoparticles over a prolonged period. These 
results highlight the potential of GLX-NPs for controlled release and prolonged drug delivery.

Crystallographic Behavior and Physical Properties Analysis of Nanoparticles
To elucidate the crystalline form changes of GLX in nanoparticle formulations, we analyzed GLX, GLX-NPs, NPs, 
mPEG-PCL, and physical mixtures using XRD (Figure 1F).

Firstly, GLX exhibited typical crystalline characteristics, with distinct characteristic peaks observed at 9.6°, 11.1°, 
13.07°, and 14.47° in the XRD spectrum. These peaks indicate that GLX exists in a crystalline form, with a well-defined 
crystalline structure. Crystalline drugs typically dissolve more slowly, and thus, the crystalline form of GLX may 
influence its solubility and bioavailability, subsequently affecting its release rate and absorption efficiency.

In contrast, the XRD spectrum of GLX-NPs displayed a smooth curve without the characteristic peaks of GLX, 
suggesting that GLX has transformed into an amorphous state within the nanoparticle carrier system. Amorphous drugs 
generally exhibit higher solubility and faster absorption rates. This observation further supports that GLX-NPs not only 
improve the solubility of the drug but also possess good dispersion properties, significantly enhancing the drug’s 
bioavailability.

For the physical mixture samples, the individual components retained their respective crystalline structures, indicating 
that no intermolecular interactions or changes in the crystalline structure occurred within the formulation. This result 
suggests that in the physical mixture, the interaction between the drug and the carrier is weak, and no new solid phases or 
complexes were formed.

GLX-NPs Alleviate Depression-Like Behaviors in Mice Exposed to CUMS
To evaluate the potential antidepressant effects of GLX-NPs on mice subjected to CUMS, a battery of behavioral tests 
was conducted, including the OFT, FST, TST, and SPT. The experimental timeline is illustrated in Figure 1G, and body 
weight changes during the modeling and treatment period are shown in Figure 2A.
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Figure 2 GLX-NPs alleviate depression-like behaviors in CUMS-exposed mice. (A) Body weight of mice (n = 6). (B) Average velocity in the OFT (n = 6). (C) Total distance 
traveled in the OFT (n = 6). (D) Time spent in the center zone during the OFT (n = 6). (E) Representative heatmaps of locomotor trajectories in the OFT. (F) Immobility 
time in the TST (n = 6). (G) Immobility time in the FST (n = 6). (H) Sucrose consumption in the SPT (n = 6). (I) Serum CORT levels (n = 6). (J) Representative H&E staining 
of the hippocampal CA1, CA3, and DG regions. The yellow boxes indicate the zoom-in areas. Scale bar = 20 μm. (K) Representative Nissl staining of the hippocampal CA1, 
CA3, and DG regions in each group. The yellow boxes indicate the zoom-in areas. Scale bar=20 μm. Values are presented as the mean ± SD. *p<0.05, ***p<0.001.
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In the OFT, no significant differences were observed among groups in total distance traveled or average movement 
speed (Figure 2B and C, P>0.05), indicating that general locomotor activity remained unaffected. However, CUMS- 
exposed mice exhibited a significant reduction in time spent in the center zone, suggestive of heightened anxiety or 
avoidance behavior. Treatment with either free GLX or GLX-NPs markedly increased the time spent in the center, 
indicating a restoration of exploratory behavior (Figure 2D and E). In both the TST and FST, CUMS model mice 
displayed significantly prolonged immobility times, a hallmark of depressive-like behavior. Following treatment with 
GLX or GLX-NPs, immobility times were significantly reduced, reflecting improved affective states. Notably, GLX-NPs 
were more effective than free GLX in reducing immobility duration, indicating superior antidepressant efficacy 
(Figure 2F and G). The results of the SPT further corroborated these findings. CUMS exposure significantly reduced 
sucrose preference, reflecting anhedonia. Both GLX and GLX-NPs reversed this reduction, with GLX-NPs exhibiting 
a stronger restorative effect, comparable to that of the positive control, Flu (Figure 2H). To validate the effectiveness of 
the CUMS model and elucidate the biological basis of the antidepressant effect, serum CORT levels were measured. 
CUMS treatment significantly elevated CORT levels, whereas administration of GLX, GLX-NPs, or Flu markedly 
attenuated this increase (Figure 2I).

GLX-NPs Treatment Attenuates Neuronal Damage in Mice Exposed to CUMS
To assess the structural impact of CUMS exposure on hippocampal neurons and the potential neuroprotective effects of 
GLX-NPs, histopathological analyses were performed on the CA1, CA3, and DG regions of the hippocampus using HE 
and Nissl staining.

HE staining results revealed that hippocampal neurons in the control group were well-organized, with clear cellular 
contours and intact structures (Figure 2J). Nuclei appeared round or oval with well-defined morphology. In contrast, 
hippocampal neurons from CUMS-exposed mice exhibited pronounced pathological alterations, including disorganized 
neuronal arrangement, blurred nuclear boundaries, loss of nucleoli, and a marked increase in the number of necrotic cells 
—indicating substantial neuronal damage induced by chronic stress. Notably, treatment with GLX-NPs or Flu amelio
rated these histological abnormalities, as evidenced by more orderly cell arrangements and reduced numbers of necrotic 
cells, suggesting partial reversal of CUMS-induced neuronal injury. These findings were further corroborated by Nissl 
staining (Figure 2K). In the CUMS group, neuronal damage and reduction in Nissl bodies was observed in the CA1, 
CA3, and DG regions, indicative of impaired neuronal protein synthesis and function. In contrast, GLX-NPs and 
fluoxetine treatment restored the density and distribution of Nissl bodies in these areas, suggesting an improvement in 
neuronal integrity and function.

Collectively, these results demonstrate that GLX-NPs effectively alleviate the morphological and functional neuronal 
damage associated with CUMS exposure, highlighting their potential neuroprotective properties.

The Antidepressant Effect of GLX-NPs Is Reversed by RSL3
To further elucidate whether the antidepressant effects of GLX-NPs are mechanistically associated with the regulation of 
ferroptosis, we administered the ferroptosis inducer RSL3 and the ferroptosis inhibitor Fer-1 to CUMS-exposed mice and 
evaluated their behavioral responses through a battery of standardized tests.

In the OFT, mice administered GLX-NPs exhibited a marked increase in central area exploration time. In contrast, co- 
treatment with RSL3 significantly reduced this exploratory behavior (Figure 3A and B). Similarly, in TST and FST, 
GLX-NPs significantly reduced immobility time, a key indicator of depressive-like behavior, whereas this effect was 
notably reduced upon co-treatment with RSL3 (Figure 3C and D). The SPT results further supported these findings, 
showing that the increased sucrose consumption of GLX-NPs-treated mice was significantly reduced following RSL3 
administration (Figure 3E). Additionally, treatment with Fer-1 alone also led to notable improvements in behavioral 
performance among CUMS mice. Fer-1 administration increased sucrose preference, reduced immobility time in both 
FST and TST, and prolonged central zone exploration in OFT, demonstrating its intrinsic antidepressant-like potential. 
Taken together, these results suggest that ferroptosis may play a pivotal role in the pathogenesis of CUMS-induced 
depressive-like behaviors. The strong reversal of the antidepressant effects of GLX-NPs by RSL3 suggests that GLX-NPs 
may exert their antidepressant effects by regulating ferroptosis.
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Figure 3 The antidepressant effect of GLX-NPs in CUMS mice is reversed by RSL3. (A) Representative heatmaps of locomotor trajectories in the OFT. (B) Time spent in 
the center zone during the OFT (n=6). (C) Immobility time in the TST (n=6). (D) Immobility time in the FST (n=6). (E) Sucrose consumption in the SPT (n=6). (F) 
Representative images of NOX4 and NeuN immunofluorescence staining in the hippocampal CA1, CA3, and DG regions across different groups. Scale bar = 20 μm. (G–I) 
Fluorescence quantification of NOX4+/NeuN+ cells in the hippocampus (n=3). Values are expressed as mean ± SD. **p<0.01, ***p<0.001.
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GLX-NPs Ameliorate Ferroptosis-Associated Alterations in CUMS-Exposed Mice
GPX4 is a pivotal regulator and classical biomarker of ferroptosis.36 To further investigate whether GLX-NPs exert their 
antidepressant effects via modulation of the ferroptosis pathway, we performed immunofluorescence staining to assess 
the expression levels of NOX4 and GPX4 in neurons of the hippocampal DG, CA1, and CA3 regions in mice. Compared 
with the control group, mice exposed to CUMS exhibited markedly increased NOX4 expression (Figure 3F–I) and 
significantly reduced GPX4 expression (Figure 4A–D) in hippocampal neurons. Treatment with GLX-NPs significantly 
suppressed NOX4 expression and restored GPX4 levels, suggesting that GLX-NPs may inhibit ferroptosis by down
regulating NOX4 and activating GPX4. Further mechanistic studies revealed that the ferroptosis inducer RSL3 reversed 
the regulatory effects of GLX-NPs on NOX4 and GPX4, while the ferroptosis inhibitor Fer-1 also partially enhanced 
GPX4 expression. These findings support the critical role of ferroptosis in the pathological alterations observed in CUMS 
mice.

Additionally, Fe2+ accumulation and LPO are hallmarks of ferroptosis. We measured levels of Fe2+ (Figure 4E), LPO 
(Figure 4F), and key OS markers, including GSH (Figure 4G), MDA (Figure 4H), and SOD (Figure 4I) in hippocampal 
tissues. Exposure to CUMS significantly increased Fe2+, MDA, and LPO levels, while reducing GSH and SOD levels, 
indicating OS and impaired antioxidant defense. GLX-NPs and Fer-1 treatments markedly decreased Fe2+, MDA, and 
LPO levels, while significantly restoring GSH and SOD, thus reestablishing redox balance. These effects were notably 
reversed by RSL3.

To evaluate ferroptosis-associated organelle damage, we employed TEM to examine the ultrastructure of hippocampal 
neuronal mitochondria (Figure 4J). In the CUMS group, mitochondria displayed typical ferroptotic features, including 
rounded morphology, disrupted or diminished cristae, increased membrane density, and the presence of vacuole-like 
structures. Both GLX-NPs and Fer-1 treatments significantly ameliorated mitochondrial structural damage, restoring an 
elongated or elliptical shape with well-organized cristae. However, the protective effects were abolished following RSL3 
treatment.

Taken together, our findings indicate that GLX-NPs effectively inhibit ferroptosis in the hippocampus of CUMS mice 
by suppressing NOX4 expression, enhancing GPX4 activity, reducing ipid peroxidation and mitochondrial damage, and 
decreasing Fe2+ accumulation.

GLX-NPs Inhibit CORT-Induced Ferroptosis in HT22
To investigate whether GLX-NPs exert anti-ferroptotic effects in vitro, we established an in vitro model of CORT- 
induced injury in HT22 and evaluated the protective effects of GLX-NPs. Initially, the half-maximal inhibitory 
concentration (IC50) of CORT was determined using a CCK-8 cell viability assay (Figure S3A-B). The results indicated 
that treatment with 200 μM CORT reduced HT22 cell viability to approximately 50%, which was selected as the optimal 
concentration for subsequent experiments. We next assessed the impact of varying concentrations of GLX-NPs on HT22 
cell viability under CORT-induced injury (Figure S3C). Cells were treated with a gradient of GLX-NPs concentrations, 
and viability was measured via CCK-8 assay. Results demonstrated that concentrations up to 20 μM of GLX-NPs had no 
significant cytotoxic effect.

To further elucidate the role of GLX-NPs in regulating ferroptosis, we employed the FerroOrange fluorescent probe to 
detect intracellular Fe2+ levels (Figure 5A and D). CORT treatment significantly elevated Fe2+ levels in HT22 cells, 
consistent with enhanced ferroptotic activity. Both GLX-NPs and Fer-1 effectively suppressed CORT-induced Fe2+ 

accumulation, indicating their inhibitory action on ferroptosis. However, co-treatment with the ferroptosis inducer RSL3 
substantially reversed the suppressive effects of GLX-NPs on Fe2+ levels, providing further evidence for the anti- 
ferroptotic role of GLX-NPs in this cellular model.

GLX-NPs Alleviate CORT-Induced Lipid Peroxidation and Mitochondrial Dysfunction 
in HT22
Given the critical role of mitochondrial dysfunction and lipid peroxidation in the process of ferroptosis,37,38 we further 
evaluated the effects of GLX-NPs on mitochondrial integrity and oxidative status in CORT-induced HT22.
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Figure 4 GLX-NPs significantly reduce ferroptosis and OS in CUMS mice. (A) Representative immunofluorescence images of GPX4 and NeuN staining in the hippocampal 
CA1, CA3, and DG regions across different groups. Scale bar = 20 μm. (B–D) Fluorescence quantification of NOX4+/NeuN+ cells in the hippocampus (n=3). (E) Fe2+ 

content in the hippocampus (n = 3). (F–I) Levels of LPO, MDA, GSH, and SOD in the hippocampus of mice from different groups (n=3-4). (J) Representative TEM images of 
the hippocampus from different treatment groups. Normal mitochondria are indicated by green arrows, and mitochondria with ferroptosis-like features are indicated by red 
arrows. Scale bar=1 μm. Data are presented as mean ± SD. **p<0.01, ***p<0.001.
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Figure 5 GLX-NPs attenuate CORT-induced ferroptosis, mitochondrial dysfunction, and OS in HT22. (A and D) Intracellular Fe2+ levels detected by FerroOrange and 
corresponding relative fluorescence intensity (n = 3). Scale bar = 50 μm. (B) Representative TEM images showing mitochondrial morphology in HT22 cells from different 
groups. Normal mitochondria are indicated by green arrows, and mitochondria with ferroptosis-like features are indicated by red arrows. Scale bar = 0.5 μm. (C and F) 
Intracellular MMP measured by JC-1 probe, with red and green fluorescence indicating J-aggregates and monomers, respectively (n=3). Scale bar=20 μm. (E and G) 
Mitochondrial ROS detected and relative fluorescence intensity measured by MitoSOX probe (n=3). Scale bar = 20 μm. Data are presented as mean ± SD. ***p<0.001.
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To assess mitochondrial function, we employed TEM to examine mitochondrial ultrastructure (Figure 5B). Following 
CORT induction, mitochondria displayed typical pathological features, including swelling, cristae disruption, and 
disorganized membrane architecture. GLX-NPs treatment significantly ameliorated these structural abnormalities, restor
ing mitochondrial morphology with intact and well-organized cristae. However, this protective effect was markedly 
diminished when cells were co-treated with RSL3, further implicating ferroptosis in the observed mitochondrial injury. 
To further characterize mitochondrial integrity, we used the JC-1 fluorescent probe to measure MMP, a key indicator of 
mitochondrial activity (Figure 5C and F). Under normal conditions, JC-1 aggregates within mitochondria, emitting red 
fluorescence, while a reduction in MMP leads to the presence of monomeric JC-1, which emits green fluorescence. 
CORT exposure significantly decreased MMP in HT22 cells, as evidenced by diminished red fluorescence and increased 
green fluorescence, indicating pronounced mitochondrial depolarization. Treatment with GLX-NPs or the ferroptosis 
inhibitor Fer-1 effectively preserved MMP, suggesting robust mitochondrial protective effects. Additionally, CORT 
exposure markedly increased mitochondrial ROS production (Figure 5E and G), which was substantially attenuated by 
GLX-NPs and Fer-1, suggesting their potential involvement in activating endogenous mitochondrial antioxidant 
defenses. These findings collectively indicate that GLX-NPs and Fer-1 can effectively counteract CORT-induced 
mitochondrial dysfunction in HT22 cells.

Furthermore, we assessed the intracellular lipid peroxidation levels (Figure S4A-B). The results showed that CORT 
treatment significantly increased the accumulation of intracellular LPO, as evidenced by a marked increase in green 
fluorescence intensity. In contrast, interventions with GLX-NPs and Fer-1 significantly inhibited the green fluorescence 
signal, indicating effective suppression of lipid peroxidation.

Measurements of OS biomarkers supported these findings (Figure S4C-E): CORT significantly increased MDA levels 
and reduced the antioxidant indices GSH and SOD. Conversely, GLX-NPs and Fer-1 significantly decreased MDA levels 
and restored GSH and SOD expression, demonstrating a rebalancing of redox homeostasis. Furthermore, intracellular 
ROS levels were quantified via immunofluorescence staining (Figure 6A and B) and flow cytometry (Figure 6C). CORT 
exposure markedly increased ROS accumulation, whereas GLX-NPs, acting as a NOX4 inhibitor, effectively suppressed 
ROS generation. Notably, this inhibitory effect was substantially weakened by co-treatment with RSL3, reinforcing the 
role of ferroptosis in the oxidative damage process.

Taken together, these results demonstrate that GLX-NPs protect HT22 cells from CORT-induced ferroptosis by 
stabilizing mitochondrial membrane potential, suppressing lipid peroxidation and ROS accumulation, and preserving 
mitochondrial structure and function. The capacity of GLX-NPs to maintain redox balance may underlie their therapeutic 
potential in alleviating depression-like behaviors.

GLX-NPs Inhibit Ferroptosis via Modulation of the NOX4/Nrf2/HO-1/GPX4 Pathway 
Way
To elucidate the molecular mechanisms underlying the anti-ferroptotic effects of GLX-NPs, we investigated the 
involvement of the NOX4/Nrf2/HO-1/GPX4 signaling axis. WB analysis revealed that GLX-NPs significantly down
regulated the expression of NOX4 while upregulating Nrf2 and its downstream antioxidant effectors, HO-1, GPX4, in 
both in vivo (Figure 6D and E) and in vitro (Figure S5A-E) systems. To confirm whether these changes at the protein 
level were also reflected transcriptionally, qRT-PCR was performed to assess the mRNA levels of NOX4, Nrf2, HO-1, 
and GPX4 in hippocampal tissue (Figure S6A-D) and HT22 (Figure S6E-H). The qRT-PCR results were consistent with 
the WB data, further substantiating the regulatory role of this pathway in the anti-ferroptotic action of GLX-NPs. 
Immunofluorescence staining provided direct visual evidence of pathway dynamics (Figure 6F). In CORT-treated HT22, 
NOX4 expression was markedly upregulated, whereas Nrf2, HO-1, and GPX4 levels were significantly reduced. 
Treatment with GLX-NPs not only decreased NOX4 expression but also promoted nuclear translocation of Nrf2, leading 
to the activation of its downstream antioxidant cascade, including increased expression of HO-1 and GPX4. These 
findings collectively confirm that GLX-NPs inhibit ferroptosis by enhancing antioxidant defense via Nrf2 pathway 
activation.
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Figure 6 GLX-NPs Attenuate Oxidative Stress and Ferroptosis via Modulating the NOX4/Nrf2/HO-1/GPX4 Pathway. (A and B) ROS levels detected in HT22 cells and 
relative fluorescence intensity. Scale bar = 50 μm (n=3). (C) Flow cytometry analysis of ROS in HT22 cells from different groups. (D and E) Representative immunoblotting 
and quantitative analysis of NOX4, Nrf2, HO-1, and GPX4 of hippocampal tissue from mice in different groups (n=3). (F) Representative immunofluorescence images of 
NOX4, Nrf2, HO-1, and GPX4 in HT22 cells from different groups. Scale bar=20 μm. Data are presented as mean ± SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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To further validate the central role of Nrf2 in this regulatory cascade, we administered ML385, a specific Nrf2 
inhibitor, and evaluated both behavioral and molecular outcomes. Behavioral analyses showed that ML385 significantly 
attenuated the antidepressant-like effects of GLX-NPs in CUMS mice, as reflected by decreased exploration in the center 
zone during the OFT, increased immobility time in both the TST and FST, and reduced sucrose preference 
(Figure 7A–D).

At the molecular level, both WB (Figure 7E–H, Figure S7A-D) and qRT-PCR (Figure 7I–K, Figure S7E-G) analyses 
demonstrated that ML385 suppressed the expression of Nrf2, HO-1, and GPX4, and notably inhibited the upregulation of 
these targets induced by GLX-NPs. Immunofluorescence imaging further confirmed that ML385 effectively blocked the 
nuclear translocation of Nrf2, thereby impeding the activation of its downstream antioxidant effectors (Figure 7L).

In summary, our findings demonstrate that GLX-NPs mitigate neuronal ferroptotic damage by modulating the NOX4/ 
Nrf2/HO-1/GPX4 signaling axis. These results provide critical mechanistic insight into the neuroprotective and anti
depressant properties of GLX-NPs, highlighting their potential as therapeutic agents for depression-related 
neuropathology.

Discussion
We successfully encapsulated GLX in mPEG-PCL using the nanoprecipitation method and conducted a detailed 
characterization of their particle size, ζ potential, morphology, DL, EE, biodistribution and crystallographic changes. 
The results showed that the GLX-NPs exhibited particle sizes and a mildly negative ζ potential consistent with previous 
studies,11,39 with a particle size of less than 60 nm, allowing efficient penetration of the BBB and increased opportunity 
for drug accumulation in brain tissue. Moreover, positively charged nanoparticles are more readily captured by macro
phages in the lungs, liver, and spleen, whereas neutral or negatively charged nanoparticles demonstrate longer circulation 
times in vivo.40 Wei et al also confirmed that nanoparticles with a mildly negative ζ potential maintain good stability, 
with a circulation duration of up to 4 weeks.10 Crystallographic analysis further revealed changes in the crystalline form 
of the drug upon encapsulation in nanoparticles. The XRD patterns showed that GLX initially in a crystalline form 
transformed into an amorphous state after encapsulation in nanoparticles. This transformation is crucial, as amorphous 
drugs typically exhibit higher solubility and faster absorption rates, which is particularly important for enhancing drug 
delivery to brain tissue to achieve the desired therapeutic effect. Furthermore, our HPLC measurements indicated that 
GLX-NPs displayed more stable distribution in brain tissue. At 12 and 24 hours post-administration, the concentration of 
GLX-NPs in mouse brain tissue was 1.3-fold and 2-fold higher than that of GLX, respectively. In vitro release studies 
demonstrated that GLX-NPs released the drug more slowly and sustained its release over time, prolonging its action. 
These results suggest that GLX-NPs possess excellent drug delivery performance, significantly enhancing their transla
tional potential for the treatment of CNS disorders.

To evaluate the therapeutic effects of GLX-NPs in depression, we used the CUMS mouse model as an in vivo 
experimental model. The results showed that GLX-NPs effectively alleviated depressive-like behaviors in mice, includ
ing anhedonia and despair-like behavior, without affecting their spontaneous activity. This finding is consistent with the 
study by Wang et al, which suggested that changes in spontaneous activity may be related to CNS inhibition.41 Therefore, 
our results confirm that GLX-NPs did not impair motor function in mice. Depressive behavioral deficits are often 
associated with elevated levels of CORT, a steroid hormone that provides the necessary energy to cope with stress and 
regulates the body’s stress response. However, prolonged elevation of CORT levels due to chronic stress has negative 
effects on the nervous system, leading to emotional and behavioral abnormalities. This result has been confirmed in both 
this study and previous research.42 Our research demonstrates that GLX-NPs reduce CORT levels in serum and 
significantly improve depressive-like behaviors. In addition, Numerous studies have shown that structural and functional 
impairments of hippocampal neurons are the underlying causes of emotional and cognitive dysfunctions in depression.43 

Wang et al found that hippocampal neurons in CUMS-treated mice exhibited histological abnormalities, including 
disordered neuronal arrangement and cell death.44 This finding aligns with our study, and after treatment with GLX- 
NPs and fluoxetine, the structure and function of hippocampal neurons were partially restored, further confirming the 
neuroprotective effects of GLX-NPs.
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Figure 7 ML385 reverses the antidepressant effects of GLX-NPs. (A) Time spent in the center during the OFT (n=6). (B) Immobility time in the TST (n=6). (C) Immobility 
time in the FST (n=6). (D) Sucrose consumption in the SPT (n=6). (E–H) Representative immunoblotting and quantitative analysis of Nrf2, HO-1, and GPX4 of hippocampal 
tissue from mice in different groups (n=6). (I–K) qPCR analysis of Nrf2, HO-1, and GPX4 expression levels in hippocampal tissue of mice from different groups. (L) 
Representative immunofluorescence images of Nrf2, HO-1, and GPX4 in HT22 cells from different groups (n=3). Scale bar = 20 μm. Data are presented as mean ± SD. 
*p<0.05, **p<0.01, ***p<0.001.
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Numerous studies have demonstrated that NOX4, as a major enzyme responsible for ROS production, plays 
a crucial role in neurological disorders. It is widely distributed in neuronal cell membranes and various organelles, 
including mitochondria.45,46 OS is considered one of the core mechanisms underlying the development of 
depression,47 and the role of NOX4 in this process cannot be overlooked. Arab et al found that elevated NOX4 
levels were closely associated with depression induced by Chronic Restraint Stress.42 In this study, we observed 
a significant increase in NOX4 expression in the hippocampal neurons of CUMS-exposed mice and in CORT- 
stimulated HT22 cells. GLX-NPs effectively downregulated NOX4 expression, reduced the generation of cellular 
ROS and mtROS, and protected neurons from OS-induced damage.

One of the consequences of increased ROS production is the induction of ferroptosis, a form of cell death driven 
by excessive lipid peroxidation.48 Previous studies have shown that inhibiting NOX4 can suppress ferroptosis in 
astrocytes and enhance cellular antioxidant defenses, thereby alleviating the progression of neurodegenerative 
diseases.49,50 In this study, we observed that hippocampal neurons in CUMS-induced mice and CORT-stimulated 
neuronal cells exhibited typical characteristics of ferroptosis, including significant lipid peroxidation imbalance, 
GPX4 depletion, intracellular iron accumulation, and mitochondrial damage. GLX-NPs effectively restored the levels 
of antioxidant defense factors (GSH, SOD) and reduced the expression of lipid peroxidation markers (LPO, MDA). 
GPX4, a key regulator of ferroptosis, inhibits lipid peroxidation and maintains membrane integrity. Researchers have 
found that both gene knockdown of Gpx4 and regulation of GPX4 expression with various inducers have profound 
effects on ferroptosis-mediated diseases.51,52 In this study, we verified the reduction of GPX4 levels following 
depression through multiple approaches. Additionally, the role of Fe2+ in ferroptosis cannot be overlooked, as they 
catalyze the generation of highly reactive hydroxyl radicals via the Fenton reaction, which attack polyunsaturated 
fatty acids in the cell membrane, initiating lipid peroxidation and accelerating ferroptosis.37 In our study, the 
accumulation of Fe2+ was closely associated with neuronal damage following depression, further confirming the 
link between depression and ferroptosis. Notably, mitochondrial dysfunction is one of the potential mechanisms of 
depression, closely related to abnormalities in neuronal energy metabolism.53 Therefore, we assessed mitochondrial 
damage through electron microscopy. Neuronal cells under chronic stress exhibited abnormal mitochondrial morphol
ogy, showing hallmark features of ferroptosis,23,46 including mitochondrial swelling, cristae structure disruption, and 
increased membrane density. We observed that GLX-NPs treatment significantly improved these pathological 
changes, enhanced cellular antioxidant capacity, restored GPX4 levels, reduced Fe2+ accumulation, and improved 
mitochondrial morphology. Importantly, the ferroptosis activator RSL3 reversed the behavioral and molecular effects 
of GLX-NPs, further indicating that the inhibition of ferroptosis plays a central role in the antidepressant effects of 
GLX-NPs.

Nrf2 is a key transcription factor in maintaining cellular redox homeostasis and plays a critical role in OS,54 working in 
conjunction with its downstream target genes HO-1 and GPX4 to form the classic antioxidant and ferroptosis-related 
signaling pathway.55 Several natural antioxidant compounds have been found to alleviate the progression of neurodegen
erative diseases by modulating the NOX4/Nrf2/GPX4 pathway. In this study, we observed that GLX-NPs downregulated the 
expression of NOX4 while promoting Nrf2 activation and nuclear translocation, leading to the upregulation of HO-1 and 
GPX4 expression. This finding supports the mechanism by which GLX-NPs alleviate OS and mitigate ferroptosis through 
NOX4 inhibition. Conversely, treatment with the Nrf2 inhibitor ML385 significantly reversed the antidepressant effects of 
GLX-NPs, as evidenced by reduced Nrf2 expression, impaired nuclear translocation, and decreased levels of HO-1 and 
GPX4. These results indicate that Nrf2 plays a key role in the ferroptosis inhibition mediated by GLX-NPs, further 
supporting that GLX-NPs effectively suppress neuronal ferroptosis through the NOX4/Nrf2/HO-1/GPX4 signaling pathway, 
thereby mitigating the pathological damage of depression. This discovery not only provides a new strategy for the treatment 
of depression but also offers new targets for the study of the underlying mechanisms of depression. Future research can 
further explore the application of nanotechnology in the treatment of depression, especially its potential in regulating 
ferroptosis, to provide more effective interventions for precision treatment of depression.
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Conclusion
We successfully encapsulated GLX in mPEG-PCL nanomicelles and demonstrated its ability to penetrate brain tissue. 
Our study reveals that GLX-NPs exert neuroprotective effects by mitigating ferroptosis through the NOX4/Nrf2/HO-1/ 
GPX4 pathway, restoring redox balance, and preserving mitochondrial integrity. These results offer novel insights into 
the pathophysiology of depression and propose promising therapeutic strategies and potential molecular targets for its 
treatment.
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